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Aim: Cyperus rotundus L. (CR) is traditionally used in medicine for its anti-inflammatory properties. In particular, a-cyperone, which
is isolated from the essential oil and found primarily in the n-hexane fraction of the ethanolic extract, is known to inhibit NO
production in LPS-stimulated RAW 264.7 cells. However, high concentrations of a-cyperone are required for sufficient anti-
inflammatory activity. Even, essential oil obtained from C. rotundus has the disadvantage of low solubility and stability in aqueous
environment, which makes it difficult to be applied in various fields and easily loses its activity. Therefore, in this study, we aimed to
increase the extraction yield of C. rotundus by microbubble extraction and prepare nanoparticles (NPs) that can preserve its activity in
a stable and bioavailable manner by utilizing nanoprecipitation.

Methods: C. rotundus rhizomes were extracted in 50% ethanol using microbubbles and then fractionated with n-hexane to obtain a-
cyperone-rich C. rotundus n-hexane fraction (CRHF). The biodegradable plant extract, a-cyperone, was prepared as green nanopar-
ticles (CR@NPs) by nanoprecipitation technique under mild reaction conditions. The physicochemical properties of CR@NPs,
including size, polydispersity index, and surface charge, were determined using dynamic light scattering. The extraction yield and
encapsulation efficiency of a-cyperone were quantified by high-performance liquid chromatography. Antioxidant and anti-
inflammatory activities were evaluated by DPPH assay and in vitro ROS and NO assays, and biocompatibility was assessed by
MTT assay.

Results: C. rotundus loaded nanoparticles demonstrated overcoming the limitation of a-cyperone solubility and stability in CRHF and
also the antioxidant, anti-inflammatory properties as evidenced by in vitro assays in cellular models.

Conclusion: The versatility of green chemistry, such as a-cyperone, enables the production of nanoparticles with promising
biomedical applications such as cosmetics, pharmaceuticals, and food products.

Keywords: a-cyperone, solubilization, nanoparticle, encapsulation, nanoprecipitation, SIC-clearsol D

Introduction

Cyperus rotundus L., commonly known as purple nutsedge or nutgrass, is a well-known traditional medicinal plant in the
Cyperaceae family.! It is found in tropical, subtropical, and temperate regions and is used in traditional Indian, Chinese,
and Japanese medicine.” Several studies have highlighted the rhizomes of C. rotundus L. as an effective source of natural
antioxidants and anti-inflammatory.®> > In particular, o-cyperone, one of the major components of C. rotundus essential
0il,® is predominantly found in the n-hexane fraction of the plant, and its anti-inflammatory effect has been shown to be
higher than that of whole ethanol extract;’ however, high concentrations of o-cyperone are required to show an inhibitory
effect on LPS-induced NO production in RAW 264.7 cells.”® We attempted to enhance the anti-inflammatory effect of
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CRHF, containing a-Cyperone, in LPS stimulated RAW 264.7 cells by extracting more essential oils of C. rotundus with
microbubble generator.” Micro-bubbles can be used to extract organic compounds, such as a-cyperone, from water
solutions.'® Bredwell and Worden'' reported that microbubbles enable a higher mass transfer rate with lower power
consumption and that the mass transfer coefficient for a microbubble system is significantly higher than that of
conventional bubbles. Therefore, the microbubble generator enabled the extraction of more C. rotundus from ethanol
and subsequently provided increased amounts of essential oils, mainly found in the n-hexane fraction. However, the a-
cyperone mainly found in CRHF essential oils is fat-soluble, meaning it loses its activity when used in an aqueous
environment. The active ingredient is rapidly released into the environment after application and gradually degraded,
resulting in low persistence.'>'* To overcome these drawbacks, encapsulation of CRHF into nanoparticles could be an
effective strategy for their use as drug delivery carriers in biomedical applications.'* The encapsulation process provides
many benefits and opens up wide range of possible applications, including protecting sensitive active compounds and
shielding them from external influences, such as moisture, oxygen, heat, and light,15 or to delivering them to specific sites
to ensure localized drug delivery while minimizing side effects.'® Various physical, chemical, and biological methods are
used to synthesize nanoparticles. Many of these methods, particularly physical and chemical methods, rely on the use of
potentially harmful stabilizers or non-biodegradable reagents.'” On the contrary, employing biological materials such as
plant extracts to produce nanoparticles enables quick and economical “green synthesis” methods that forego toxic
solvents and do not pollute the environment.'®'® Therefore, various studies have utilized C. rofundus rhizomes to create
green nanomaterials. However, many earlier studies required intricate techniques or high temperatures for synthesis,”*'
making it difficult to preserve the natural medicinal properties of C. rotundus, particularly its anti-inflammatory effects.

In this study, C. rotundus was processed into nanoparticles using nanoprecipitation combined with solubilizers to
augment its stability and enhance its loading capacity with the aim of improving its anti-inflammatory and antioxidant
properties.*

Nanoprecipitation is an intriguing approach to rapidly produce green nanoparticles that encapsulate essential oils from
C. rotundus, and have low sensitivity to minor variations.'* Additionally, green chemistry is energy-efficient, which
allows for effective scaling up to an industrial level.”® This effective technique generates precisely formed polymeric
colloids that can be used as carriers in various biomedical applications.** This encompasses a range of applications,

including chemotherapy to treat disease and local cosmetic treatments to improve aesthetic outcomes.'**>

Materials and Methods

The Cyperus rotundus Linn. (Linnaeus.), formally identified by the botanist Linnaeus, used in this experiment was
purchased from SamHonggeonjacyakeop, a traditional medicinal ingredient store located in Namyangju-si, Gyeonggi-do,
Republic of Korea. This plant was harvested in Goryeong-gun, Gyeongsangbuk-do, in 2022. Botanical identification was
formally carried out from the Bio-Convergence Materials R&D Division, Korea Institute of Ceramic Engineering and
Technology, according to the classification list of Cyperaceae in the Korean Peninsula by the Korea National Arboretum
(2014). A voucher specimen (CR-2302) has been deposited in the Smart Nano Convergence Materials Laboratory at the
Bio-Convergence Materials R&D Division, Korea Institute of Ceramic Engineering and Technology.

A hybrid microbubble generator (O2B-750S, O2Bubble Co., Ltd., Korea) was used for microbubble extraction. High-
performance liquid chromatography (HPLC) was performed using the Alliance Waters €2695 system (Waters, Milford,
MA, USA). A Capcell PAK CI18 column (Osaka Soda Co.) was used. To analyze the main component, the standard
substance a-cyperone was purchased from Sigma-Aldrich (USA). Deionized water (DIW) was purchased from HyClone
(Logan, UT, USA) and SJC-Clearsol D from CU Chemical Co., Gyeonggi-do, South Korea. For methylene-blue staining
analysis, methylene blue was purchased from Sigma-Aldrich, headquartered in St. Louis, Missouri, USA. For the in situ
antioxidant experiments, ascorbic acid (AA) and 2, 2-diphenyl-1-picrylhydrazyl (DPPH) were obtained from Sigma
Aldrich (St. Louis, Missouri, USA).

High-performance liquid chromatography-grade reagents including water, acetonitrile, and acetic acid were obtained
from Sigma-Aldrich (St. Louis, MO, USA, for high-performance liquid chromatography (HPLC). NIH/3T3 cells (ATCC
CRL-1658, MD, USA) were cultured in Dulbecco’s modified Eagle’s medium (DMEM), penicillin-streptomycin, fetal
bovine serum (FBS), and 0.25% trypsin procured from Gibco (Grand Island, NY, USA) for in vitro assays. The
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substances used in in vitro experiments were hydrogen peroxide (H,O,, 30%) procured from Junsei Chemical Co.
(Tokyo, Japan), followed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetraazolium bromide (MTT), and finally,
2,7-dichlorodihydrofluorescein diacetate (H,DCFDA), both sourced from Invitrogen (Carlsbad, CA, USA). Dimethyl
sulfoxide-d6 (DMSO-ds, 99.8%) was provided by Sigma-Aldrich, and phosphate-buffered saline (PBS pH 7.4) was
purchased from Hyclone (Logan, UT, USA). For the anti-inflammatory assay, LPS and Griess reagent were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Extraction of C. Rotundus

The rhizomes of C. rotundus (1000 g) were dried, and extracted with 50% ethanol (10,000 g) in a ratio of 1:10 at 60°C by
using a hybrid microbubble generator equipped with a pore size of 5 to 50 pm and a discharge rate of 1.0 to 1.2 tons per
hr (liquid flow rate) for 3 hr. After microbubble extraction, the extract was filtered through a 5 um filter. The filtrate was
concentrated under reduced pressure using a rotary evaporator, followed by three successive fractions with equal volumes
of n-hexane. After concentration, approximately 5 g of hexane fraction was obtained from C. rotundus (Figure 1, Jaeseop
Lee et al 2023).2°

HPLC Analysis to Quantify the Major Component, a-Cyperone

HPLC analysis was carried out to determine the content of the major component, a-cyperone. The samples were prepared
by accurately measuring the weight of o-cyperone and the C. rofundus hexane fraction, which contains the main
component. These samples were then dissolved in 50% (v/v) methanol and filtered through a 0.45 ym PVDF membrane

filter before analysis. The analytical conditions used are listed in Table 1.2’

Fabrication of CR@NPs

The CR@NPs were formed by the self-assembly of hydrophobic CR with amphiphilic SIC-Clearsol D in the aqueous
phase. SJC-Clearsol D consists of a hydrophobic hydrocarbon chain and a hydrophilic carboxyl group. Initially, CR (1, 2,
4, or 6 mg) and SJC-Clearsol D (20 mg) were combined in a 4 mL vial with 1 mL of EtOH, resulting in dissolution. The

Cyperus rotundus L.
(1kg)

Extract with
EtOH (50%)

Microbubble Extract

n-Hexane Residue
layer
a-cyperone 9.4% Methylene chloride Residue
(59) layer
Ethyl acetate Residue
layer

Figure | The extraction and fractionation process of Cyperus rotundus.
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Table | Analytical Method for n-Hexane Fraction of Cyperus
Rotundus by HPLC

HPLC Waters €2695 / 2998 UVD
Column Capcellpak Cjg UG 120 5 um, 4.6%x250 mm
Solvent A: 0.5% TFA in Water, B: MeOH
Gradient condition Time Flow rate A% B %
0 1.0 mL/min 50 50
30s 1.0 mL/min 20 80
40 min 1.0 mL/min 10 0
42 min 1.0 mL/min 0 100
50 min 1.0 mL/min 0 100
65 min 1.0 mL/min 50 50
75 min 1.0 mL/min 50 50
Detection UV 254 nm
Temp 35°C
Injection volume 20 uL

Note: Data from Seo et al.?’

mixture was stirred by rotary shaker at room temperature for 2 h. Subsequently, CR containing EtOH solution was
administered using a syringe pump (LEGATO100, KD Scientific, Korea) with stirring at 530 rpm, and SJC-Clearsol
D was slowly added dropwise to 5 mL of deionized water.

The resulting CR@NPs (with CR loadings of 5, 10, 20, and 30 wt% relative to SJC-Clearsol D) were gently stirred at
530 rpm for 1 hr for stabilization. Finally, the solvent was thoroughly removed by vacuum evaporation over 2 hr period,
and the remaining substance was diluted with deionized water (DIW) to achieve a final volume of 5 mL. The products
obtained were named CR@NP X wt%, where x wt% represents the CR loading of SJC-Clearsol D. An identical
procedure was followed to generate empty nanoparticles (NPs) from SJC-Clearsol D without the addition of CR,
designated as 0 wt%.*® The surface charge, particle diameter, and PDI of CR@NPs were assessed by DLS measurements
using an electrophoretic light-scattering spectrophotometer (ELS-Z2; Otsuka Electronics Co., Tokyo, Japan). After
purification of the unloaded CR using Amicon Ultra-15 centrifugal filters with a 100 kDa molecular weight cutoff, the
loading efficiency and CR content in the nanoparticles were assessed using HPLC.

Ultrafiltration was performed at 1000 rpm for 3 min. The HPLC experiment utilized the following conditions: With
a detection wavelength of 254 nm and a 20 pL injection volume, we used a mobile phase consisting of a water solution
containing 1% acetic acid and acetonitrile. The eluent was consistently delivered at a rate of 1 mL/min. The study was
carried out under conditions of 30 °C. The gradient program consisted of the following steps: from 0 to 25 min, there was
a gradual increase from 50% to 80% B in A, from 25 to 35 min, there was a gradual increase from 80% to 100% B in A,
and finally, from 35 to 40 min, there was an isocratic elution with 100% B. The loading content and efficiency are

determined as:'*’
jght d CR — weight loaded CR
Loading content (%) = (weight of fe - weight of unloade ) x 100
weight of NPs
ight d CR — weight loaded CR
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Measuring the Stability and Optical Clarity of CR@NPs

DLS was used to assess the stability of CR@NPs over 56 days. The size and PDI of CR@NPs were examined in DIW on
days 1, 7, 14, 21, 28, and 56, covering a range of CR concentrations (0%, 5%, 10%, and 20% by weight).30 To evaluate
the clarity and stability of the encapsulation as well as the clarity of the distributed phase in the synthesized CR@NPs at
various CR concentrations (0%, 5%, 10%, 20%, and 30% by weight), a dye dissolution procedure was applied using
a hydrophilic dye, methylene blue. Initially, we prepared a methylene blue solution with a concentration of 6.25 uM by
dissolving in deionized water (DIW). Subsequently, 2 mL of this dye solution was added into a 2 mL suspension
containing CR@NPs, and the mixture was thoroughly mixed in a 4 mL vial. Finally, a visual inspection was conducted to
determine whether the CR@NPs precipitated or dispersed in the solution.>'

Assessment of the in situ Antioxidant Activity of CR@NPs Using DPPH Radical

Scavenging Assays

The DPPH assay was used to assess the antioxidant activity of CR@NPs. Control groups were prepared using solutions
with two concentrations (5 and 10 wt%) of AA and CR in DIW. In addition, CR@NPs were formulated with three
different CR concentrations (0, 5, and 10 wt%). A 0.1 mM DPPH solution was diluted with ethanol and stirred for about
1 hr, and then kept in a dark environment at a temperature of 4 °C. Afterwards, each CR@NP suspension was combined
with 150 pL of the prepared DPPH solution, resulting in a total volume of 200 pL. An untreated control group consisted
of a 50 uL. DPPH solution aliquot mixed with 150 pL DIW, which had minimal antioxidant activity. AA was used as
a positive control, whereas CR in DIW and unloaded NP were used as negative controls for comparison with CR@NPs.
The blends were incubated in the dark at 25 °C for 24 hr. The absorbance of each blend was measured at 515 nm using

a microplate reader (VICTOR X5; Perkin Elmer). Antioxidant activity was assessed in the following manner:>>3*

AA trol — AA ' l
Antioxidant activity (%) = sis of coniro sis of sample x 100
AAsys of control

Assessment of in vitro Antioxidant Activity of CR@NPs Using H,DCFDA Solution
To assess the cellular antioxidant effect of CR@NPs containing 10 wt% CR, NIH 3T3 mouse embryonic fibroblasts were
cultured in 96-well plates at a seeding density of 10,000 cells per well and incubated for 24 hr. Reactive oxygen species
(ROS) were induced in NIH 3T3 fibroblasts after exposure to H,O,, an oxidative stress agent. After treatment with the
samples, the changes in ROS levels were evaluated using the following procedure: initially, fibroblast cells were exposed
to mixtures of CR@NP 10 wt% with different CR concentrations (ranging from 10 ng/mL to 1pg/mL) and 10 pM
hydrogen peroxide (H,0,), dissolved and cultured for 8 hr. A negative control group without H,O, and a positive control
group with H,O, served as references. The NIH 3T3 cells were then rinsed with PBS (200 pL per 96-well plate) in order
to eliminate any remaining sample solution, followed by treatment with a 10 uM H,DCFDA solution (100 pL per 96-
well plate) in the dark, serves as an indicator of ROS fluorescence. The cells were then incubated in the dark for 30 min.
Finally, the in vitro antioxidant effectiveness of the samples was determined using a microplate reader to measure the
fluorescence signal strength of dichlorofluorescein (DCF), which is oxidized by ROS, at an emission wavelength (535
nm) and an excitation wavelength of (485 nm).*’

Assessment of in vitro Cytotoxicity of CR@NPs Using MTT Assay

The biocompatibility of the CR@NPs was evaluated using NIH 3T3 cells cultured in DMEM supplemented with 1%
penicillin-streptomycin and 10% FBS. After the addition of CR@NPs, cell viability was examined after 24 hr using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Initially, cells were grown in 96-well plates,
with each well containing 10,000 cells. Following a 24-hr incubation period, various concentrations of CR@NPs (1 to 100
pg/mL) were applied to the cells and cultured at 37 °C for 24 hr. Next, medium containing 1 mg/mL MTT solution was
added, and each well of the plate was incubated with DMEM supplemented with 1% penicillin-streptomycin and 10% FBS
for 3 hr. Finally, PBS was used to clean the medium, and DMSO-d¢ to dissolve the crystalline purple formazan dye.

International Journal of Nanomedicine 2024:19 hetps: 8407
Dove:


https://www.dovepress.com
https://www.dovepress.com

Kim et al Dove

The optical density of formazan produced by living cells was measured at 570 nm using a microplate reader (BioTek,
Winooski, VT, USA). The percentage of viable cells was calculated using the following equation:**

AA of test groy,
Cell viability (%) = ( A A57507°f-’ ’t’g[ i > x 100
of control group

Assessment of in vitro Anti-Inflammatory Activity of CR@NPs

To assess the anti-inflammatory properties of CR@NPs within the cell, RAW 264.7 cells were seeded in 96-well plates at
a concentration of 15,000 cells per well (200 pL) and cultured for 24 hr. LPS induces an inflammatory response, leading
to the generation of NO in RAW 264.7 cells. Changes in NO levels after application of the samples were assessed.
Initially, RAW 264.7 cells were exposed to different concentrations (ranging from 0.01 to 10 pg/mL) of CR@NPs and
LPS 20 ng/mL, and subsequently incubated for 24 hr. For comparison, a negative control without LPS was incubated in
the absence of CR@NPs. After a 24-hr incubation period, the supernatant was transferred to a fresh 96-well plate and
Griess reagent was added to each well. After introducing the Griess reagent into each well, the 96-well plates were
incubated at room temperature for 10 min, and a microplate reader (VICTOR XS5, PerkinElmer, Singapore, Republic of
Singapore) was used to measure absorbance at a wavelength of 560 nm. NO production was determined by analyzing the

in vitro anti-inflammatory activity of CR@NPs.>**

Statistical Analysis

The experimental data were presented as mean + standard deviation, and each experiment was performed in triplicate. To
compare the variations between experimental groups, we used Student’s #-test. Statistical significance was confirmed for
all assessments with a p-value < 0.05.

Results and Discussion

Analysis of the Cyperus Rotundus Extract

CO; microbubbles, when used in conjunction with high-frequency sonic waves, are effective in disrupting cell walls due
to their ability to cause repeated shrinking and expanding movements. This method utilizes carbon dioxide to form tiny
bubbles that assist in breaking down the cell structures.'®>® During the extraction of C. rotundus with a microbubble
generator in ethanol, the extent to which it dissolves can be controlled by modifying the size and density of the bubbles.?’
As bubble sizes decrease to the micro-to-nanoscale, their increased surface area enhances the rate of dissolution, leading
to a higher gas dissolution (mass transfer) rate.”® We employed a microbubble generator to produce CO, microbubbles of
50 um, which were then reduced to nanoscale using ultrasonic waves to facilitate the extraction of C. rotundus. HPLC
analysis was performed to determine the content of a-cyperone in the hexane fraction of C. rotundus, and a-Cyperone
(RT, 27.5 min) was identified and its content was 9.4%.

Characterization of CR@NPs

C. rotundus, commonly known as nutgrass, is a perennial sedge.' This plant is known for its natural hydrophobic
bioactive compounds®® which have diverse effects, including antioxidant and anti-inflammatory effects.**° Nevertheless,
the use of C. rotundus L. in the biological industry, particularly in pharmaceuticals, health foods, and skincare products,
presents challenges because of its limited solubility and instability upon contact with water.*' Therefore, in this study,
SJC-Clearsol D NPs with diverse CR concentrations ranging from 0 to 30 wt% were formulated using an encapsulation
method to address the need for a carrier that can improve the stability and solubility of lipophilic CR. SJIC-Clearsol
D self-organizes in water, resulting in the formation of stable nanoparticles. These nanoparticles possess a hydrophilic
outer layer and a hydrophobic interior core, providing an environment suitable for encapsulating hydrophobic compounds
(Figure 2A). No notable differences were observed in the physicochemical properties such as size and PDI of the
CR@NPs when the CR concentration was varied from 0 to 30 wt%. (Figure 3A and B). In the case of unloaded NP
(without CR), a slight zeta potential of —0.34 mV + 0.49 was observed. At a CR@NP concentration of 10 wt%, the zeta
potential value was —6.67 mV =+ 2.93, which was very similar to the aforementioned value. As the CR concentration
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Figure 2 Schematic Diagram of (A) The fabrication process for CR@NPs, (B) Improved antioxidant effect of CR@NPs, and (C) Quantification of NO production and
reduction through Griess reagent after treatment of LPS and CR@NPs for 24 hr in RAW264.7 macrophage cells.

increased to 30 wt%, the zeta potentials of the other CR@NPs tended to decrease progressively, resulting in more
negative values. In particular, it was observed that the zeta potential further increased negatively to —24.36 mV + 1.61 at
a 30 wt% of CR concentration (Figure 3C). CR encapsulation within the CR@NPs was estimated by staining with the
water-soluble dye, methylene blue. When CR dissolves in water, it is dispersed into fine particles and exhibits a cloudy
appearance.

The more CR was incorporated into the CR@NPs, the more distinct and clear the particles became, whereas a lower
loading rate resulted in hazier particle formation. Adding methylene blue resulted in transparent suspensions of CR@NPs
containing CR concentrations up to 20 wt%, demonstrating the successful encapsulation of CR in the nanoparticles at this
concentration threshold. However, when the CR concentration reached 30 wt.%, the suspensions became non-transparent,
suggesting the existence of unencapsulated CR (Figure 3D). To measure the degree of CR encapsulation in CR@NPs, the
CR loading content and efficiency were assessed using HPLC at various CR concentrations. The results are outlined
below: For 5 wt% CR@NPs, the content loading (L.C.) was 4.6% with a loading efficiency (L.E.) of 92.05%. In the case
of 10 wt% CR@NPs, L.C. was 9.81% and L.E. was 98.14%. Finally, for the 20 wt% CR@NPs, the L.C. was 17.37% and
the L.E. was 86.87%.

Long-Term Stability of CR@NPs

Particles formed by the dispersion of oil in water are only temporarily stable because they have high energy; however,
they are thermodynamically unstable Hence, oil-particle suspensions, are dispersed in water in the presence of surfac-
tants, they are prone to phase separation owing to destabilization mechanisms such as aggregation, merging, and
precipitation. Thus, the sustained stability of the CR@NPs was assessed under two conditions: (1) in an aqueous
solution (DIW) at 25 °C and (2) after redispersion in DIW after cryodesiccation. First, the diameter (Figure 4A) and
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Figure 3 The initial stability of CR@NPs ranging from 0 wt% to 30wt% of CR: (A) Diameter of hydrodynamic particles, (B) Polydispersity index (PDI), (C) Zeta potential,
and (D) Digital images after methylene-blue staining test.

PDI (Figure 4B) of CR@NPs in DIW remained stable without significant changes within the CR concentration range of
5-20 wt.% until 56 days. However, precipitation occurred for 20 wt% on the 56™ day (Figure 4C), and CR@NPs at 20 wt
% had lower loading efficiencies than the other initial particle concentrations. This explains why SJIC-Clearsol D and CR,
which did not form particles at 20 wt% CR@NPs, aggregated and precipitated over time. Secondly, CR@NPs with CR
concentrations ranging from 0 to 10 wt% were subjected to cryodesiccation and then reconstituted in DIW, which
facilitated convenient use and storage. Notably, the stability of the CR@NPs remained unaffected even in the absence of
cryoprotectants, such as glycerol, polyethylene glycol, or dimethyl sulfoxide, which are typically used to improve
dispersion. Using methylene blue staining, we determined that the particles were well dispersed (Figure 4D (a)) and
that the particles precipitated after redispersion after cryodesiccation (Figure 4D (b)).

In situ and in vitro Assessment of the Antioxidant Activity of CR@NPs

It is commonly known that CR has exceptional antioxidant abilities.*> Achieving optimal antioxidant efficacy of CR in the
aqueous phase is challenging due to its hydrophobic characteristics.>>** For this reason, we developed CR@NPs to enhance
CR activity in water-based solutions (Figure 2B). Two methods were employed to evaluate the antioxidant potential of the
CR@NPs: an in situ DPPH antioxidant activity test and an in vitro radical scavenging activity assay. A DPPH radical
scavenging assay (Figure 5SA) was used to evaluate the antioxidant abilities of CR@NPs compared to those of the control
groups. DPPH, an organic nitrogen radical, absorbs light from the visible spectrum at a wavelength of 515 nm. When an
antioxidant comes in contact with a solution containing DPPH radicals, the color of the solution changes from violet to yellow.
The color change arises from the transfer of electrons or hydrogen atom from the radical scavenger to DPPH, leading to
a reduction in absorbance at 515 nm. Compared to the positive control, ascorbic acid (AA) and CR in distilled water (DIW)
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Figure 4 The long-term stability of CR@NPs with different CR loadings, ranging from 0% to 20% weight, was assessed. The following parameters were monitored over 2 months:
(A) Changes in hydrodynamic diameters, (B) Polydispersity index (PDI), (C) Digital images of CR@NPs obtained by methylene-blue staining test taken 2 months after
encapsulation. The red circle indicates the occurrence of precipitation for 20 wt% on the 56th day. (D) Digital image of CR@NPs with varying CR loadings (0 wt%, 5 wt%, and
10 wt%) re-dispersed in deionized water (DIW) after lyophilization for 2 days without cryoprotectants (a: to check dispersion, b: to check precipitation).

showed minimal effects on DPPH radical scavenging. This experiment demonstrated that the biological applications of
C. rotundus are limited if they are not water-soluble unless encapsulated. However, CR@NPs showed superior DPPH radical
scavenging activity compared to AA. Additionally, the antioxidant effect became more pronounced as the CR concentration in
the CR@NPs increased from 5 to 10 weight percent (wt%). Moreover, in the case of 0 wt% CR@NP (which did not contain
CR), only minimal scavenging of DPPH radicals was observed. This suggests that the solubilizer had little or no influence on
antioxidant activity, as depicted in Figure 5A. Subsequently, H,DCFDA, a probe for measuring ROS fluorescence, easily
penetrates the cellular membrane and is rapidly oxidized to produce the highly fluorescent DCF. In the presence of intracellular
ROS, DCF emits green fluorescence and its intensity at an emission wavelength of 535 nm (excitation wavelength: 485 nm) is
enhanced.** The In vitro antioxidant activity was assessed by examining the fluorescence of H,DCFDA after the introduction
of H,O, into mouse NIH 3T3 fibroblast cells (Figure 5B). H,O, acts as an oxidative stressor, establishing a cellular
environment that triggers ROS production. The negative control group included NIH 3T3 cells treated with H,O,. As
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Figure 5 The antioxidant activity of CR@NPs. (A) The In situ assay of CR@NPs was compared to that of ascorbic acid (AA) and CR in deionized water (DIW) using the
2.2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging assay at different concentrations (0%, 5%, and 10% by weight). (B) In vitro assay conducted with NIH 3T3 fibroblast
cells using the H,DCFDA assay kit. The antioxidant activity of CR@NPs 10 wt% was evaluated, in the range of 10 ng/mL to | pg/mL (*p < 0.05).

anticipated, cells treated with 10 wt% CR@NP exhibited a significant decrease in ROS levels, achieving approximately 50%
reduction, with an increase in the CR concentration from 10 ng/mL to 1pug/mIM. Nonetheless, cells treated with 0 wt%
CR@NPs and CR in DIW exhibited reduction in ROS levels by up to 78% and 50%, respectively. Consequently, we can infer
that 0 wt% CR@NP had a negligible effect, and CR in distilled water (DIW) had only a limited influence on the in vitro ROS-
scavenging activity, as illustrated in Figure 5B. These results highlight the enhanced antioxidant activity of encapsulated CR.

In vitro Assessment of Cytotoxicity of CR@NPs

To assess the compatibility of CR@NPs with NIH 3T3 fibroblasts, a post-treatment MTT assay was performed. The
viability of NIH 3T3 cells exhibited only a slight decrease, suggesting the absence of significant toxic effects when
exposed to CR at 1 to 100 ug/mL, as depicted in Figure 6A. No adverse effects were observed in NIH 3T3 cells exposed
to samples at CR concentrations up to 100 pg/mL. This is supported by the fact that the cell viability remained above
90% after 24 hr. These findings indicate the biocompatibility of CR@NPs at concentrations up to 100 pg/mL without
adverse effects.
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Figure 6 (A) Cytotoxicity analysis of CR@NPs 10wt% was performed with CR concentrations ranging from | to 100 pg/mL using the MTT assay kit in NIH-3T3 fibroblast
cells. (B) Nitric oxide (NO) production analysis was conducted on CR@NPs Owt%, |0wt%, and CR in deionized water (DIW), with concentrations ranging from 0.0l to 10
pg/mL (*p < 0.05, ¥p < 0.01, ***p < 0.005).
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In vitro Assessment of Anti-Inflammatory Activity of CR@NPs

This study investigated the suppressive effect of CR@NPs on LPS-induced NO production in the mouse macrophage cell line
RAW 264.7. NO levels were measured by analyzing the presence of NO* in the cell culture medium using Griess reagent. The
study involved the simultaneous administration of different concentrations (0.01, 0.1, 1, and 10 pg/mL) of CR@NPs along with
LPS (20 ng/mL), and the outcomes were compared with those of the group that received LPS alone. The Griess reaction, which
uses a Griess reagent consisting of sulfanilamide and N-(1-naphthyl) ethylenediamine dihydrochloride, is a simple method to
quantify NO production. In this process, a stable nitrite byproduct in the cell culture medium is converted into a purple azo dye,
which can be quantified using photometric methods. Cells generate NO using different isoforms of the enzyme nitric oxide
synthase (NOS), which converts L-arginine into L-citrulline and NO. When exposed to oxygen, nitric oxide (NO) breaks down
into nitrite (NO*) and nitrate (NO™*) (Figure 2C).*> Treatment of RAW 264.7 cells with 10 wt% CR@NPs resulted in
a significant decrease in NO levels, which was 45% lower than that of the LPS-treated group at 1 pg/mL. The concentration
of a-cyperone at 1 pg/mL of CR@NP 10wt% was 0.45 nM, indicating that it has anti-inflammatory activity at very low
concentrations.” Furthermore, at a concentration of 10 pg/mL (4.5 nM), as shown in Figure 6B, the NO level decreased by more
than 93% and reached only 7.35% of the baseline value. These results confirmed that the inhibitory effect of CR@NPs on LPS-
induced NO production was superior to that of unencapsulated CR in DIW even at low concentrations, demonstrating that CRHF
containing a-cyperone through nanoencapsulation has sufficient anti-inflammatory properties even at low concentrations.

Conclusion

Few studies have explored the biological activities of a-cyperone, which is a primary compound in essential oils of CR
rhizomes and accounts for approximately 20% of the total oil content.*> Among the various biological activities, the anti-
inflammatory properties of the essential oil of C. rotundus are traditionally recognized.*® Essential oil extracted with
ethanol and subsequently fractionated with n-hexane was found to inhibit NO production in LPS-induced RAW 264.7
cells more effectively than the comprehensive ethanol extract. However, a high concentration of a-cyperone is required
for its anti-inflammatory effect.” In this study, we aimed to increase the yield of essential oils of CR using a microbubble
generator to enhance the anti-inflammatory activity, and a total of 9.4% o-cyperone was obtained. Nanoparticles were
prepared using nanoprecipitation to maintain the natural therapeutic activity of CR essential oils over a longer period of
time and to enable easy application in an aqueous environment.'* Using nanoprecipitation technology in combination
with bio-degradable plant extracts, such as a-cyperone, and the solubilizer SJC-clearsol D to make green nanoparticles,>*
CR@NPs can be produced easily and quickly. The CR@NPs showed long-term stability and a high CRHF loading
capacity. Various in situ and in vitro experiments were performed to confirm the antioxidant and anti-inflammatory
properties of the CR@NPs. The optimization of these green nanomaterials is expected to advance biological and
industrial applications in the pharmaceutical, food, and cosmetics industries.*’
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