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Abstract: The unique and tailorable physicochemical features of zinc oxide nanoparticles (ZnO-NPs)
synthesized from green sources make them attractive for use in cancer treatment. Hydroponic-
cultured ginseng-root-synthesized ZnO-NPs (HGRCm-ZnO NPs) were coated with O-carboxymethyl
chitosan (CMC) polymer, which stabilized and enhanced the biological efficacy of the nanoparticles.
Nanoparticles were characterized by X-ray diffraction (XRD), UV-Vis spectroscopy, transmission
electron microscopy (TEM), Fourier-transform infrared spectroscopy (FT-IR), and energy-dispersive
X-ray spectroscopy (EDS). The flower-shaped nanoparticles were crystalline in nature with a particle
size of 28 nm. To evaluate if these NPs had anti-lung cancer activity, analysis was performed on a
human lung carcinoma cell line (A549). HGRCm-ZnO nanoparticles showed less toxicity to normal
keratinocytes (HaCaTs), at concentrations up to 20 µg/mL, than A549 cancer cells. Additionally,
these NPs showed dose-dependent colony formation and cell migration inhibition ability, which
makes them more promising for lung cancer treatment. Additionally, Hoechst and propidium iodide
dye staining also confirmed that the NP formulation had apoptotic activity in cancer cells. Further,
to evaluate the mechanism of cancer cell death via checking the gene expression, HGRCm ZnO NPs
upregulated the BAX and Caspase 3 and 9 expression levels but downregulated Bcl-2 expression,
indicating that the nanoformulation induced mitochondrial-mediated apoptosis. Moreover, these
preliminary results suggest that HGRCm ZnO NPs can be a potential candidate for future lung
cancer treatment.

Keywords: lung cancer; ZnO NPs; apoptosis; hydroponic ginseng root

1. Introduction

Cancer is an alarming global disease with a high mortality rate, with an estimated
19.3 million new cancer cases and almost 10.0 million cancer deaths in 2020 according to
Global Cancer Statistics [1]. According to estimates from the World Health Organization
(WHO) in 2019, cancer is the first leading cause of death before age 70. Lung cancer remains
the leading cause of cancer death, with an estimated 1.8 million deaths (18%) [2]. Non-small
cell lung cancer (NSCLC) is responsible for lung malignancy for about 85 % of all lung
cancers with lower therapeutic activity [3]. Cancer metastasis is the main challenge in the
lung cancer management system, even though clinical treatment and management systems
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of cancer are developing with different conventional therapies [4,5]. Several cancer treat-
ment categories, including radiotherapy, chemotherapy, immunotherapy, surgical resection,
and targeted therapy, are widely used. Initially, chemotherapy drug treatment exposes
positive feedback and enhances the quality of the patient’s life. However, chemotherapeutic
drugs by their very nature are toxic, with numerous side-effects, and drug resistance can
evolve [6]. Although the combination of several medicines increases the survival rate of
cancer patients, the overall result is still unsatisfactory for the treatment of cancer. Nanos-
tructured materials are currently of great interest in the cancer world as potential treatment
options to diagnose, treat, and prevent cancer [7]. Nano-constructed drug delivery systems
have significantly improved drug delivery to the target site compared with traditional
administration processes. Moreover, nano-based drug delivery systems show effective
targeting, delayed release, and increased bioavailability and are less toxic than traditional
delivery systems [8]. Physical and chemical methods are used to synthesize nanoparti-
cles (NPs), and some researchers have focused on developing eco-friendly methods for
synthesizing nanoscale materials [9]. Green synthesis processes are considered simple,
inexpensive, and non-hazardous [10,11].

Different metal oxide nanoparticles, such as Zn, Ag, Mg, Cu, Pt, and Al NPs, have
been efficiently produced from phytoextracts using green synthesis methods [12,13]. ZnO
nanoparticles are of great interest in the anticancer field because of their high biocompati-
bility, low toxicity, and cost-effectiveness [14,15]. Zinc oxide (ZnO) is an inorganic agent
that is a generally recognized as safe (GRAS) compound by the United States Food and
Drug Administration (US-FDA) [16]. ZnO can be prepared at the nanoscale level using
various methods such as the sol-gel method [17], co-precipitation method [18,19], laser
ablation [20], or hydrothermal synthesis method [21]. However, here, we chose to use a
co-precipitation synthesis method for ZnO-NP formation by coating the ZnO-NPs with a
biodegradable polymer, o-carboxymethyl chitosan (CMC) [22]. Carbohydrate polymers,
also known as polysaccharides, are abundant in nature. These molecules comprise cova-
lently linked monosaccharide molecules. A well-known polysaccharide is chitosan, a linear
polysaccharide produced by the deacetylation of chitin; this polymer displays remarkable
mucoadhesion, biocompatibility, and chemical versatility [23]. Chitosan and chitosan-based
nanocomposites have been shown to be nontoxic, biocompatible, and biodegradable, with
antibacterial [24], anticancer [25,26], and immune-enhancing effects [27]. These characteris-
tics have made chitosan a suitable choice for various biomedical applications. Additionally,
zinc oxide NPs have potential efficacies in the medicinal sector, for example, anticancer [28],
antioxidant [29], antimicrobial [30], antidiabetic [31], and antiviral [32] activities. A previ-
ous study reported that the green synthesis of ZnO-NPs containing Dendropanax morbifera
extract [33], Ginsenoside Rh2 [34], or Echinacea purpurea callus extract [35] exhibited signifi-
cant anticancer activity.

Panax ginseng Meyer has been widely used in Asian traditional medicine to treat a
variety of diseases for thousands of years [36]. Ginseng saponins, also known as ginseno-
sides, have significant pharmacological activities. More than 289 bioactive components
have been reported from 11 Panax species [37]. Mostly, 5–6-year-old ginseng is used in
the commercial sector, but the Rural Development Administration of Korea developed a
new, shorter-duration (~120 days) hydroponic technology for ginseng cultivation [38]. In
hydroponic systems, plants are grown with their roots in nutrient-enriched water instead
of soil and without any crop-protective agents [39]. When using the hydroponic method,
the growth environment, including light intensity, temperature, and moisture content, can
be tightly controlled. Therefore, the short-term cultivation of a hydroponic culture results
in a higher content of ginsenosides in the roots and leaves [40]. Hydroponic-cultured
ginseng saponins have antioxidant [39], anti-inflammatory [41], hepatoprotective [42], and
immunomodulatory activities [43], but there is no scientific evidence that hydroponic
cultured fresh ginseng root is pharmacologically efficacious against lung cancer.

In this study, we synthesized nano-based ZnO particles using 120-day-aged hydro-
ponically cultured fresh ginseng root via a green synthesis method [33]. Due to the biocom-
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patibility of these ZnO NPs with normal human cells and their high dissolution rate, the
intracellular ZnO NPs showed cancer cell cytotoxicity at a slightly acidic pH [44] and were
found to be safe anticancer agents. To protect and enhance the biological efficacy of fresh
hydroponic ginseng root, this study focused on synthesized ZnONPs coated with a (CMC)
polymer as a green-synthesized nanodrug for lung cancer treatment.

2. Results
2.1. Characterization of HGRCmZnO NPs

UV-Visible spectra of ZnO-NPs synthesized using a hydroponic ginseng root extract,
those coated with CMC (HGRCm-ZnO NPs), plant extract alone, and CMC alone are shown
in Figure 1. The successful formation of ZnO-NPs was indicated by the presence of a peak
at 362 nm. Moreover, the plant extract showed a broader peak at 280 nm, representing the
polyphenolic compound mainly responsible for nanoparticle formation and neutralizing the
metal ion [44]. CMC-coated nanoparticles were characterized by peaks at 378–385 nm due to
the presence of CMC strongly bonded with amine groups and metal ions [45]. Additionally,
metal nanoparticles are known to combine with polyphenols, including anthocyanin, a
highly reactive substance; therefore, we examined if an anthocyanin peak was present [33].
Phytochemicals (phenol, flavonoid, and rutin) present in ginseng root function as reducing
agents, converting metal Zn+2 to Zn0, which also represent stable nanoparticles. The
plant extract contained the polyphenolic group and other phytochemicals that showed
an absorption zone at 280 nm, whereas ZnO NPs had a sharp peak at 362 nm. However,
the plant extract alone had no sharp peak on the metal nanoparticle formation area. Zinc
nitrate salt is converted to zinc ions and further processed to stabilized zinc metal due
to reduction by phytochemicals in ginseng root. The CMC polymer containing amines
bonded strongly with metal ions in the ZnO NPs and acted as a coating agent.
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Figure 1. UV-visible spectroscopy confirmation of the formation of hydroponic ginseng root CMC-
coated ZnO NPs (HGRCm-ZnO NPs).

The morphology of HGRCm-ZnO NPs in different nanoscale ranges was examined
by FE-TEM. Nanoparticles without the CMC polymer had an aggregated structure and
did not appear to be stabilized at a higher magnification (40 nm) (Figure 2A,E). Inter-
estingly, CMC-coated nanoparticles had a flower-like shape, and higher magnification
images confirmed a 5-6-petal-like structure (Figure 2B,F,G). A previous study reported that
flower-shaped NPs had better anticancer efficiency in the endothelial cell than normal-
shaped NPs [46]. In addition, SAED patterns were used to examine the crystallinity of
nanoparticles (Figure 2C). Moreover, EDX confirmed the presence of Zn and O in the ZnO
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nanoparticles (Figure 2D). Elemental mapping highlighted the zone of oxygen and zinc in
the nanoparticles (Figure 2H,I).
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Figure 2. FE-TEM images showing the morphology of (A,E) HGR-ZnO NPs without CMC;
(B,F,G) ZnO NPs with CMC; (C) SAED results; (D) EDX results; and (H,I) elemental mapping
of HGRCm-ZnO NPs.

FT-IR analysis: The phytochemicals present in the ZnO NPs were identified using
FT-IR analysis. The characteristic peaks of HGRCm-ZnO NPs, CMC, and ginseng root alone
are highlighted in the FT-IR analysis in Figure 3A. Nanoparticles exhibited a broad peak
in the region of 3000–3500 cm−1. We attributed the peak at 3455 cm−1 to (-OH) and N-H
amide bonds contributed by secondary amines and polyphenols present in the ginseng
extract and CMC polymer. The peak at 1617 cm−1 was attributed to N-H and phenolic
bonds from CMC and the ginseng extract. Previous studies reported that the peak at
1327 cm−1 is due to C-H ether bonds from the polymer [47,48].
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An XRD graph showing the crystalline nature of the nanoformulation is presented
in Figure 3B. The crystallite size of the nanoparticles was calculated using the full width
at half-maximum (FWHM) value of the nanoformulation and was 28 nm (Table S1). The
peak intensity and FWHM values were computed using the 2θ range of 20–80◦. The nature
of the nanoparticles was indexed according to the miller index using h, l, and k at lattice
planes (100), (001), and (101), respectively. Figure 3 shows that the NPs had a hexagonal
wurtzite structure that was an identical match to the standard values of ZnO nanocrystals
(JCPDS NO. 36−145) [22]. Moreover, the absence of an extra peak in the nanoformulation
confirmed its purity.

2.2. Cell Viability Analysis

The MTT assay was used to assess the anticancer activity of different concentrations
of HGRCm-ZnO NPs (control, 2.5, 5, 10, 20, and 30 µg/mL). Commercial cisplatin was
used as the positive control (Figure 4B), and non-treated cells were used as a control.
HGRCm-ZnO NPs significantly inhibited the growth of cancer cells at 20 µg/mL, with
a cell viability of only 45% compared with ZnO salt, extract, ZnO NPs (without CMC),
or CMC alone (Figure 4B). HaCaT cells treated with HGRCm ZnO had a cell viability
of 75% (Figure 4A). Accordingly, the results of IC50 values also showed that HGRCm-
ZnO NPs (IC50 =15.74 µg/mL) was more potent against A459 cells than the normal cells
(IC50 = 52.56 µg/mL) (Table S2).

Morphological alterations of A459 cells were observed after a 24 h treatment with
HGRCm-ZnO NPs. In Figure S1, the morphological alternation of A549 cells treated with
HGRCm-ZnO NPs at a concentration of 20 µg/mL versus untreated cells demonstrates
that the untreated cells had a more significant phenotype in the cell morphology. In
contrast, the treated cell shrinkage had reduced size and was highly detached from the
colony. HGRCm-ZnO NPs showed significantly higher cytotoxic efficacy than ZnO NPs
(Figure S1), and this is likely due to the combined effects of the ginseng extract and
CMC polymer.

The greater cancer cell toxicity of HGRCm-ZnO NPs may be due to the high concen-
tration of zinc bound to different proteins. In contrast, the amount of free Zn2+ ions are
still very low and is tightly regulated by homeostatic mechanisms [49,50]. Further, ZnO
nanoparticles have high dissolution capacity in acidic media, such as intracellular lysoso-
mal compartments, and hydrated zinc ions combine with intact ZnO nanoparticles, which
is thought to cause mitochondrial damage and disrupt cellular zinc homeostasis, ultimately
resulting in cell death [51,52]. ZnO NPs have the ability to rapidly cross cell membranes to
damage mitochondria and particular DNA sequences, dramatically inhibiting the devel-
opment of tumors at specific sites [50]. Overall, HGRCm-ZnO NPs significantly slowed
cancer cell proliferation due to the combined effects of samples.
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assay. (A) HaCaT cells; (B) A549 cells. Each bar represents the mean ± SE of duplicate samples from
three independent experiments (*** p < 0.001 using Student’s t-test compared to the control.).

2.3. Colony Formation

A clonogenic test, also known as a colony-forming assay, is an in vitro quantitative
approach to assess a single cell’s capacity to increase into a large colony by clonal expansion.
As shown in Figure 5, the cell morphology and colony development of A549 cells were as-
sessed by microscopic examination. Control group cells (Figure 5A1) contained more A549
cell colonies than cells treated with HGR-ZnO NPs (Figure 5A2, A3) and HGRCm-ZnO NPs
at 10 and 20 µg/mL, respectively (Figure 5A5, A6). Notably, at the same concentrations,
HGRCm-ZnO NPs decreased the number of colonies significantly more than HGR-ZnO
NPs. Additionally, 20 µg/mL HGRCm-ZnO NPs inhibited colony development signifi-
cantly compared with the control group. Our findings suggest that the anticancer activity
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of HGRCm-ZnO NPs involves the inhibition of colony formation without significant toxic
effects on normal cells (see Figure 5B).
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Figure 5. The colony formation assays. (A) The representative image of the colony formation after
being stained with crystal violet of HGRCm-ZnO NPs at 10 and 20 µg/mL. Cisplatin was used as a
positive control. (B) The number of colonies was counted using Image J analysis software, and the
results are presented in graph.

2.4. HGRCm-ZnO NPs Inhibit Migration of Cancer Cells

Overall, 90% of cancer deaths are due to cancer metastasis; therefore, the prevention
of cancer metastasis is a major goal of cancer treatment [53]. Cell migration as cancer
progresses determines the ability of tumor cells to escape from primary tumors and invade
nearby tissues to become metastases. A scratch migration assay was performed to deter-
mine if HGRCm-ZnO NPs affected the migration of A549 cells. A549 lung cancer cells were
treated with HGRCm-ZnO NPs (20 µg/mL), and cell migration (%) was evaluated using
a wound closure assay before and after the treatment of cells (Figure 6A,B). Cells treated
with HGRCm-ZnO NPs showed strongly inhibited migration after 24 h. The percentage of
A549 lung cancer cells that migrated toward the scratch area was 92.0 ± 0.8% for untreated
control cells, 60.0± 0.2% for those treated with HGR-ZnO NPs (without CMC), 45.0 ± 0.4%
for those treated with HGRCm-ZnO NPs, and 39.0 ± 0.6% for those treated with the posi-
tive control drug cisplatin (Figure 6B). These results indicate that HGRCm-ZnO NPs have
the ability to inhibit cell migration and cancer cell metastasis. After 24 hours, practically all
gaps between cell layers in the control group were covered by migrating cells. Additionally,
cancer cells treated with HGRCm-ZnO NPs displayed better migratory inhibition ability
than the control group and ZnO NPs (without CMC). In contrast, due to the decreased
migratory capabilities of HGRCm-ZnO NP-treated cells, scraped areas were still apparent.
The capacity of HGRCm-ZnO NPs to suppress growth may indicate that it is a potential
anti-lung cancer agent.
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2.5. Detection of HGRCm-ZnO NP-Induced Apoptosis by Hoechst-33342/PI Dye Staining

Apoptosis is a vital physiological process important for homeostasis and the mainte-
nance of differentiated cells [54]. Therefore, the activation of apoptosis in cancer cells is
one of the molecular bases for anticancer therapeutic approaches. In addition, pyknosis
and cell shrinkage are observed early in the process of apoptosis. Organelle condensation
and cytoplasmic density cause cell shrinkage, and chromatin condensation (pyknosis) is
the most important aspect of early apoptosis [55]. In this study, we used a Hoechst/PI
double-staining assay to detect apoptosis after 24 h treatment of cells with HGRCm-ZnO
NPs. Live cell nuclei were stained light-blue (Hoechst dye), while apoptotic cells were
stained dark-blue. Dead cells were stained with PI dye (dark-red), as indicated by the
arrowheads in Figure 7. The control group cells were stained blue, with no red cells appar-
ent. When cells were treated with 10 µg/mL HGRCm-ZnO NPs, the cell number started
to decrease. At 20 µg/mL HGRCm-ZnO NPs, a large number of dead cells were found
after PI staining (Figure 7B). Massive numbers of necrotic cells were found in increased
concentration under high magnification, and changes in nuclei and cell morphology were
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observed in cells treated with HGRCm-ZnO NPs, as can be seen in Figure 7 (marge section).
The HGRCm-ZnO NPs and HGR-ZnO NPs (without CMC) and commercial drug cisplatin
effect were also investigated for comparison. Cells treated with 20 µg/mL HGRCm-ZnO
NPs showed membrane instability and cytoskeletal disturbances with the highest number
of dead cells, comparable to that observed with cisplatin. Although a number of molecular
markers are available to investigate the mechanism of cell death, morphological criteria
remain the standard for defining the mode of cell death [56]. The fluorescent substance
propidium iodide (PI) binds primarily between DNA nucleotides. So, nuclear changes
were observed using PI staining. We observed nuclei with an apoptotic morphology, as
characterized by bright-red condensed nuclei (intact or fragmented). Control cells had
round, intact, red nuclei, as PI dye was unable to enter the cell through the cell membrane
(Figure 7B). These results indicate that the cell membrane ruptured after treatment with
HGRCm-ZnO NPs, allowing the dye to enter the injured cell and stain the nucleus, thereby
indicating that apoptosis was the mode of cell death.
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Figure 7. Hoechst and PI staining of HGRCm-ZnO NPs and detection of cellular apoptosis via
cell disruption and breakage of the cell wall, as indicated with arrowheads. (A) Hoechst staining
(light-blue live cells and dark-blue apoptotic cells), (B) PI staining (dark-red dead cells), and (C)
merged images. Original scale bar 20×.

2.6. HGRCm-ZnO NPs Induce Apoptosis by Regulating Apoptotic Gene Expression

A549 lung cancer cells were treated with different concentrations of HGRCm-ZnO
NPs, and mRNA expression was quantified. There was a steady decrease in Bcl-2 transcript
expression at 10 µg/mL HGRCm-ZnO NPs (0.6-fold), while a 0.4-fold decrease in expres-
sion was observed at 20 µg/mL HGRCm-ZnO NPs. BAX mRNA expression was increased
relative to control levels after treatment with 10 µg/mL HGRCm-ZnO NPs (1.2 fold) and
further increased with 20 µg/mL HGRCm-ZnO NPs (1.6-fold).

Figure 8 shows that the expression of Bcl-2 decreased significantly after 20 µg/mL
HGRCm-ZnO NP treatment; at the same time, BAX (anti-apoptotic) expression gradually
increased. ROS, produced by mitochondria, has been identified as an essential molecule in
stress signaling in cells. The alteration of the redox status reaction due to increased ROS
production makes cells more vulnerable to oxidative stress and apoptosis [57]. There are
two major apoptotic signaling routes: the intrinsic and extrinsic pathways. The intrinsic
pathway is activated by intracellular stimuli such as DNA damage or oxidative stress. The
Bcl-2 protein family consists of pro and anti-apoptotic proteins that strictly regulate the
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intrinsic route via the mitochondria. During apoptosis induction, levels of pro-apoptotic
BAX increase, resulting in the inhibition of the activity of the anti-apoptotic protein Bcl-2
and mitochondrial outer membrane premiumization (MOMP) [58]. Disruptions in mito-
chondrial membrane potential allow cytochrome c (Cyt c) to be released into the cytosol.
Caspase 9 and caspase 3 are activated and cellular apoptosis occurs. Cyt c is a critical activator
of caspases 9 and 3 (Figure 9). We found that HGRCm-ZnO NPs inhibited the expression of
the anti-apoptosis gene Bcl-2 by stimulating pro-apoptotic gene expression.
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Figure 8. Effects of HGRCm-ZnO NPs on mRNA expression levels of apoptosis-related genes in
A549 cells. Here, A549 cells were treated with HGRCm-ZnO NPs at 10 and 20 µg/mL for 24 h. Total
RNA was then extracted, and transcript expression levels were determined by qPCR analysis using
primers targeting (A) BAX, (B) Bcl-2, (C) Caspase 9, (D) Cytochrome C, and (E) Caspase 3. Each bar
represents the mean ± SE of duplicate samples from three independent experiments. * p < 0.01;
** p < 0.01 using Student’s t-test compared to the non-treated control).
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Figure 9. Cellular apoptosis via the intrinsic mitochondrial pathway. The intrinsic pathway is acti-
vated by intracellular stimuli such as DNA damage or oxidative stress. Activation of mitochondrial-
mediated apoptosis, which is indicated by inhibition of Bcl-2 and an increase in BAX, permits the
release of Cyt c into the cytoplasm and, ultimately, the upregulation of Caspase 9/3 genes to activate
the intrinsic apoptotic signaling cell death process.
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3. Materials and Methods
3.1. Plant Materials

Hydroponically cultured ginseng root samples were collected from Hanbang Bio
Laboratory, Kyung Hee University, South Korea.

3.2. Chemicals

Zinc nitrate hexahydrate (>98%) and NaOH (>98%) were supplied by Dae-Jung Chem-
icals and Metals Co., Ltd. (Pyeontaek, Korea). Absolute alcohol, Tween 80, and olive oil
were purchased from Samchun Pure Chemical Co. Ltd. (Gyeonggi-do, Korea). The human
keratinocyte cell line (HaCaT) and lung cancer cell line (A549) used in this study were
attained from the Korean cell line bank (Seoul, Korea). Cell culture reagents such as RPMI
1640, DMEM, penicillin–streptomycin, and fetal bovine serum (FBS) were obtained from
Gen DEPOT Inc. (Barker, TX, USA), Gibson-BRL (Grand Island, NY, USA), and WElGENE
Inc. (Daegu, Korea). Dimethyl sulfoxide (DMSO), MTT reagents, and Hoechst-33342 dye
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Invitrogen (Carlsbad, CA, USA)
provided propidium iodide (PI) dye. Green/ROX QRTPCR Master Mix was obtained from
Thermo Scientific (Foster, CA, USA).

3.3. Preparation of HGR Extract

At first, root samples were thoroughly washed with distilled water and all debris was
eliminated. Samples were dried under dust-free conditions. Dried roots were then crushed
into a fine powder. Five grams of the fine powder was mixed in distilled water (100 mL) in
a conical flask and placed into the autoclave machine for 40 min at 100 ◦C under maximum
pressure to extract phytochemicals from the sample. Liquid root extracts were collected
using No. 1 filter paper by filtration and then centrifuged at 4500 rpm to remove unwanted
components. The supernatant was stored at 4 ◦C for further tests.

3.4. Synthesis of GR-ZnO NPs from the Extract

A previously described co-precipitation method was performed to prepare HGR-ZnO
NPs with slight modification [59]. In the following process, zinc nitrate and sodium hy-
droxide were used as oxidizing salt and precipitating precursor, respectively. Metal nitrates
are extremely soluble and have an oxidizing capacity and are ideal for the preparation of
nanoparticles. Distilled water was used to wash away unreacted salt and phytochemicals
from the nanoparticles. At first, ten percent (20 mL) hydroponically cultured ginseng root
extract (w/v) was dissolved in distilled water (80 mL) under stirring, and 0.1 mM of zinc
nitrate salt was then added. The solution was stirred continuously (500 rpm) on a hotplate
with the temperature maintained at 65 to 70 ◦C. Then, 0.2 M of NaOH-prepared solution
was mixed slowly dropwise into the hot solution over 2 h. The solution was permitted
to become cold without stirring and then centrifuged at 8000 rpm for 15 min to eliminate
unmixed impurities. After completion of the reaction, the white precipitate that formed
was permitted to settle, and the supernatant was removed. The formed GR-ZnO NPs were
cleaned with DW three times to remove unreacted substances and dried at 60 ◦C for 4 h in
an oven. During this drying period, the Zn (OH)2 in the NPs converted fully into white
color ZnO NP powder (Figure 10).
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4. Characterization

Structural and optical properties of the synthesized ZnO nanoparticles were deter-
mined through different diagnostic machines for measuring particle morphology, specific
size, and stability.

4.1. UV-Vis Spectrophotometry

The preparation of GR-ZnO NPs was examined using UV-Vis spectroscopy (Ultrospec
TM-2100 Pro) operated between 200 and 700 nm.

4.2. FT-IR

An FT-IR (PerkinElmer Inc., Waltham, MA, USA) machine was used to investigate
the spectra of zinc oxide nanoparticle powder at wavelengths between 4000 and 450 cm−1.
Spectral properties are presented in plots of transmittance (%) versus wavenumber (cm−1).

4.3. XRD Analysis

The crystallinity and specific size of GR-ZnO nanoparticles were evaluated via X-ray
diffraction (D8 Advance, Bruker, Germany) with a detector voltage of 40 kV, current of
40 mA, and Cu-Kα radiation of 1.54 Å. Properties were recorded in the 2θ range of 20–80◦

with rapid scanning (6◦/min).

4.4. FE-TEM Analysis

The structural morphology and particle size of ZnO-NPs were determined using a
TEM (200 kV) JEM-2100F (JEOL, Japan). A short-time slight film of a carbon-coated copper
grid was prepared to measure the size of the NPs. Extra solution was cleaned with filter
paper and then set in a grid box serially.

4.5. Cell Culture

A549 human lung cancer cells were grown in RPMI 1640 89% supplemented with
10% FBS and 1% P/S. Normal human keratinocyte (HaCaT) cells were grown in DMEM
supplemented with 10% FBS and 1% P/S. Cells were incubated at 5% CO2 in a 37 ◦C
incubator and were permitted to adhere and grow prior to treatment.

4.6. Cell Viability Assay

The cytotoxicity of hydroponic-cultured ZnO NPs against A549 and HaCaT cell lines
was assessed using the MTT assay. Initially, cancer cells and normal cells were plated at
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a density of 1 × 104 cells/well in a 96-well plate. Cells were then treated with several
concentrations of ZnO NPs. After 24 h, cells were treated with 20 µL of 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl tetrazolium bromide solution (MTT; 5 mg/mL, PBS; Life Tech-
nologies, Eugene, OR, USA) for 4 h at 37 ◦C. Then, 100 µL of DMSO was added to every
well to dissolve insoluble formazan crystals. Last, a microplate shaker was used to dissolve
the formazan crystals for 10 min in the dark. Absorbance at 570 nm was recorded using an
ELISA plate reader (Bio-Tek, Instruments, Inc., Winooski, VT, USA).

4.7. Colony Formation

A549 lung cancer cells were seeded at a concentration of 1 × 103 in the wells of a
6-well plate, and after 48 h, cells were treated with different concentrations (5, 10) µg/mL of
HGRCm-ZnO NPs. Control cells were treated with 0.1% DMSO. After 1 day of incubation,
the old cell media were removed, and new media were added for 7 days. Colonies were
fixed with glutaraldehyde and stained with crystal violet. Images were captured under a
microscope, and colony number was counted and plotted. All data were analyzed using
Image J software.

4.8. Wound-Healing Assay

The cell migration ability of A549 cancer cells was determined using a wound healing
assay. A549 lung cancer cells were seeded in 6-well plates at 2 × 104 cells per well and
incubated at 37 ◦C for 24 h. The monolayer was scratched vertically using a 200 µL
sterile pipette tip, and detached cells were removed using PBS. Cells were then treated
with different concentrations, 10 or 20 µg/mL, of HGRCm-ZnO NPs, and after 72 h of
treatment, images were captured using an integrated 5.0 megapixel MC 170 HD camera
(Wetzlar, Germany).

4.9. Hoechst Staining

A Hoechst-33342 staining kit was used to assess if HGRCm-ZnO NPs induced apopto-
sis of A549 cancer cells. Cells were placed into a 6-well plate at a density of 1 × 104 cells/well
in 2 mL culture media and incubated for 24 h. Then, 4% paraformaldehyde was added for
10 min after washing treated cells with 1× PBS solution (twice). After a 10 min incubation
at 37 ◦C, 10 µg/mL Hoechst dye was added. Stained cells were washed three times in PBS
solution, and cell images were captured under a fluorescence microscope (Leica DMLB,
Wetzlar, Germany).

4.10. PI Staining

Seeded cells were treated with 10 or 20 µg/mL HGRCm-ZnO NPs. After a 24 h
treatment period, cells were washed with 1 mL 1× PBS and stained with 500 µL propidium
iodide reagent (5 µg/mL) solution at room temperature for 10 min. Cells were observed
using a fluorescence microscope (Leica DMLB, Wetzlar, Germany).

4.11. Quantitative Real-Time PCR

A RNeasy mini kit was used to extract total RNA from treated and non-treated
cells after 48 h of treatment. Before extraction, cells were seeded in 25 cm2 cell culture
plates (NY, USA) and treated with 1, 2.5, 5, 10, 20, or 30 µg/mL of HGRCm-ZnO NPs.
For real-time quantitative PCR (qRT-PCR), 500 ng of RNA was reverse-transcribed using
oligo (dT) 15 primer (0.2 mM), and cDNA was synthesized using a cDNA kit (Invitrogen,
CA) following the manufacturer’s instructions. qPCR was performed in 96-well plates
using 1000 ng of cDNA as template per 20 µL reaction and SYBR® Green Master Mix
(England). Thermal cycling comprised 10 min at 95 ◦C, followed by 40 cycles of 95 ◦C for
10 s, 58 ◦C for 10 s, and 72 ◦C for 20 s. β-actin was used as the house-keeping gene. All
experiments were repeated three times. Primer sequences are listed in Table 1 [57].
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Table 1. Apoptotic primer sequence.

Primer Sequence

β-actin Forward 5′-CGGGAAATCGTGCGTGAC-3′

Reverse 5′-AGCTCTTCTCCAGGGAGGA-3′

BAX
Forward 5′-AGCAAACTGGTGCTCAAGGC-3′

Reverse 5′-CCACAAAGATGGTCACTGTC-3′

Cytochrome c Forward 5′-GAGGCAAGCATAAGACTGG-3′

Reverse 5′-TACTCCATCAGGGTATCCTC-3′

Bcl-2
Forward 5′-GTGGTGGAGGAACTCTTCAG-3′

Reverse 5′-GTTCCACAAAGGCATCCCAG-3′

Caspase9 Forward 5′-CGCCACCATCTTCTCCCTG-3′

Reverse 5′-GCCATGGTCTTTCTGCTCA-3′

Caspase3 Forward 5’-CCTCAGAGAGAGACATTCATG-3′

Reverse 5’-GCAGTAGTCGCCTCTGAAG-3′

5. Conclusions

We synthesized ecofriendly, inexpensive HGRCm-ZnO NPs from hydroponic-cultured
ginseng root extract and coated them with an o-carboxymethyl chitosan (CMC) polymer.
The biodegradable CMC polymer stabilized the nanoparticles by enhancing the solubility
of bioactive ginsenosides besides prompting the biological effects. ZnO NPs were found to
have a flower-shaped and crystalline nature by TEM and XRD analyses. At concentrations
up to 20 g/mL, an in vitro cytotoxicity investigation showed that HGRCm-ZnO NPs were
more toxic to cancerous cells than non-cancerous cells. Additionally, HGRCm-ZnO NPs
altered the colony-forming and migration abilities of human lung carcinoma cells (A549).
Accordingly, Hoechst and PI staining results revealed that NPs induced apoptosis in cancer
cells. However, the cellular apoptosis of cancer cells through the intrinsic mitochondrial
pathway was confirmed at the gene expression level by qRT-PCR. Moreover, HGRCm-
ZnO NPs increased BAX expression and downregulated Bcl-2 gene expression. Together,
these results indicate that HGRCm-ZnO NPs are potentially highly efficacious anti-lung
cancer agents.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28020906/s1, Figure S1: Morphology of A549 cells
after treatment with different concentrations of HGRCm-ZnO NPs and cisplatin; Table S1: Crystalline
size of HGRCm-ZnONPs using Hydroponic Ginseng; Table S2: IC50 values of (Cisplatin, CMC, ZnO,
HGR-Ex, HGR-ZnO NPs, HGRCm- ZnO NPs) against two cell lines.

Author Contributions: Conceptualization, H.Z. and S.C.K.; data curation, L.L.; funding acquisition,
H.Z.; investigation, J.N., A.M.P., and D.C.Y.; methodology, Y.J. and H.Z.; resources, H.Z. and S.C.K.;
software, E.J.R., J.N., and R.A.; writing—original draft, E.J.R.; writing—review and editing, E.J.R. and
J.N. All authors have read and agreed to the published version of the manuscript.

Funding: Scientific and Technological Innovation Project of Chinese Academy of Agricultural Sci-
ences (No. CAAS-ASTIP-ISAPS-2021-018): (No. CAAS-ASTIP-ISAPS-2021-018).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The human lung cancer cell was collected from cell bank Korea and
was previously used for various research related to lung cancer at Kyung Hee University at Hanbang
bio lab.

Data Availability Statement: The concern of corresponding author data can be provided.

Acknowledgments: Scientific and Technological Innovation Project of Chinese Academy of Agricul-
tural Sciences (No. CAAS-ASTIP-ISAPS-2021-018).

https://www.mdpi.com/article/10.3390/molecules28020906/s1
https://www.mdpi.com/article/10.3390/molecules28020906/s1


Molecules 2023, 28, 906 15 of 17

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

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
2. World Health Organization (WHO). Global Health Estimates 2020: Deaths by Cause, Age, Sex, by Country and by Region, 2000-

2019. WHO. 2020. Available online: https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-
leading-causes-of-death (accessed on 11 December 2020).

3. Liu, T.; Zuo, L.; Guo, D.; Chai, X.; Xu, J.; Cui, Z.; Wang, Z.; Hou, C. Ginsenoside Rg3 regulates DNA damage in non-small cell
lung cancer cells by activating VRK1/P53BP1 pathway. Biomed. Pharmacother. 2019, 120, 109483. [CrossRef] [PubMed]

4. van den Heerik, A.S.V.; Horeweg, N.; de Boer, S.M.; Bosse, T.; Creutzberg, C.L. Adjuvant therapy for endometrial cancer in the era
of molecular classification: Radiotherapy, chemoradiation and novel targets for therapy. Int. J. Gynecol. Cancer 2021, 31, 594–604.
[CrossRef]

5. Kim, H.; Choi, P.; Kim, T.; Kim, Y.; Song, B.G.; Park, Y.-T.; Choi, S.J.; Yoon, C.H.; Lim, W.C.; Ko, H.; et al. Ginsenosides Rk1 and
Rg5 inhibit transforming growth factor-β1-induced epithelial-mesenchymal transition and suppress migration, invasion, anoikis
resistance, and development of stem-like features in lung cancer. J. Ginseng Res. 2021, 45, 134–148. [CrossRef]

6. Nagano, T.; Tachihara, M.; Nishimura, Y. Mechanism of resistance to epidermal growth factor receptor-tyrosine kinase inhibitors
and a potential treatment strategy. Cells 2018, 7, 212. [CrossRef] [PubMed]

7. Singh, L.; Kruger, H.G.; Maguire, G.E.; Govender, T.; Parboosing, R. The role of nanotechnology in the treatment of viral infections.
Ther. Adv. Infect. Dis. 2017, 4, 105–131. [CrossRef]

8. Klochkov, S.G.; Neganova, M.E.; Nikolenko, V.N.; Chen, K.; Somasundaram, S.G.; Kirkland, C.E.; Aliev, G. Implications of
nanotechnology for the treatment of cancer: Recent advances. Semin. Cancer Biol. 2021, 69, 190–199. [CrossRef] [PubMed]

9. Honary, S.; Barabadi, H.; Gharaei-Fathabad, E.; Naghibi, F. Green synthesis of copper oxide nanoparticles using Penicillium
aurantiogriseum, Penicillium citrinum and Penicillium waksmanii. Dig. J. Nanomater. Bios. 2012, 7, 999–1005.

10. Umamaheswari, A.; Prabu, S.L.; John, S.A.; Puratchikody, A. Green synthesis of zinc oxide nanoparticles using leaf extracts of
Raphanus sativus var. Longipinnatus and evaluation of their anticancer property in A549 cell lines. Biotechnol. Rep. 2021, 29,
e00595. [CrossRef]

11. Duan, H.; Wang, D.; Li, Y. Green chemistry for nanoparticle synthesis. Chem. Soc. Rev. 2015, 44, 5778–5792. [CrossRef]
12. Vidhya, E.; Vijayakumar, S.; Prathipkumar, S.; Praseetha, P. Green way biosynthesis: Characterization, antimicrobial and

anticancer activity of ZnO nanoparticles. Gene Rep. 2020, 20, 100688. [CrossRef]
13. Bhuyar, P.; Rahim, M.; Sundararaju, S.; Maniam, G.; Govindan, N. Management. Antioxidant and antibacterial activity of red

seaweed Kappaphycus alvarezii against pathogenic bacteria. Glob. J. Environ. Sci. Manag. 2020, 6, 47–58.
14. Wang, A.Z.; Langer, R.; Farokhzad, O.C. Nanoparticle delivery of cancer drugs. Annu. Rev. Med. 2012, 63, 185–198. [CrossRef]

[PubMed]
15. Al-Ajmi, M.F.; Hussain, A.; Ahmed, F. Novel synthesis of ZnO nanoparticles and their enhanced anticancer activity: Role of ZnO

as a drug carrier. Ceram. Int. 2016, 42, 4462–4469. [CrossRef]
16. Prashanth, G.; Prashanth, P.; Nagabhushana, B.; Ananda, S.; Krishnaiah, G.; Nagendra, H.; Sathyananda, H.M.; Rajendra Singh,

C.; Yogisha, S.; Anand, S.; et al. Comparison of anticancer activity of biocompatible ZnO nanoparticles prepared by solution
combustion synthesis using aqueous leaf extracts of Abutilon indicum, Melia azedarach and Indigofera tinctoria as biofuels. Artif.
Cells Nanomed. Biotechnol. 2018, 46, 968–979. [CrossRef]

17. Chaudhary, P.; Singh, P.; Kumar, V. Synthesis and characterization of pure ZnO and La-doped ZnO (Zn0.98La0.02O) films via novel
sol-gel screen-printing method. Optik 2018, 158, 376–381. [CrossRef]

18. Vijayaprasath, G.; Murugan, R.; Hayakawa, Y.; Ravi, G. Optical and magnetic studies on Gd doped ZnO nanoparticles synthesized
by co-precipitation method. J. Lumin. 2016, 178, 375–383. [CrossRef]

19. Kripal, R.; Gupta, A.K.; Srivastava, R.K.; Mishra, S.K. Photoconductivity and photoluminescence of ZnO nanoparticles synthesized
via co-precipitation method. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2011, 79, 1605–1612. [CrossRef] [PubMed]

20. Mostafa, A.M.; Mwafy, E.A. Technology. Synthesis of ZnO and Au@ ZnO core/shell nano-catalysts by pulsed laser ablation in
different liquid media. J. Mater. Res. Technol. 2020, 9, 3241–3248. [CrossRef]

21. Gerbreders, V.; Krasovska, M.; Sledevskis, E.; Gerbreders, A.; Mihailova, I.; Tamanis, E.; Ogurcovs, A. Hydrothermal synthesis of
ZnO nanostructures with controllable morphology change. Crystengcomm 2020, 22, 1346–1358. [CrossRef]

22. Park, J.K.; Rupa, E.J.; Arif, M.H.; Li, J.F.; Anandapadmanaban, G.; Kang, J.P.; Kim, M.; Ahn, J.C.; Akter, R.; Yang, D.C.; et al.
Synthesis of zinc oxide nanoparticles from Gynostemma pentaphyllum extracts and assessment of photocatalytic properties
through malachite green dye decolorization under UV illumination-A Green Approach. Optik 2021, 239, 166249. [CrossRef]

23. Seidi, F.; Yazdi, M.K.; Jouyandeh, M.; Dominic, M.; Naeim, H.; Nezhad, M.N.; Bagheri, B.; Habibzadeh, S.; Zarrintaj, P.; Saeb,
M.R.; et al. Chitosan-based blends for biomedical applications. Int. J. Biol. Macromol. 2021, 183, 1818–1850. [CrossRef] [PubMed]

24. Ke, C.-L.; Deng, F.-S.; Chuang, C.-Y.; Lin, C.-H. Antimicrobial actions and applications of chitosan. Polymers 2021, 13, 904.
[CrossRef] [PubMed]

25. Tian, B.; Liu, Y.; Liu, J. Chitosan-based nanoscale and non-nanoscale delivery systems for anticancer drugs: A review. Eur. Polym.
J. 2021, 154, 110533. [CrossRef]

http://doi.org/10.3322/caac.21660
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
http://doi.org/10.1016/j.biopha.2019.109483
http://www.ncbi.nlm.nih.gov/pubmed/31629252
http://doi.org/10.1136/ijgc-2020-001822
http://doi.org/10.1016/j.jgr.2020.02.005
http://doi.org/10.3390/cells7110212
http://www.ncbi.nlm.nih.gov/pubmed/30445769
http://doi.org/10.1177/2049936117713593
http://doi.org/10.1016/j.semcancer.2019.08.028
http://www.ncbi.nlm.nih.gov/pubmed/31446004
http://doi.org/10.1016/j.btre.2021.e00595
http://doi.org/10.1039/C4CS00363B
http://doi.org/10.1016/j.genrep.2020.100688
http://doi.org/10.1146/annurev-med-040210-162544
http://www.ncbi.nlm.nih.gov/pubmed/21888516
http://doi.org/10.1016/j.ceramint.2015.11.133
http://doi.org/10.1080/21691401.2017.1351982
http://doi.org/10.1016/j.ijleo.2017.12.129
http://doi.org/10.1016/j.jlumin.2016.06.004
http://doi.org/10.1016/j.saa.2011.05.019
http://www.ncbi.nlm.nih.gov/pubmed/21697003
http://doi.org/10.1016/j.jmrt.2020.01.071
http://doi.org/10.1039/C9CE01556F
http://doi.org/10.1016/j.ijleo.2020.166249
http://doi.org/10.1016/j.ijbiomac.2021.05.003
http://www.ncbi.nlm.nih.gov/pubmed/33971230
http://doi.org/10.3390/polym13060904
http://www.ncbi.nlm.nih.gov/pubmed/33804268
http://doi.org/10.1016/j.eurpolymj.2021.110533


Molecules 2023, 28, 906 16 of 17

26. Jhaveri, J.; Raichura, Z.; Khan, T.; Momin, M.; Omri, A. Chitosan nanoparticles-insight into properties, functionalization and
applications in drug delivery and theranostics. Molecules 2021, 26, 272. [CrossRef]

27. Li, X.; Xing, R.; Xu, C.; Liu, S.; Qin, Y.; Li, K.; Yu, H.; Li, P. Immunostimulatory effect of chitosan and quaternary chitosan: A
review of potential vaccine adjuvants. Carbohydr. Polym. 2021, 264, 118050. [CrossRef]

28. Selim, Y.A.; Azb, M.A.; Ragab, I.; Abd El-Azim, M.H.M. Green synthesis of zinc oxide nanoparticles using aqueous extract of
Deverra tortuosa and their cytotoxic activities. Sci. Rep. 2020, 10, 3445. [CrossRef]

29. Rajeshkumar, S.; Kumar, S.V.; Ramaiah, A.; Agarwal, H.; Lakshmi, T.; Roopan, S.M. Biosynthesis of zinc oxide nanoparticles
usingMangifera indica leaves and evaluation of their antioxidant and cytotoxic properties in lung cancer (A549) cells. Enzym.
Microb. Technol. 2018, 117, 91–95. [CrossRef]

30. Reddy, L.S.; Nisha, M.M.; Joice, M.; Shilpa, P.J. Antimicrobial activity of zinc oxide (ZnO) nanoparticle against Klebsiella
pneumoniae. Pharm. Biol. 2014, 52, 1388–1397. [CrossRef]

31. Bala, N.; Saha, S.; Chakraborty, M.; Maiti, M.; Das, S.; Basu, R.; Nandy, P. Green synthesis of zinc oxide nanoparticles using
Hibiscus subdariffa leaf extract: Effect of temperature on synthesis, anti-bacterial activity and anti-diabetic activity. RSC Adv.
2015, 5, 4993–5003. [CrossRef]

32. Lipovsky, A.; Nitzan, Y.; Gedanken, A.; Lubart, R. Antifungal activity of ZnO nanoparticles—The role of ROS mediated cell injury.
Nanotechnology 2011, 22, 105101. [CrossRef] [PubMed]

33. Rupa, E.J.; Arunkumar, L.; Han, Y.; Kang, J.P.; Ahn, J.C.; Jung, S.-K.; Kim, M.; Kim, J.; Yang, D.-C.; Lee, G. Dendropanax morbifera
extract-mediated ZnO nanoparticles loaded with indole-3-carbinol for enhancement of anticancer efficacy in the A549 human
lung carcinoma cell line. Materials 2020, 13, 3197. [CrossRef] [PubMed]

34. Kim, Y.J.; Perumalsamy, H.; Castro-Aceituno, V.; Kim, D.; Markus, J.; Lee, S.; Kim, S.; Liu, Y.; Yang, D.C. Photoluminescent and
self-assembled hyaluronic acid-zinc oxide-ginsenoside Rh2 nanoparticles and their potential caspase-9 apoptotic mechanism
towards cancer cell lines. Int. J. Nanomed. 2019, 14, 8195. [CrossRef]

35. Karimi, N.; Behbahani, M.; Dini, G.; Razmjou, A. Nanotechnology. Enhancing the secondary metabolite and anticancer activity of
Echinacea purpurea callus extracts by treatment with biosynthesized ZnO nanoparticles. Adv. Nat. Sci. Nanosci. Nanotechnol.
2018, 9, 045009. [CrossRef]

36. Baatar, D.; Siddiqi, M.Z.; Im, W.T.; Ul Khaliq, N.; Hwang, S.G. Anti-inflammatory effect of ginsenoside Rh2-mix on
lipopolysaccharide-stimulated RAW 264.7 murine macrophage cells. J. Med. Food 2018, 21, 951–960. [CrossRef]

37. Piao, X.; Zhang, H.; Kang, J.P.; Yang, D.U.; Li, Y.; Pang, S.; Jin, Y.; Yang, D.C.; Wang, Y. Advances in Saponin Diversity of Panax
ginseng. Molecules 2020, 25, 3452. [CrossRef]

38. Song, Y.N.; Hong, H.G.; Son, J.S.; Kwon, Y.O.; Lee, H.H.; Kim, H.J.; Park, J.H.; Son, M.J.; Oh, J.-G.; Yoon, M.-H. Investigation
of Ginsenosides and Antioxidant Activities in the Roots, Leaves, and Stems of Hydroponic-Cultured Ginseng (Panax ginseng
Meyer). Preventive nutrition and food science. Prev. Nutr. Food Sci. 2019, 24, 283–292. [CrossRef]

39. Lee, J.Y.; Yang, H.; Lee, T.K.; Lee, C.H.; Seo, J.W.; Kim, J.-E.; Kim, S.Y.; Park, J.H.Y.; Lee, K.W. A short-term, hydroponic-culture of
ginseng results in a significant increase in the anti-oxidative activity and bioactive components. Food Sci. Biotechnol. 2020, 29,
1007–1012. [CrossRef] [PubMed]

40. Choi, S.Y.; Cho, C.W.; Lee, Y.; Kim, S.S.; Lee, S.H.; Kim, K.T. Comparison of Ginsenoside and Phenolic Ingredient Contents in
Hydroponically-cultivated Ginseng Leaves, Fruits, and Roots. J. Ginseng Res. 2012, 36, 425–429. [CrossRef]

41. Cha, B.-J.; Park, J.-H.; Shrestha, S.; Baek, N.-I.; Lee, S.M.; Lee, T.H.; Kim, J.; Kim, G.-S.; Kim, S.-Y.; Lee, D.-Y. Glycosyl glycerides
from hydroponic Panax ginseng inhibited NO production in lipopolysaccharide-stimulated RAW264.7 cells. J. Ginseng Res. 2015,
39, 162–168. [CrossRef]

42. Lee, A.R.; Park, J.H. Antioxidant and hepatoprotective effects of hydroponic-cultured ginseng folium by fermentation. Korea J.
Herbol. 2015, 30, 101–108. [CrossRef]

43. Song, M.-W.; Park, J.-Y.; Lee, H.-S.; Kim, K.-T.; Paik, H.-D. Co-Fermentation by Lactobacillus brevis B7 Improves the Antioxidant
and Immunomodulatory Activities of Hydroponic Ginseng-Fortified Yogurt. Antioxidants 2021, 10, 1447. [CrossRef] [PubMed]

44. Singh, P.; Kim, Y.J.; Wang, C.; Mathiyalagan, R.; Yang, D.C. The development of a green approach for the biosynthesis of silver
and gold nanoparticles by using Panax ginseng root extract, and their biological applications. Artif. Cells Nanomed. Biotechnol.
2016, 44, 1150–1157. [CrossRef] [PubMed]

45. Mourya, V.; Inamdara, N.; Ashutosh Tiwari, N. Carboxymethyl chitosan and its applications. Adv. Mater. Lett. 2010, 1, 11–33.
[CrossRef]

46. Sultana, S.; Djaker, N.; Boca-Farcau, S.; Salerno, M.; Charnaux, N.; Astilean, S.; Hlawaty, H.; De La Chapelle, M.L. Comparative
toxicity evaluation of flower-shaped and spherical gold nanoparticles on human endothelial cells. Nanotechnology 2015, 26, 055101.
[CrossRef]

47. Hashem, M.; Sharaf, S.; Abd El-Hady, M.; Hebeish, A. Synthesis and characterization of novel carboxymethylcellulose hydrogels
and carboxymethylcellulolse-hydrogel-ZnO-nanocomposites. Carbohydr. Polym. 2013, 95, 421–427. [CrossRef] [PubMed]

48. Upadhyaya, L.; Singh, J.; Agarwal, V.; Pandey, A.; Verma, S.P.; Das, P.; Tewari, R. Efficient water soluble nanostructured ZnO
grafted O-carboxymethyl chitosan/curcumin-nanocomposite for cancer therapy. Process. Biochem. 2015, 50, 678–688. [CrossRef]

49. Shankar, A.H.; Prasad, A.S. Zinc and immune function: The biological basis of altered resistance to infection. Am. J. Clin. Nutr.
1998, 68, 447S–463S. [CrossRef]

http://doi.org/10.3390/molecules26020272
http://doi.org/10.1016/j.carbpol.2021.118050
http://doi.org/10.1038/s41598-020-60541-1
http://doi.org/10.1016/j.enzmictec.2018.06.009
http://doi.org/10.3109/13880209.2014.893001
http://doi.org/10.1039/C4RA12784F
http://doi.org/10.1088/0957-4484/22/10/105101
http://www.ncbi.nlm.nih.gov/pubmed/21289395
http://doi.org/10.3390/ma13143197
http://www.ncbi.nlm.nih.gov/pubmed/32709058
http://doi.org/10.2147/IJN.S221328
http://doi.org/10.1088/2043-6254/aaf1af
http://doi.org/10.1089/jmf.2018.4180
http://doi.org/10.3390/molecules25153452
http://doi.org/10.3746/pnf.2019.24.3.283
http://doi.org/10.1007/s10068-020-00735-5
http://www.ncbi.nlm.nih.gov/pubmed/32577317
http://doi.org/10.5142/jgr.2012.36.4.425
http://doi.org/10.1016/j.jgr.2014.10.005
http://doi.org/10.6116/kjh.2015.30.4.101
http://doi.org/10.3390/antiox10091447
http://www.ncbi.nlm.nih.gov/pubmed/34573079
http://doi.org/10.3109/21691401.2015.1115410
http://www.ncbi.nlm.nih.gov/pubmed/26698271
http://doi.org/10.5185/amlett.2010.3108
http://doi.org/10.1088/0957-4484/26/5/055101
http://doi.org/10.1016/j.carbpol.2013.03.013
http://www.ncbi.nlm.nih.gov/pubmed/23618288
http://doi.org/10.1016/j.procbio.2014.12.029
http://doi.org/10.1093/ajcn/68.2.447S


Molecules 2023, 28, 906 17 of 17

50. Truong-Tran, A.Q.; Carter, J.; Ruffin, R.; Zalewski, P.D. New insights into the role of zinc in the respiratory epithelium. Immunol.
Cell Biol. 2001, 79, 170–177. [CrossRef]

51. Mishra, P.K.; Mishra, H.; Ekielski, A.; Talegaonkar, S.; Vaidya, B. Zinc oxide nanoparticles: A promising nanomaterial for
biomedical applications. Drug Discov. Today 2017, 22, 1825–1834. [CrossRef]

52. Pandurangan, M.; Kim, D.H. In vitro toxicity of zinc oxide nanoparticles: A review. J. Nanoparticle Res. 2015, 17, 158. [CrossRef]
53. Ambreen, G.; Duse, L.; Tariq, I.; Ali, U.; Ali, S.; Pinnapireddy, S.R.; Bette, M.; Bakowsky, U.; Mandic, R. Sensitivity of papilloma

virus-associated cell lines to photodynamic therapy with curcumin-loaded liposomes. Cancers 2020, 12, 3278. [CrossRef]
54. Kim, S.S.; Cho, H.J.; Kang, J.Y.; Kang, H.K.; Yoo, T.K. Inhibition of androgen receptor expression with small interfering RNA

enhances cancer cell apoptosis by suppressing survival factors in androgen insensitive, late stage LNCaP cells. Sci. World J. 2013,
2013, 519397. [CrossRef]

55. Ovadje, P.; Chatterjee, S.; Griffin, C.; Tran, C.; Hamm, C.; Pandey, S. Selective induction of apoptosis through activation of
caspase-8 in human leukemia cells (Jurkat) by dandelion root extract. J. Ethnopharmacol. 2011, 133, 86–91. [CrossRef] [PubMed]

56. Wlodkowic, D.; Telford, W.; Skommer, J.; Darzynkiewicz, Z. Apoptosis and beyond: Cytometry in studies of programmed cell
death. Methods Cell Biol. 2011, 103, 55–98. [PubMed]

57. Perumalsamy, H.; Sankarapandian, K.; Kandaswamy, N.; Balusamy, S.R.; Periyathambi, D.; Raveendiran, N. Cellular effect of
styrene substituted biscoumarin caused cellular apoptosis and cell cycle arrest in human breast cancer cells. Int. J. Biochem. Cell
Biol. 2017, 92, 104–114. [CrossRef]

58. Poofery, J.; Khaw-On, P.; Subhawa, S.; Sripanidkulchai, B.; Tantraworasin, A.; Saeteng, S.; Siwachat, S.; Lertprasertsuke,
N.; Banjerdpongchai, R. Potential of Thai herbal extracts on lung cancer treatment by inducing apoptosis and synergizing
chemotherapy. Molecules 2020, 25, 231. [CrossRef] [PubMed]

59. Rupa, E.J.; Anandapadmanaban, G.; Mathiyalagan, R.; Yang, D.-C. Synthesis of zinc oxide nanoparticles from immature fruits of
Rubus coreanus and its catalytic activity for degradation of industrial dye. Optik 2018, 172, 1179–1186. [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.

http://doi.org/10.1046/j.1440-1711.2001.00986.x
http://doi.org/10.1016/j.drudis.2017.08.006
http://doi.org/10.1007/s11051-015-2958-9
http://doi.org/10.3390/cancers12113278
http://doi.org/10.1155/2013/519397
http://doi.org/10.1016/j.jep.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/20849941
http://www.ncbi.nlm.nih.gov/pubmed/21722800
http://doi.org/10.1016/j.biocel.2017.09.019
http://doi.org/10.3390/molecules25010231
http://www.ncbi.nlm.nih.gov/pubmed/31935933
http://doi.org/10.1016/j.ijleo.2018.07.115

	Introduction 
	Results 
	Characterization of HGRCmZnO NPs 
	Cell Viability Analysis 
	Colony Formation 
	HGRCm-ZnO NPs Inhibit Migration of Cancer Cells 
	Detection of HGRCm-ZnO NP-Induced Apoptosis by Hoechst-33342/PI Dye Staining 
	HGRCm-ZnO NPs Induce Apoptosis by Regulating Apoptotic Gene Expression 

	Materials and Methods 
	Plant Materials 
	Chemicals 
	Preparation of HGR Extract 
	Synthesis of GR-ZnO NPs from the Extract 

	Characterization 
	UV-Vis Spectrophotometry 
	FT-IR 
	XRD Analysis 
	FE-TEM Analysis 
	Cell Culture 
	Cell Viability Assay 
	Colony Formation 
	Wound-Healing Assay 
	Hoechst Staining 
	PI Staining 
	Quantitative Real-Time PCR 

	Conclusions 
	References

