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ARTICLE INFO ABSTRACT
Keywords: Background: Gold nanoparticles (AuNPs) exhibit promising potential as medical materials due to their high
Bifidobacterium biocompatibility, tunable size and shape, and excellent drug delivery capabilities, among other unique physi-

Ginsenoside compound K (CK)
Gold nanoparticles
Anti-inflammation
NF-kB/MAPK pathway

cochemical properties. Previous studies have indicated the remarkable anti-inflammatory activity of ginsenoside
compound K (CK). However, the relatively low bioavailability of CK restricts its effective delivery and action
within the biological system. Hence, exploring novel delivery methods based on gold nanoparticles emerges as a
promising strategy to overcome these challenges in application, thereby enhancing the therapeutic effectiveness
of CK.

Methods: Probiotic-mediated AuNPs were synthesized using gold salt and the lysates of Bifidobacterium animalis
subsp. lactis. Then, CK was loaded with AuNPs to form Bifidobacterium CK AuNPs (Bifi-CKAuNPs). The anti-
inflammatory activity of Bifi-CKAuNPs was evaluated in vitro using RAW 264.7 cells and in vivo using mice.
The NF-kB/ mitogen-activated protein kinases (MAPK) pathway was investigated as a potential mechanism of
action.

Results: In vitro experiments showed that Bifi-CKAuNPs inhibited the activation of reactive oxygen species and
reduced the expression of iNOS, COX-2, and pro-inflammatory cytokines (IL-1f, IL-6, and TNF-a) in RAW 264.7
cells. In vivo experiments showed that Bifi-CKAuNPs significantly reduced inflammation in the lung, kidney, and
liver tissues of mice without toxicity. The anti-inflammatory activity of Bifi-CKAuNPs was mediated through the
inhibition of NF-kB/MAPK signal transduction, which is a well-known and critical pathway in the pathogenesis of
inflammation.

Conclusion: We have successfully synthesized and characterized Bifi-AuNPs, demonstrating its potent anti-
inflammatory activity both in vitro and in vivo. Our results indicated that the NF-xB/MAPK pathway might
play a key role in the mechanism of action of Bifi-CKAuNPs. These findings underscored the significant potential
of Bifi-CKAuNPs as a promising platform for drug delivery and anti-inflammatory therapy. The observed efficacy
in both cellular and animal models, along with insights into the underlying molecular pathways, positions Bifi-
CKAuNPs as a valuable candidate for advancing therapeutic strategies in the realm of inflammation
management.

1. Introduction anticancer, antioxidant, antihypertensive, antidiabetic, and immune
system modulation effects (Ahmad et al., 2023). In addition, recent
Panax ginseng (P. ginseng) is a plant species that belongs to the findings indicate that P. ginseng has the potential to enhance health

Araliaceae family, and it has long been used as traditional herbal med- status through the modulation of inflammasome activity in diverse
icine in East Asian countries (Potenza et al., 2023). This plant is known pathological contexts, including instances of viral infection and neuro-
for its extensive therapeutic applications, including anti-inflammatory, logical dysfunction (Ratan et al., 2021). Ginsenosides are the important
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active ingredients of ginseng and are triterpene glycoside compounds
(Zhou et al., 2022). They can be divided into protopanaxadiol group
saponins (PPD type saponins), protopanaxatriol group saponins (PPT
type saponins) and oleanane type. The differentiation between PPD and
PPT is dictated by the positioning of their sugar moieties (Hou et al.,
2021). PPD exhibits sugar moiety attached to the 3-position of the tri-
terpene dammarane benzene ring, encompassing Rg3, Rd, Rc, Rb1, and
Rb2 (Cong et al., 2023). Conversely, the sugar moiety of PPT are affixed
to the 6-position of the triterpene dammarane ring, including Rgl, Rg2,
Rh1, and Re (Sarhene et al., 2021). Compound K (CK; 20-O-D-glucopyr-
anosyl-20(S)-protopanaxadiol) emerges as a metabolic end product of
PPD-type ginsenosides during human metabolism, synthesized through
the enzymatic activity of intestinal bacteria subsequent to ginseng
ingestion (Sharma & Lee, 2020). Renowned for its reported superior
pharmacological effects, CK has demonstrated efficacy against inflam-
mation, tumors, aging, allergies, and diabetes (Guo et al., 2023). How-
ever, the permeation of CK through intestinal membranes is partially
impeded, resulting in poor absorption within the body (Tam et al.,
2023). Hence, the development of safe and effective drug delivery sys-
tems is imperative to enhance the targeted delivery of CK to specific
tissues and organs, thereby augmenting its therapeutic efficacy.

Gold nanoparticles (AuNPs) exhibit unique advantages for drug de-
livery and medical diagnostics, positioning them as a favorable choice in
various biomedical contexts (Falahati et al., 2020). One key advantage is
their exceptional biocompatibility, making them more suitable for
biomedical applications with minimal cytotoxicity (Kumari et al., 2023;
Wang et al., 2023b). For example, in comparison to AuNPs, silver
nanoparticles (AgNPs) exhibit higher toxicity, posing adverse effects on
health, while the chemical inertness of gold ensures higher stability and
lower toxicity of AuNPs (Lapresta-Fernandez et al., 2012). The ease of
surface modification allows precise control over their properties, facil-
itating tailored applications in drug delivery and imaging (Abdelkawi
et al., 2023; Sadeghi et al., 2015). The superior optical properties of
AuNPs, particularly the surface-enhanced Raman scattering effect, serve
as powerful tools for medical diagnostics (Wen et al., 2022). Further-
more, the substantial drug loading capacity of gold nanoparticles stems
from their expansive surface area, facilitating effective encapsulation of
drug molecules (Hassan et al., 2022). The potential for targeted delivery
is derived from the ease of surface modification, enabling the attach-
ment of ligands for the specific recognition of target cells or tissues
(Nejati et al., 2021). Research has indicated that AuNPs can detect the
presence of antigens on cell surfaces by acting as drug carriers and
through conjugation with drugs (Borse et al., 2020). Therefore, loading
ginsenosides onto specially designed drug delivery systems holds
considerable promise and significance in advancing their biomedical
applications. Despite these advantages, the application of AuNPs as
carriers for drug delivery still encounters multiple challenges, including
the complexity and high cost of the synthesis process.

Nanoparticle biofabrication refers to the synthesis process utilizing
the intrinsic biochemical pathways of microorganisms, plants, or other
biological entities (Zhang et al., 2020). In contrast to chemical or
physical synthesis methods, this approach eliminates the need for haz-
ardous solvents, aligning with principles of ecological stewardship
(Gavilan et al., 2023). Moreover, biogenic synthesis is conducted under
comparatively mild conditions, presenting a substantial enhancement in
efficiency as opposed to the elevated energy requirements and pro-
tracted durations associated with chemical or physical synthesis
(Radulescu et al., 2023). With an increasing focus on health, the use of
probiotics for synthesizing gold nanoparticles has garnered attention
(Dhandapani et al., 2021). Probiotic strains can efficiently reduce gold
ions to create biocompatible gold nanoparticles, offering a sustainable
method for customizing their properties, especially for medical appli-
cations (Liu et al., 2020; Mikhailova, 2021; Sarani et al., 2024). Research
involving the biofabrication of gold nanoparticles using probiotic strains
isolated from Korean kimchi for photothermal therapy in cancer treat-
ment suggests the feasibility of utilizing probiotics for synthesizing
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anticancer gold nanoparticles (Balusamy et al., 2022). However, the
biogenic synthesis of nanoparticles using probiotics and exploring its
applications in other domains remain active research areas, necessi-
tating further studies to comprehensively understand the scalability of
this approach.

In order to promote the innovation of AuNPs synthesis technology
and develop a delivery system to improve the bioavailability of CK as an
inflammatory therapeutic agent, this study utilized probiotics (i.e.,
Bifidobacterium animalis subsp. lactis) to biosynthesize ginsenoside CK-
loaded AuNPs (Bifi-CKAuNPs). The anti-inflammatory activity of gin-
senoside CK has been widely demonstrated, indicating that Bifi-
CKAuNPs are expected to exhibit enhanced anti-inflammatory efficacy
as nanocarriers through the synergistic effects produced by ginsenoside
CK. The optimal conditions for the biosynthesis of Bifi-CKAuNPs were
monitored using ultraviolet-visible (UV-vis) absorption spectroscopy,
and the physicochemical properties of the biosynthesized Bifi-CKAuNPs
were characterized. Experimental studies on Bifi-CKAuNPs in vitro and in
vivo were conducted to further examine their anti-inflammatory activity
and the potential mechanism.

2. Materials and methods
2.1. Chemicals and materials

The Man, Rogosa, and Sharpe (MRS) broth and agar were provided
by BD Biosciences (Seoul, Korea). Hydrogen(IIl) tetrachloroaurate hy-
drate (HAuCly-3H50, Au) and 3-(4,5-dimethyl-thiazol-2yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were provided by Thermo Fisher
(Waltham, MA USA). CK (>95 %) was provided by Ginseng Bank at
Kyung Hee University (Yongin, Republic of Korea).

2.2. Phylogenetic tree construction

The B. animalis subsp. lactis strain was obtained by incubating the
isolated colony in MRS broth containing 0.5 g/L of L-Cysteine hydro-
chloride at 37 °C for 48 h. The obtained bacterium was sequenced, and
its NCBI accession number was CP001606. 16S rRNA gene sequences
were analyzed for the B. animalis subsp. lactis strain. Associated taxa
were collected in the GenBank database using MEGA X, the phylogenetic
tree was summarized using Ez Bio-Edit (Fig. S1).

2.3. Loading optimization of CK on AuNPs using the bacterial cell lysate

First optimize the synthesis conditions of nanoparticles. Different
gold nanoparticles were obtained by changing the parameters such as
bacterial biomass (OD: 0.2-1.0), gold salt concentration (0.5-2.5 mM),
CK concentration (0.1-0.4 mM) and reaction pH (3-7), respectively. The
optimized reaction conditions were selected depending on the highest
absorbance peak. The final biosynthesis reaction was conducted as fol-
lows: incorporate a solution containing 2 mM HAuCly-3H,0 and 0.3 mM
CK into a 10 mL of the B. animalis subsp. lactis. biomass (ODggg = 1.0)
solution. Then, the pH of the solution was adjusted to 7.0, and the so-
lution was incubated at 37 °C for 24 h. The formation of nanoparticles
(Bifi-CKAuNPs) was indicated by a change in the color of the reaction
solution to purple. After the reaction, the nanoparticles were collected
by centrifugation at 13,500 rpm for 20 min, during which they were
washed three times with distilled water. Then, the synthesized nano-
particles were air-dried and used in subsequent experiments. The final
yield of the nanoparticle was 7.502 mg/mL which was caculated ac-
cording to the previously study (Sreedharan et al., 2019).

2.4. Characterization of Bifi-CKAuNPs
Physicochemical characterizations were performed on the Bifi-

CKAuNPs. The absorption spectra (400-700 nm) of the nanoparticle
solutions were obtained using an UV-vis spectrophotometer.
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Additionally, Fourier transform infrared (FT-IR, PerkinElmer Inc.,
Waltham, MA, USA) spectroscopy, field emission transmission electron
microscopy (FE-TEM, JEM-2100F), biological transmission electron
microscopy (Bio-TEM, Talos L120C), and X-ray diffraction (XRD, D8
Advance, Bruker, Karlsruhe, Germany) were employed to determine the
shape, size, and lattice characteristics of the synthesized nanoparticles.
Dynamic light scattering (DLS, Otsuka Electronics, Shiga, Japan) parti-
cle analyzer was used to determine the size, stability, and dispersal
nature of the nanoparticles.

2.5. Cell lines

Human keratinocytes (HaCaTs) were purchased from the American
Type Culture Collection (Manassas, VA, USA). Mouse leukemic macro-
phages (RAW 264.7) and normal human dermal fibroblasts (NHDF)
were purchased from the Korean Cell Line Bank (Seoul, Korea).

2.6. Cell viability test

The cytotoxicity of Bifi-CKAuNPs was investigated by performing an
MTT assay according to the report by Awasthi et al. (Awasthi et al.,
2021) to test the cytotoxicity of Bifi-CKAuNPs. Cells were individually
seeded into 96-well plates at a density of 1 x 10° cells/well and incu-
bated overnight. Prepared cells were treated with different concentra-
tions of Bifi-CKAuNPs and cultured. After 24 h, 0.05 % MTT reagent was
used to detect cell viability. Finally, optical density was recorded at 560
nm using a SpectraMax ABS Plus microplate reader (Sunnyvale, CA,
USA), and the cell viability value was calculated.

2.7. Nitric oxide (NO) analysis

RAW 264.7 cells were seeded in 96-well culture plates at a density of
1 x 10° cells/well. After overnight incubation, LPS (1 pg/uL) was
administered to the cells along with Bifi-CKAuNPs (20-60 ug/mL). After
incubation for 24 h, the absorbance was measured at 570 nm, and the
nitrite concentration was calculated using the NaNO,, standard calibra-
tion curve.

2.8. Transmission electron microscopy analysis

RAW 264.7 cells were treated with Bifi-CKAuNPs (60 pg/mL). After
6 h, the cells were washed with phosphate-buffered saline and fixed with
2.5 % glutaraldehyde for 12 h. Cell pellets were sectioned using an ul-
tramicrotome and stained with 3 % uranyl acetate and lead citrate.
Finally, TEM imaging was performed using 80 kV JEM-1010 (JEOL,
Tokyo, Japan).

2.9. 9. Quantitative real-time PCR analysis

LPS-stimulated RAW 264.7 cells were treated with Bifi-CKAuNPs.
After 24 h, the mRNA of cells was extracted using TRIzol, and then
the RT PreMix kit (Bioneer, Daejeon, Korea) was used to synthesize
cDNA. Subsequently, qRT-PCR was performed to detect mRNA expres-
sion levels. The sequences of the primers are described in Table S1.

2.10. Western blot analysis

RAW 264.7 cells were cultured at a concentration of 5 x 10° cells/
well for 24 h. Then they were treated with Bifi-CKAuNPs (20-60 pg/mL)
and LPS (1 pg/mL) for 24 h. A radioimmunoprecipitation assay buffer
was used to treat cells to obtain protein. Western blot analysis was
performed according to a previous work for in vivo studies. The primary
and secondary antibodies used in the experiments were provided by
Abcam (Cambridge, UK). Immunoreactive bands were visualized using a
chemiluminescent detection system (LAS-4000; Fujifilm, Tokyo, Japan)
and normalized to Glyceraldehyde 3-phosphate dehydrogenase
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(GAPDH) on the same membrane.
2.11. Animals and ethical approval

Thirty-three male C57BL/6 mice (8 weeks old: body weight 22-23 g;
Narabiotec Co., Ltd., Seoul, Korea) were used for the in vivo study of the
effect of Bifi-CKAuNPs. The mice were maintained at a constant tem-
perature of 23 £ 2 °C and humidity of 50 + 10 % with a 12-h light-dark
cycle. All experimental procedures were reviewed and approved by the
Kyung Hee University Institutional Animal Care and Use Committee.
During the study, the experimental animals were blinded for appropriate
randomization and data processing according to the latest recommen-
dations of the NIH Workshop on Preclinical Models of Neurological
Disorders (Choi et al., 2018).

2.12. Experimental groups in mice

The mice were randomly divided into eight groups (n = 3). The sham
group (n = 3) received distilled water via oral gavage for 3 days and
intraperitoneal (i.p.) injection of physiological saline for 3 days. The LPS
group (n = 3) received distilled water via oral gavage for 3 days and an i.
p. injection of LPS (5 mg/kg) dissolved in physiological saline for 3 days.
The Bifi-CKAuNPs + LPS group received Bifi-CKAuNPs (2.5, 5, and 10
mg/kg/day) via oral gavage for 3 days and an i.p. injection of LPS 3 days
followed by the Bifi-CKAuNPs treatment. The CK + LPS group received
CK (2.5, 5, and 10 mg/kg/day) via oral gavage for 3 days and an i.p.
injection of LPS 3 days followed by the CK treatment.

2.13. Histopathological examination

To examine histopathological changes, the right lobe of the lung,
median lobe of the liver, and right kidney from mice in each group were
dissected, sliced, and fixed in a 4 % paraformaldehyde solution. The
fixed slices were dehydrated using a standard-graded alcohol process,
embedded in paraffin, and sectioned to reveal the overall structure of the
organs. The paraffin sections were stained with hematoxylin & eosin
(H&E). The severity of inflammation was ascertained using Microscope
Imaging Software (National Institutes of Health, MD, USA) connected to
a light microscope (BX40, Olympus Optical Co. Ltd., Tokyo, Japan).

2.14. Data analysis

The Inhibitory concentration (ICso) were determined using Graph-
Pad Prism 8 (GraphPad Software, La Jolla, CA). The severity of
inflammation was determined in vivo using Microscope Imaging Soft-
ware (National Institutes of Health, Maryland, USA) using the data ob-
tained from the light microscope (BX40, Olympus Optical Co. Ltd.,
Tokyo, Japan). This analysis was performed as previsoluly reported. All
experiments were performed in triplicate, and data were expressed as
the mean + standard error (SE). The statistical differences among means
were analyzed by performing t-tests using Graph-Pad. Significant values
were indicated as *p < 0.05, p < 0.01,and ~p < 0.001. Student’s t-
test and ANOVA were performed using SPSS 21.0 (SPSS Inc, Chicago, IL,
USA) (Amini et al., 2023; Marsousi et al., 2019).

3. Results and discussion
3.1. Optimization and characterization of biosynthesized AuNPs

Optimizing the conditions for nanoparticle synthesis is imperative
for enhancing the reliability and reproducibility of reactions. Nano-
particles manifest surface plasmon resonance (SPR), a phenomenon
involving the absorption and scattering of light within the UV-visible
range. The peak height serves as an indicator of the intensity of this SPR.
Alterations in nanoparticle size and concentration lead to corresponding
changes in the position and intensity of the surface plasmon resonance
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Fig. 1. Optimization and characterization of Bifi-CKAuNPs. Optimization of synthesized nanoparticles for each condition (turbidity of A. bacteria biomass, B. Au salt,
C. concentration of CK and D. pH); FT-IR spectra of the E. CK, and F. Bifi-CKAuNPs.

peak (Paul et al., 2023). Generally, smaller AuNPs typically exhibit red,
while larger ones may appear blue or purple hues (Yu et al., 2018; Zeng
et al., 2020; Zou et al., 2018). Furthermore, the peak height demon-
strates a proportional relationship with the concentration of nano-
particles. Increased nanoparticle concentration results in a heightened
absorption signal, elevating the peak (Hammami & Alabdallah, 2021).
Elevated peaks may signify a higher conversion in the synthesis reaction,
whereas lower peaks may indicate diminished efficiency or the

persistence of unreacted precursor species. Adhering to these principles,
various nanoparticles were synthesized by manipulating bacterial
biomass, Au salt concentration, CK concentration, and reaction pH
conditions. Subsequently, the resulting gold nanoparticles were char-
acterized using UV-visible spectroscopy to determine optimal condi-
tions for the synthesis of CK-loaded AuNPs by regarding to the scrutiny
of measured peaks. As shown in Fig. 1A-D, the optimal synthesis con-
ditions that produced the highest peaks were bacterial growth (O.D:



S. Kim et al.

A

. 17.44 nr 84 nn
15.47 nm 18.94 n:
10.76 WP 50 o
27.55 hm
15.84 nm
!3.66 nm

100 nm

‘

-150

-100 -50 0
0

4

0

w

Poly dispersity index: 0.105
Zeta potential: -40.33 mV

10

Differential intensity (%) =S|
~
S

40.33

200.0 0.0 -200.0

Sum Spectrum

=
(=]
Differential intensity (%)O

Arabian Journal of Chemistry 17 (2024) 105650

—(111)
— (200)

w
>

———((P0)
— (@)

[RR2 D)

Intensity (count)
~ W
(=3 (=3
(=} (=]

o
(=3
(=}

10 12kev) 20 30 40 50 60 70 80

20 scale

ot
h

]
.

.- 1000

() A)ISUd)UY A R[NUIN

100 200
Diameter (nm)

Fig. 2. A. Shape and size of Bifi-CKAuNPs; B. Gold distribution of Bifi-CKAuNPs C. SAED pattern of Bifi-CKAuNPs; D. EDX pattern of Bifi-CKAuNPs; E. XRD analysis
of Bifi-CKAuNPs; F. Zeta-potential of Bifi-CKAuNPs; G. DLS analysis of Bifi-CKAuNPs size distribution.

1.0), gold salt (2.0 mM), CK concentration (0.3 mM), and pH (7). These
optimized conditions were then used for the subsequent synthesis of Bifi-
CKAuNPs.

Characterizing nanoparticles is crucial for understanding their
physical, chemical, and biological properties, providing valuable in-
sights into size, shape, stability, surface charge, and composition. These
factors influence the behavior and performance of nanoparticles in
various applications. The properties of Bifi-CKAuNPs were analyzed
using different techniques. Firstly, the FTIR technique was employed to
analyze the chemical bonds involved in the synthesis process. Fig. 1E
and F show that the main chemical bonds identified were C = O
(carbonyl group), C-H (alkane), and C-O ether, according to the spec-
trum library. And the detailed peak shifts were shown in Table S2. Taken
together, these findings and peak changes indicate that CK was suc-
cessfully loaded on newly synthesized Bifi-CKAuNPs.

Subsquently, we used TEM imaging to determine the shape of the
synthesized nanoparticles (Fig. 2A). The Bifi-CKAuNPs exhibited
spherical nanoparticles with sizes ranging from 10 to 25 nm, confirming
their nanoscale dimensions. This indicates that the dimensions of Bifi-
CKAuNPs are relatively small, suggesting potential advantages in

biomedical applications such as superior drug delivery efficiency,
cellular uptake capabilities, and biocompatibility (Sanita et al., 2020). It
is well-established that nanoparticles possess the potential for recogni-
tion and clearance by the mononuclear phagocyte system (MPS) (Mills
etal., 2022). Notably, the nanoparticles synthesized in this study exhibit
a diminutive size, suggesting a heightened potential for evading
engulfment by mononuclear phagocytes. The reduced dimensions of
these nanoparticles imply an extended circulatory half-life within bio-
logical systems, facilitating efficient traversal across tissues and vascular
barriers (Wang et al., 2023a). This characteristic may contribute to a
deceleration in the recognition and clearance processes orchestrated by
the MPS, consequently prolonging the residence time of the nano-
particles in vivo. It is imperative to underscore that further empirical
investigations are necessary to validate these observations, and due
consideration should be given to additional factors such as surface
properties and biocompatibility (Huang et al., 2023a; Shen et al., 2023).

As shown in Fig. 2B, the presence of the Au element was verified
through the elementary mapping, and the red color was the detected
singal of the gold element. The SAED pattern (Fig. 2C) confirmed the
crystalline structure with identified lattice planes (111, 200, 220, and
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and ““p < 0.001 compared to the untreated control;

311) (Dhandapani et al., 2023b). The EDX spectrum showed several
peaks corresponding to the Au element and with another peak at 8 keV,
which can be attributed to the copper grid used for analysis (Fig. 2D)
(Dhandapani et al., 2021). Additionally, XRD analysis displayed four
distinct peaks for Bifi-CKAuNPs, as depicted in Fig. 2E. These lattice
planes were identified as (111, 200, 220, and 311) based on the JCPDS
number 00-004-0784 (Jeong et al., 2020). While SAED and XRD are
both techniques employed for crystallographic analysis, they differ in

#p < 0.05 compared to the LPS control.

the type of radiation used (electrons for SAED, X-rays for XRD) and the
scale of analysis (nanoscale for SAED in TEM, broader scale for XRD).
The evaluation of Bifi-CKAuNPs stability using Zeta potential yielded a
value of —40.33 mV, accompanied by a polydispersity index of 0.10
(Fig. 2F). The negative Zeta potential suggests the presence of a sub-
stantial negative surface charge, contributing to the prevention of par-
ticle aggregation and precipitation (Serrano-Lotina et al., 2023).
Additionally, the low polydispersity index of 0.10 signifies a relatively
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control and shown as mean + SE; *p < 0.05, “p < 0.01, and “"p < 0.001 compared to the untreated control; *p < 0.05 and *#p < 0.01, compared to the

LPS control.

uniform dispersion, further supporting the conclusion of enhanced sta-
bility of Bifi-CKAuNPs in solution. These results indicate that the
nanoparticles likely possess favorable stability in the solution. This
observed stability is crucial for the effective application of these nano-
particles in biomedical contexts.

Finally, we utilized DLS to assess the average size of the Bifi-
CKAuNPs. As illustrated in Fig. 2G, the DLS results indicated an
average size of 190 nm. In this study, a notable discrepancy was
observed between the nanoscale dimensions measured by DLS and

Transmission Electron TEM, with DLS reporting significantly larger
particle sizes. This disparity arises from the fact that DLS is applicable
for measuring nanoparticles in solution, where potential aggregation or
dynamic distribution may lead to an overestimation of particle sizes
(Gotebiowski & Buszewski, 2023). In contrast, TEM requires the sample
to be prepared in a dried form, typically providing more accurate in-
sights into the actual morphology and size characteristics (Huang et al.,
2023b).Taken together, these optimized parameters and physicochem-
ical characterization indicate that Bifi-CKAuNPs were successfully
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synthesized and are stable.
3.2. Uptake and cytotoxicity of Bifi-CKAuNPs in macrophages

Nanoparticles exhibit the capacity for cellular internalization, a
phenomenon facilitated primarily through mechanisms such as endo-
cytosis (de Almeida et al., 2021). This cellular uptake capacity is vital in
fields such as nanomedicine for targeted drug delivery. Therefore,
internalization of Bifi-CKAuNPs by RAW 264.7 cells was investigated by
performing a cell uptake test. The cells were treated for 3 h and analyzed
using Bio-TEM. Bifi-CKAuNPs were taken up by the cells through
endocytosis, where they were transported into the cytosol via endo-
somes and lysosomes (Fig. 3A). Unlike the study by Song et al. (Song
et al.,, 2013), where AuNPs were observed inside the nucleus, Bifi-
CKAuNPs were not detected in the nucleus of RAW 264.7 cells.
Instead, they were localized to cell organelles in the cytoplasm.There-
fore, this analysis confirmed that endocytosis was the mechanism of
internalization. Moreover, it’s important to note that the imperative for
anti-inflammatory drugs to exhibit non-toxicity towards normal cells
arises from the necessity to mitigate inflammation while safeguarding
the integrity of healthy tissues. Therefore, the cytotoxicity of Bifi-
CKAuNPs was examined by exposing RAW 264.7 cells and normal skin
cell lines (NHDFs, HaCaTs) to varying concentrations of Bifi-CKAuNPs
(20-80 pg/mL). No significant mortality was observed in the HaCaTs
and NHDF cells exposed to Bifi-CKAuNPs (Fig. 3B-C). This observation
implies that Bifi-CKAuNPs hold promise as effective and safe targeted
nanocarriers. The demonstrated absence of significant cytotoxicity in
normal skin cell lines, coupled with successful internalization into in-
flammatory cells, underscores their potential utility in drug delivery
applications for treating inflammatory conditions.

3.3. In vitro anti-inflammatory activity of Bifi-CK-AuNPs

Plant secondary metabolites, including ginsenosides, exhibit anti-
inflammatory properties and strongly affect oxidative stress and in-
flammatory pathways (He et al., 2022). We focused on the effects of Bifi-
CKAuNPs on LPS-exposed RAW 264.7 cells treated with 20-80 pg/mL
varying concentrations of Bifi-CKAuNPs. NO production and ROS
stimulation were assessed as indicators of cytotoxicity and drug efficacy
(Fig. 3D and Fig. 3E, respectively). Bifi-CKAuNPs induced a
concentration-dependent decrease in NO production in treated cells,
thereby suppressing excessive NO expression. Additionally, we exam-
ined the capacity of drugs to regulate reactive oxygen species (ROS),
which is a multifunctional signaling molecule, in distinct cell types by
modulating signaling pathways (Wang et al., 2021). Bifi-CKAuNPs
administration resulted in comparable ROS levels between treated and
control cells, indicating that Bifi-CKAuNPs inhibited ROS production
(Fig. 3F). Therefore, the potential of Bifi-CKAuNPs to regulate ROS and
NO levels in cells indicates that they may provide a promising thera-
peutic option for inflammatory and oxidative-stress-related diseases.

3.4. Molecular detection of gene expression in vitro

Validating the molecular mechanism is crucial for unraveling the
intricate cellular and molecular processes influenced by a treatment
(Wang et al., 2022). This confirmation yields insights into specific
pathways and signaling cascades affected by the treatment, establishing
a precise understanding of its effects. In the context of Bifi-CKAuNPs and
their down regulate impact on LPS-induced inflammation, we investi-
gated the underlying mechanism of the observed effects of Bifi-CKAuNPs
on LPS-induced inflammation by measuring the mRNA expression
levels. The pro-inflammatory mediators and cytokines, including
inducible nitric oxide synthase (iNOS) (Merenzon et al., 2023),
cyclooxygenase-2 (COX-2) (Mohsin & Irfan, 2020), tumor necrosis
factor-alpha (TNF-a) (Zhou et al., 2021), interleukin-1 beta (IL-1p)
(Cavalli et al., 2021), and interleukin-6 (IL-6) (Hirano, 2021), play
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crucial roles in immune responses and inflammatory processes. Under-
standing the intricate functions of these mediators is essential for deci-
phering immune regulation and developing therapeutic strategies for
inflammatory conditions. As shown in Fig. 4, the expression levels of
iNOS, COX-2, TNF-a, IL-1p, and IL-6 cytokines were significantly
reduced in LPS-stimulated RAW 246.7 cells after treatment with Bifi-
CKAuNPs (20-60 pg/mL). These results indicated that Bifi-CKAuNPs
treatment effectively inhibited the expression of proinflammatory cy-
tokines, thereby demonstrating its potential as an anti-inflammatory
agent.

3.5. Histopathological observation in mice

The hepatobiliary and renal systems are the primary excretory
pathways for drugs and their metabolites (Jetter & Kullak-Ublick, 2020).
Drug-induced injury to the liver and kidneys is the predominant cause
for the discontinuation of drug discovery research projects (Garcia-
Cortes et al., 2020). Although the in vitro selective toxicity of Bifi-
CKAuNPs towards normal cells has been demonstrated, we investi-
gated the toxicological aspects of Bifi-CKAuNPs and CK to further
evaluate their toxic effects. The body weight of sham or LPS-induced
mice did not show change significantly during the three-day experi-
ment in any treatment group (Fig. 5A). However, the LPS-treated group
exhibited significant pulmonary inflammation, including pulmonary
edema, congestion, alveolar hemorrhage, and infiltration into the
alveoli and interstitial spaces (Fig. 5B, yellow arrow). In addition, the
lung tissue in the LPS-treated group demonstrated a 3.5-fold increase in
the inflammation score compared to the sham group. It should be noted
that the administration of Bifi-CKAuNPs and CK10 resulted in two-fold
to three-fold lower inflammatory changes compared to the LPS group.
We conducted several control studies to confirm the anti-inflammatory
effects and biosafety of Bifi-CKAuNPs and the results showed that Bifi-
CKAuNPs did not cause toxic effects in mice whereas CK10-treatment
group existed toxicity on the lung of mice. The hepatic sections of the
LPS-treated group exhibited significant histopathological changes,
including red blood cell congestion, sinusoidal dilatation, hepatocellular
necrosis, and neutrophil infiltration (Fig. 5B, red arrow). However, the
administration of Bifi-CKAuNPs resulted in two-fold to three-fold
reduction in inflammatory characteristics and scores compared to the
LPS-treated and CK 10 + LPS groups. Similarly, the kidney section of the
LPS-treated group demonstrated degenerative changes, including
vascular edema, capsule cavity swelling, loss of brush borders, extra-
vascular outflow into epithelial cells and tubular space of focal necrosis
(Fig. 5B, blue arrow). However, treatment with Bifi-CKAuNPs resulted in
two-fold to four-fold reductions in the inflammatory response and score
compared to the LPS and LPS + CK groups. Overall, the administration
of Bifi-CKAuNPs effectively reduced inflammatory and histological
damage in each organ and did not cause toxic effects.

3.6. Inflammatory cytokine protein expression in Bifi-CKAuNPs-treated
mice

NF-«B is a transcription factor that controls the expression of various
proinflammatory genes and plays a crucial role in regulating inflam-
matory responses (Dhandapani et al., 2023a; Yi et al., 2023). The acti-
vation of NF-kB leads to the production of cytokines, chemokines, and
adhesion molecules that recruit immune cells to the site of inflamma-
tion, causing tissue damage (Xu et al., 2022). In response to inflamma-
tion, p-p38, which is a member of the MAPK family, is activated and
promotes the production of pro-inflammatory cytokines (Lauritano
et al., 2023). Furthermore, STAT1 and NF-kB demonstrate reciprocal
regulation and synergistic interactions, functioning in concert to
potentiate the inflammatory cascade by modulating the transcriptional
activation of pro-inflammatory genes (Zhang et al., 2021). Therefore,
the regulation of these signaling molecules is crucial for controlling
inflammation and preventing tissue damage in various inflammatory
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diseases.

A heatmap was used to visualize the expression of inflammation-
related proteins in each organ (lungs, liver, kidneys) of the mice
(Fig. 6A). LPS-induced mice exhibited significant increases in the levels
of the phosphorylated forms of NF-kB, STAT1, and p38 in targeted or-
gans, and in the protein levels of inflammatory mediators (iNOS, COX-2,
and TNF-a) in the lungs, liver, and kidneys, as compared to the sham
group. The results showed that both Bifi-CKAuNPs and CK exhibit the
capacity to mitigate the protein expression of inflammatory mediators in
the organs of mice (Fig. 6B). Notably, treatment with Bifi-CKAuNPs was
more effective than that with CK. In particular, compared to treatment
with CK (10 mg/kg), treatment with Bifi-CKAuNPs (10 mg/kg) signifi-
cantly reduced the phosphorylated forms protein expression of NF-kB
and p38 as well as the inflammatory mediators iNOS in the kidney.
These results suggested that Bifi-CKAuNPs protected against acute
inflammation in mice by inhibiting LPS-induced inflammatory protein
expression. Moreover, although CK originates from the metabolism of a
natural product, it has the potential to induce toxicity. Our results
indicatded that the use of Bifi-CKAuNPs may be a promising approach
for preventing and alleviating disease-causing responses in mouse
models compared to the CK. Taken together, our study elucidates the
potential mechanisms for improving immune regulation while modu-
lating NF-xB/MAPK signaling pathway. Therefore, Bifi-CKAuNPs was
suggested as potential candidates for overcoming the toxicity associated
with conventional CK and preventing and improving acute inflamma-
tory diseases by inhibiting NF-xkB/ MAPKsignaling pathways.

In a summary, compare to traditional treatment methods utilizing
the chemical drug CK, the use of Bifi-CKAuNPs presents a spectrum of
potential advantages. The smaller size of Bifi-CKAuNPs contributes to
increased bioavailability, facilitating tissue penetration while mitigating
adverse effects on non-inflammatory tissues and reducing side effects.
However, current research on Bifi-CKAuNPs is limited to preclinical
studies. The furture clinical application and scalability issues for large-
scale production remain significant challenges. In contrast, traditional
treatment methods exhibit broad acceptance and lower production
costs, yet may suffer from non-specificity and substantial side-effect.
Hence, in the process of selecting a treatment approach, it is impera-
tive to comprehensively consider disease characteristics and therapeutic
objectives to attain an optimal balance.

4. Conclusions

In this study, we developed a cost-effective method for the biogenic
synthesis of gold nanoparticles loaded with ginsenoside CK using pro-
biotic bacteria. We hypothesized that Bifi-CK-AuNPs might possess anti-
inflammatory properties, and to test this hypothesis, we evaluated their
efficacy in LPS-stimulated RAW 264.7 cells and a mouse model of LPS-
induced inflammation. The results demonstrated that Bifi-CK-AuNPs
exhibited minimal cytotoxicity while significantly reducing LPS-
induced NO and ROS production, along with decreased mRNA expres-
sion of pro-inflammatory cytokines in cells. Molecular analysis revealed
the inhibition of the NF-kB signaling pathway. Overall, this study
highlights the potential of probiotic-synthesized AuNPs as drug delivery
carriers and emphasizes the applications of Bifi-CK-AuNPs in anti-
inflammatory drug development, providing a foundation for further
exploration in various biological contexts. Furthermore, for the exten-
sive industrial utilization of Bifi-CKAuNPs, it is essential to undertake
additional investigations, encompassing clinical trials, to thoroughly
examine their impact on human health, with a particular emphasis on
safety considerations. These inquiries will be undertaken in our forth-
coming research.
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