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Background: Despite great advances in the field of immunotherapy, there is still a need for
novel and effective immunostimulants to overcome challenges, such as instability and autoin-
flammatory toxicity, associated with conventional immunostimulants. Nanotechnology pro-
vides the possibility to overcome these challenges. The well-known classical Chinese formula,
Hwanglyeonhaedok-tang (HHT) has been widely used to treat immune-related diseases in
clinical practice.
Methods: We developed novel gold nanoparticles (AuNPs) utilizing one-pot synthesis with
the herbal formula-HHT. The optimal conditions for HHT-AuNP biosynthesis were estab-
lished, and physicochemical properties of the optimized HHT-AuNPs were identified using
various spectrometric and microscopic techniques. Bio-TEM analysis revealed that HHT-
AuNPs were highly engulfed within RAW264.7 cells without inducing cytotoxicity. The
effect of HHT-AuNPs on immunostimulatory activity was evaluated in innate and adaptive
immune cells (RAW264.7 macrophages and ICR mice splenocytes) using qRT-PCR, immu-
noblotting, and ELISA.
Results: The HHT-AuNPs remarkably increased the nitric oxide (NO) and immune-related
cytokines production by activating the mitogen-activated protein kinase (MAPK) and nuclear
factor-κB (NF-κB) signaling pathways in RAW264.7 cells. Furthermore, HHT-AuNPs
exerted immunostimulatory effects on mouse splenocytes by priming T/B-cells and
macrophages.
Discussion: The present study is the first to demonstrate that HHT-AuNPs could be utilized
as immunostimulators to activate both innate and adaptive immune systems. These results
provide a foundation for the application of traditional Chinese medicinal formulae in the field
of nanomedicine.
Keywords: HHT, herb formula, green synthesis, AuNPs, immunostimulation

Introduction
The immune response is an essential biological process that protects the body from
various invading pathogens, intracellular danger signals, and tumorigenesis.1 An ideal
immunostimulant can improve host defense against pathogens by regulating the
activation of immune cells.2 Furthermore, immune activation has been a long-term
goal for treating immunosuppressive diseases and preventing infectious diseases.3,4

Conventional immunostimulants potentiate antitumor immune responses and induces
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tumor regression; however, this often results in adverse
inflammatory events.5 Recombinant human interferon alfa
(IFN-α) and the cytokine interleukin-2 (IL-2) were approved
for the adjuvant immunotherapy of patients with resected
high-risk melanoma in 1992 and 1998, respectively.
Nonetheless, the enthusiasm for using these immunostimu-
lants has been tempered by the frequent and severe adverse
events induced by their use. The constitutional symptoms,
including fever, swelling, fatigue, headache, and myalgias,
have been reported in more than 80% of patients. Such side
effects need to be controlled using anti-inflammatory drugs,
whereas severe symptoms often require a treatment hiatus.6

Such challenges have not been adequately addressed by
classical adjuvants.5 Growing evidence suggests that nano-
technology may meet the needs of current immunotherapies
and that nanotechnology-based immunostimulants may be
the preferential option.7

Over the past decade, biomaterial-based nanoparticles
have enabled advances in innovative translational research
to develop biomedicines.8,9 The immune-stimulating prop-
erties of these nanocarriers were intensively investigated
as a new prophylactic and therapeutic approach to initiate
and modulate immune responses.5 Although nanoparticles
have been widely developed, their toxicity to normal cells
remains one of the main challenges that limit their ther-
apeutic application.10 Gold nanoparticles (AuNPs) receive
the most attention as they usually exhibit relatively low
toxicity owing to their inert and non-toxic core.11

However, the conventional chemical synthesis of nanopar-
ticles involves toxic chemicals and requires high energy
for production.12 Biogenic routes, especially the plant-
based synthesis of AuNPs, have been the preferred pro-
duction strategy, as it avoids the use of toxic materials.11

Various polyphenols and hydroxyl groups in plant sources
can synthesize AuNPs from gold salt via a reduction
reaction.13,14 Furthermore, plant-mediated AuNPs exhibit
enhanced stability and stronger bioactivity than those of
plant extracts.15 Therefore, plant sources provide
a promising solution for the synthesis and application of
AuNPs.

Plant adjuvants, such as those derived from Quillaja
saponaria,16 Asparagus racemosus,17 and Tamarindus
indica extracts, can be used as immunostimulants in com-
bination with AuNPs.18 Accordingly, the use of plant
sources to biosynthesize AuNPs to enhance their immu-
nostimulatory activity has been explored too. Elbagory
et al reported the in vitro immunomodulatory effects of
AuNPs synthesized from Hypoxis hemerocallidea

extract.19 However, their study based on the combined
administration of AuNPs and lipopolysaccharides (LPS)
did not reveal the mechanism underlying stimulation of
immune cells using herb extract-mediated AuNPs.

Furthermore, the limitations of bioactivity and toxicity
from single herbal extracts appear to have been overlooked
in recent studies on AuNPs developed with herbal extracts.
As early as 2500 years ago, combination therapy of several
herbs was advocated and called “formulae” in traditional
Chinese medicine (TCM).20 Much ancient literature sug-
gests that herbal mixtures exhibit considerably more cura-
tive effects than a single herbal.21 Moreover, multiple
components of some formulae can act on several targets
and exert synergistic therapeutic efficacy.22 A combination
therapy using herbal formula has received much interest as
the most popular approach in TCM. The utilization of
herbal formulae for nanofabrication has not yet been
extensively studied. Among the famous TCM formulae,
Hwanglyeonhaedok-tang (HHT), a well-known classical
Chinese prescription described in “Wai Tai Mi Yao”, is
officially listed in the Chinese Pharmacopeia and widely
used for the treatment of immune-related diseases in clin-
ical practice.23 HHT exerts prominent effect in improving
immune function in animal models and patients with
immune dysfunction by activating various immune cell
types, including macrophages and NK cells, which regu-
late the expression of immune-related cytokines.24,25 HHT
comprises four herbal medicines: Rhizoma coptidis, Radix
scutellariae, Cortex phellodendri, and Fructus gardenia.26

The active ingredients of HHT consist of total alkaloids,
total flavonoids, and total iridoid. Plant flavonoids and
total iridoid can act as reducing and capping agents to
produce AuNPs.27

In this study, HHTwas used to biosynthesize AuNPs in
an eco-friendly and economical manner considering their
biological function. The optimal reaction conditions,
including the HHT concentration, gold precursor concen-
tration, reaction temperature, time, and pH, were evaluated
to achieve the large-scale bioreduction of AuNPs. The
synthesized AuNPs were characterized using several phy-
sicochemical techniques, including ultraviolet-visible (UV-
Vis) spectrophotometry, elemental mapping, selected area
electron diffraction (SAED), energy-dispersive X-ray
spectrometry (EDX), transmission electron microscopy
(TEM), field emission scanning electron microscopy (FE-
SEM), powder X-ray diffraction (XRD), and Fourier-
transform infrared (FTIR) spectroscopy. Because of the
complexity of the immune system, our goal was to
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elucidate the response of the immunological mechanism to
HHT-AuNPs in macrophages and primary splenocytes of
mice.

Materials and Methods
Materials
RPMI 1640 culture medium, Dulbecco’s modified Eagle
medium (DMEM), and fetal bovine serum (FBS) were
purchased from GenDEPOT (Katy, TX, USA). The anti-
biotics (penicillin and streptomycin) were procured from
Invitrogen Corp. (Carlsbad, CA, USA). LPS, dimethyl
sulfoxide (DMSO), soluble 3-(4, 5-dimethylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide (MTT), Hoechst 33258,
and Griess reagents were obtained from Sigma-Aldrich
(St. Louis, MO, USA). The LIVE/DEADTM Viability/
Cytotoxicity Kit was provided from Life Technologies
(Carlsbad, CA, USA). Quanti-MaxTM WST-8 cell viabi-
lity assay kit was purchased from Biomax Co., Ltd.
(Seoul, Korea). Hydrogen tetrachloroaurate hydrate
(HAuCl43H2O, gold salt) was supplied by Strem
Chemicals, Inc. (Newburyport, MA, USA). Enzyme-
linked immunosorbent assay (ELISA) kits for the detec-
tion of tumor necrosis factor-alpha (TNF-α), IL-1β, IL-6),
interleukin-2 (IL-2), and interferon-gamma (IFN-γ) were
purchased from R&D Systems (Minneapolis, USA). The
primary antibodies against IκBα, p-IκBα, NF-κB, p-NF-
κB, and β-actin were purchased from Cell Signaling
Technology (Danvers, MA, USA). The primary antibodies
against extracellular signal-related kinase (ERK), p-ERK,
c-Jun N-terminal kinase (JNK), p-JNK, p-p38, and p38
were obtained from Proteintech (IL, USA). All other che-
micals and reagents used in this analysis were of reagent-
grade quality and are commercially available.

Preparation of HHT Extract
The four dried medicinal herbs constituting HHT
(Rhizoma coptidis, Radix scutellariae, Cortex phelloden-
dri, and Fructus gardenia) were purchased from Omniherb
Co., Ltd. (Daegu, South Korea). Each dried herb was
mixed in a ratio of 1:1:1:1 by weight (100 g in total) and
cut into small pieces. The HHT extracts were prepared
using a previously described method.28 Briefly, the herbal
mixture was incubated in 1.0 L distilled water for 90 min
using a reflux extraction system and subsequently boiled
for 90 min. The aqueous extract was filtered through
Whatman No. 4 filter paper with a 20–25 μm pore size
and concentrated by vacuum evaporation using an EYELA

N-1200A (EYELA, Rikakikai Co. Ltd., Tokyo, Japan) at
60°C. The viscous extract was lyophilized and stored at
−80°C until use. The final yield was 17.6%.

High Performance Liquid
Chromatography (HPLC)
The marker compounds of HHT were identified by HPLC
analysis using a PerkinElmer Flexar QUATERNARY
Pump (Shelton, CT, USA) equipped with a PerkinElmer
PDA LC Detector (Shelton, CT, USA). Chromatographic
separation was performed on an INNO C18 column
(25 cm x 4.6 mm, 5 μm) at a column temperature of
30°C. The mobile phase was composed of two parts: (A)
0.5% acetic acid in water and (B) acetonitrile. The gradi-
ent program was run as follows: 0–25 min, 5% B; 25–30
min, 25–40% B; 30–40 min, 40–100% B; 40–55 min, and
100–5% B. The flow rate was set at 1 mL/min and the
injection volume was 10 μL.

Quantification of Geniposide, Berberine,
and Baicalin in HHT and HHT-AuNPs
As the marker compounds of HHT are geniposide, berber-
ine, and baicalin, their contents in HHT were quantita-
tively analyzed.23 The powdered extract of HHT
(2.4 mg) and HHT-AuNPs (1.5 mg) were dissolved in
0.8 mL and 0.5 mL of MeOH, respectively. HHT and
HHT-AuNPs (3 mg/mL) were placed in an ultrasonic
bath for 20 min. The suspension was then diluted 1000
times and filtered with a 0.45 μm PVDF membrane filter.
The supernatant was used for HPLC analysis. The stan-
dard compounds (1 mg of geniposide, baicalin, or berber-
ine) were dissolved in 1 mL MeOH and processed under
the same conditions. The correlation coefficients (R2) of
the marker compounds in HHT showed good linearity
(≥0.9995, Supplementary Figure S1 and S2).

Preparation and Optimization of
HHT-AuNPs
To synthesize AuNPs, the optimized conditions were mon-
itored as described earlier.29 HHT extract was dissolved in
distilled water at a concentration of 10 mg/mL and passed
through a 0.22 µm filter before use. The gold salt (HAuCl4
•3H2O) was dissolved in distilled water and used at 100
mM (stock solution). The stock solution of gold salt was
added to the HHT solution at different concentrations. The
reaction mixtures were incubated in a shaking incubator
(MSH-20A, DAIHAN Scientific, Republic of Korea). We
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optimized the conditions for the synthesis of HHT-AuNPs
in terms of HHT and HAuCl4•3H2O concentrations, incu-
bation time, and reaction pH. The synthesis was first
monitored by the visual color change of the reaction mix-
ture, followed by spectral analysis. After the complete
reduction of the gold salt (1.5 mM) into the nanoparticles,
the nanoparticles were collected by centrifugation at
12,000 rpm for 20 min (Smart R17 Plus, Hanil Scientific
Inc., Republic of Korea). The obtained nanoparticles were
washed thoroughly with distilled water to remove uncon-
verted metal ions or other constituents. Finally, the nano-
particles were collected by air-drying and used for
analytical characterization and application.

Characterization of the HHT-AuNPs
An UV-Vis spectrophotometer (Cary 60; Agilent, Santa
Clara, CA, USA) was used to confirm the absorbance
spectra of the purified nanoparticle suspension in the
range of 300–800 nm. Morphological observation, elemen-
tal mapping, SAED, and EDX of the AuNPs were per-
formed. The sample was prepared by placing droplets of
purified nanoparticles dispersed in water on a carbon-
coated copper grid and dried at 37°C before being trans-
ferred to the microscope. Field emission scanning electron
microscopy (FE-SEM) was used to determine the mor-
phology, purity, structure, and elemental distribution of
HHT-AuNPs. Furthermore, the particle sizes were mea-
sured in water using dynamic light scattering (DLS,
Otsuka Electronics, Shiga, Japan).

Powder XRD patterns were recorded to characterize
the crystal structures of the synthesized nanoparticles.
FTIR spectra of the dried HHT-AuNPs were acquired
using a Spectrum™ One FTIR Spectrometer
(PerkinElmer, Waltham, MA, USA) to identify the possi-
ble functional groups of the plant extract capped on the
surfaces of the AuNPs.

Animals and Husbandry
Four-week-old male ICR mice weighing 28–30 g were
procured from Orient Bio, Inc. (Seongnam, Republic of
Korea). The mice were housed in a humidity-controlled
room with a 12-h/12-h light-dark cycle at a temperature of
23 ± 2 °C, with food and water provided ad libitum. All
experimental procedures for animal studies were reviewed
and approved by the Institutional Animal Care and Use
Committee at Kyung Hee University (KHUASP(SE)-14-
040) and performed following the Principles of Laboratory
Animal Care (NIH publication, #85-23, revised in 1985).

Cell Culture
For in vitro experiments, RAW264.7 cells were obtained from
the Korean Cell Line Bank (Seoul National University, Seoul,
Korea) and maintained in DMEM (high glucose) supplemen-
ted with 10% FBS at 37°C in a humidified incubator supplied
with 5% CO2. The MTT assay was used to perform cytotoxi-
city analysis. Briefly, RAW264.7 cells (1 × 104 cells/well)
were seeded in 96-well plates and incubated for 24
h. Cytotoxicity was analyzed after cells were treated with
various concentrations of samples for 24 h. LPS (1 μg/mL)
was used as a positive control. MTTsolution (0.5 mg/mL, 100
μL) was added to cells and further incubated for approxi-
mately 3 h at 37°C. The resulting formazan crystal was
dissolved in DMSO (100 μL), and the absorbance was mea-
sured at 570 nm using a microplate reader (Molecular Devices
Filter Max F5; San Francisco, CA, USA).

For ex vivo experiments, spleen tissues were asepti-
cally removed from the mice to obtain splenocytes as
described by Noh et al with minor modifications.30

Briefly, the spleen was gently cut into small pieces with
surgical scissors and filtrated through a 70-μm cell strainer
(SPL Life Sciences, Pocheon-si, Gyeonggi-do, Korea).
The cells were dissolved in red blood cell lysis buffer
(Sigma-Aldrich, St. Louis, MO, USA) to remove red
blood cells. Isolated splenocytes were incubated in RPMI
1640 medium supplemented with 10% FBS and 1% peni-
cillin-streptomycin at 37°C in a humidified incubator sup-
plied with 5% CO2. The suspended cells were collected
after incubation for 3 h to obtain the splenocytes.
Splenocytes (2 × 105 cells/well) were seeded in 96-well
plates, treated with samples at various concentrations, and
incubated for 12, 24, 36, or 48 h at 37°C in a humidified
incubator supplied with 5% CO2. Cell viability was mea-
sured using a WST-8 assay kit and a microplate reader
(Molecular Devices Filter Max F5; San Francisco, CA,
USA), according to the manufacturer’s protocol.

Uptake and Intracellular Localization of
HHT-AuNPs
After treatment, the RAW264.7 cells were washed three
times with PBS to remove unbound nanoparticles. The
cells were processed, as described by Liu et al, with
minor modifications.28 Briefly, the collected cell pellets
were fixed using 2.5% glutaraldehyde at 4°C for 8 h, post-
fixed with 1% osmium tetroxide for 2 h, and gradually
dehydrated with 50%, 70%, 90%, and 100% ethanol for 15
min each. The samples were then embedded in Epon
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(Sigma-Aldrich) and ultrathin sections (70 nm) were
obtained using an ultramicrotome (Leica EM UC7,
Wetzlar, Germany). The samples were post-treated follow-
ing a standard protocol for Bio-TEM imaging. Finally, the
sections were imaged using JEM-1010 TEM (JEOL,
Tokyo, Japan) operated at 80 kV.

Live/Dead Fluorescent Assay and
Hoechst 33258 Staining
To evaluate the cytotoxic effect of sample, RAW264.7
cells were placed at a density of 2.0×105 cells/well into
a 6-well culture plate and stabilized approximately a day
until 70–80% confluence. After the culture medium was
removed by rinsing PBS twice, and fresh medium contain-
ing various concentrations of sample was added to the
cells. Following further incubation for 24h, the cells
were than stained with a live/dead cell staining kit and
a Hoechst 33258 dye solution according to the manufac-
turers’ protocols. After incubation at 37°C in the dark
place for 30 min, the stained cells were visualized using
a fluorescence scanning microscope (Leica, Wetzlar,
Germany) at Ex/Em of 490/525 nm.

Nitric Oxide Determination
RAW264.7 cells (1 × 104 cells/well) were seeded in 96-
well plates and treated with samples for 24 h. The produc-
tion of nitrite (NaNO2), a stable end-product of nitric
oxide (NO) oxidation, was determined using Griess
reagent according to the manufacturer’s protocol. The
culture supernatant (100 µL) was reacted with 100 µL
Griess reagent. After 30 min incubation, the absorbance
was measured using a spectrophotometric microplate
reader (Molecular Devices Filter Max F5; San Francisco,

CA, USA) at 575 nm. The standard curve of sodium nitrite
was used to estimate the concentration of NaNO2.

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR)
mRNA expression was quantified using qRT-PCR. Briefly,
total cellular RNA was extracted using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Then, 500 ng RNA was
reverse-transcribed to single-strand cDNA using the
Superscript First-Strand Synthesis Kit (Invitrogen,
Carlsbad, CA, USA). Following the manufacturer’s
instructions, qRT-PCR was performed on the CFX96TM
Real-Time RT-PCR System using the SYBR®Premix Ex
TaqII RT-PCR Kit (TaKaRa, Japan). The assay was con-
ducted using 50 ng cDNA in a 20 μL reaction volume with
amfiSure qGreen Q-PCR Master Mix (GenDEOT, TX,
USA). The primer sequences (forward and reverse) used
for qRT-PCR are listed in Table 1. Each sample was
analyzed in triplicate. Gene expression was normalized to
that of an endogenous control (GAPDH).

Enzyme-Linked Immunosorbent Assay
(ELISA)
After cells were treated with samples, as described in the
previous section, the RAW264.7 cell culture supernatant
(100 µL) was collected, and the levels of TNF-α and IL-1β
were determined using ELISA kits (R&D Systems, MN,
USA), according to the manufacturer’s instruction.
Furthermore, the splenocyte culture supernatant was used
to assess the secretions of TNF-α, IL-1β, IL-2, and IFN-γ
using respective ELISA kits (R&D Systems, Minneapolis,
MN, USA), and the levels of immunoglobulin G (IgG) and
immunoglobulin A (IgA) were determined using the

Table 1 Primer Sequences Used for qRT-PCR Analysis in This Study

Primer Sequence (5ʹ-3ʹ)

IL-6 Forward; Reverse 5ʹ-GTTCTCTGGGAAATCGTGGA-3ʹ; 5ʹ-TGTACTCCAGGTAGCTATGG-3’
TNF-α Forward; Reverse 5ʹ-AGCCCACGTCGTAGCAAACCAC-3ʹ; 5ʹ-AACACCCATTCCCTTCACAG-3’
IL-1β Forward; Reverse 5ʹ-TGCAGAGTTCCCCAACTGGTAC-3ʹ; 5ʹ-GTGCTGCCTAATGTCCCCTT-3’
iNOS Forward; Reverse 5ʹ-AATGGCAACATCAGGTCGGCCA-3ʹ; 5ʹ-GCTGTGTGTCACAGAAGTCT-3’
IL-10 Forward; Reverse 5ʹ-TAGAGCTGCGGACTGCCTTCA-3ʹ; 5ʹ-GGTCTTCAGCTTCTCACCCAG-3’
Arg-1 Forward; Reverse 5ʹ-ACTGAGGAATGCTGGTCTGGT-3ʹ; 5ʹ-GCTTCCAACTGCCATACTGTGG-3’
IL-4 Forward; Reverse 5ʹ-TGATCACAACATTGCATTTCA-3ʹ; 5ʹ-ACACCAGATTGTCAGTCACTTG-3’
IL-13 Forward; Reverse 5ʹ-CCAGAAGGTGAGTGTCGGCTA-3ʹ; 5ʹ-CTAACGAATCCTCCTGTAAGG-3’
IFN-γ Forward; Reverse 5ʹ-TATCTCTTTCTACCTCAGAC-3ʹ; 5ʹ-GCAATCACAGTCTTGGCTAATTAG-3’
IL-2 Forward; Reverse 5ʹ-CCTGAGCAGGATGGAGAATTA-3ʹ; 5ʹ-TCCAGAACATGCCGCAGAG-3’
GAPDH Forward; Reverse 5ʹ-ACCACAGTCCATGCCATCAC-3ʹ; 5ʹ-CCACCACCCTGTTGCTGTAG-3’
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mouse IgG and IgA ELISA kits (Elabscience, Texas,
USA), respectively.

Western Blotting
After treatment, RAW264.7 cell pellets were collected and
lysed in Pierce™ RIPA Buffer (Thermo Scientific, USA)
for 1 h. The cell lysates were centrifuged for 20 min at
12,000 rpm at 4°C, and the total protein was collected
from the supernatant. A Bio-Rad Protein Assay Kit (Bio-
Rad Laboratories Inc., Hercules, CA, USA) was used to
determine the protein concentration. Equal amounts (50
µg) of total protein were subjected to the sodium dodecyl
sulfate polyacrylamide (SDS-PAGE; 10% gel). The sepa-
rated proteins were transferred to PVDF membranes
(Thermo Fisher Scientific, USA) using the Protein Gel
Electrophoresis Chamber System (Thermo Fisher
Scientific, USA). The membranes were blocked with 5%
nonfat milk at room temperature for 1 h and then incu-
bated overnight at 4°C with primary antibodies (1: 1000).
After washing three times with phosphate-buffered saline-
Tween 20 (PBS-T), the membranes were incubated with
the appropriate HRP-conjugated secondary antibody
(1:5000) for 1 h in the dark. The immunoreactive bands
were developed using West-Q Pico ECL Solution
(GenDEPOT, Katy, TX, USA), visualized using an
Alliance MINI HD9 AUTO Immunoblot Imaging System
(UVItec Limited, England, UK), and quantified using the
ImageJ software.

Statistical Analysis
Qualitative data shown in this study are representative of
at least three separate experiments. Quantitative data are
expressed as mean ± standard deviation (SD). One-way
ANOVA and Student’s t-test were performed to determine
the statistical significance between groups. GraphPad
Prism 6 was used to perform the statistical analysis.
Results with p < 0.05 and p < 0.01 were considered
statistically significant.

Results and Discussion
Synthesis and Optimization of
HHT-AuNPs
The procedure for preparing HHT-AuNPs is shown in
Figure 1A. The optimal synthesis conditions were estab-
lished using the same methods described previously to
synthesize AuNPs from plant extracts.19,31 UV–Vis spec-
troscopy was used to monitor the visible absorption

spectrum of the nanoparticles. As shown in Figure 1B,
the formation of AuNPs was confirmed using UV–Vis
spectral analysis and color change under different condi-
tions. Figure 1B(a) illustrates the effects of HHT concen-
trations on the formation of HHT-AuNPs. When different
concentrations (0.08, 0.16, 0.31, 0.63, 1.25, 2.5, 5, and
10 mg/mL) of HHT and 1 mM HAuCl4•3H2O at pH 4.0
were reacted at ambient temperature (25°C), surface plas-
mon wavelengths of AuNPs were observed at 551 nm,
albeit with a slow reduction rate; the total reaction times
of AuNPs synthesis was 40 min. The synthesized AuNPs
showed a similar absorbance from 2.5 to 10 mg/mL con-
centrations of HHT extract. A lower concentration
(2.5 mg/mL) was more suitable and cost-effective for
biological applications. Therefore, 2.5 mg/mL HHT was
selected to optimize the reaction temperature further. As
shown in Figure 1B(b), when 2.5 mg/mL HHT and 1 mM
HAuCl4•3H2O at pH 4.0 were reacted at different tem-
peratures (20°C, 30°C, 40°C, 50°C, and 60°C) for 40 min,
the optimal production of HHT-AuNPs was observed at
40°C. Figure 1B(c) illustrates the effect of reaction time on
the formation of HHT-AuNPs. When 2.5 mg/mL HHT and
1 mM HAuCl4•3H2O at pH 4.0 were reacted at 40°C for
different reaction times (10, 20, 30, 40, 50, and 60 min),
the synthesized HHT-AuNPs had a similar absorption
spectrum. A reaction time of 30 min was selected to
optimize the HAuCl4•3H2O concentration further. As
shown in Figure 1B(d), 2.5 mg/mL HHT and different
concentrations of HAuCl4•3H2O (0.25, 0.5, 1, 1.5, 2, and
2.5 mM) at pH 4.0 were reacted at 40°C for 30 min. When
HAuCl4•3H2O concentration was 1.5 mM, major absorp-
tion peaks at 551 nm were more significant. Finally, HHT-
AuNPs were synthesized using HHT (2.5 mg/mL) and
HAuCl4 •3H2O (1.5 mM) at different pH (2.0, 3.0, 4.0,
5.0, 6.0, and 7.0) at 40°C for 30 min. As shown in the
Figure 1B(e), the major absorption peaks at 551 nm were
more significant when the reaction pH was 3.0. Therefore,
our results exhibited that when 2.5 mg/mL HHT and 1.5
mM HAuCl4•3H2O in a solution at pH 3.0 were reacted at
40°C for 30 min, HHT-AuNPs exhibited the best
production.

Characterization of HHT-AuNPs
Under optimal conditions, we synthesized and character-
ized the HHT-AuNPs using UV-Vis spectrophotometry as
shown in Figure 2A. The λmax was observed at 551 nm for
HHT-AuNPs, which indicated the response of surface
plasmon resonance caused by the oscillation of free
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electrons in the conduction band of the formed AuNPs.32

Elbagory et al reported that the AuNPs synthesized from
Hypoxis hemerocallidea extract showed a similar absorp-
tion maximum within the visible spectrum range (500–600
nm).19 Additionally, the color changed from light yellow
to deep purple. These data demonstrated the successful
synthesis of HHT-AuNPs.

The structural properties (size and morphology) of the
synthesized HHT-AuNPs were determined using three
independent analyses (FE-TEM, FE-SEM, and DLS). As
shown in Figure 2B, the FE-TEM revealed that the particle

sizes varied from 6 to 74 nm, with spherical and polygonal
morphologies (a). Elemental mapping detected the dis-
cernible distribution of gold (green color) in the purified
particles (b). EDX analysis demonstrated the highest char-
acteristic peaks of metallic gold at 2.2 keV (c). FE-SEM
showed the compact spherical morphologies and aggrega-
tion due to the high surface energy of AuNPs (Figure 2C
(a)). The gold distribution was also detected by elemental
mapping (Figure 2C(b), green color), corresponding to the
TEM results. SAED and XRD patterns showed four major
diffraction peaks at 2θ values of 38.12°, 44.53°, 64.68°

Figure 1 Synthesis and optimization of HHT-AuNPs. (A) Schematic illustration of AuNPs synthesis using HHT; (B) optimization of reaction condition, including HHT
concentration (a), temperature (b), reaction time (c), gold salt concentration (d), and pH (e) for the large-scale bioreduction of HAuCl4•3H2O.
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and 77.93°, which correspond to four characteristic peaks
of gold at the (111), (200), (220), and (311) lattice planes
of Bragg’s reflection, respectively (Figure 2D).33 These
findings are consistent with our previous report, wherein
the four characteristic peaks of gold corresponded to the
(111), (200), (220), and (311) lattice planes of Bragg’s

reflection, and four diffraction peaks of Euphrasia offici-
nalis leaf extract-mediated AuNPs were displayed at the
2θ values of 38.11°, 45.15°, 64.65°, and 77.93°.29 Using
a particle size analyzer, the DLS method was employed to
calculate the size distribution profile of the HHT-AuNPs
with respect to intensity, number, and volume. As shown

Figure 2 Characterization of HHT-AuNPs. (A) UV–Vis absorption spectroscopy analysis of synthesized HHT-AuNPs and HHT; (B) TEM micrograph of HHT-AuNPs in
which the scale bar represents 200 nm, 50 nm and 5 nm (a); Gold distribution (elemental mapping, b) and energy-dispersive X-ray spectroscopy analysis (EDX, c); (C) FE-
SEM pattern (a) and gold distribution (b) of HHT-AuNPs; (D) selected area diffraction pattern (left) and X-ray diffraction (XRD) pattern (right); (E) size distribution of the
nanoparticles using dynamic light scattering (DLS) with respect to intensity, number, and volume.

https://doi.org/10.2147/IJN.S338334

DovePress

International Journal of Nanomedicine 2022:17484

Mi et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


in Figure 2E, the average intensity, number, and volume
values were 106, 19.2, and 10.3 nm, respectively. The
hydrodynamic diameter of HHT-AuNPs was 91.3 nm
with a moderate polydispersity index (PDI) of 0.25
(<0.3), which indicated a narrow size distribution of
AuNPs.34 The HHT-AuNPs had a zeta potential of
−30.06 mV. DLS takes the organic shell into account for
determining the entire size of the conjugates in the colloids
or their average hydrodynamic size. The number of bio-
molecules covering each NP in the colloids was large;
therefore, the hydrodynamic size measured using DLS
was greater than the size measured using TEM.35

Metallic nanoparticles show different tumor-targeting abil-
ities depending on the particle size. Nanoparticles smaller
than 20 nm exhibit low tumor-specific accumulation,
whereas nanoparticles larger than 300 nm are easily elimi-
nated by phagocytosis. In contrast, nanoparticles in the
size range of 50–200 nm are highly recommended for
tumor accumulation.36 This finding suggests that HHT-
AuNPs may be advantageous for cancer immunotherapy.

FTIR spectra identified the possible functional groups
on the surfaces of HHT-AuNPs (Figure 3A); the absorp-
tion peaks are illustrated in Figure 3B. The HHT-AuNPs
and HHT showed bands at 3423.55 and 3256.49 cm−1,
respectively, and were characterized as O–H stretching,
at 2850.05–2920.84 cm−1, which correspond to C–H
stretching, in the range of 1508.14–1635.81 cm−1. This
stretching was represented as C=O and C=C double-bond
functional groups, at 1018.61–1362.10 cm−1, correspond-
ing to the C−C and C−O bands, in the range from 518.29

to 768.16 cm−1, which was represented by the deformation
vibration of =CH functional bonds.29 These results sug-
gested that HHT-AuNPs were composed of a mixed struc-
ture comprising individual HAuCl4•3H2O and HHT.
Furthermore, thermogravimetric analysis (TGA) curves
of HHT-AuNPs and HHT were obtained to whether the
polymer grafted onto the surface. HHT (63.74%) degraded
to a greater degree than its corresponding HHT-AuNP
(15.62%), exhibiting two distinct degradation regions
(Figure 3C). These results verified the formation of
organic polymer coatings on the surface of HHT-AuNPs.
HAuCl4•3H2O

Quantification of Geniposide, Baicalin,
and Berberine in HHT and HHT-AuNPs
The marker compounds of HHT were analyzed using
HPLC. As shown in Supplementary Figure S3 and S4,
the characteristic peaks of geniposide, baicalin, and ber-
berine were observed in HHT, but only baicalin and ber-
berine peaks were detected in HHT-AuNPs. The contents
of marker compounds in HHT extract were iridoids (geni-
poside 60.92 ± 0.23 mg/g); flavonoids (baicalin 17.29 ±
0.85 mg/g); alkaloids (berberine 21.53 ± 0.17 mg/g),
whereas the contents of major compounds in HHT-
AuNPs were baicalin (4.41 ± 0.06 mg/g) and berberine
(2.97 ± 0.06 mg/g) (Table 2). Plant flavonoids and alka-
loids possess various functional groups capable of redu-
cing metal ions into nanoparticles.27 These results revealed
the presence of flavonoids and alkaloids on the HHT-
AuNPs surface, which could be attributable for the

Figure 3 Complexation of HHT-phytochemicals onto the surface of HHT-AuNPs. (A) FTIR spectra of HHT and HHT-AuNPs; (B) a tabular view of the functional group
profile; (C) thermogravimetric analysis (TGA) curves of HHT and HHT-AuNPs.
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reduction of HAuCl4•3H2O to AuNPs and further their
stabilization. Although the main active compounds bound
to nanoparticles were less than 10%, the actual activity
was 100 times higher in the same amount. Thus, the
increased intracellular activity of natural substances
could lead to maximum activity with a minimum amount
of natural substances, and highly active but toxic com-
pounds can reduce toxicity and increase intracellular activ-
ity by one-pot synthesis of nanoparticles.

Uptake and Cytotoxicity of HHT-AuNPs
in Macrophages
Immune cells are the first barriers to nanoparticle penetra-
tion into cells.37 A study exploring the interactions
between phagocytes and HHT-AuNPs is undoubtedly of
major interest. Therefore, we investigated the in vitro
uptake and immunostimulatory activity (and the underly-
ing mechanisms) of AuNPs using macrophages.

First, the subcellular localization of HHT-AuNPs was
investigated using Bio-TEM imaging. As shown in
Figure 4A, after 3 h incubation, NPs taken up by the
cells mainly appeared in the endosomes where they
formed relatively large and dense aggregates. Some NPs
appeared in the cytoplasm outside the endosomes, which
reflected the endosomal escape of particles, and may lead
to further intracellular biological effects. These results
suggested that macrophages internalized HHT-AuNPs via
endocytosis. Many researchers have investigated the
mechanisms underlying the uptake of AuNPs. AuNPs
with hydrodynamic sizes below 100 nm could be phago-
cytosed and internalized through caveolae and clathrin.38

Therefore, it was speculated that the high biocompatibility
of HHT-AuNPs may depend if their hydrodynamic sizes
was below 100 nm.

Next, the cytotoxicity of HHT-AuNPs on RAW264.7
cells was evaluated using the MTT assay to screen for the
biologically safe HHT-AuNPs concentrations. The results
showed no significant differences in cell viability between
the control group (untreated cells) and the HHT-AuNPs or
HHT-treatment groups at concentrations between 10 and
200 μg/mL (Figure 4B). The acceptable cytotoxicity of

biomedical material was 75% toward mammalian cells,
which suggested that HHT-AuNPs were non-toxic to nor-
mal cells at the indicated concentrations. Similar results
were observed with live/dead and Hoechst 33258 staining.
As shown in Figure 4C, LPS-induced significant degree of
cell death compared to the control group, whereas HHT-
AuNPs were tolerated better in RAW264.7 cells. Thus,
concentrations of 100 and 200 μg/mL were used in sub-
sequent experiments to assess the immunostimulatory
activity of HHT-AuNPs in RAW264.7 cells.

The in vitro Immunostimulatory Activity
of HHT-AuNPs on Macrophages
Macrophages can respond to external stimuli by rapidly
changing their physiology and becoming activated by
releasing of cytokines.39 Based on the macrophage-like
properties of RAW264.7 cells, we observed no morpholo-
gical changes in the control group during analysis. Similar
to LPS-induced cell activation, HHT-AuNPs induced cell
differentiation (red arrow) with flat and elongated cells
showing pseudopodia formation (Figure 5A).40

Activated macrophages induce inflammatory mediator
expression, including immunity-related cytokines and NO,
that protect the body by recognizing and killing invading
pathogens after a complex series of biological processes.1

Appropriate NO production is important for the immune
system to achieve self-protection.41 Therefore, the effect
of AuNPs on NO production in RAW264.7 cells was
examined. As shown in Figure 5B, HHT-AuNPs consider-
ably promoted NO production in a dose-dependent manner
compared to the control group. However, the HHT-AuNPs
-induced NO production was considerably lower than that
of the LPS-treated control, confirming that HHT-AuNPs
induced NO production rather than inflammation.

Cytokines significantly influence immune responses by
regulating the differentiation and activation of
macrophages.42 The cytokine levels in macrophages are often
used to evaluate immunomodulatory capacity. IL-6, TNF-α,
and IL-1β are considered the most important proinflammatory
cytokines that act on macrophages in an autocrine manner to
strengthen various functional responses;moreover, they induce

Table 2 The Contents of Marker Compounds in HHT Extract and HHT-AuNPs

Components Geniposide Baicalin Berberine

HHT (mg/g) 60.92 ± 0.23 17.29 ± 0.85 21.53 ± 0.17
HHT-AuNPs (mg/g) 0 4.41 ± 0.06 2.97 ± 0.06
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the expression of other immunoregulatory mediators, such as
iNOS.43 In this study,we confirmed the upregulated expression
of various immune-related genes in macrophages after HHT-
AuNPs treatment in a dose-dependent manner (Figure 5C).
However, there is a subtle difference in the activation of theM1
andM2macrophage phenotypes.Macrophages can be respon-
sible for pro-inflammatory behavior (M1 cells) or anti-

inflammatory activity (M2 cells) when exposed to various
stimulators depending on their phenotypes; nevertheless, both
M1 and M2 macrophages are closely related to immune
responses.44 HHT-AuNPs (200 μg/mL) induced the expres-
sions of IL-6, TNF-α, IL-1β, and iNOS mRNA by 18.6-fold,
1.7-fold, 14.2-fold, and 14.4-fold inmacrophages, respectively
(Figure 5C). iNOS is a pivotal regulator for themajority of NO

Figure 4 Uptake and cytotoxicity of HHT-AuNPs in macrophages. (A) Bio-TEM images, representative TEM images of HHT-AuNPs cellular uptake are presented in the
enlarged images (lower) from the line squares, the yellow arrows pointed to accumulation of HHT-AuNPs, the “C” and “N” indicate nucleoplasm (N) and cytoplasm (C),
respectively; (B) effects of HHT and HHT-AuNPs on viability in RAW264.7 cells; (C) fluorescent images of RAW264.7 cells following live/dead and Hoechst 33258 staining.
All values are expressed as mean ± S.D. *p < 0.05 vs control group.
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synthesis in macrophages.45 Thus, the increased mRNA
expression of iNOS explains the enhanced production of NO
(Figure 5B). For the cytokine associated with M2 cell
responses, HHT-AuNPs induced the increase of expressions
of the IL-10 mRNA by 22.8-fold, the Arg-1 mRNA by
8.7-fold, the IL-4 mRNA by 5.5-fold, and the IL-13 mRNA
by 7.5-fold (Figure 5C). In contrast, HHT (200 μg/mL)
induced only a slight increase in the expression of IL-10 and
Arg-1. HHT-AuNPs also induced TNF-α and IL-1β production
in RAW264.7 cells, whereas HHTshowed no effect compared
to that of the control group (Figure 5D). These observations
were confirmed using LPS, a well-known stimulator of macro-
phages. Our results suggest that the immunostimulatory activ-
ity of HHT-AuNPs could lead to the differentiation of
macrophages into types M1 and M2. Consistent with our
results, previous studies have also reported the immunogeni-
city of AuNPs. Liu et al confirmed that polyethylene

glycosylated AuNPs (PEG@AuNPs) enhanced LPS-induced
production of NO and IL-6 and iNOS expression in
RAW264.7 cells.39 However, PEG@AuNPs themselves did
not appear to induce cytokines expression, suggesting that the
effect of AuNPs on the macrophage-mediated immune
response may depend on the chemistry modifications by dif-
ferent organic polymers after AuNPs synthesis. Hence, the
underlying mechanisms of the immunostimulatory activity of
HHT-AuNPs require further studies.

HHT-AuNPs Activate MAPKs and NF-κB
Signaling Pathways in Macrophages
In recent years, investigations into the mechanisms of immu-
nostimulatory activity have suggested that regulating intra-
cellular signaling pathways is necessary for the activation of
macrophages.1 Therefore, to unravel the mechanisms

Figure 5 Immunostimulatory activity of HHT-AuNPs on macrophages. (A) Morphological characteristics of RAW264.7 cells after HHT-AuNPs and HHT treatment, the red
arrows pointed differentiated RAW264.7 cell; (B) NO production; (C) mRNA expression levels for each targeted cytokine in RAW264.7 cells; (D) TNF-α and IL-1β levels in
the culture media of RAW264.7 cells. All values are expressed as mean ± S.D. *p < 0.05, **p < 0.01 vs control group.
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underlying the activation of macrophages by HHT-AuNPs,
Western blotting was performed to assess their effects on the
nuclear transcription factor-kappa B (NF-κB) and mitogen-
activated protein kinase (MAPK) signaling pathways.
MAPK, a serine/threonine-protein kinase, modulates inflam-
matory mediators and regulates the immune response.46

Three representative MAPK signals were confirmed: ERK,
JNK, and p38. As shown in Figure 6A, HHT-AuNPs sig-
nificantly increased the phosphorylation of ERK, JNK, and
p38 compared to those observed in untreated cells. Devi et al
conjugated nanoparticles with polysaccharides to develop
a potential candidate vaccine with immune-enhancing activ-
ities, which upregulated the MAPK signaling pathway in
RAW264.7 cells.47 The activated TLR-MyD88-p38

signaling pathway in RAW264.7 cells can up-regulate pha-
gocytic gene programs and promote phagosome maturation,
contributing to macrophage phagocytosis.38 Therefore, the
HHT-AuNP-triggered MAPK signaling pathway may med-
iate the immune response and participate in the phagocytosis
of AuNPs in macrophages.

NF-κB, a ubiquitous transcription factor, regulates the
expression of multiple cytokines related to host defense.48

As shown in Figure 6B, among the tested concentrations,
HHT-AuNPs significantly upregulated the expression of
phosphorylated IκBα and NF-κB, which was consistent with
its effects on mRNA expression and secretion of cytokines as
shown in Figure 5C and D. These results strongly indicated
that HHT-AuNPs stimulated macrophages by activating both

Figure 6 HHT-AuNP-mediated immunostimulation of RAW264.7 cells by activation of the NF-κB and MAPK signaling pathways. (A) Immunoblotting of ERK, JNK, and p38
proteins in RAW264.7 cells; (B) immunoblotting of IκBα and NF-κB proteins in RAW264.7 cells. All values are expressed as mean ± S.D. *p < 0.05, **p < 0.01 vs control
group.
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theMAPK and NF-κB signaling pathways. These findings are
meaningful for understanding the molecular mechanisms
underlying the immunostimulatory effects of AuNPs.

The ex vivo Immunostimulatory Effect of
HHT-AuNPs on Mouse Splenocytes
As only a few studies have reported the immunostimulatory
effects of biosynthesized AuNPs in splenocytes, we next
investigated the immunostimulatory activity of HHT-
AuNPs using splenocytes ex vivo. As shown in Figure 7A
and B, cytotoxicity was not observed at the tested concentra-
tions; rather, the treatment significantly increased cell viabi-
lity in a dose- and time-dependent manner. Furthermore,
HHT-AuNPs significantly increased NO production in sple-
nocytes in a time-dependent manner (Figure 7C), indicating
that HHT-AuNPs stimulated macrophages in splenocytes.
Splenocytes are composed of various cells (such as T/
B-cells, macrophages, and dendritic cells) with different
immune functions and cytokines specific to these immune
cells.1 TNF-α and IFN-γ, secreted by Th1 cells, are involved
in cell-mediated immune responses, whereas IL-4, IL-6, and
IL-10 are Th-2-specific cytokines involved in the humoral
immune response.49 TNF-α is secreted by T-cells, B-cells,
macrophages, and NK cells and inhibits bacterial infections

and acute stress to regulate inflammation and host defense.50

IL-12 is produced by dendritic cells, macrophages, and
B-cells, which promote the production of TNF-α and IFN-γ
in T-cells and NK cells, respectively.50 Concanavalin
A (ConA), a widely used mitogen that stimulates T-cell
proliferation, can be used as a positive control to investigate
the effect of HHT-AuNPs treatment on T-cell activation and
production of immune-related cytokines in splenocytes.51 As
shown in Figure 8A, the effect of HHT-AuNPs on immune
cells was evaluated by detecting the mRNA expression and
secreted levels of cytokines specific to these immune cells.
HHT-AuNPs significantly induced the expression of TNF-α,
IL-1β, IL-4, IL-6, IL-10, and IL-12 in splenocytes during 24–
36 h (Figure 8A). Additionally, IL-2 is a pleiotropic cytokine
that promotes T-cell growth, enhances NK cell lytic activity,
and induces the differentiation of Treg cells.52 Markedly
increased expression of IL-2 was observed in splenocytes
in response to HHT-AuNPs treatment. IFN-γ, as a primary
immunity-related cytokine, induces the generation of T-cells,
activates macrophages and NK cells proliferation, and cross-
regulates Th1 and Th2 cells.53 As shown in Figure 8A, HHT-
AuNPs induced the expression of IFN-γ in splenocytes,
which may explain how the HHT-AuNPs induced splenocyte
proliferation. Correspondingly, the ELISA results also

Figure 7 HHT-AuNP-triggered splenocyte proliferation. (A) Effects of increasing concentration of HHT-AuNPs on viability of splenocytes; (B) effects of HHT-AuNPs on cell
viability at different times; (C) NO production in splenocytes at different time points. All values are expressed as mean ± S.D. **p < 0.01 vs control group.
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suggested that HHT-AuNPs significantly increased the pro-
duction of TNF-α, IL-1β, IFN-γ, and IL-2 in splenocytes
(Figure 8B). Therefore, the effects of HHT-AuNPs on sple-
nocytes could be viewed as immunostimulatory, whereas
HHT did not up-regulate the production of these cytokines.
It can be postulated that geniposide, berberine, and baicalin
may have undergone chemical modification(s) upon oxida-
tion with HAuCl4•3 H2O, which could have converted them
to more active forms. The FTIR results (Figure 3A) also
suggested a major modification in organic polymer chemistry
after AuNP synthesis. Interestingly, Abdulrahman et al
explored the immunomodulatory effects of green synthesized
AuNPs from Hypoxis hemerocallidea extract on NK cells,

but it inhibited IFN-γ production.19 Therefore, different plant
source-mediated AuNPs can cause contrasting effects on the
immune response, which may depend on the chemical mod-
ification after AuNPs synthesis using different organic poly-
mers. Modification of the chemistry of organic polymers
after AuNP synthesis can only be confirmed by performing
more sophisticated spectroscopic analysis of the active com-
pounds and the HHT-AuNPs.

In contrast, stimulated B-cells can be transformed into
memory B-cells, and then differentiated into immunoglo-
bulin (Ig, classic immunocompetent molecules), secreting
plasma cells to neutralize toxins, bacteria, or viruses, along
with regulating immune responses.54 IgG and IgA are the

Figure 8 Immunostimulatory effects of HHT-AuNPs on mouse splenocytes. (A) Analysis of mRNA expression levels (TNF-α, IL-1β, IL-4, IL-6, IL-10, and IL-12) after HHT-
AuNPs or HHT treated in splenocytes at different times; (B) TNF-α, IL-1β, IFN-γ, and IL-2 levels in the culture media of splenocytes. (C) Effect of HHT-AuNPs on
immunoglobulin (IgG and IgA) levels in splenocytes. All values are expressed as mean ± S.D. *p < 0.05, **p < 0.01 vs control group.
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major immunoglobulins involved in the complement acti-
vation, and several studies have reported that natural pro-
ducts can enhance the humoral immune response by
promoting the production of IgA and IgG.54 To understand
the mechanism underlying the immune-enhancing activity
of HHT-AuNPs, the levels of IgG and IgA in splenocytes
were determined using ELISA. As shown in Figure 8C,
HHT treatment had no significant effect on the production
of IgG or IgA compared with non-treated cells. However,
IgG and IgA levels were significantly increased upon
HHT-AuNP treatment, suggesting that HHT-AuNPs
could improve the immune response by activating
B-cells. Collectively, these results confirmed that HHT-
AuNPs exhibit immunostimulatory effects on mouse sple-
nocytes by priming T-cells and activating macrophages,
NK cells, and B-cells.

Conclusion
In this study, an eco-friendly and efficient biosynthesis
method of AuNPs was developed using HHT as the sole
agent for both reduction and stabilization. The immunos-
timulatory activities of HHT-AuNPs were investigated

both in vitro and ex vivo. HHT-AuNPs exhibited rapid
uptake by macrophages, induced NO production, and
upregulated the expression of immune-related cytokines
by activating the NF-κB and MAPK signaling pathways
without causing cytotoxicity. The ex vivo studies demon-
strated that HHT-AuNPs significantly stimulated spleno-
cyte proliferation and led to NO production. The ex vivo
immune-enhancing effect of HHT-AuNPs was also
achieved by inducing the expression and production of
immune-related cytokines (eg, IL-1β, TNF-α, IL-4, IL-6,
IL-12, IFN-γ, and IL-2) and biomarkers (IgG and IgA) in
splenocytes. Taken together, these results provide strong
evidence for the immune-enhancing properties of HHT-
AuNPs and improve our knowledge about green-
synthesized AuNP-mediated immunostimulatory activity
(Figure 9). This study may be considered a useful pilot
trial in exploring the value of traditional formulae in the
nanomedicine field. Various immunostimulants have also
been used clinically to treat immunosuppressive diseases,
such as cyclophosphamide (CTX)-induced immunosup-
pression in cancer patients. To explore a more comprehen-
sive potential of these nanoparticles, we shall explore the

Figure 9 Mechanism of immunoenhancing action of HHT-AuNPs in macrophages and splenocytes.
Abbreviations: M, macrophages; T, T lymphocytes; B, B lymphocytes; NK, natural killer cells.
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protective effects of HHT-AuNPs in CTX-treated immu-
nosuppressed mice in future studies.
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