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Abstract: Polysaccharide-functionalized gold nanoparticles (Au NPs) exhibit a promising application
in biomedical fields due to their excellent stability and functional properties. The Au NPs from
Auricularia auricula polysaccharide (AAP) were successfully synthesized using a straightforward
method. By controlling the mass fraction of AAP, pH, reaction temperature, reaction time, and
concentration of gold precursor, the highly dispersed spherical AAP-functionalized Au NPs (AAP-
Au NPs) were prepared. The Fourier transform infrared spectrometer (FT-IR) and X-ray photoelectron
spectroscopy (XPS) indicated that the synthesis mechanism of AAP-Au NPs was as follows: the
molecular chain of AAP undergoes a glycosidic bond breakage to expose the reduction terminus in
the presence of gold precursor, which reduced Au(III) to Au(0), and itself was oxidized to carboxylate
compounds for maintaining the stability of AAP-Au NPs. Additionally, based on the electrostatic
interactions and steric forces, as-prepared AAP-Au NPs exhibit excellent stability at various pH (5–11),
temperature (25–60 ◦C), 5 mmol/L glutathione, and 0.1 mol/L Na+ and K+ solutions. Furthermore,
AAP-Au NPs retained the ability to scavenge DDPH and ABTS radicals, which is expected to expand
the application of Au NPs in biomedical fields.

Keywords: Auricularia auricula polysaccharide; gold nanoparticles; synthetic mechanism;
antioxidant property

1. Introduction

Gold nanoparticles (Au NPs) have great potential for biomedical applications due to
their excellent optical properties, unique physicochemical properties, and good biocom-
patibility [1,2]. For instance, Au NPs could be employed as vehicles for drugs to transport
pharmaceuticals accurately to specific locations, thus enhancing the effectiveness of the
drugs and minimizing any adverse effects [3,4]. Additionally, the rod and star-shaped Au
NPs have been used as potential photosensitizers to enhance antitumor therapy under
laser irradiation due to their ability to efficiently convert absorbed light into localized
heat [5,6]. Another notable use of Au NPs was as contrast agents in cellular and biological
imaging. The sensitivity and diagnostic capabilities of imaging modalities are enhanced
by site-specific labeling of tissues or cells of interest [7–9]. Nevertheless, the synthesis of
Au NPs mostly involves the use of toxic or biologically inactive chemicals (e.g., dodecane
thiol and trisodium citrate). Additionally, the instability of citrate-terminated Au NPs in
physiological environments further hinders their biomedical applications [10,11]. Therefore,
it is imperative to create eco-friendly and secure approaches for synthesizing Au NPs.

Green synthesis methods have become a popular research topic due to the increasing
demand for sustainable materials in recent years. Polysaccharides, as natural biomolecules,
have become ideal materials for preparing Au NPs in an environmentally friendly manner
due to their abundant sources, biodegradability, and biocompatibility [12–14]. At present,
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natural polysaccharides (including heparin, chitosan, dextran, cellulose, guar gum, and
xanthan gum) have been utilized to prepare Au NPs with various shapes and sizes for
cancer therapy [15–17]. However, these natural polysaccharides suffer from fundamental
problems such as low solubility and high viscosity and require harsh reaction conditions
(e.g., alkaline) [18]. Furthermore, the shape and size of Au NPs prepared from polysac-
charides often exhibit variability, and the synthesis mechanism remains undetermined
and needs further investigation [19–21]. Currently, natural active polysaccharides have
been considered promising options for preparing Au NPs due to their favorable functional
activities. Hence, it is imperative to devise additional methods for producing exceptionally
stable and biologically active Au NPs utilizing naturally occurring polysaccharides in
gentle environments.

Auricularia auricula polysaccharide (AAP) is one of the key bioactive components
in Auricularia auricula with a wide range of biological activities, including antioxidant,
immunomodulatory, and antitumor [22]. The preparation strategy, structural features, and
chemical modification of AAP have been extensively studied, and its chemical composition
usually consists of glucose, mannose, and galactose [23–25]. More importantly, the molecu-
lar chain of AAP is rich in abundant hydroxyl groups, which can be used as a template for
the growth of Au NPs. AAP-Au NPs were successfully prepared using AAP as a reducing
and stabilizing agent. Then it was characterized using UV–vis, FT-IR, XPS, TEM, and zeta
potential. The possible synthesis mechanism was proposed, and the stability of AAP-Au
NPs was investigated over a storage period at various pH values, temperatures, and in
5 mmol/L glutathione and different concentrations of ions. The AAP-Au NPs showed
excellent stability and antioxidant activity, which is expected to expand the application of
Au NPs in the biomedical field.

2. Materials and Methods
2.1. Materials

Auricularia auricula polysaccharides (AAP, 90%) were purchased from Shaanxi Ciyuan
Biotechnology Co. (Yangling, China) and used without further purification. Chloroauric
acid (HAuCl4) was acquired from Tianjin Beilian Fine Chemicals Development Co., Ltd.
(Tianjin, China). All other reagents purchased were of analytical grade. Water (conductivity:
19.84 µS/cm) used was from the Milli-Q Plus system (Sichuan Youpu Ultra-Pure Technology
Co., Ltd. Chengdu, China).

2.2. Preliminary Characterization of AAP

The molecular weight of AAP was determined by high performance gel perme-
ation chromatography (HPGPC) using a Waters HPLC system (Waters Corporation, MA,
USA) with tandem columns of UlyrahydrogelTM 500 (7.8 × 300 nm) (Waters Corporation,
MA, USA), UlyrahydrogelTM 1000 (7.8 × 300 nm) (Waters Corporation, MA, USA), and
UlyrahydrogelTM 2000 (7.8 × 300 nm) (Waters Corporation, MA, USA) matched on a series
of columns and detected by differential refraction index detector (RID-2414) (Waters Cor-
poration, MA, USA) at 40 ◦C. The mobile phase was 3 mM sodium acetate solution at a
flow rate of 0.5 mL/min with an injection volume of 50 µL. Calibration curves were plotted
using different standard dextran with known molecular weights (5.2, 23.8, 48.6, 148, and
668 kDa).

The monosaccharide composition of AAP was determined by ion chromatography.
Five milligrams of AAP was weighed precisely in an ampoule, 2 mL of 2 mol/L triflu-
oroacetic acid was added, hydrolyzed at 121 ◦C for 3 h, blown dry under nitrogen, and
washed with methanol for 2–3 times. Next, the sterile water was dissolved and transferred
to a chromatographic vial for measurement. The monosaccharide composition was an-
alyzed by a Thermo ICS 5000+ ion chromatography system (ICS 5000+, Thermo Fisher
Scientific, MA, USA) and detected using an electrochemical detector. Chromatographic
conditions: column: Dionex™ CarboPac™ PA20 (Thermo Fisher Scientific, MA, USA)
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(150 × 3.0 mm, 10 µm); mobile phases: A: H2O; B: 0.1 M NaOH; C: 0.1 M NaOH: 0.2 M
sodium acetate (NaAC); flow rate: 0.5 mL/min; sample volume: 5 µL.

2.3. Synthesis of AAP-Au NPs

The stock solutions of 1% (w/v) of AAP, 10 mM of HAuCl4, 0.1 M of hydrochloric acid
(HCl), and 0.1 M of sodium hydroxide (NaOH) were prepared in deionized water before
the experiment for the synthesis of AAP-Au NPs. For optimal conditions, 3 mL of various
concentrations of AAP (0.3, 0.5, 0.7, and 1% w/v) were incubated with HAuCl4 solution
(3 mL, 1 mM), stirred, and heated at 85 ◦C for 1 h to study the effect of mass fraction of
AAP on the synthesis of Au NPs. Next, the effect of pH on the formation of Au NPs was
investigated by adjusting the reaction mixture to pH 3, 5, 7, 9, 11 using 0.1 M HCl and
NaOH. Subsequently, the effect of the initial HAuCl4 concentration was determined by
changing the concentration of HAuCl4 to 0.25, 0.5, 1, 2, and 3 mM, and the effect of the
reaction temperature (55, 85, and 95 ◦C) and the reaction time (0.5, 1, 1.5, and 2 h) was
further assessed. Only one condition was changed in each experiment.

2.4. Characterization of AAP-Au NPs

The absorption peaks of AAP-Au NPs were detected using an ultraviolet spectropho-
tometer (UV–vis) (Mapped, Shanghai, China), TEM images of AAP-Au NPs were obtained
using a field emission transmission electron microscopy (Thermo, MA, USA), zeta potential
maps of AAP-Au NPs were obtained using a zeta potentiometer (Malvern, UK), the reaction
process of AAP-Au NPs was explored using a Fourier transform infrared spectrometer
(FT-IR) (Bruker, Germany), and XPS maps of AAP and AAP-Au NPs were recorded using
an X-ray photoelectron spectrometer (XPS) (Thermo, MA, USA).

2.5. The Stability Analysis of AAP-Au NPs

The storage stability of AAP-Au NPs was explored by storing the solutions at 4 ◦C.
To clarify the effect of acidic or alkaline conditions, the pH of AAP-AuNPs solutions was
adjusted from 3 to 11 by HCl and NaOH. The effect of temperature and salt ion solutions on
the stability of AAP-Au NPs was investigated by exposing them to temperatures ranging
from 25 to 60 ◦C and 5 mmol/L glutathione or various ionic (Na+, K+) environments.

2.6. The Antioxidant Properties of AAP-Au NPs

The 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) and 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radicals scavenging activities of AAP-Au NPs were evaluated
using the method described by Pu et al. [26] with slight modification. Vitamin C (Vc)
(Shanghai Yuanye Biotechnology Co., Ltd. Shanghai, China) was used as a positive control.

3. Results and Discussion
3.1. Optimization of Conditions for the Green Synthesis of AAP-Au NPs

The results of ion chromatography showed that AAP is a heteropolysaccharide consist-
ing mainly of mannose (56.96%), xylose (13.43%), and glucuronic acid (20.66%) (Figure 1)
with a molecular weight of 1815 kDa (Figure S1 in Supplementary Materials). This indicates
that AAP consists of reducing monosaccharides and can be used as a template for the
synthesis of Au NPs [27,28]. Notably, uronic acid can be used to maintain the stability of
Au NPs [29,30]. Therefore, to obtain highly stable, high-yield, monodisperse Au NPs, the
effects of mass fraction of AAP, pH, reaction temperature and time, and concentration of
gold precursor on the synthesis of AAP-Au NPs were systematically investigated.
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Figure 1. Ion chromatography of AAP. 
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plasmon resonance (SPR) of Au NPs arises from the collective oscillation of the surface 
electron cloud, which is responsible for the coloration of the solution [32]. Additionally, 
the peak position, spectral bandwidth, and intensity of the SPR provide insights into the 
size, shape, and yield of Au NPs [33]. Therefore, the synthesis of Au NPs can be assessed 
through the UV–vis spectrum and the color of the colloidal solution. 

The mass fraction of polysaccharides is a key parameter affecting the morphology 
and size of Au NPs [34]. As the AAP mass fraction increased from 0.3% to 0.7% (Figure 
2A), the SPR intensity of Au NPs increased, with a blue shift of the peak position, the half-
peak width gradually narrowed, and the solution color changed from purple to burgundy 
(Figure 2B), indicating the size of the generated Au NPs gradually decreased. However, 
when the mass fraction of AAP was higher than 0.7%, the SPR intensity of Au NPs de-
creased due to the steric effect of AAP [35]. Generally, the SPR at 525 and 650 nm was 
related to the number of dispersed Au NPs (red) and aggregated Au NPs (purple), respec-
tively. Therefore, the dispersion of as-prepared Au NPs was expressed by the ratio of ex-
tinction coefficients A650/A525 [36]. When the mass fraction was 0.7%, the A650/A525 value of 
Au NPs was the lowest (Figure 2C), indicating the synthesized AAP-Au NPs possess ex-
cellent stability and dispersion. Consequently, 0.7% of AAP was selected for the subse-
quent preparation of AAP-Au NPs. 
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Figure 1. Ion chromatography of AAP.

3.1.1. Effect of Various Mass Fractions of AAP

UV–vis spectroscopy is commonly employed to characterize Au NPs [31]. The surface
plasmon resonance (SPR) of Au NPs arises from the collective oscillation of the surface
electron cloud, which is responsible for the coloration of the solution [32]. Additionally,
the peak position, spectral bandwidth, and intensity of the SPR provide insights into the
size, shape, and yield of Au NPs [33]. Therefore, the synthesis of Au NPs can be assessed
through the UV–vis spectrum and the color of the colloidal solution.

The mass fraction of polysaccharides is a key parameter affecting the morphology and
size of Au NPs [34]. As the AAP mass fraction increased from 0.3% to 0.7% (Figure 2A), the
SPR intensity of Au NPs increased, with a blue shift of the peak position, the half-peak width
gradually narrowed, and the solution color changed from purple to burgundy (Figure 2B),
indicating the size of the generated Au NPs gradually decreased. However, when the mass
fraction of AAP was higher than 0.7%, the SPR intensity of Au NPs decreased due to the
steric effect of AAP [35]. Generally, the SPR at 525 and 650 nm was related to the number
of dispersed Au NPs (red) and aggregated Au NPs (purple), respectively. Therefore, the
dispersion of as-prepared Au NPs was expressed by the ratio of extinction coefficients
A650/A525 [36]. When the mass fraction was 0.7%, the A650/A525 value of Au NPs was the
lowest (Figure 2C), indicating the synthesized AAP-Au NPs possess excellent stability and
dispersion. Consequently, 0.7% of AAP was selected for the subsequent preparation of
AAP-Au NPs.
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Figure 2. (A) UV–vis absorption spectra and maximum absorption peak wavelengths plot (inset) of
AAP-Au NPs at various mass fractions of AAP with (B) the corresponding solution color and (C) the
absorption ratio (A650/A525).
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3.1.2. Effect of pH

The pH value significantly influences the morphology, size, surface charge, and other
properties of Au NPs [37]. When the pH was 3, the solution was purple-red (Figure 3B),
indicating that larger particle-size Au NPs have been synthesized. At pH 5, the solution
turned wine red, with the SPR peak of Au NPs observed at 525 nm and a narrow half-peak
width, suggesting a uniform particle size distribution. As the pH continued to increase, the
solution color darkened, and the maximum absorption peak of Au NPs remained around
525 nm (Figure 3). However, the absorbance gradually decreased, indicating a lower yield
of Au NPs. This may be because as the pH increases, the excess OH− in the solution
is adsorbed on the surface of the Au clusters, hindering the formation of Au NPs from
the clusters [38]. On the other hand, the excess of NaOH leads to the substitution of Cl−

by OH− in AuCl−4 to form Au(OH)3, which is ultimately converted to sodium aureate
(NaAuO2) decreasing the formation of Au NPs [39,40]. Since the absorbance value of Au
NPs was the highest and A650/A525 was the smallest at pH 5 (Figure 3C), it was used as
the optimal pH value.
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reaction time increased from 0.5 to 2 h, the position of the Au NPs absorption peak always 
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Figure 3. (A) UV–vis absorption spectra and maximum absorption peak wavelengths plot (inset) of
AAP-Au NPs at various pH values with (B) the corresponding solution color and (C) the absorption
ratio (A650/A525).

3.1.3. Effect of Reaction Temperature and Time

Temperature is a critical parameter affecting the particle size of Au NPs. When the
temperature increased from 55 ◦C to 95 ◦C, the solution color changed from purple to
wine red (Figure 4B), and the SPR showed a blue shift and intensity increased (Figure 4A),
indicating that the particle size of Au NPs became smaller and the yield increased. The
A650/A525 was minimized at 85 ◦C, indicating better dispersion of the synthesized AAP-Au
NPs (Figure 4C). Time is also an important factor in synthesizing Au NPs [41]. When the
reaction time increased from 0.5 to 2 h, the position of the Au NPs absorption peak always
remained at 525 nm, while the intensity of the absorption peak first increased and then
remained unchanged (Figure 5A). This was because the continued reduction of Au(III) in
the early stage of the reaction increased the number of Au NPs, indicating that the reaction
had not yet been completed. When the reaction time reached 1.5 h, the absorption peak’s
intensity remained unchanged (Figure 5B), indicating the complete reduction reaction.
In addition, the A650/A525 was the smallest when the reaction was carried out for 1.5 h
(Figure 5C) and was selected as the optimal reaction time for subsequent experiments.
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3.1.4. Effect of Concentrations of Gold Precursor

The reduction kinetics of Au3+, nucleation, and growth rate of Au NPs highly depend
on the concentration of gold precursors [42]. When the concentrations of gold precursors
were 0.25 and 0.5 mmol/L, respectively, the solution was almost colorless and the SPR
intensity was low, indicating the generation of small amounts of Au NPs (Figure 6A).
When the concentration increased to 1 mmol/L, the SPR was the highest and the A650/A525
value was the smallest (Figure 6C), indicating that Au NPs with uniform particle size
distribution were generated. However, the solution turned purple at a concentration of
2 mmol/L (Figure 6B), indicating that Au NPs with larger particle sizes were formed.
Further increasing the concentration to 3 mmol/L resulted in a significant red shift in the
SPR and a marked decrease in intensity. This was because a large amount of Au(III) in the
solution was reduced to Au(0), resulting in the inability of AAP to prevent the aggregation
and precipitation of Au NPs. These results demonstrated that the concentration of gold
precursor affects the size of Au NPs and determines their yield and stability in solution.
Therefore, the optimal concentration of gold precursor was established to be 1 mmol/L.
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3.2. The Structural and Morphological Characterisation of AAP-Au NPs

AAP-Au NPs were prepared under the optimal reaction conditions (0.7% of AAP,
1.0 mmol/L of HAuCl4, pH 5, 85 ◦C, 1.5 h). As shown in Figure 7A, the absorption peak
of the AAP-Au NPs was at 525 nm with a narrow half-peak width, which indicated that
monodisperse spherical AAP-Au NPs were successfully synthesized. The TEM images
further confirmed that AAP-Au NPs were spherical (Figure 7B), with a particle size dis-
tribution in the range of 2–18 nm (the average size was 10.36 ± 0.17 nm) (Figure 7C), and
the polydispersity index (PDI) was 0.249 ± 0.015 (Figure S2 in Supplementary Materials),
which indicated the excellent dispersion of AAP-Au NPs. Furthermore, the zeta potential
of AAP-Au NPs was −13.7 mV (Figure 7D). Ultimately, the AAP-Au NPs were kept stable
via electrostatic interactions and steric forces [43–45].
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3.3. Synthesis Mechanism of AAP-Au NPs

To gain a deeper understanding of the synthesis mechanism of AAP-Au NPs, the
generation of interaction sites and bonding environments between AAP and Au NPs was
investigated. The FT-IR spectroscopy was used to preliminarily explore the reaction process
of AAP-Au NPs (Figure 8A). AAP-Au NPs retained the key FT-IR peaks of polysaccharides
(e.g., -OH, -CH, -C=O, and C-O-C). Notably, the relatively strong absorption bands were
observed at 1647 and 1410 cm−1 (Figure 8A, purple line), consistent with the carboxylate
(Au-COO−) groups. Moreover, XPS was used to further characterize the changes in the
chemosynthetic state during the prepared AAP-Au NPs. XPS spectra of AAP-Au NPs
clearly showed the occurrence of relevant peaks for C, O, and Au (Figure 8B,C). The binding
energy positions of the relevant peaks in the C1s and O1s spectra of the AAP-Au NPs
were nearly the same compared with AAP (Figure 8D,E, Tables 1 and 2). Nevertheless, the
contents of C1s and O1s-related functional groups changed before and after the synthesis
of AAP-Au NPs (Tables 1 and 2). The results showed that after the synthesis of AAP-Au
NPs, the C=O content in the C-related peak increased from 9.44% to 18.67%, and the C=O
content in the O-related peak increased from 57.71% to 63.18%. In addition, the contents of
C-O-C/C-OH in the C-related peak and C-O in the O-related peak decreased from 38.64%
and 42.29% to 30.8% and 36.82%, respectively, indicating that there was a charge transfer
between Au and O.
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Table 2. Percentage of each oxygen-containing functional group in the XPS spectra of O1s of AAP
and AAP-Au NPs.

AAP AAP-Au NPs
Peak Position (BE) Percentage (%) Peak Position (BE) Percentage (%)

C=O 532.71 57.71 532.61 63.18
C-O 531.64 42.29 531.48 36.82

Based on these results, the synthesis mechanism of AAP-Au NPs was proposed
(Figure 9): the Au(III) ions act as a strong Lewis acid, actively promoting intra- or inter-
molecular attacks of a nucleophile and helping break the glycosidic bond to expose the
reduction terminus, which reduced Au(III) to Au(0), and itself was oxidized to carboxylate
compounds. In addition, the carboxylate anions (−COO−) self-assemble on the Au NPs to
form a negatively charged surface, acting as a stabilizer to passivate the Au NPs to prevent
particle aggregation, which was confirmed via zeta potential of the AAP-Au NPs.
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3.4. The Stability of AAP-Au NPs

Au NPs are commonly used for disease treatment via oral or intravenous administra-
tion. Thus, exposure to acidic media or complex physiological media consisting of high
concentrations of salts and various proteins is inevitable. These conditions usually cause
Au NPs to aggregate and deteriorate their biological activity [46]. Therefore, the stability of
AAP-Au NPs in various external complex conditions was investigated.

As shown in Figure 10A, when AAP-Au NPs were placed at 4 ◦C for 71 d, the UV–vis
spectroscopy and the ratio of A650/A525 remained unchanged, indicating that AAP-Au
NPs had good storage stability. pH is one of the critical factors affecting the stability of
Au NPs. At pH 3, the SPR of AAP-Au NPs was from 525 nm red-shifted to 542 nm, and
the width at half maximum increased slightly, indicating that AAP-Au NPs aggregated
under acidic conditions (Figure 10B). As the pH increased from 5 to 11, the intensity and
peak position of the absorption peaks remained unchanged, and the absolute value of the
zeta potential of AAP-Au NPs became gradually higher with the increase in pH (Figure S3
in Supplementary Materials), indicating that AAP-Au NPs had good stability in slightly
acidic, neutral, and alkaline environments. Additionally, whether temperature affects the
stability of Au NPs was investigated. As shown in Figure 10C, the absorption peaks of
AAP-Au NPs remained consistent under 25–60 ◦C conditions, indicating that AAP-Au NPs
had good temperature tolerance. On the other hand, glutathione, which is widely present
in various cells, can bind to Au NPs through the sulfhydryl group, causing the aggregation
of Au NPs [47]. When AAP-Au NPs were mixed with 5 mmol/L glutathione solution,
the absorption peak remained unchanged (Figure 10D), indicating that AAP-Au NPs had
good stability in glutathione solution. Furthermore, AAP-Au NPs could still maintain good
stability in high concentrations of metal ions (Na+, K+) (Figure 10E,F), which was beneficial
for expanding Au NPs applications in biomedicine.
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3.5. Scavenging Activity of AAP-Au NPs on ABTS and DPPH Free Radicals

It is well known that removing excess free radicals is essential for maintaining biologi-
cal homeostasis. Therefore, the scavenging activity of AAP-Au NPs on ABTS and DDPH
free radicals was investigated. The ABTS radical scavenging activity of AAP-Au NPs
increased from 18.29% to 53.29% with increasing concentration (Figure 11A), indicating
that AAP-Au NPs retained excellent antioxidant properties, but were weaker than AAP
(99.18%). In addition, the AAP-Au NPs also exhibited a certain scavenging activity against
DPPH radicals (Figure 11B). These results indicated that as-prepared AAP-Au NPs have
good antioxidant activity.
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4. Conclusions

In summary, monodisperse spherical Au NPs were successfully prepared by a straight-
forward method using AAP as both a reducing and stabilizing agent. By optimizing the
conditions (mass fraction of AAP, pH, reaction temperature, reaction time, and concen-
tration of gold precursor), AAP-Au NPs with an average particle size of 10.36 ± 0.17 nm
were prepared, with a localized surface plasmon resonance absorption peak position of
525 nm and a zeta potential value of −13.7 mV, and the mechanism of action of prepar-
ing AAP-Au NPs was proposed. Furthermore, as-prepared AAP-Au NPs exhibited good
storage stability and excellent tolerance to acid–base solutions and salt-ion solutions. In
addition, AAP-Au NPs retained the scavenging abilities of ABTS and DPPH free radicals.
This study not only determined the method of economic green synthesis of Au NPs but
also expanded the utilization of AAP. Furthermore, based on the biological activity of AAP
and the unique properties of Au NPs, AAP-Au NPs have potential applications in fields
such as biomedicine and cosmetics.
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