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ABSTRACT: A one-step preparation of alginate-stabilized gold nanoparticles (Au NPs) using the microwave-induced plasma-in-
liquid process (MWPLP) was reported. Effects of alginate with various concentrations on the preparation and properties of the
synthesized Au NPs, including reaction rate, morphology, size, and optical absorption property, were studied. The introduction of
alginate (1) accelerated the reaction rate, (2) prevented aggregation and precipitation due to long time discharge in MWPLP, and
(3) provided long-term colloidal stability. An abnormal size change (from large to small) of Au NPs during particle growth, which
was opposite to the typical change in bottom-up chemical reduction, was observed and a possible mechanism was proposed based on
the dynamical and thermodynamical instability of particles during growth. The strategy of drying and redispersion of Au NPs in
alginate solution was also studied. The drying and redispersion process had an imperceptible effect on the Au NPs. As a
consequence, this strategy might be an effective technique for the long-term storage of Au NPs and other metal NPs. The alginate-
stabilized Au NPs without the addition of toxic reducing or stabilizing agents can be appropriate to biomedical applications.

1. INTRODUCTION

Gold nanoparticles (Au NPs) are one of the most investigated
nanomaterials that exhibit great potential in various biomedical
applications, such as imaging, therapy, immunotherapy, drug
delivery system, etc.1 For example, the property of inducing a
strong X-ray attenuation of gold makes Au NPs an ideal
candidate for CT contrast agents.2−4 The function design, such
as surface modification with peptide,5 enables the selective and
sensitive targeting of the tumor while inducing a distinct
contrast in CT imaging (increased X-ray attenuation).6 Au
NPs can also be imaged via terahertz microscopy by converting
NIR light into heat.7 Regarding therapeutic applications, Au
NPs show great promise as photothermal therapeutic agents.
This is because the surface plasmon resonance (SPR) of Au
NPs can be designed by tailoring their size, shape,
composition, and structure to absorb light in the NIR range
in which minimum absorption by biological molecules, such as
hemoglobin, and water is observed.8 For drug delivery
purposes, Au NPs could be conjugated to a variety of
antitumor substances by simple physical adsorption or by using
alkanethiol linkers.9 For building a delivery system, target

molecules (e.g., cetuximab) can be applied along with the
active substance to ensure better anchoring and penetration of
the complex into the target cells.
Of all the methods for preparing Au NPs, chemical

reduction is the most used strategy in which gold ions in a
precursor are reduced by reducing agents such as ethanol,10,11

polyol,12 sodium borohydride,13,14 β-D-glucose,15 glycerol,16

sodium citrate,17 etc. On the other hand, to prevent the
aggregation and flocculation of Au NPs in liquid, stabilizing
agents such as poly(vinyl alcohol) or poly(vinyl pyrrolidone)
are also used.10,11,18 However, byproducts might be generated
during reactions due to the introduction of reducing and
stabilizing agents. These agents may also bring biological

Received: November 30, 2021
Accepted: February 1, 2022
Published: February 10, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

6238
https://doi.org/10.1021/acsomega.1c06769

ACS Omega 2022, 7, 6238−6247

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haoran+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kai+Ikeda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mai+Thanh+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susumu+Sato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naoki+Matsuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroki+Tsukamoto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoharu+Tokunaga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomoharu+Tokunaga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tetsu+Yonezawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c06769&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06769?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06769?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06769?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06769?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06769?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06769?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06769?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06769?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/7?ref=pdf
https://pubs.acs.org/toc/acsodf/7/7?ref=pdf
https://pubs.acs.org/toc/acsodf/7/7?ref=pdf
https://pubs.acs.org/toc/acsodf/7/7?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c06769?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


toxicity, and therefore, washing and water treatment are
indispensable. In contrast, the plasma-in-liquid process
represents a green alternative in NP synthesis.18−25 Especially,
the microwave-induced plasma-in-liquid (MWPLP) process is
very interesting due to its relatively low energy consumption
and no need for using toxic reducing and stabilizing agents
(Scheme 1a).18,22−26 In MWPLP, plasma is created in three

stages: (1) bubble formation, in which the liquid surrounding
the electrode is heated by joule heating via microwaves,
resulting in the outburst of bubbles;27 (2) initiation of plasma,
in which plasma is initiated toward the gas (provided by
bubbles)/liquid interface; (3) formation of the plasma in
liquid.28 MWPLP is constituted based on a gas phase in a
liquid phase. In our MWPLP apparatus (Scheme 1b), the
plasma generated under low pressure can decompose water
molecules to form highly reactive species, including hydrated
electrons and hydrogen and hydroxyl radicals. Reaction
equations for this process are summarized in eqs 1−4:

H O H OH2 → ·+ · (1)

n nM H M Hn + ·→ ++ + (2)

2OH H O2 2·→ (3)

n n nM /2H O M /2O Hn
2 2 2+ → + ++ +

(4)

In these equations, M, H·, and OH· represent a metal,
hydrogen radicals, and hydroxyl radicals, respectively. Water is
decomposed by plasma to form hydrogen and hydroxyl radicals
(eq 1). Then, hydrogen radicals reduce metal ions (eq 2).
H2O2 generated based on the combination of hydroxyl radicals
also reduces metal ions (eqs 3 and 4).21 Although MWPLP can
be used for the green synthesis of Au NPs, the challenges of
the low reaction rate, excessive reaction-induced aggregation,
and long-term stability of Au NPs still remain for further
biomedical applications. Sodium alginate is a natural polymer
with excellent biocompatibility, low toxicity, and mild gelation
ability in divalent cation buffer. Alginate molecules can be
dissolved in water because of negatively charged carboxyl
groups. For an accelerated reaction and better stability, alginate
was introduced in MWPLP (Scheme 1c). In the present work,
the effects of sodium alginate on the preparation, morphology,
size, and optical absorption property of Au NPs were studied.
The proposed mechanism for the formation of Au NPs in
alginate via MWPLP was demonstrated. Also, the strategy of
drying and redispersion of Au NPs in alginate solution was
studied and presented for the long-term storage of Au NPs and
other metal NPs.

2. RESULTS AND DISCUSSION
2.1. UV−Vis Spectra of the Obtained Au NPs-Alginate

Aqueous Dispersions. Figure 1 shows the UV−Vis
extinction spectra of Au NPs prepared in pure water and
sodium alginate aqueous solutions of different concentrations
for various reaction times. The spectra of Au NPs prepared in
pure water exhibited a surface plasmon resonance (SPR) peak
with a maximum absorption wavelength (λmax) at around 557
nm. The λmax values of Au NPs prepared in alginate solution
with concentrations of 0.5, 1.0, and 2.0% (w/v) were at 539,
554, and 573 nm, respectively. The peak intensities of these
SPR peaks of Au NPs prepared in the solutions with different
concentrations of sodium alginate did not change obviously,
indicating that sodium alginate had no significant effect on the
yield of Au NPs. The red shifts of λmax (1.0 and 2.0% (w/v)
groups) were caused by weak aggregation states of the adjacent
Au NPs due to the surge in the number of Au NPs. As shown
in Figure S1, after being diluted to the same sodium alginate
concentration of 0.5% (w/v) group, the 1.0 and 2.0% (w/v)
groups showed shorter λmax (533 and 529 nm) than that of
0.5% (w/v) group (539 nm). For Au NPs prepared in pure
water, it could be noted that the peak intensity reached a
maximum at 20 min with the increase in reaction time. It
suggests that the reaction from Au3+ to Au0 would require
approximately 20 min or more to complete. For Au NPs
prepared in aqueous solutions of sodium alginate with various
concentrations, all the absorption intensities of Au NPs
reached the maximum value within 10 min, suggesting that
the reaction could be completed within 10 min. These
phenomena strongly suggest that the addition of sodium
alginate could accelerate the reaction rate from Au3+ to Au0.
Furthermore, the absorption intensity of Au NPs prepared in
pure water gradually decreased after reaching the maximum
value, which was caused by the reduced concentration of Au
NPs in dispersion due to the excessive MWPLP-induced
aggregation and precipitation. Interestingly, the absorption
intensities of Au NPs prepared in sodium alginate solutions
were stable after reaching the maximum. The SPR peaks
showed an ideal bell shape, which implies that negligible
aggregation occurred, and the Au NPs are well dispersed in

Scheme 1. (a) Experimental Setup of MWPLP for the
Preparation of Au NPs; (b) Schematic Illustration of
Microwave-Induced Plasma in the Reaction Vessel; (c)
Fabrication Route for Preparing Au NPs in Aqueous
Solutions of Sodium Alginate and AuCl4
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dispersions. These results suggest that, in the presence of
sodium alginate, Au NPs did not aggregate and precipitate due
to the increase in reaction time, indicating that alginate can
prevent the aggregation and precipitation caused by excessive
MWPLP.
2.2. Effect of the Concentration of Sodium Alginate

on the Morphology, Size, and Size Distribution of Au
NPs. Transmission electron microscopy (TEM) images of Au
NPs prepared in pure water and aqueous solutions of sodium
alginate with different concentrations (reaction time: 20 min),
along with their size distributions, are collected in Figure 2a
and Figure S2. As shown in Figure 2a, the Au NPs prepared in
pure water are mostly spherical, while a few show triangular
and hexagonal shapes. It was previously reported that
triangular and hexagonal particles were obtained from the
preparation of Au NPs using the plasma-in-liquid process.29

When they occurred on the surface of Au-nucleated seeds,
reductions were dependent on the surface energy of the
different crystal facets, and polygonal particles were gen-

erated.18 In contrast, almost all the Au NPs prepared in sodium
alginate solution showed spherical shapes. In addition, the Au
NPs prepared in pure water contacted each other and showed
a tendency to aggregate because these particles were naked
(without coating of sodium alginate). After MWPLP in sodium
alginate solutions, Au NPs were uniformly dispersed. Figure S3
shows the zeta potentials and pH values of Au NP dispersions.
Zeta potentials of Au NP dispersions prepared in alginate
(−40.60 to −55.17 mV) are more negative than that prepared
in pure water (−10.80 mV). Therefore, the electrostatic
repulsion of Au NPs prepared in pure water is weaker than the
electrostatic and steric repulsion provided by −COO− groups
of alginate chains.30,31 Accordingly, the Au NPs prepared in
pure water are more easily aggregated than that prepared in the
presence of alginate. In Figure 2b, starting from 10 min, the
particle size of the Au NPs prepared in pure water increased
with increasing reaction time and reached a relatively stable
value (around 68 nm) within 30 min. This is a result of the
assembly and merging between Au NPs due to the lack of

Figure 1. UV−Vis spectra of Au NP dispersions prepared in (a) pure water and aqueous solutions of sodium alginate with concentrations of (b)
0.5% (w/v), (c) 1.0% (w/v), and (d) 2.0% (w/v) for various reaction times.

Figure 2. (a) TEM images of Au NPs prepared in pure water and sodium alginate aqueous solutions (reaction time: 20 min). Scale bars are 200
nm. (b) Average size of Au NPs prepared in pure water with different reaction times. (c) Average size of Au NPs prepared in alginate aqueous
solution with different concentrations and reaction times.
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capping agents.32,33 As the reaction time increased further,
although the size stopped increasing, Au NPs started to
aggregate and precipitate, as shown in Figure S4. Conversely,
as illustrated in Scheme 2, after the addition of alginate, the
chelation between gold chloride complexes and carboxyl and
hydroxyl groups would allow gold ions to evenly disperse in
solution.34 After MWPLP, Au NPs could be generated in the
alginate chain-formed cavities in situ. The formed Au NPs
anchored strongly with the functional groups (−COO− and
−OH) of alginate. This helped prevent further assembly,
merging, and aggregation of Au NPs.30 The sizes of Au NPs
were almost constant at different reaction times from 10 to 25
min, indicating that the reactions could be completed within
10 min with the assistance of alginate. At the same time, no
aggregation and precipitation are observed in Figure S5,
reflecting that the addition of alginate could indeed accelerate
the reaction and prevent subsequent aggregation and
precipitation caused by inordinate MWPLP. By comparing
the sizes and size distributions of Au NPs produced in different
concentrations of alginate solution in Figure 2c, the size of Au
NPs gradually decreased with increasing alginate concen-
tration. This is because alginate forms cavities and functions as
a template for the growth of the Au NPs.31 The alginate chains
closer to each other in a higher concentration of alginate
solution would form smaller cavities that could limit the
uncontrollable growth of Au NPs. The size of Au NPs has a
significant impact on their biomedical applications. For
example, for all Au NPs with sizes ranging from 10 to 250
nm, the majority of gold was present in the liver and spleen.35

A clear difference could be observed between the distribution
of the 10 nm particles and the larger particles. The 10 nm
particles are present in various organ systems including blood,
liver, spleen, kidney, testis, thymus, heart, lung, and brain,
whereas the larger particles can only be detected in blood, liver,
and spleen. In addition, the size of Au NPs also affects their
metabolism,36 cytotoxicity,37 and radiosensitization.38 The
sizes of Au NPs changed in a large range (from 41 to 12
nm) based on the concentration control of alginate solution
(from 0.5 to 2.0% (w/v)). Therefore, the size of Au NPs can
be controlled by tuning the concentrations of alginate solutions
for broadening their applicability in a variety of biomedical
applications.
2.3. Formation Mechanism of Au NPs Using MWPLP.

Alginate can accelerate the reaction and all reduction reactions
can complete within 10 min, as evidenced by both results of
UV−Vis spectra and the sizes of Au NPs prepared in alginate
solutions in comparison with that in pure water. To investigate
the formation of Au NPs during the initial stage of the

reaction, Au NPs were collected at 1, 2, 3, 4, and 5 min with an
alginate solution concentration of 2% (w/v) for character-
izations. Figure 3a,b shows the TEM images and average sizes

of Au NPs prepared in alginate solutions (2.0% (w/v)) with
different reaction times. It could be noted that differing from
the Au NPs prepared in water with increasing size over time,
the size of the Au NPs prepared in alginate solutions decreased
in the first 5 min. In Figure 3c, the absorption intensity
increases with reaction time, indicating that Au3+ was gradually
transformed into Au0. The blue shift of the SPR peak in the
first 5 min of the reaction is a result of the breakdown of Au

Scheme 2. Illustration of the Formation Process of Alginate-Stabilized Au NPs

Figure 3. (a) TEM images of Au NPs prepared in alginate aqueous
solutions (2.0% (w/v)) at different reaction times. Scale bars are 50
nm. (b) Average size of Au NPs prepared in alginate aqueous
solutions (2.0% (w/v)) for different reaction times. (c) UV−Vis
spectra of Au NPs prepared in alginate aqueous solutions (2.0% (w/
v)) with different reaction times. (d) TEM images of Au aggregation
with a reaction time of 1 min. (e) Yield of Au NPs prepared in
alginate aqueous solutions (2.0% (w/v)) with different reaction times.
(f) pH of Au NP dispersions with different reaction times. (g)
Mechanism of Au NP formation using MWPLP.
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NPs from their aggregation as found previously (Section 2.1)
and observed in TEM. Interestingly, aggregations with a
diameter of about 100−150 nm were found in the first minute,
as shown in Figure 3d, and disappeared within 2 min. The EDS
result suggests that the aggregation was Au0 (Figure S6). At the
same time, the yield of Au NPs (Figure 3e) calculated based on
ICP data was 96.82% in the first minute, which means that
96% of Au3+ transformed into Au0. The yield decreased and
stabilized at around 85% after 2 min, suggesting that about
11% of Au0 turned back into Au3+. These results imply that Au
NPs may be generated from large gold aggregations during the
reaction. The XRD result (Figure S7) after 25 min reaction
supported the presence of Au. Further, the size of Au NPs was
gradually reduced due to dissolution under the decreasing pH
condition during this process, as shown in Figure 3f. To
validate this process, a low-concentration alginate solution
(1.0% (w/v)) was used to appropriately slow down the
reaction rate. TEM images (Figure S8) show that large-size
aggregations also existed in the early stage of the reaction, and
EDS confirmed the component of the aggregation (Figure S9).
The size of Au NPs also decreased with increasing reaction
time (Figure S10). Based on the results, a schematic diagram
of the proposed formation mechanism of Au NPs is shown in
Figure 3g. Briefly, alginate with the assistance of high
temperature generated by MWPLP shows relatively strong
reducibility30,39 and results in a dynamical instability. The
dynamical instability dramatically accelerates the transforma-
tion of Au3+ to Au0 in a very short time and leads to the
formation of Au atom aggregations. The Au atom aggregations
are in a high-energy state because of the rapid reduction
process. At the same time, alginate is an anionic polymer with
high charge density, and the negatively charged alginate
facilitates the attraction and crack of high-energy Au
aggregations for lower energy.30 After that, the Au atom
aggregations crack into irregular Au NPs, and the reaction will
continue with the presence of microwave-induced plasma and
alginate. Also, the irregular Au NPs gradually become spherical
NPs for thermodynamic stability.40 However, due to the
decrease in pH and the formation of cavities by alginate chains,
which can function as a template for the Au NPs, the size of
the Au NPs decreased and was gradually stabilized. The
formation of Au NPs may therefore be composed of four steps:
(1) formation of Au aggregation due to plasma-enhanced
alginate reduction, (2) crack of Au aggregation for lower
energy and higher stability, (3) consistent plasma processing,
and (4) stabilization of Au NPs because of an alginate
template.

2.4. Effect of Alginate on the Stability of Au NPs.
Figure S11 shows images of Au NPs prepared in pure water on
day 0, day 1, and day 7 and Au NPs prepared in alginate
solutions with different concentrations on day 0 and day 60. It
can be seen that the Au NPs prepared in water aggregated and
precipitated after 1 day, while a part of Au NPs prepared in
alginate solutions precipitated after 60 days and the rest
suspended in alginate solution. Quick aggregation of Au NPs
prepared in pure water is consistent with their small absolute
zeta potential value (−10.80 mV, Figure S3a). Usually, NPs are
considered stable if the zeta potential is more positive than +30
mV or more negative than −30 mV due to electrostatic
repulsions.25,41 As shown in Figure S3a, all Au NPs prepared in
alginate solutions have zeta potentials more negative than −30
mV, which make them stable for much longer time compared
with Au NPs in pure water. The aggregation degree of metal
NPs could also be effectively reflected by changes in the
absorption characteristics, especially the shift of the SPR peak
in the UV−Vis spectra.42,43 If strong aggregation occurred for
Au NPs after a long storage period, a strong red shift of the
SPR peak would be observed in the UV−Vis spectra.30 As
shown in Figure 4, after 60 days, the absorption intensity of Au
NPs prepared in different concentrations of alginate decreased,
indicating that the total amount of Au NPs in dispersions was
reduced. Surprisingly, the blue shift, instead of red shift, of the
SPR peak could be observed, suggesting that the size of Au
NPs in the dispersions after 60 days was smaller than that of
the samples on day 0. Therefore, it can be inferred that after 60
days of storage, mainly large-sized Au NPs precipitated, while
small-sized Au NPs were still suspended in alginate solution.
Compared with Au NPs prepared in pure water, the addition
of alginate can stabilize small-sized NPs and slow down the
precipitation rate of large-sized Au NPs.

2.5. Drying and Redispersion of Au NPs-Alginate
Aqueous Dispersions. Keeping the stability of Au NPs is an
important prerequisite for maintaining their designed functions
and further biomedical applications. The low stability of Au
NPs can complicate their use in biological environments, in
particular, the formation of irreversible aggregations when they
are subjected to physical and chemical changes (e.g., contact
with biofluids, freeze-drying, and ion strength gradients).44

Further, the low stability also complicates various steps of the
manufacturing and shipping processes.45 Up to now, some
compounds such as surfactants46 or cyclodextrin47 have been
used to modify NPs to counter the challenge of instability.48

Despite the advances made with those methods, the challenge
remains in producing highly stable NPs and retaining the long-

Figure 4. UV−Vis spectra of sodium alginate-stabilized Au NP dispersions at 0 day and 60 days after preparation with various sodium alginate
concentrations: (a) 0.5% (w/v), (b) 1.0% (w/v), and (c) 2.0% (w/v).
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term stability of functionalized NPs.49 The strategy of drying
and redispersion was therefore adopted to maintain the
stability and dispersibility of Au NPs. This is based on the
cavities formed by alginate chains that could function as a
template and provide barriers to prevent Au NPs from
contacting each other. From Figure 5, the UV−Vis spectrum
results showed that there was no significant change in the
absorption intensity after drying and redissolution, indicating
that the concentration of Au NPs in dispersions did not
decrease substantially. But the broadening of the SPR peak
implies a slight aggregation of Au NPs. By observing and
analyzing TEM images as shown in Figure 6a, it can be found
that the shape and dispersion of Au NPs have not changed.
From Figure 6b,c, there is no significant change in the size
distributions and average sizes of Au NPs before drying and

after redispersion. These results reveal that the Au NPs
prepared in alginate solutions could aggregate slightly, but the
morphology, dispersion, and size were not significantly affected
after the drying and redispersion process. In addition, the
intravenously injected NPs may be rapidly cleared from the
body by the reticuloendothelial system (RES) and accelerated
blood clearance phenomenon (ABC phenomenon), which
affect the therapeutic effect significantly. For homogeneous
distribution, long-term in situ retaining, and low leakage, the
gelation ability of Au NPs suspended in alginate solution was
studied before drying and after redispersion, as shown in
Figure 7. All alginate solutions with different concentrations
exhibited fluid-like behavior after injection in the buffer with a
physiological concentration of Ca2+ (1.8 mM). With the
increase in concentration to 3.6 mM, alginate-stabilized Au

Figure 5. UV−Vis spectra of sodium alginate-stabilized Au NP dispersions before drying and after redispersion with various sodium alginate
concentrations: (a) 0.5% (w/v), (b) 1.0% (w/v), and (c) 2.0% (w/v).

Figure 6. (a) TEM images, (b) size distributions, and (c) average sizes of Au NPs before drying and after redispersion with various sodium alginate
concentrations. Scale bars, 50 nm.
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NPs rapidly transformed into gels, and the drying and
redissolution process had no effect on the gelation ability of
alginate solutions with different concentrations. Therefore, the
addition of alginate could not only accelerate the reaction and
prevent aggregation and precipitation but also improve the
long-term storage stability of Au NPs and the convenience of
storage or shipping process of a large amount of Au NPs
compared with the Au NPs stored in liquid. The process of
drying and redispersion with alginate as a stabilizing agent
might also provide a new strategy for the long-term storage of
other metal NPs.
2.6. Accelerated Stability Test of Alginate-Stabilized

Au NPs. As defined by the International Council for
Harmonization of Technical Requirements for Pharmaceuticals
for Human Use (ICH), the accelerated stability test is designed
to study the chemical degradation or physical change of a drug
substance or drug product by using exaggerated storage
conditions for predicting the expiration date or lifespan under
the recommended storage conditions. To estimate the long-
term stability, alginate-stabilized Au NPs were kept at 40 °C,

which is the most commonly used accelerated stability storage
condition for drug products within the USA market, for 1, 2, 3,
and 4 month(s) to simulate the storage at 25 °C for 0.5, 1.0,
1.5, and 2.0 year(s). Figure 8 shows the UV−Vis spectrum
results of alginate-stabilized Au NPs with different alginate
concentrations; the negligible change in the absorption
intensity with a broadening SPR peak implies that the amount
of Au NPs nearly remained constant and a minor aggregation
between Au NPs occurred. The shape and dispersion of
alginate-stabilized Au NPs also did not change after being kept
for 4 months, as evidenced by the TEM images shown in
Figures S12−S14. Figure 9 shows that the average sizes of Au

NPs stabilized with various concentrations of alginate are
almost the same after the accelerated stability test. In addition,
after being dispersed in pure water, the alginate-stabilized Au
NPs display an excellent injectability and gelation ability in
Ca2+ buffer, as Figure 10 illustrates. In an extra experiment for

Figure 7. Gelation ability of sodium alginate solutions with
concentrations of (a) 0.5% (w/v), (b) 1.0% (w/v), and (c) 2.0%
(w/v) in Ca2+ buffer before drying (red) and after redispersion (blue).
Ca2+ concentrations: #1: 1.8 mM; #2: 3.6 mM; #3: 5.4 mM; #4: 7.2
mM; #5: 9.0 mM; #6: 10.8 mM; #7: 12.6 mM; #8: 14.4 mM.

Figure 8. UV−Vis spectra of sodium alginate-stabilized Au NPs prepared with various sodium alginate concentrations ((a) 0.5% (w/v), (b) 1.0%
(w/v), and (c) 2.0% (w/v)) after the accelerated stability test.

Figure 9. Average size of sodium alginate-stabilized Au NPs prepared
with various sodium alginate concentrations after the accelerated
stability test. Sodium alginate concentrations: red circle, 0.5% (w/v);
blue square, 1.0% (w/v); green triangle, 2.0% (w/v).

Figure 10. Injectability and gelation performance of sodium alginate-
stabilized Au NPs in Ca2+ buffer (1.8 mM) after the accelerated
stability test.
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evaluating the universality of the drying and redispersion
process on the stability of alginate-stabilized Au NPs after long-
term storage, type I-1 alginate (molecular weight, 1.5 × 106)
was substituted by type I-8 alginate with a higher molecular
weight (molecular weight: 3.2 × 106). TEM (Figures S15−
S17) shows that the I-8 alginate-stabilized Au NPs are
spherical, suggesting that increasing molecular weight of
alginate did not affect the morphology of Au NPs. However,
smaller average sizes and narrower size distributions of Au NPs
are correlated with the increase in the molecular weight of
alginate (Figure 2c and Figures S15−S18). After being kept for
4 months, no apparent changes were observed in the UV−Vis
spectra (Figure S19) and average sizes (Figure S18) of I-8
alginate-stabilized Au NPs. The redispersed I-8 alginate-
stabilized Au NPs have a superb injectability and gelation
ability as well (Figure S20). These results suggest the positive
effect of alginate on the stability of Au NPs, ensuring their
expected performance in practical applications within the
designed lifespan. It is conceivable that the introduction of
alginate and the subsequent drying and redispersion process
could serve as a powerful tool for the long-term storage of
metal NPs. The higher stability of Au NPs stabilized by I-8
alginate than that of I-1 alginate can be ascribed to the higher
viscosity of I-8 alginate and its solution. This can help reduce
the collision, settling, aggregation, and precipitation of Au NPs
during preparation, drying, and redispersion.

3. CONCLUSIONS

In summary, alginate-stabilized Au NPs using MWPLP were
prepared. The introduction of alginate could (1) accelerate the
reaction rate, (2) prevent aggregation and precipitation due to
long time discharge in MWPLP, and (3) provide long-term
stability. The size of Au NPs prepared in different
concentrations of alginate ranged from 41 to 12 nm, indicating
that the concentration of alginate could be used for controlling
the size of Au NPs. An abnormal size change (from large to
small) that is opposite to the typical particle growth in the
bottom-up chemical reduction was observed. A possible
mechanism of the observed phenomenon was proposed
based on dynamical and thermodynamical instability. The
alginate dispersions with Au NPs were dried and redispersed to
evaluate the effect of the drying and redispersion process on
the Au NPs. Results suggest that the process had an
imperceptible effect on the Au NPs in terms of their size
and dispersibility. As a consequence, this strategy might be an
effective technique for the long-term storage of Au NPs and
other metal NPs. The stabilized Au NPs without the addition
of toxic reducing or stabilizing agents can be appropriate for
biomedical applications.

4. EXPERIMENTAL SECTION

4.1. Materials. Tetrachloroauric(III) acid hydrate
(HAuCl4·nH2O, n = 3.7, Kojima, Japan) and sodium alginate
(I-1 (molecular weight, 1.5 × 106) and I-8 (molecular weight,
3.2 × 106), Kimica Corp., Japan) were used as a precursor and
an additive, respectively. All “alginate” described in this paper
without indication is sodium alginate I-1. One gram of
HAuCl4·nH2O (n = 3.7) was dissolved in 100 mL of pure
water to obtain 24.6 mM aqueous HAuCl4. All chemicals were
used as received. Pure water (Organo/ELGA Purelab system,
>18.2 MΩ·cm) was used to prepare solutions for plasma
reaction.

4.2. Apparatus. A schematic illustration of the homemade
microwave-induced plasma apparatus with a reactor is shown
in Scheme 1a. Microwave (2.45 GHz) was emitted from a
magnetron (Micro Denshi UW-1500) and passed through a
power meter, a tuner, a WRJ-2 rectangular waveguide (109.22
× 54.61 mm) to a coaxial adaptor, and a coaxial plasma source
electrode. The coaxial electrode was attached in the middle of
the waveguide, and its front was projected into the chamber.
This electrode terminated with an Y2O3-coated stainless-steel
tip. Contaminations from the electrode were suppressed using
this ceramic-coated electrode, as this electrode material did not
dissolve in the reaction solution during plasma ignition. The
inside of a stainless-steel reactor (500 cm3) was coated with
PTFE. The plasma reaction solution was cooled using a
stainless-steel cooling spiral containing chilled liquid at 0 °C.
The reaction temperature was measured with a thermocouple.
When the microwave output was fixed at 500 W, the reaction
temperature was increased by plasma irradiation, reaching 33
°C after 3 min, and then remained at 33 °C for the duration of
the irradiation. Plasma ignition and the solution during the
plasma reaction can be observed by the eye through a quartz
window. The pressure was decreased using a diaphragm
vacuum pump and measured with a vacuum gauge.

4.3. Preparation of Gold Nanoparticles. The prepara-
tion route is illustrated in Scheme 1c. Aqueous sodium alginate
solutions (0.5, 1.0, and 2.0% (w/v)) were prepared by
dissolving 0.5, 1.0, and 2.0 g of sodium alginate into 100 mL
of water, respectively. Aqueous HAuCl4 solution (24.6 mM;
4.08 mL) was added into 195.92 mL of water to obtain 0.5
mM HAuCl4 solution. The volume ratio of HAuCl4 and
alginate solution was 2:1. The mixed solution was stirred for 3
h for getting homogeneous solutions and then introduced into
the reaction vessel. The prepared Au NPs were labeled with
sodium alginate of different concentrations: 0.5, 1.0, and 2.0%
(w/v). The microwave output was kept at 500 W during the
reaction. The reaction lasted for 10, 20, 30, 40, 50, and 60 min
for the pure water group (Au NPs prepared in pure water) and
10, 15, 20, and 25 min for sodium alginate groups (Au NPs
prepared in alginate solutions).

4.4. Drying and Redispersion of Alginate-Stabilized
Au NPs. After preparation, alginate-stabilized Au NP
dispersions were concentrated by a rotary evaporator (Eyela
N-1300, Tokyo Rikikai Co. Ltd.). Then, the concentrated
alginate-stabilized Au NP dispersions were collected and
transferred to a vacuum oven for further drying. For the
redispersion of alginate-stabilized Au NPs, alginate-stabilized
Au NPs were weighed and dispersed in DI water to the original
concentrations.

4.5. Characterizations. The UV−Vis extinction spectra of
the obtained Au NP dispersions were collected to observe Au
NP formation at different times by using a UV−Vis
spectrophotometer (Shimadzu UV-1800) and a quartz cell
with a 1 cm optical path. During the plasma reaction, 3 mL of
the sample solution was taken directly from the reaction vessel
for each measurement at various reaction times. Transmission
electron microscopy (TEM, JEOL JEM 2000-ES, at 200 kV)
with energy dispersive X-ray spectroscopy (EDS) was used to
analyze the morphology, size, and elemental composition of Au
NPs. The X-ray diffraction (XRD) patterns were collected by
using a Rigaku Miniflex II X-ray diffractometer. For TEM
sample preparation, Au NP dispersion was dropped on
collodion film-coated copper TEM grids and left to be
naturally dried. The particle size and size distribution of
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more than 100 Au NPs were measured from TEM images by
ImageJ (available as freeware from http://rsbweb.nih.gov/ij/).
Concentrations of Au NPs were determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES)
using an ICPE-9000 (Shimadzu) spectrometer. Zeta potentials
of Au NP dispersions were measured by the zeta potential and
particle size analyzer ELSZ-2 (Photal Otsuka Electronics,
Japan). pH values were collected by a pH meter D-55 (Horiba,
Japan).
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(21) Čempel, D.; Nguyen, M. T.; Ishida, Y.; Yonezawa, T. l-
Arginine-Stabilized Highly Uniform Ag Nanoparticles Prepared in a
Microwave-Induced Plasma-in-Liquid Process (MWPLP). Bull. Chem.
Soc. Jpn. 2018, 91, 362−367.
(22) Sato, S.; Mori, K.; Ariyada, O.; Atsushi, H.; Yonezawa, T.
Synthesis of nanoparticles of silver and platinum by microwave-
induced plasma in liquid. Surf. Coat. Technol. 2011, 206, 955−958.
(23) Nishimoto, M.; Tsukamoto, H.; Nguyen, M. T.; Yonezawa, T.
Effects of Additives on the Preparation of Ag Nanoparticles Using the
Microwave-Induced Plasma in Liquid Process. ChemistrySelect 2017,
2, 7873−7879.
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