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ABSTRACT: Drying a suspension of nanoparticles typically
results in the irreversible aggregation of nanoparticles; however,
solutions that contain unstable ingredients are often converted into
dried powders to prolong their shelf lives. In this study, the use of a
combination of a surface-active agent and sugar was investigated
with regard to avoiding the aggregation of nanoparticles during
drying. Suspensions of Au nanoparticles (∼60 nm diameter,
AuNPs) were freeze-dried in the presence of different combina-
tions of various sugars with a surfactant. Sucrose monopalmitate
(SEC16) was mainly used as the surfactant, based on a comparison of antiaggregation effects conferred by various surfactants. The
freeze-dried AuNP suspension was then reconstituted, and the avoidance of AuNP aggregation was then examined. The results
demonstrated that the use of a combination of a small amount of SEC16 and sugar resulted in a greater redispersibility of AuNPs
after freeze-drying than when the individual components were used. Repetition tests of freeze-drying and reconstitution were
conducted. The sucrose/SEC16 mixture was freeze-dried on an electroless-plated Au film and then analyzed by infrared
spectroscopy. Strong interactions between SEC16 and the Au surface were detected, and these interactions appear to play a crucial
role in the antiaggregation of AuNPs during freeze-drying.

■ INTRODUCTION

Gold nano particles (AuNPs) have been extensively investigated
for use in various applications.1−4 AuNPs are frequently
synthesized by bottom-up approaches3,5,6 based on the
reduction of Au(III) ions, which has permitted such particles
to be produced with a narrow size distribution.5,7,8 The unique
optical characteristics of AuNPs have been extensively utilized in
the chemical and biological sensing of a wide variety of analytes
from heavy metal ions to specific virus and cells.9−11 In the
medical field, medical imaging and diagnosis based on AuNPs
are now indispensable,12−14 and there are currently many types
of photodynamicmedical therapies that make use of their optical
and magnetic effects.15−17 The use of AuNPs as redox catalyst
materials also has been known to be quite promising.18−20 Here,
it should be noted that, in all these applications of AuNPs, the Au
particle surface is usually decorated with various materials,
including elements,21−23 functional groups,24−26 peptides,2,27,28

proteins,2,29,30 DNA,31−33 and other materials.2,34

Nano particles inherently suffer from aggregation,3,4 which
results in their surface energies being decreased. This
aggregation is frequently irreversible, which diminishes the
functionality of the particles. Therefore, the stability of
dispersions of nano particles is extremely important. AuNPs
are usually provided in the form of an aqueous suspension that
contains citric acid or a surface-active agent3,4 as antiaggregation

agent(s), which usually does not promise an extraordinary
extension of the shelf life of these materials (less than several
months). Chemical modification of the surface of AuNPs with
certain types of functional groups has been reported to markedly
prolong the storage stability of suspensions of AuNPs.35,36

However, since the surface of AuNPs generally needs to be
chemically or biologically functionalized by the surface
decoration, as mentioned above, the extent of chemical
modification of the AuNP surface needed to maintain
dispersibility should be minimized.
An alternative and promising methodology would be drying

the nanoparticle suspension. Alkilany et al. reported that, when
suspensions of AuNPs were converted into dried powders by
freeze-drying in the presence of sugar as an antiaggregation
agent, these nanoparticles could be resuspended in water
without any significant aggregation.35 However, the added sugar
concentration was 100 mg/mL, which could affect analytical
assays using the AuNPs.35

Received: March 12, 2020
Revised: May 28, 2020
Published: May 28, 2020

Articlepubs.acs.org/Langmuir

© 2020 American Chemical Society
6698

https://dx.doi.org/10.1021/acs.langmuir.0c00695
Langmuir 2020, 36, 6698−6705

D
ow

nl
oa

de
d 

vi
a 

O
K

A
Y

A
M

A
 U

N
IV

 o
n 

Ju
ly

 3
, 2

02
0 

at
 0

3:
07

:0
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hidetaka+Yokota"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miki+Kadowaki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsutashi+Matsuura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroyuki+Imanaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naoyuki+Ishida"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Koreyoshi+Imamura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Koreyoshi+Imamura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.0c00695&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00695?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00695?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00695?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00695?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/langd5/36/24?ref=pdf
https://pubs.acs.org/toc/langd5/36/24?ref=pdf
https://pubs.acs.org/toc/langd5/36/24?ref=pdf
https://pubs.acs.org/toc/langd5/36/24?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00695?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf


On the other hand, in the biopharmaceutical field, the
stabilization of proteins by freeze-drying in the presence of sugar
has been extensively investigated.37−39 Protein molecules often
lose their intact conformations, namely denaturation, during
freeze-drying, in which the aggregation of the deformed protein
results in irreversible protein denaturation.40 The added sugar
forms an amorphous matrix through the dehydration and
subsequently serves to maintain the intact conformation of
protein molecules instead of water.38,41,42 Another function of
an amorphous sugar matrix is to partition the denatured protein
molecules so as to preclude their association and subsequent
aggregation.43 It is also known that the coaddition of small
amounts of a surface-active agent markedly enhances the protein
stabilizing effect of a sugar during freeze-drying.44−46 Direct
interactions between the surface-active agent and the protein
surface have been suggested as a possible factor in enhancing the
protein stabilizing effect of a sugar45 andmay possibly contribute
to avoiding protein aggregation; however, their formation has
not been experimentally proved.
According to these findings regarding protein stabilization

during freeze-drying, the use of a combination of a sugar and a
small amount of a surface-active substance may be promising for
avoiding the aggregation of Au nanoparticles and for possibly
reducing the total amount of antiaggregation additive from the
amount needed when adding sugar alone. Hence, this study
reports on the effectiveness of a surfactant/sugar binary additive
system in avoiding the aggregation of Au nanoparticles during
freeze-drying. An aqueous AuNP suspension was first freeze-
dried in the presence of various substances, including sugars and
surfactants, and the extent of aggregation was then determined
upon reconstitution with water. On the basis of preliminary
findings, a sucrose monopalmitate ester was mainly used as a
surface-active coadditive with a sugar additive, and the AuNP
antiaggregation effect during freeze-drying in the presence of
different types of sugars was then investigated. Furthermore, the
interactions of the molecular species (the sugar and/or
surfactant) with the Au surface in the freeze-dried AuNP
suspension were analyzed by surface-enhanced infrared
absorption spectroscopy (SEIRAS)47,48 in order to examine
the mechanism of this remarkable AuNP antiaggregation caused
by using a combination of a sugar and a surfactant.

■ MATERIALS AND METHODS
Materials. Suspensions of AuNPs, having a mean diameter of ca. 60

nm (BBI Solutions, Cardiff, UK), were used in this study. The surfaces
of the AuNPs were covered with carboxylic groups of citric acid
molecules49 and suspended in pure water at a concentration of 2.6 ×
1010 particles/mL. Additionally, 12 types of surfactants and 11 types of
sugars were examined as possible antiaggregation constituents of the
binary additive combination (Table 1). All of these substances were of
reagent grade and were used in the experiments without further
purification.
Freeze-Drying of a AuNP Suspension. The AuNP preparation

was diluted with an aqueous solution containing either a sugar, a
surfactant, or a combination thereof to give a final AuNP concentration
of 1.3 × 1010 mL−1. The final concentrations of sugar and surfactant
ranged from 0.2 to 20 mg/mL and from 2 and 200 μg/mL, respectively.
Aliquots of 400 μL of the AuNP/additive mixture were transferred to
glass test tubes (4 mm in diameter) and immediately frozen in liquid
nitrogen, followed by freeze-drying using an EYELA freeze-dryer F5D
(EYELA Co., Tokyo, Japan) for 24 h. During freeze-drying, the glass
test tubes were placed in an evacuated glass container (a 500 mL freeze-
drying bottle) and lyophilized at room temperature (23 ± 2 °C). The
temperature and pressure of the vapor trap were −55± 3 °C and 7−15
Pa, respectively. The freeze-dried AuNP/additive samples were

reconstituted with pure water to the same volume as before the
freezing and were used in analyzing the redispersibility of AuNPs in
water, as described below. Alternatively, the freeze-drying and
reconstitution of the AuNP suspension was repeated for up to 10
times. The redispersibility of the AuNPs in water was evaluated after
each cycle. Furthermore, some of the freeze-dried AuNP/additive
mixtures were stored in a vacuum desiccator over P2O5 at 25 °C for 0−
120 days.

Evaluation of Aggregation of AuNPs. The absorbance of the
reconstituted AuNP suspensions with and without additive(s) was
measured at 530 and 780 nm (A530 nm and A780 nm, respectively)

50 by a
UV−vis spectrometer (Shimadzu Co., Kyoto, Japan). The absorption
intensity ratio,A530 nm/A780 nm, was taken as the degree of aggregation of
the AuNPs, i.e., the so-called aggregation index (AI).50 The
measurement of the AI value was at least triplicated for each
experimental condition.

Table 1. Surfactants and Sugars Used in This Study46

additives (abbreviation) MW cat. no.
CMC
(mM)

sucrose caprylate ester (SEC8) 469 Calbiochema

494466
24.4

sucrose caprate ester (SEC10) 497 Calbiochema

252721
2.5

sucrose laurate ester (SEC12) 525 Calbiochema

324374
0.3

sucrose palmitate ester (SEC16) 581 Gifted from
Mitsubishi
Chemical
Foodsb

0.004
sucrose stearate ester (SEC18) 609 0.010

n-octyl-ß-D-glucopyranoside
(GluC8)

292 Calbiochema

494459
∼20

n-decyl-ß-D-glucopyranoside
(GluC10)

320 Affymetrixc

152−483
2.2

n-octyl-ß-D-maltopyranoside
(Malt8)

455 Dojindod

82494−08−4
1.95

sodium dodecyl sulfate (SDS) 288 Sigma-Aldriche

71719
8.2

polyoxyethylene (20) sorbitan
monolaurate (Tween 20)

1228 Sigma-Aldriche

P7949
0.06

3-[(3-cholamidopropyl)
dimethylammonio]
propanesulfonate (CHAPS)

615 Sigma-Aldriche

226947
8.0

polyetheylenglycol 20000 (PEG
20k)

2 × 104 Nacalai Tesquef

28223−85
sucrose 342 Wakog

196−00015
α-maltose 342 Wakog

130−00615
trehalose 342 Wakog

204−18451
palatinose 342 Wakog

161−12995
maltitol 344 Wakog

636−00461
raffinose 504 Wakog

180−00012
dextran MW 1500 (Dex 1.5k) 1500 Sigma-Aldriche

31394
dextran MW 17000 (Dex 17k) 1.7 × 104 Polyscienceg

01341−100
dextran MW 70000 (Dex 70k) 7.0 × 104 TCIh D1449
dextranMW 500000 (Dex 500k) 5.0 × 105 Sigma-Aldriche

31392
dextran MW 2000000 (Dex
2000k)

2.0 × 106 Sigma-Aldriche

95771
aCalbiochem Co. (San Diego, CA). bMitsubishi Chemical Foods Co.
(Tokyo, Japan). cAffymetrix Inc. (Santa Clara, CA). dojindo Lab.
(Tokyo, Japan). eSigma-Aldrich Co. (St. Louis, MO). fNacalai Tesque
Inc. (Kyoto, Japan). gWako Pure Chemistries Ltd. (Tokyo, Japan).
hTokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
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Dynamic Laser Scattering Analysis. The zeta potentials of the
AuNPs in the water-reconstituted suspension as well as the suspension
before freeze-drying were measured. A quartz cuvette (1 × 1 × 4 cm3)
with four transparent sides was filled with 3mL of the AuNP suspension
and then placed in a dynamic light scattering analyzer ELSZ-D (Otsuka
Electronics Co., Ltd., Osaka, Japan). The analyzer measures the
Doppler shift of the laser light scattered by the colloidal particles in an
electrical field to obtain their electrophoretic mobility. The zeta
potential for each experimental condition was determined as the
average of three independent measurements. The error range was also
calculated as the standard deviation.
Surface Enhanced Infrared Absorption Spectroscopy of a

Freeze-Dried Sugar/Surfactant Mixture. In order to analyze the
interactions in the Au surface, the sugar/surfactant mixed solutions
were freeze-dried on the Au film, and IR spectra were then collected by
Fourier transform IR spectroscopy (FTIR) with the aid of a SEIRAS
technique.47,48 Namely, a hemispherical Ge prism was first detached
from the sample stage of the attenuated total reflection (ATR)
measurement accessory (ATRPRO400-S, JASCO Co., Tokyo, Japan)
and sonicated in 0.1 M H2SO4 for 20 min. The reflection surface of the
Ge prism was then immersed in a 0.5 wt % AuNaCl2 solution and
subsequently covered with gold particles having a submicrometer size51

by nonelectrolytic plating. The Au film on the Ge prism was rinsed with
distilled water for 30 min and, after being sufficiently dried, reinstalled
in the sample stage. The sample stage was mounted on the ATR
accessory equipped in the FTIR spectrometer (FT/IR 4600, JASCO
Co.), and an IR background spectrum was then measured from 650 to
4000 cm−1 at a 4 cm−1 resolution with 64 accumulated scans.
Thereafter, the sample stage having the Au-coated Ge prism was again
detached from the ATR accessory, and 50 μL of the aqueous solution
containing sugar (sucrose) and/or surfactant (SEC16) was placed on
the Au film. The ATR sample stage was stored for 1 h in a freezer (−20
°C) to freeze the sugar/surfactant solution on the sample stage and then
freeze-dried overnight using the same freeze-drying system as described
above. Finally, IR spectra of freeze-dried sugar/surfactant mixture on
the Au film as well as solely freeze-dried sugar were obtained, as
described above. The SEIRAS measurement was at least duplicated for
each experimental condition.

■ RESULTS
Anti-Aggregation Effects of Various Additives on

AuNPs during Freeze-Drying. Figure 1 shows the
aggregation indexes (AIs) of the AuNPs suspension that was
freeze-dried in the presence of various sugars and then
reconstituted with water. As shown in Figure 1, the aggregation
of the AuNPs was substantially avoided by the addition of
dextrans, but significant AuNP aggregation was detected for the
other sugars, at concentrations equal to and below 2.0 mg/mL,
as evidenced by the markedly high AI values.
The AI values of the reconstituted AuNP suspensions that had

been freeze-dried in the presence of different types of surfactant
were measured as a function of the surfactant concentration
(Figure 2). As shown in Figure 2, all of the tested surfactants
exerted a marked antiaggregation effect on AuNPs, the extent of
which decreased with decreasing surfactant concentration.
Monoesters of sucrose, SEC12−18, prominently preserved the
redispersibility of AuNP through freeze-drying, with an added
concentration of 20−200 μg/mL.
The addition of citrate had a negligible effect on improving

the AI values (Figure 1), and SDS also exhibited a comparatively
low antiaggregation effect in the tested concentration range (2−
200 μg/mL) (Figure 2). This may occur when negatively
charged citric acids on the AuNP surface49 repulse anionic SDS
molecules. On the other hand, judging from the contents of
Figure 2, citric acid molecules on the AuNP surface do not
appear to interfere with the antiaggregation effect of neutral
surfactants.

Anti-Aggregation Effect of Combinations of the
Sugar/Surfactant on AuNPs. Binary additives of the sugar
and surfactant were investigated for their ability to avoid AuNP
aggregation during freeze-drying (Figure 3). As a representative
surfactant, SEC16 was used, since it is highly compatible with
sugars in the dried state52 and leaves adequate room for further
improvement in the AuNP antiaggregation effect at a

Figure 1. Aggregation indexes of the freeze-dried AuNPs suspension in
the presence of various sugars. The concentration of sugar additive was
usually 2.0 mg/mL. The AI values for the 2.0 mg/mL citrate (meshed),
0.2 mg/mL Dextran (MW 70k (hatching bar)), and absence of any
additive (black) are also shown. Error bars represent the standard
deviation (n = 3−6) obtained for each condition.

Figure 2. Aggregation indexes of a AuNP suspension that was freeze-
dried in the presence of different surfactants as a function of the additive
concentration. Error bars represent the standard deviation (n = 3−6)
obtained for each condition.
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concentration of 20 μg/mL (Figure 2). As a sugar, sucrose was
employed. As shown in Figure 3, AuNP aggregation was nearly
completely avoided when either sucrose (≥20 mg/mL) or
SEC16 (≥200 μg/mL) were added. It should be noted that the
combination of sugar/surfactant determines the total amount of
the additive required to achieve a sufficient antiaggregation
effect on AuNPs (AI < ca. 0.1). Namely, when the
concentrations of sucrose and SEC16 are 2 mg/mL and 20
μg/mL, respectively, no significant AuNP aggregation is
observed, as shown in Figure 3.
Figure 4 compares the contribution of different types of sugar,

as a combination partner of SEC16, for avoiding the freeze-
drying-induced aggregation of AuNPs. Most of the combina-
tions of sugars with SEC16 showed a significantly high
antiaggregation effect of AuNPs at the given composition.
This demonstrates the effectiveness of the use of a sugar/
surfactant combination in avoiding the aggregation of AuNPs
during freeze-drying, similar to the effect of such a material in
preventing protein molecules from undergoing denaturation
due to freeze-drying.44−46

The DLS analysis indicated that the zeta potential of the
AuNPs in an aqueous solution was−41.5± 7.2 mV, irrespective
of the presence or absence of additives (2 mg/mL sucrose and/
or 20 μg/mL SEC16). Freeze-drying in the presence of a
combination of sucrose/SEC16 had no effect on the zeta
potential of the AuNPs in the reconstituted suspension (−43.6
± 1.8 mV). These results indicate that the sugar and surfactant
do not remain on the surface of the resuspended AuNPs and
therefore do not alter the surface characteristics.
The use of a combination of a sugar and a surfactant has been

utilized to encapsulate and stabilize oil droplets53 and drug
nanocrystals54 that have hydrophobic surfaces, in which the
surfactant component is added largely to stably disperse the
hydrophobic particles in the solvent. On the other hand, the
AuNP surface is clearly hydrophilic, and as described above, no
AuNP−SEC16 interaction was observed in the aqueous
suspension before and after freeze-drying. Nevertheless, the
combination of the sugar and surfactant strongly exerts an
antiaggregation effect on the AuNPs during freeze-drying and
storage, suggesting the existence of a specific mechanism or
process underlying the stabilization of the dispersion of
hydrophilic AuNPs.
The redispersibility of freeze-dried AuNPs in the presence of

the sugar/surfactant combination after storage was examined,
and the results are shown in Figure 5. The AI value for the freeze-

dried AuNP suspension remained unchanged, even after storage
for 6months. This demonstrates that the solidification of AuNPs
with the sugar/surfactant mixture prolongs the shelf life of the
AuNP dispersion, as would be expected. Namely, embedding the
AuNPs in the solid matrix may preclude their movements, which
would be required for them to become associated with one
another and subsequently undergo aggregation.
In this study, the influence of the repetition of freeze-drying

and water reconstitution of AuNP suspensions on the
redispersibility of AuNPs was also investigated (Figure 6). As
shown in Figure 6, the aggregation of AuNPs becomes more
significant, even in the presence of the sugar/surfactant
combination with repeated freeze-drying/reconstitution, while
the AI value is only slightly increased after the first cycle.
As shown in Figure 4, in the presence of the sugar/surfactant

combination, a single cycle of freeze-drying and water-
reconstitution of AuNPs resulted in only slight aggregation.
However, the aggregation of nanoparticles is often an
irreversible process, and the surface of the aggregates may
serve as growth sites for further aggregation. As a result, the
aggregation of AuNPs is generally thought to autocatalytically
proceed by the repetition of the freeze-drying/reconstitution
cycle, as shown in Figure 6.

SEIRAS Analysis of the Au Surface in Contact with the
Freeze-Dried Sugar/Surfactant Mixture. Figure 7 shows IR
spectra for a freeze-dried mixture of sucrose and sucrose mono

Figure 3.Aggregation indexes of a freeze-dried AuNP suspension in the
presence of combinations of a sugar (sucrose) and a surfactant
(SEC16) as a function of the concentration.

Figure 4. Aggregation indexes of a freeze-fried AuNP suspension in the
presence of sugar/surfactant combinations. SEC16 was used as the
surfactant. The concentrations of sugar and SEC16 were 2.0 mg/mL
and 20 μg/mL, respectively. The AI values for the SEC16 (20 μg/mL,
hatching), sugars (2.0 mg/mL, open), and absence of any additives
(black) are also shown. Error bars represent the standard deviation (n =
3−6) obtained for each condition.
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ester (1 wt % SEC16) on a Au film as well as for solely freeze-
dried sucrose. As shown in Figure 7, the amorphous sucrose
containing SEC16 shows a significant absorption at around 1720

cm−1 due to the carbonyl groups in the SEC16. No IR
absorption at around 1720 cm−1 was observed for the sucrose/
SEC16 mixture on the bare Ge prism without a Au film coating.

Figure 5. Aggregation indexes of a freeze-dried AuNP suspension in the presence of sugar/surfactant combinations during storage under vacuum.
SEC16 was used as the surfactant, and the concentrations of sugar and SEC16 were 2.0 mg/mL and 20 μg/mL, respectively. The freeze-dried AuNP
suspensions were stored in a vacuum desiccator over P2O5 at 25 °C. The AI value for the absence of any additive is represented as gray lines. Error bars
represent the standard deviation (n = 3−6) obtained for each condition.

Figure 6.Changes (increases) in AI values for a AuNP suspension with repeated freeze-drying and water-reconstitution. Freeze-drying was conducted
in the presence of a combination of sugar/SEC16 or sugar alone. The concentrations of sugar and SEC16 were 2.0 mg/mL and 20 μg/mL, respectively.
Error bars represent the standard deviation (n = 3−6) obtained for each condition.

Figure 7. (a) IR spectra of a sugar/surfactant mixed solution and a sole sugar, freeze-dried solution on the Au-coated layer. The Au-coated layer was
electrolessly plated on the sample-contacting surface of the Ge prism for the single bound attenuated total refection (ATR) measurement. For
comparison, the IR spectrum of the freeze-dried sucrose/SEC16 mixture on the ATR sample contacting the surface without Au-coating is also shown.
The concentrations of sucrose and SEC16 were 2.0 mg/mL and 20 μg/mL, respectively. (b) Close-up of the IR spectra between 1600 and 1800 cm−1.
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In principle, the IR absorption of a species in the vicinity of the
Au surface is enhanced in the SEIRAS measurement.47,48 These
collective findings suggest that the SEC16 molecules are
localized on the Au surface and thus possibly have a strong
affinity for the Au surface.
As shown in Figure 7, on the whole, the IR absorption for the

SEC16 mixture with sucrose was much more intense than that
for the solely freeze-dried sucrose. This can be explained as
follows: As indicated above, SEC16molecules would have a high
affinity for the Au-surface and are also naturally compatible with
sucrose. Therefore, in freeze-drying the sucrose/SEC16 mixture
on the Au film, the SEC16molecules would cover the Au surface
and serve as a bridge between the Au surface and the
surrounding sucrose molecules. Consequently, the amount of
species in the vicinity of the Au surface would be increased, and
the IR absorption due to sucrose would also be correspondingly
increased as well as those due to SEC16. In contrast, in the
absence of a coadditive with an affinity for both the sugar and Au
surface, a freeze-dried amorphous matrix solely composed of
sucrose would not be kept in contact with the Au surface.
Consequently, there would be essentially no Au-surface
proximal molecules (sucrose) to absorb the infrared radiation
in the case where the surfactant was not present (Figure 7).

■ DISCUSSION
The larger sized molecules generally form a more highly
networked matrix, as indicated by higher the Tg and viscosity.
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Accordingly, freeze-drying the AuNP suspension in the presence
of dextran or PVP produces a highly networked matrix, which
may more greatly preclude the movement and consequent
aggregation of AuNPs during freeze-drying than in the case of
freeze-drying with oligosaccharides (Figure 1) or PVP (Figure
2). The markedly high AI value for a 0.2 mg/mL solution of
dextran (Figure 1) is considered to be because the added dextran
is too dilute to form a sufficient networked matrix.
Alternatively, the AI values were measured for a AuNP

suspension that had been frozen in a −20 °C freezer in the
presence of 20 μg/mL SEC16 and 2.0 mg/mL disaccharide. As a
result, the AI values for the case of slow freezing (−20 °C
freezer) were higher than those for the case of normal quick
freezing (−197 °C liquid nitrogen), but the differences were
approximately 0.15 (−) (sucrose/SEC16:0.093 ± 0.037
(quick)→0.243 ± 0.051 (slow); α-maltose/SEC16:0.122 ±
0.058 (quick)→0.269 ± 0.030 (slow); palatinose/SEC16:0.109
± 0.040 (quick)→0.232 ± 0.035 (slow)). Considering these
results, the order of the antiaggregation effect among the
individual and combinations of sugar and SEC16 would not be
altered, irrespective of the freezing conditions (−197 °C or−20
°C) used. Accordingly, slow freezing (−20 °C freezer),
employed in the SEIRAS analysis, is considered to qualitatively
involve the same antiaggregation mechanism as the normal
quick freezing mechanism (−197 °C liquid nitrogen).
During the freeze-drying of a AuNP suspension in the

presence of an antiaggregation additive, the initial freezing step
concentrates AuNPs as well as the additive molecules in the
regions between the ice crystals. Following the sublimation of ice
water under vacuum, the freeze-concentrated additive/AuNP
matrix releases the bound water molecules and is finally
converted into a glassy solid state when the drying is complete.
In these freeze-drying processes, the AuNPs are in close
proximity to each other and therefore are susceptible to
undergoing aggregation. Here, a higher additive concentration
would naturally reduce the frequency of encounters between

AuNPs because of the increased interparticle distances.
Accordingly, a high avoidance of AuNP aggregation would be
achieved, even by the addition of only a sugar when the additive
content is sufficient (∼20 mg/mL) (Figure 3). A highly
networked matrix such as that of a polysaccharide would also
be expected to effectively reduce the frequency of encounters of
AuNPs in the freeze-drying processes, as mentioned above. On
the other hand, the affinity (compatibility) of the Au surface for
the additive molecules may be another factor in keeping the
AuNPs dispersed in the freeze-concentrated and freeze-dried
sugar matrix. Namely, when the Au surface has no affinity for the
additivemolecules (e.g., sucrose), the AuNPs would be excluded
from the glassy additive matrix, thus decreasing the surface area
that would be in contact with the additive matrix. In the sucrose/
SEC16 binary system, the SEC16 is generally assumed to cover
the surfaces of the AuNPs (Figure 7) and thus provides the sugar
(sucrose) affinity to the AuNP surface. Therefore, the AuNPs
may be covered with sugar molecules, which would serve as the
boundary barriers between each AuNP. This may be the reason
for why the combination of a sugar and a surfactant is so effective
in allowing the AuNPs to avoid aggregation during freeze-
drying, even when the sugar content is considerably low (∼2
mg/mL), as shown in Figures 3 and 4.
Similar interpretations may also hold for the protein

stabilization by the sugar/surfactant combination during
freeze-drying.44−46 Namely, when surfactant molecules interact
with protein molecules (to the degree where the protein
denaturation does not occur), the protein molecules may be
individually wrapped with sugar molecules and would therefore
be separated from one another during freeze-drying. As a result,
the protein molecules, which are more or less denatured due to
freeze-drying, would not likely undergo aggregation and thus
irreversibilization of denaturation.44−46

■ CONCLUSION
The addition of a sugar and a small amount of a surfactant to a
protein solution has been reported to highly stabilize the protein
against the denaturation and subsequent aggregation during
freeze-drying. In this study, the use of a combination of a sugar
and a surfactant was tested for avoiding the aggregation of
nanoparticles during the freeze-drying of a suspension. A
suspension of gold nanoparticles (AuNPs) was freeze-dried in
the presence of various additives, and the extent of aggregation
of the AuNPs upon reconstitution with water was examined.
Many of the tested additives allowed the AuNPs to avoid
aggregation during freeze-drying when the additive content was
sufficiently high (∼tens of milligrams per milliliters). The
amount of the additive required for largely avoiding the
aggregation of AuNPs was significantly reduced when a
combination of a sugar and a small amount of surfactant
(∼0.01 g of surfactant/g of sugar) was used. The dispersibility of
AuNPs could be maintained for at least 120 days by freeze-
drying in the presence of the sugar/surfactant combination while
the repetition of freeze-drying and water-reconstitution caused a
marked increase in the aggregation of AuNPs, even in the
presence of a sugar/surfactant combination. A surface enhanced
infrared spectroscopic (SEIRAS) analysis was carried out on the
Au film, in which an aqueous sucrose solution containing
sucrose monopalmitate (SEC16) as a surfactant had been
freeze-dried. Results indicated the existence of preferential
interactions between SEC16 and the Au film. On the basis of
these findings, we conclude that the antiaggregation effect of the
sugar/surfactant combination during the freeze-drying of AuNP
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suspensions is achieved when the surfaces of the Au particles are
covered with a sugar-compatible surfactant and are stably
wrapped with an amorphous sugar barrier that serves to separate
each particle. Namely, increasing the affinity of the antiag-
gregation additive for the particle surface may be another
strategy for enhancing the antiaggregation characteristics of
nanoparticles during drying concentration, in addition to
increasing the amount of additive being used.
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