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ABSTRACT: High salt (NaCl) consumption is critical for many healthy problems, e.g., high blood pressure, heart attack, and
stroke. Nanosized NaCl particles hold great promise for reducing salt intake; however, they suffered from deliquescence due to
their large surface area. We report a facile yet general strategy for the preparation of NaCl nanoparticles (nanosalts) with
controllable sizes and moisture resistance property by using biocompatible polymers, such as polyethylene glycol,
polyvinylpyrrolidone, polypropylene glycol, polylactic acid, polycaprolactone, and copoly(oxyethylene/oxypropylene/oxy-
ethylene) via supramolecular ion−dipole interaction. The size can be tuned in a range of 100−160 nm by changing the
molecular weight or concentration of polymer ligands. Nanosalts protected by polymers showed faster dissolution rate and
better moisture resistance compared with microsized NaCl particles without polymer ligands. This work promotes the future
development of nanosalts for food and industrial applications to improve human health.
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■ INTRODUCTION

High intake of salt (NaCl) contributes to high blood pressure
and increases the risk of cardiovascular disease and stroke.1 The
maximum level of salt intake recommended by theWorldHealth
Organization is 5 g/day for adults. However, most people
consume 9−12 g/day, which is twice the standard intake in
certain areas. Reducing salt intake could therefore be an
important target for improving public health. The high intake of
salt is partially caused by their large sizes (millimeter scale) and
low compatibility with food matrix. It has been showed that 70−
95% of salt powders remain in the food matrix even after being
swallowed but without being perceived.1,2 Reducing the particle
size of salt could increase its surface area, leading to an increased
dissolution rate in saliva and more efficient transfer of Na ions to
taste buds and, hence, a saltier perception of foods.3−7

A number of strategies have been attempted to fabricate
micro- or nanoscale NaCl,8−12 including grinding,13−15 laser
ablation,13,16 vapor drying,17−19 nanospray drying,7 electrospray
techniques,20 and a cryochemical method.21 In addition,
different morphologies of NaCl crystals with uniformmicroscale
sizes have been synthesized by controlled precipitation of NaCl
in organic solvents.22,23 However, the NaCl particles produced
through these methods would be difficult to store due to the
caking property of NaCl as a result of the lack of surface ligand
protection, which limited its further application. In order to
balance the property of fast dissolution rate and deliquescence
proof capability, a polymer layer coating on the NaCl
nanoparticles (NPs) should be highly desired.
Herein, we report a facile yet general strategy for the

preparation of NaCl NPs (nanosalts) with controllable size.
Nanosalts with average sizes in the range of 100−160 nm were
synthesized by controlled precipitation of NaCl in poor organic
solvents under ultrasonication in the presence of biocompatible
polymers, e.g., polyethylene glycol (PEG). The PEG ligands are
binding the surface of nanosalts via supramolecular ion−dipole

interaction, provide good dispersibility and moisture resistance
in humid environment with a relative humidity (RH) of up to
75%, and meanwhile do not affect the dissolution rate. The
synthesized nanosalts exhibit a faster dissolution rate and better
moisture resistance than microsized salt without protection by
polymers. This synthetic method is also adaptable for other
biocompatible polymers, such as polyvinylpyrrolidone (PVP),
polypropylene glycol (PPG), polylactic acid (PLA), polycapro-
lactone (PCL), and copoly(oxyethylene/oxypropylene/oxy-
ethylene) (Pluronic F127).

■ MATERIALS AND METHODS
Materials. Sodium chloride (NaCl, AR, ≥99.5%), methanol (AR,

≥99.5%), and dichlormethane (DCM, AR, ≥99.5%) were purchased
from Beijing Chemical Works. Tetrahydrofuran (THF, HPLC grade,
≥99.9%) was purchased from Fisher Chemical. Trimethyl carbinol
(AR, ≥99.5%) and PEG (number average molecular weight, Mn = 4.0
and 6.0 kg/mol) were purchased from Tianjin Huadong Chemical
Works. PEG (Mn = 2.0, 5.0, and 10.0 kg/mol), Pluronic F127 (Mn =
12.0 kg/mol), and PVP (Mn = 58.0 kg/mol) were purchased from
Sigma-Aldrich. Food-grade PEG (Mn = 10.0 kg/mol) was purchased
from MIKI Corp. in Japan. PLA (Mn = 40.0 kg/mol) and PCL (Mn =
80.0−100.0 kg/mol) were synthesized from the Changchun Institute of
Applied Chemistry. All chemicals were used in the experiments without
further purification.

Synthesis of Nanosalts@PEG. For a typical synthesis of nanosalts,
a NaCl-saturated methanol solution (170 μL, 0.17 M) was rapidly
injected into 5.0 mL of a PEG solution in THF (10.0 kg/mol, 100 mg/
mL) under sonication at room temperature. The solution became white
and cloudy immediately, indicating formation of nanosalts (average size
of 117.0 ± 17.3 nm). The nanosalts were then washed four times with
THF at 8000 rpm for 10 min.

Received: March 28, 2019
Revised: May 10, 2019
Accepted: May 21, 2019
Published: May 22, 2019

Article

pubs.acs.org/JAFCCite This: J. Agric. Food Chem. 2019, 67, 6569−6573

© 2019 American Chemical Society 6569 DOI: 10.1021/acs.jafc.9b01927
J. Agric. Food Chem. 2019, 67, 6569−6573

D
ow

nl
oa

de
d 

vi
a 

C
H

A
N

G
C

H
U

N
 I

N
ST

 O
M

P 
on

 J
un

e 
22

, 2
02

0 
at

 0
6:

19
:1

3 
(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.

pubs.acs.org/JAFC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.9b01927
http://dx.doi.org/10.1021/acs.jafc.9b01927


Synthesis of Nanosalts with Other Biocompatible Polymers.
The procedures were the same as the synthesis of the nanosalts@PEG
described above, except for PVP in trimethyl carbinol (Mn = 58.0 kg/
mol, 50 mg/mL), PPG in tetrahydrofuran (Mn = 4.0 kg/mol, 50 mg/
mL), PLA in dichloromethane (Mn = 40.0 kg/mol, 50 mg/mL), PCL in
dichloromethane (Mn = 80.0−100.0 kg/mol, 50 mg/mL) and F127 in
tetrahydrofuran (Mn = 12.0 kg/mol, 50 mg/mL).
Characterization. Transmission electron microscopy (TEM)

images were acquired by a Hitachi-800 transmission electron
microscope operating at 175 kV on carbon-coated TEM grids. High-
resolution transmission electron microscopy (HRTEM) images were
taken on a JEM-2100F at 200 kV, and point-to-point resolution of this
HRTEM is 0.5 nm. Scanning electron microscopy (SEM) images were
obtained in a Hitachi SU2080 scanning electron microscopy. X-ray
diffraction (XRD) was obtained by a PANalytical B.V.-Empyrean
operating at 60 kV and 60 mA, using Cu Kα target. Fourier transform
infrared (FTIR) spectra were measured by a Bruker VERTEX 80 V
spectrometer; the samples were dropped on the KBr substrate. X-ray
photoelectron spectroscopy (XPS) was obtained by PREVAC sp.z.0.0
R3000 high resolution ultraviolet photoemission spectroscopy; the
samples were dropped on ITO and dried at room temperature. Due to
the poor electrical conductivity of NaCl, the sample of nanosalts@PEG
should be thin enough.

■ RESULTS AND DISCUSSION
Characterization of NaCl NPs.NaClNPs were synthesized

by mixing a methanol solution of NaCl with a poor solvent for
NaCl (i.e., THF) under ultrasonication in the presence of PEG
(analytic grade: Figures 1 and S1; food grade: Figure S2) or

other biocompatible polymers, which allow controlled crystal-
lization of NaCl into colloidal NPs. Figure 1a and 1b shows the
representative transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) images of the as-prepared
cubic nanosalts using this approach with PEG ligand,
respectively. The energy-dispersive spectrum mapping analysis
of NPs confirms a uniform distribution of Na and Cl across the
whole NP (Figure S3). These NaCl nanocubes have a slightly
truncated cubic shape with a mean edge length of 151.7 ± 29.0
nm. The dynamic light scattering (DLS) result of nanosalts in
THF solution shows a single sharp peak with an average
hydrodynamic diameter of 197.8± 24.8 nm (Figure S4a), which
is consistent with the TEM results. Figure 1c shows the

macroscopic solid powder of nanosalts (average size of 151.7 ±
29.0 nm) and microsized NaCl (average size of 106.6 ± 43.2
μm) with the same weight of 100 mg. Compared with
microsized salts, nanosalts are fluffier and 2.5 times larger in
volume. The content of PEG in nanosalts is about 1.2 wt % as
determined by the thermogravimetric analysis data (Figure
S4b), which is equal to a grafting density of 0.08 chains/nm2,
similar to the value of PVP-grafted silver NPs.24

The crystalline nature of the NaCl nanocubes was confirmed
by X-ray diffraction (XRD). Figure 1d shows the XRD pattern of
nanosalts synthesized with PEG. The XRD peaks of 31.61,
45.36, and 66.16 degrees are assigned to the (200), (220), and
(400) crystallographic planes, respectively. Remarkably, the
peak intensity ratios of (200)/(111) and (400)/(111) are much
higher than those of bulk crystals, indicating that the nanosalts
are abundant with {100} facets, which is consistent with the
TEM observation. The cubic shape of NaCl nanocrystal is
attributed to the preferential binding of PEG to {100} facets
compared to other facets, resulting in suppression of the growth
in the ⟨100⟩ directions. Moreover, the square symmetry of the
selected area electron diffraction (SAED) pattern further
confirms that the NaCl nanocube synthesized with PEG is a
single crystal bounded mainly by {100} facets, matching well
with the XRD results.

Size Control. PEG ligand is critical for the preparation of
nanoscale NaCl particles. Without PEG, NaCl particles (an
average size of 51.9 ± 9.8 nm) were formed using the same
method, but they rapidly fused into large aggregates with
irregular morphology within 30 min after being synthesized
(Figure S5). Both the molecular weight and the concentration of
PEG ligands play important roles in controlling the growth of
nanosalts. Tuning the molecular weight of PEG allows for
control of the interaction strength between PEG ligand and
NaCl, which subsequently affects the nucleation number of
NaCl in the initial stage of the growth process and, consequently,
controls the dimensions of the produced nanosalts. For example,
under the same concentration of PEG (50 mg/mL), the size of
nanosalts can be tuned from 160.0± 27.8 to 100.0± 12.1 nm by
increasing the molecular weight of PEG from 2.0 to 5.0 kg/mol
(Figure 2a−c). However, the average size of nanosalts did not

Figure 1. (a) TEM and (b) SEM image of nanosalts. (c) Optical photo
of nanosalts (left) and microsized salt (right) with the same weight of
100 mg. (d) XRD patterns of the NaCl nanocubes (red) and bulk NaCl
crystals (green). (Inset of d) SAED pattern of an individual nanosalt.

Figure 2. TEM images of the NaCl nanocubes synthesized with
different molecular weights of PEG: (a) 2.0, (b) 5.0, and (c) 10.0 kg/
mol. (d) Size control curve of NaCl nanocubes with different molecular
weights of PEG.
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show significant changes when the molecular weight was
increased from 5.0 to 10.0 kg/mol (Figure 2d). When the
molecular weight of PEG was smaller than 2.0 kg/mol, the NaCl
nanocrystals synthesized with PEG (Mn = 1.0 kg/mol) were
more round-shaped and aggregated (Figure S6). Similarly, the
size of nanosalts can be also tuned by regulating the
concentration of PEG. For PEG with Mn of 10.0 kg/mol, the
size of the nanosalts increased from 100.4± 18.8 to 151.7± 29.0
nm by increasing the concentration of PEG from 50 to 250 mg/
mL (Figure S7).With a lower concentration of PEG, i.e., 40 mg/
mL, there were not enough ligands for the protection and
dispersion of nanosalts, leading to the fusion and aggregation of
nanosalts (Figure S8). With a higher concentration of PEG, the
nucleation of nanosalts was hindered by the high viscosities of
the solution, resulting in formation of larger particles eventually.
These results suggest that the size of nanosalts can be well
controlled by PEG ligands.
Supramolecular Ion−Dipole Interaction. We further

studied the bonding interaction between PEG and nanosalts. It
is well known that there is a supramolecular ion−dipole
interaction between crown ethers and metal ions, including
Li+, Na+, K+, etc.25,26 Cation−polyether complexes are governed
by ion−dipole interaction between the cations and the
electronegative oxygen atoms of the polyether rings. Character-
istic changes in the infrared spectra of the aromatic polyethers
had been used to determine the nature of the complexes. In the
present study, the ion−dipole interaction between PEG and
nanosalts was also characterized by Fourier transform infrared
spectroscopy (FTIR) (Figures 3a and S9). Compared with the
peaks of pure PEG, the deformation vibration (Vd) and
asymmetric stretching vibration (Vas) peaks of C−O−C bonds
in nanosalts were weakened in intensity and red shifted from
1061 and 1233 cm−1 to 1070 and 1248 cm−1, respectively. These
changes of the V(C−O−C) bond confirmed the binding
interaction between sodium ions and the ether oxygen atoms in
PEG segments.27 Meanwhile, the bending vibration (Vb) and
wagging vibration (Vw) peaks of methylene (−CH2−) in
nanosalts were increased in intensity and blue shifted from 1360
and 1467 cm−1 to 1357 and 1462 cm−1, respectively. This result
indicates that there is less restriction of−CH2− from the oxygen
atoms because they were bonded with sodium ions.25

X-ray photoelectron spectroscopy (XPS) analysis further
confirmed the ion−dipole interaction between nanosalts and
PEG. Compared with that of pure PEG, the binding energy of
the C−O bond of the PEG absorbed on nanosalts was found to

shift from 286.01 eV to a higher value of 286.19 eV (Figure 3b).
This result indicates that theO atom in the C−Obond possesses
a lower electron density after absorbing onto the NaCl surface
by sharing the electrons with sodium ions, implying a strong
ion−dipole interaction between nanosalts and PEG.Meanwhile,
the binding energy of Na 1s was reduced from 1072.41 to
1072.15 eV (Figure S10), suggesting a higher electron density
when interacting with PEG. Both XPS and FTIR results verify
the ion−dipole interaction between PEG and nanosalts.

Rapid Dissolution.Nanosalts possess a fast dissolution rate
due to their large specific surface area.28 We demonstrate the
superior dissolution rate of nanosalts@PEG (average size of
120.3 ± 28.4 nm) compared with that of microsized NaCl
particles (average size of 106.6 ± 43.2 μm). As shown in Figure
4a, the dissolution of these two types of salts (0.2 mg) in

deionized water (10 mL) was monitored by the change of
electrical conductivity of the solutions. The conductivity
evolution curve for the nanosalts (orange line) showed a small
lag phase as a result of the protection of PEG ligands (in the
beginning of 2−3 s) followed by a very steep slope and plateaued
at about 7 s. The dissolution process of microsized salts shows a
similar conductivity evolution curve (blue line) but with a much
slower rate. It took more than 20 s for the dissolution process to
reach the plateau. The nanosalts show a much faster dissolution

Figure 3. (a) FTIR spectra of pure PEG (yellow) and nanosalts (blue). (b) C 1s XPS spectra for pure PEG (top) and nanosalts@PEG (bottom).

Figure 4. (a) Conductivity curves of the solutions during the
dissolution of nanosalts (orange line) and microsized NaCl (blue
line). (b−i) Optical microscope images of the dissolution process of
nanosalts (b−e) and microsized NaCl (f−i) at different dissolution
times as indicated in the upper-right corners.
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rate than themicrosized salt particles. It should be noted that the
smaller final conductivity of nanosalts solution was caused by the
presence of 1.2 wt % of PEG ligand in the nanosalts.
The dissolution processes of these two types of salts were also

visualized using an optical microscope, which confirmed rapid
dissolution of the nanosalts (Figure 4b−i, Videos S1 and S2). A
microsized particle and nanosalts with the same weight (0.02
mg) were placed on an aqueous film (1.5× 2.5 cm) consisting of
50 μL of deionized water. It was observed that though the
nanosalts were aggregated in the solid state, they became
dispersed and dissolved immediately upon contacting the
aqueous film. The whole process took less than 14 s, which
was much faster than that of microsized NaCl (50 s). The final
spots in Figure 4e and 4i were the bubbles produced during the
dissolution processes. The rapid dissolution property could play
an important role in food and industrial applications.
Moisture Resistance.Nanosalts exhibit improved moisture

resistance by the protection of the PEG ligand. NaCl is known to
deliquesce above a RH of 75%.29 For example, when exposed to
a RH of 75%, the microsized salts without ligands were dissolved
and recrystallized within 30 min (Figure 5a−c). In contrast,

nanosalts coated with PEGmaintained their nanosized structure
for up to 78 h, even if there was some degree of deliquescence
(Figure 5d and 5e), and then completely deliquesced after 116 h
(Figure 5f). This result indicates that the PEG protection can
effectively improve the moisture resistance of nanosalts by
restraining the penetration of water molecules through the PEG
shell. Below a RH of 75%, the nanosalts were able to retain their
nanoscale structure up to the hygroscopic saturation point
(Figure S11). The remarkable improvement of moisture
resistance will facilitate their storage and transportation.
Nanosalts with Different Biocompatible Polymers.

Encouraged by the successful preparation of well-dispersed
nanosalts with PEG, we further employed a series of
biocompatible polymers which are harmless to the human
body or easily degraded by organisms, including PVP (Mn = 58.0
kg/mol), PPG (Mn = 4.0 kg/mol), PLA (Mn = 40.0 kg/mol),
PCL (Mn = 80.0−100.0 kg/mol), and copolymer F127 (Mn =
12.0 kg/mol) with the functional group of C−O, to prepare the
nanosalts with different surface properties. These polymers
exhibit different hydrophilicity, endowing the nanosalts with
different moisture resistance properties but not affecting their
dissolution property. By using the same approach, nanosalts@
PVP (average size of 292.8 ± 63.7 nm), nanosalts@PPG
(average size of 89.7 ± 22.9 nm), nanosalts@PLA (average size
of 88.1 ± 16.3 nm), nanosalts@PCL (average size of 102.2 ±

26.0 nm), and nanosalts@F127 (average size of 78.2± 14.6 nm)
were synthesized in good solvents for polymer ligands (50 mg/
mL), i.e., trimethyl carbinol for PVP, tetrahydrofuran for PPG
and F127, and dichloromethane for PLA and PCL (Figure 6a−d

and Figure S12). These results suggest that this strategy is
versatile for preparation of nanosalts with different polymer
ligands and therefore applicable for actual production in a broad
range.

■ CONCLUSIONS
In summary, we developed a facile method for the synthesis of
size-controlled nanosalts with biocompatible polymers. The size
of the produced nanosalts can be fine tuned by the molecular
weight or the concentration of polymer ligands. We also
demonstrate that the polymer ligands interact with NaCl
through ion−dipole supramolecular interaction. Remarkably,
nanosalts possess a faster dissolution rate as a result of their
relatively large surface area and better moisture resistance owing
to the protection of PEG. This work paves the path for
application of nanosalts in food and industrial fields.
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