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ABSTRACT: Gallium (Ga) compounds, as the source of Ga ions (Ga3+),
have been historically used as anti-inflammatories. Currently, the widely
accepted mechanisms of the anti-inflammatory effects for Ga3+ are
rationalized on the basis of their similarities to ferric ions (Fe3+), which
permits Ga3+ to bind with Fe-binding proteins and subsequently disturbs
the Fe homeostasis in the immune cells. Here in contrast to the classic
views, our study presents the mechanisms of Ga as anti-inflammatory by
delivering Ga nanodroplets (GNDs) into lipopolysaccharide-induced
macrophages and exploring the processes. The GNDs show a selective
inhibition of nitric oxide (NO) production without affecting the
accumulation of pro-inflammatory mediators. This is explained by
GNDs disrupting the synthesis of inducible NO synthase in the activated macrophages by upregulating the levels of eIF2α
phosphorylation, without interfering with the Fe homeostasis. The Fe3+ transferrin receptor-independent endocytosis of
GNDs by the cells prompts a fundamentally different mechanism as anti-inflammatories in comparison to that imparted by
Ga3+. This study reveals the fundamental molecular basis of GND−macrophage interactions, which may provide additional
avenues for the use of Ga for anti-inflammatory and future biomedical and pharmaceutical applications.
KEYWORDS: liquid metal, gallium nanodroplet, anti-inflammatory, iron homeostasis, nitric oxide

1. INTRODUCTION

Gallium (Ga) compounds, as the source of Ga ions (Ga3+),
have historically been shown to present anti-inflammatory
effects by modulating the production of nitric oxide (NO) and
pro-inflammatory cytokines from the activated immune
cells.1−3 Currently, proposed mechanisms of the anti-
inflammatory effects shown in Ga3+ are rationalized on the
basis of their similarities with ferric ions (Fe3+), which permits
Ga3+ to act as a nonfunctional Fe3+ mimetic to bind with Fe-
binding proteins.4 Substitution of Ga3+ prohibits the native
protein functions and further disturbs Fe homeostasis in the
immune cells.5 However, Fe is an essential growth factor for
the proliferation and differentiation of all cells.6 As such, the
ability of Ga3+ binding to those proteins, especially transferrin,
can disrupt Fe homeostasis in untargeted cells and therefore
render adverse downstream effects on certain Fe-dependent
processes.5

With the progress of nanotechnology, it has become more
possible to deliver and release drugs in specific sites with the
assistance of nanomaterials.7−9 In particular, recent reports
have shown the peculiarity of Ga nanodroplets (GNDs) in
such applications.10−13 Gallium bulk and Ga-based alloys, in

their liquid form, can be mechanically broken down into
smaller submicron or nanodroplets.14 These droplets can
interact with living cells,15 and they have been incorporated in
biomedical applications including drug delivery,16−18 cancer
therapy,19−21 medical imaging,22,23 ion channel regulation,22

biosensing,24 and pathogen treatment,25−27 by taking advant-
age of their properties such as low cytotoxicity and high
thermal and electrical conductivities and their ability to
respond to electric and magnetic fields6 and infrared (IR)
stimulation.22,28 In alignment with such demonstrations, here
we investigate that delivering Ga, in the form of submicron or
nanodroplets, into immune cells is potentially a promising
strategy to modulate discrete signaling pathways, while
avoiding the adverse effects of using traditional Ga3+. It is
hypothesized that the submicron or nano sized Ga particles
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may be engulfed into the cells directly, without relying on the
transferrin receptor (TfR).
To investigate our hypothesis mentioned above, we designed

low-dimensional Ga, in the form of nanodroplets and then
delivered them into macrophages and explored their anti-
inflammatory processes. Macrophages are critical for immune
responses against pathogenic infections. When macrophages
are exposed to molecules such as lipopolysaccharide (LPS),
which is known to exist on the outer membrane of Gram-
negative bacteria,29,30 they discharge NO and pro-inflamma-
tory cytokines including interleukin-6 (IL-6) and tumor
necrosis factor-α (TNF-α).31,32 Nitric oxide, a short-lived,
small, labile, lipid-permeable free radical, mediates many
biological functions, produced endogenously by immune cells
during inflammation for pathogen killing.33,34 Specifically,
activated macrophages release high levels of NO for anti-
infection by a NO synthase isoform known as inducible NO
synthase (iNOS).31,35 However, the role of NO is nonspecific
and overproduction of NO can lead to various disorders such
as tissue injuries.36,37

Surprisingly in our observations, the GNDs show an anti-
inflammatory effect based on inhibiting NO production
without affecting the accumulation of pro-inflammatory

mediators, which is different from the effect of Ga3+, which
inhibits both. The selective inhibitory effect on NO was
explained by GNDs disrupting iNOS mRNA translation to
iNOS protein in the LPS-induced macrophages, without
affecting the Fe homeostasis. We explore and associate the
observation to the direct uptake of GNDs by macrophages,
without interfering with the Fe3+ TfR-mediated endocytosis.
These results and related mechanisms successfully verify our
hypothesis and offer a base for innovative use of Ga as an anti-
inflammatory agent in the future.

RESULTS AND DISCUSSION
Preparation and Characterization of GNDs. The GNDs

were synthesized by a probe sonication of Ga bulk in ethanol
(EtOH) as illustrated in Figure 1a, and the detailed process is
provided in the Methods and Materials section. The scanning
electron microscopy (SEM) images (Figure 1b,d) show
spherical GNDs were synthesized successfully within soni-
cation time from 10 to 50 min. The dimensions of GNDs
(Figure 1c and Supplementary Table 1) show that a longer
sonication time from 10 to 40 min produced GNDs with
smaller average diameters and narrower size distributions,
whereas there is no significant difference from 40 to 50 min.

Figure 1. Preparation, morphological analyses, and biocompatibility assessments of GNDs. (a) Schematic illustration of the GNDs
preparation process. (b) Representative SEM images for assessing the morphology of GNDs sonicated for 40 min. (c) Sizes of GNDs
synthesized at different sonication times (from 10 to 50 min). Error bars represent s.d. of n = 100 size measurements of GNDs. (d)
Representative SEM images for assessing the morphology of GNDs sonicated for 10, 20, 30, and 50 min. (e−g) Cell viability of RAW 264.7
cells exposed to different concentrations of GNDs at 24 and 48 h. GNDs were sonicated for 10 min (e), 20 min (f), and 40 min (g),
respectively. Error bars represent s.d. of n = 3 replicates. (h) Representative live and dead double fluorescence staining images of RAW 264.7
cells in the present of different concentrations of GNDs for 48 h. Optical microscopy images (left) and fluorescent images show cells
incubated with GNDs at different durations. Live and dead cells are shown in green and red fluorescence, respectively (right). (i)
Representative SEM images of RAW 264.7 cells in the present of different concentrations of GNDs for 48 h. The control groups in (h) and
(i) indicate cells in normal growth media in the absence of GNDs. P < 0.05 is considered as statistically significant. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.
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The measurements of the released Ga3+ (Figure S1) indicate
the Ga3+ released from the initial Ga bulk and afterward during
sonication and also from the synthesized GNDs during storage,
are negligible, when EtOH is used as the medium.
Biocompatibility Assessment of GNDs in RAW 264.7

Cells. We chose RAW 264.7 cells, the murine macrophage cell
line, as a model cell system that has been suggested to closely
mimic inflammatory processes in humans.38 Because the
GNDs were stored in EtOH, to avoid biological contamination
and formation of thick oxide layers (which is the case for
aqueous solutions), the cytotoxicity of trace EtOH on the
RAW 264.7 cells was assessed first (Figure S2 and
Supplementary Discussion 1). Then the cytotoxicity of
GNDs in the cells was measured with rigorous control of
trace EtOH in culture medium below 0.5% (v/v). According to
Figure 1e−g, GNDs showed no significant cytotoxicity at 24
and 48 h of up to 2334 μM Ga, and different dimensions

showed no significant effect on the RAW 264.7 cell viability.
The GNDs at 40 min of sonication (circled with a dotted red
box in Figure 1c) were chosen for the later experiments
because of the more homogeneous size distribution.
Biocompatibility of the GNDs up to 2334 μM with RAW
264.7 cells was further confirmed by live and dead cells
assessments (Figure 1h and Figure S3). Compared with results
for the control groups at 24 and 48 h, there is no significant
increase in dead cells presented in GNDs groups up to 2334
μM of GNDs. The SEM images (Figure 1i and Figure S4)
show no significant shape change on the cell morphologies and
no visible damage on the cells membrane after GNDs
incubation, compared with the control group results.
The transmission electron microscopy (TEM) images in

Figure S5 visualized the ultrastructural features of the cells.
Compared to the control group, the cells treated with 2334
μM GNDs for 48 h showed similar elongated and cristae-rich

Figure 2. Endocytosis and degradation process of GNDs in RAW 264.7 cells. (a) Representative time-lapse microscopy images (the time
sequence is marked by purple arrows) show the process of RAW 264.7 cells endocytosing GNDs. The exampled GNDs were circled with red
dotted circles. The individual GNDs (around 300 nm) are too small under microscopy, so they are seen as small gray dots with circled of
light diffraction. (b) Representative time-lapse microscopy images (the time sequence is marked by purple arrows) show RAW 264.7 cells
split GNDs into daughter cells during mitosis. (c) Representative ultrathin section images of RAW 264.7 cells observed by TEM. The cells
were incubated with GNDs for 2, 10, and 30 min and 1, 2, 4, 24, and 48 h. The phagocytosis is indicated with green arrows. The empty cores
of some larger GNDs are indicated with red arrows. EE: endosome. LYS: lysosome. EL: endolysosome. (d−f) Representative bright-field
(BF) TEM images, high-angle annular dark-field (HAADF) STEM images and EDS elemental maps of GNDs incubated with RAW 264.7
cells for 2 h (d), 24 h (e), and 48 h (f).
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mitochondria, normal endoplasmic reticulum morphology, and
an organelle-rich cytoplasm, which are all indicative of normal
viable cells. Altogether, the aforementioned results provide
evidence that GNDs have excellent biocompatibility with RAW
264.7 cells when the concentration is kept below 2334 μM. We
compared the biocompatibility of cells exposed to GNDs with
that of cells exposed to the same concentration of Ga3+ (source
from Ga(NO3)3). The GNDs showed better biocompatibility
than Ga3+, which presented overt cytotoxicity in RAW 264.7
cells for concentrations above 525 μM in our work (Figure S6)
and from 700 μM in a previous report.1 The cytotoxicity of
Ga3+ may be contributed by changing the pH of the cell culture
medium, generating protein precipitation, which is not seen in
GNDs groups (Figure S7).
Assessment of the Endocytosis of GNDs in RAW

264.7 Cells. First, the successful endocytose of GNDs in

RAW 264.7 cells were visualized by high-resolution illumina-
tion microscopy. The individual GNDs were seen to be easily
endocytosed by the RAW 264.7 cells when they were close to
the phagocytic tentacles (Figure 2a and Supplementary Video
1), the cells could keep the GNDs internalized for at least 48 h
(Supplementary Video 2) and could split GNDs across
daughter cells during mitosis (Figure 2b and Supplementary
Video 3). The TEM images were employed to confirm the
internalization process of the GNDs into RAW 264.7 cells and
to determine the ultrastructural machinery responsible for the
uptake. As seen in TEM images in Figure 2c, the GNDs were
endocytosed by the cells via the process of phagocytosis at the
incubation time of 10 min and remained in a single membrane-
bound organelle, the endosome. The endosome containing
GNDs subsequently fused with lysosome to generate

Figure 3. Lipopolysaccharide-induced inflammatory response of RAW 264.7 cells. (a,b) Concentrations of NO released from RAW 264.7
cells (a) and the cell viability of RAW 264.7 cells (b) exposed to different concentrations of LPS at 24 and 48 h. Error bars represent s.d. of n
= 3 replicates. (c) Cell viability of RAW 264.7 cells exposed to different concentrations of GNDs with or without the induction of 1 μg mL−1

LPS at 24 and 48 h. Error bars represent s.d. of n = 3 replicates. (d) Representative SEM images of RAW 264.7 cells exposed to different
concentrations of GNDs with the induction of 1 μg mL−1 LPS for 24 h. (e−h) Assessment of the accumulation of ROS (e), IL-6 (f), TNF-α
(g), and NO (h) in RAW 264.7 cells, treated with different concentrations of GNDs for 24 h, with or without the induction of 1 μg mL−1

LPS. Error bars represent s.d. of n = 5, 4, 4, 3 replicates, respectively. P < 0.05 is considered as statistically significant. *P < 0.05, **P < 0.01,
***P < 0.001, and ****P < 0.0001.
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endolysosome, a major site of degradation in the cytoplasm,39

from the time of 1 h.
The empty core of some GNDs shown in those images is

because of their liquid property, which could leak out while the
cells are sectioned during the specimen preparation. Fewer
empty cores were seen with increasing incubation time, which
indicates GNDs were gradually transformed from a liquid to a
solid state. In combination with thicker Ga oxide layers and
more Ga oxides shown in the energy dispersive spectroscopy
(EDS) mapping images from time points of 2 h (Figure 2d) to
24 (Figure 2e) and 48 h (Figure 2f), we assume GNDs
experienced an oxidative degradation process in the
endolysosomes.
Lipopolysaccharide-Induced Inflammatory Response

of RAW 264.7 Cells. Lipopolysaccharide, one of the main
components on the surface of Gram-negative bacteria, can bind
to the Toll-like receptor 4 (TLR4) on the surface of the
macrophage and activate the NF-κB signaling pathway to
promote inflammation.40 Inflammation is a natural process of
the innate immune system, accompanied by a series of elevated
pro-inflammatory mediators, including reactive oxygen species

(ROS), pro-inflammatory cytokines (IL-6, TNF-α, and IFN-γ,
etc.), and main signaling molecules between immune cells
including NO,41 as illustrated in Figure S8. Guided by previous
works42−44 and the effects of different concentrations of LPS
on the NO production from RAW 264.7 cells (Figure 3a), 1 μg
mL−1 of LPS was chosen to induce the inflammatory response
by the cells in this work. The cell viability assessment (Figure
3b) shows LPS from 1 ng mL−1 to 10 μg mL−1 did not result in
significant cytotoxicity up to 24 h, but drastically decreased the
cell viability when the incubation time was extended to 48 h
even for the lowest concentration (1 ng mL−1). Therefore, in
further studies using 1 μg mL−1 LPS-induced inflammatory
response, experiments were only conducted up to 24 h to avoid
confounding signals associated with cell death. Cell viability
assessment (Figure 3c and Figure S9) and morphology check
(Figure 3d and Figure S10) showed GNDs within the previous
screened concentrations (up to 2334 μM) did not bring
additional cytotoxicity to inflammatory RAW 264.7 cells
(detailed discussed in Supplementary Discussion 2).
To determine the effects of GNDs in LPS-induced

inflammatory RAW 264.7 cells, a series of pro-inflammatory

Figure 4. Mechanisms of the inhibitory effect of GNDs on NO release from RAW 264.7 cells. (a) Assessment of enzyme activity of iNOS
protein. The cells were induced with 1 μg mL−1 LPS for 6 h and harvested for enzyme activity measurement. (b) Assessment of iNOS protein
levels in RAW 264.7 cells treated with GNDs for 24 h. The cells were cultured with GNDs for 24 h, with or without the induction of 1 μg
mL−1 LPS and harvested for measurement. (c) Assessment of the effect of GNDs on iNOS protein stability. The cells were induced with 1 μg
m−1 LPS for 6 h then treated with GNDs (added with cycloheximide) for 4, 8, and 18 h and harvested for iNOS protein concentrations
measurement. (d) Assessment of iNOS protein levels in RAW 264.7 cells treated with GNDs for 4 h. The cells were induced with 1 μg mL−1

LPS (or without LPS as control) for 2 h, and GNDs were added for another 4 h and harvested for measurements. (e,f) Assessment of the
iNOS gene expression in mRNA level by real-time qRT-PCR. The cells were treated with GNDs with 1 μg mL−1 LPS (or without LPS as
control) for 2 h (e) or 24 h (f). (g) Assessment of iNOS mRNA stability. The cells were pretreated with 1 μg mL−1 LPS with or without
GNDs for 2 h. Thereafter, the medium was removed and replaced by the fresh medium containing 5 μg mL−1 actinomycin D for 0, 2, 4, and
6 h, respectively. (h) Representative Western blots using antibodies for P-eIF2α (on Ser51) and total eIF2α (T-eIF2α) in LPS-induced RAW
264.7 cells. The cells were treated with 1751 μM GNDs or Ga(NO3)3 for 3, 6, and 9 h, with the induction of 1 μg mL−1 LPS. The levels of
eIF2α phosphorylation in Ga-treated groups are normalized with reference to controls which are LPS-treated only. Error bars represent s.d.
of n = 3 replicates. P < 0.05 is considered as statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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mediators were measured. As shown in Figure 3e−h, the
resting RAW 264.7 cells did not illustrate significant
accumulation of ROS, IL-6, TNF-α, and NO, whereas those
mediators drastically elevated when activated with LPS, which
is consistent with the macrophage response to LPS
stimulation.42,44 The treatment of GNDs (up to 2334 μM)
in the resting RAW 264.7 cells did not result in a significant
effect on those pro-inflammatory mediators, which indicates
GNDs do not induce an inflammatory response in the cells. In
the LPS-induced inflammatory RAW 264.7 cells, GNDs
treatment did not show a considerable effect on the
accumulation of ROS, IL-6, and TNF-α in the RAW 264.7
cells, either. Interestingly, GNDs showed a dose-dependent
inhibitory effect on NO release from the activated cells. By
extension of the incubation time to 48 h (Figure S11), GNDs
presented a similar inhibitory trend on the NO release,
although the cells started to die after 24 h treatment of the
LPS.
Mechanisms of the GNDs Inhibitory Effect on NO

Release from LPS-Induced RAW 264.7 Cells. To explore
the mechanisms of the inhibitory effect of GNDs on the NO
release from RAW 264.7 cells, the iNOS activity and
expression, which are responsible for modulating NO during
inflammation, were subsequently studied. According to the
LPS-induced iNOS signaling pathway illustrated in Figure S12,
LPS activates the iNOS gene to induce the iNOS mRNA
expression within 2 h and protein expression within 6 h.30,45,46

The iNOS protein thereafter catalyzes L-arginine to L-citrulline
and release NO.31

The enzyme activity of iNOS protein was first assessed to
determine whether the GNDs inhibitory effect on NO was
because of the direct influence on the iNOS catalytic activity.
As can be seen in Figure 4a, there was no significant decrease
in iNOS activity when exposed to GNDs of any concentration.
This result confirms that GNDs do not inhibit the NO release
from the LPS-induced RAW 264.7 cells by directly affecting
the enzyme activity of iNOS protein.
Gallium ions (sourced from GaCl3 to avoid the interference

of NO3
− from Ga(NO3)3 in this measurement) were used for

comparison and showed a significant inhibitory effect on the
enzyme activity of iNOS protein (Figure S13). This result
highlights the stark difference of NO release inhibition
mechanisms between GNDs and Ga3+.
Having demonstrated no effect on iNOS enzyme activity, we

next sought to determine if the GNDs inhibitory effect on NO
was on account of inhibition of iNOS protein expression in the
LPS-induced RAW 264.7 cells. The iNOS protein expression
and its dose response to GNDs are presented in Figure 4b and
Figure S14 for 24 and 48 h, respectively. The resting cells did
not express the detectable level of iNOS protein, whereas this
level drastically increased when the cells were induced by LPS.
In the activated cells, the treatment of GNDs for both 24 and
48 h showed a dose-dependent inhibitory effect on the
expressions of iNOS protein, although some cells were dead
after the LPS induction for 48 h. This result suggests that
GNDs regulate iNOS expression under inflammatory con-
ditions, thereby leading to a dose-dependent inhibitory effect
on the NO production.
Protein expression can be regulated both by downstream

protein degradation and by upstream protein transcription and
synthetic processes. To determine whether the NO inhibitory
effect of GNDs was because of accelerating the degradation of
iNOS protein, the cells with expressed iNOS protein were

treated with GNDs (cycloheximide was applied to interrupt
further protein synthesis) and the concentrations of the protein
at different time points were measured and shown in Figure 4c.
The GNDs treatment did not result in a significant decrease in
the concentration of iNOS protein within those time
durations. Those results suggest that the decreased iNOS
expression in the LPS-induced RAW 264.7 cells after GNDs
treatment (Figure 4b) was not because of GNDs accelerating
iNOS protein degradation.
After the effect on accelerating iNOS protein degradation

was eliminated, the effect of GNDs on the iNOS protein
synthetic process in the LPS-induced RAW 264.7 cells was
assessed. According to the LPS-induced iNOS pathway (Figure
S12), LPS can induce the iNOS mRNA expression and protein
synthesis process, which have been suggested to take place
within 2 and 6 h, respectively.30,45,46 Therefore, RAW 264.7
cells were induced with LPS for 2 h to ensure the iNOS mRNA
expression; then GNDs were added to coincide with the iNOS
protein synthesis process and then the freshly expressed
proteins were quantified (Figure 4d). In this case, GNDs also
showed a dose-dependent inhibitory effect on the iNOS
protein expression in the activated cells, which is consistent
with the trend illustrated in Figure 4b. Considering the
outcomes together (Figure 4a−d), we concluded that the
inhibitory effect of GNDs on NO release from the LPS-
induced RAW 264.7 cells is on account of perturbing iNOS
protein synthesis.
To determine whether the effect on iNOS protein synthesis

was because of the suppression of the iNOS gene transcription
in LPS-induced RAW 264.7 cells, the iNOS mRNA expression
levels were subsequently assessed. The fold changes of iNOS
mRNA expression relative to control, in the presence or
absence of LPS, with or without the GNDs treatment for 2 and
24 h, were measured. The treatment time of 2 h was chosen
according to the LPS-induced iNOS pathway (Figure S12),
when the iNOS gene transcription was just completed. The
treatment time of 24 h was chosen in relation to the
measurement of NO release (Figure 3h) and iNOS protein
expression (Figure 4b). As shown in Figure 4e,f, in the resting
RAW 264.7 cells, the iNOS mRNA expression was very low
and the treatment of GNDs did not induce an increase of the
expression of iNOS mRNA. In the activated cells, the
expression of mRNA drastically increased; however, GNDs
did not lead to any significant inhibitory effect on the iNOS
mRNA expression, which is uncorrelated to the iNOS protein
expression level shown in Figure 4b,d. The iNOS mRNA
stability test (Figure 4g) shows that there was no significant
difference in iNOS mRNA stability between LPS-treated only
and LPS plus GNDs-treated cells, suggesting that GNDs did
not affect the stability of iNOS mRNA. Those results
implicated that GNDs interfered with the post-transcriptional
regulation of iNOS levels, directly preceding or during
translation.
Previous reports in the literature have shown that the

increase of the phosphorylation of eukaryotic translation
initiation factor (eIF2α) can result in the decrease of iNOS
mRNA translation.47 Additionally, Ga complexes have been
reported to increase the phosphorylation of eIF2α.48 There-
fore, we investigated the possible signaling pathway related to
the effect of GNDs on the iNOS mRNA translation that may
involve eIF2α phosphorylation. We used Western blot analysis
to assess the levels of eIF2α phosphorylation by measuring the
ratios of phosphorylated eIF2α (P-eIF2α) to total eIF2α (T-
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eIF2α) in LPS-induced RAW 264.7 cells, which were treated
with various concentrations of GNDs at different times (Figure
S15). The result shows the ratio of P-eIF2α to T-eIF2α (P-
eIF2α/T-eIF2α) significantly increased when the cells were
treated with GNDs from 3 to 9 h. Hence, a higher
concentration of GNDs is correlated with the increased levels
of eIF2α phosphorylation, which indicates our hypothesis is
valid. Because the eIF2α phosphorylation is sometimes related
to the response of cellular stress,49 the P-eIF2α/T-eIF2α in the
cells treated with LPS alone were used as the control for
normalization. The results presented in Figure 4h show the
levels of eIF2α phosphorylation significantly increased when
the cells were treated with GNDs for 6 and 9 h, whereas there
is no considerable change when the cells were treated for 3 h.

A test using Ga3+ sourced from Ga(NO3)3 with the same
GNDs concentration was used for comparison. Compared to
the Ga3+ case, GNDs showed a smaller rate for upregulating
the levels of eIF2α phosphorylation, which may be because of
the necessary endosomal escape process for GNDs that is not
needed for Ga3+. It is interesting to see the levels of eIF2α
phosphorylation decreased when the incubation time increased
from 3 to 9 h, which indicates the effects of Ga on eIF2α
phosphorylation may not be lasting.
To understand the selective inhibitory effect of GNDs on

NO, without affecting the pro-inflammatory cytokines, we
compared Ga3+ with GNDs regarding their anti-inflammatory
effects and mechanisms. For Ga3+ on an anti-inflammatory in
the LPS-induced RAW 264.7 cells (Figure 5a), they can reduce

Figure 5. Comparison between GNDs and Ga3+ anti-inflammatory effects in LPS-induced RAW 264.7 cells. (a) Ga3+ treatment in LPS-
induced RAW 264.7 cells. The Ga3+ can bind with transferrin (Tf) and be transported into the cells through the TfR-mediated pathway. The
competing role of Ga3+ with Fe3+ in the uptake process leads to the cellular Fe deficiency (pointed with red arrow i), which leads to the
reduced release of NO (red arrow ii) and IL-6 and TNF-α (red arrow iii) and the increase of the intracellular ROS (red arrow iv). The Ga3+

and the Fe deficiency are proposed to contribute together to upregulate the levels of eIF2α phosphorylation (red arrow v), which results in
the reduced iNOS protein expression (red arrow vi) and ultimately NO release (red arrow ii). (b) Prussian blue staining of the cellular Fe3+

in RAW 264.7 cells when incubated with different concentrations of Ga(NO3)3. The concentration of FeCl3: 700 μM. (c) GNDs’ treatment
in LPS-induced RAW 264.7 cells. GNDs can be endocytosed and remain in the endosomes. When lysosome fuses with endosome, GNDs
upregulate the levels of eIF2α phosphorylation (red arrow i) to interfere with the iNOS mRNA translation, which results in the reduced
iNOS protein expression (pointed with red arrow ii) and can further inhibit the synthesis of NO from L-arginine (Arg) (pointed with red
arrow iii). (d) Prussian blue staining of the cellular Fe3+ in RAW 264.7 cells when incubated with different concentrations of GNDs. The
concentration of FeCl3: 700 μM. (e) Assessment of the uptake of different concentrations of GNDs (700 and 2334 μM) in LPS-induced
RAW 264.7 cells, with or without blocking the TfR by TfR antibodies.
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the release of both NO (Figure S16 and a previous study1) and
pro-inflammatory cytokines (IL-6, TNF-α1,4). Apart from this,
Ga3+ ions were shown to increase the intracellular ROS
levels,50,51 and it is also proven in this study (Figure S17) when
the RAW 264.7 cells were treated with low concentrations
(≤140 μM) of Ga3+. The intracellular ROS levels gradually
decreased when the concentrations of Ga3+ are higher than
175.1 μM, which can be explained by the increased cytotoxicity
of Ga3+ in those concentrations (Figure S6). The proposed
mechanisms of Ga3+ on the anti-inflammatory are mainly based
on the similarities between Ga3+ and Fe3+. Because of the
similarities, Ga3+ is suggested to bind with transferrin and is
transported into the cells through a TfR-mediated path-
way.52,53 The competing role of Ga3+ with Fe3+ in the uptake
process leads to cellular Fe deficiency, which can initiate an
influence on both the cell metabolism and global proteins
synthesis.5 This is consistent with our study presented in
Figure 5b that describes a decreased uptake of Fe3+ by the cells
when they are incubated with increased concentrations of
Ga3+. The effect of Ga3+ on downregulating the expression of
iNOS protein (Figure S18) can be explained by the
combination of the cellular Fe deficiency49 and upregulating
the levels of P-eIF2α.
For GNDs (Figure 5c), we proved their insignificant effect

on the cellular uptake of Fe3+ (Figure 5d), which indicates no
influence on the Fe homeostasis. The difference of perform-
ance between GNDs and Ga3+ on the Fe homeostasis can be
explained by their different routes of intracellular transmission:
TfR-dependent delivery of Ga3+ and the TfR-independent
delivery of GNDs. The TfR-independent delivery of GNDs is
proven in Figure 5e and Figure S19 as there is no significant
influence on the uptake of GNDs after blocking the TfR on the
RAW 264.7 cells by TfR antibodies, regardless of the presence
of LPS. We speculate the direct delivery of GNDs by the cells
and consequently the engulfed GNDs locally interfere with
iNOS mRNA translation by upregulating the levels of eIF2α
phosphorylation, which ultimately results in the selective
inhibition of NO release (we proved GNDs have to be
internalized to be functional and the results and discussions are
presented in Figures S20−S23 and Supplementary Discussion
3). It may sound contradictory that regulating a general
translational factor can affect specific mRNAs, actually
progressively more evidence has recently shown that eIF2α
phosphorylation does not correlate with the global down-
regulation of protein translation.49,54 In fact, only lasting and
high levels of eIF2α phosphorylation can affect the translation
of protein globally, whereas low and middle levels of eIF2α
phosphorylation result in the translational control of specific
mRNAs.49 This can be explained by the possibility that weaker
mRNAs are easier to be perturbed by small changes in
translational factors.55 In our case, we believe that the iNOS
mRNAs tend to be more easily affected by eIF2α
phosphorylation than the mRNAs of cytokines, which
contributes to the selectivity inhibition of GNDs on NO
without affecting cytokines. Therefore, we think the specificity
of GNDs on inhibiting NO without affecting pro-inflammatory
cytokines can be explained by the observation that (1) GNDs
do not affect the Fe homeostasis and (2) GNDs show a
selective translational control of iNOS mRNAs by upregulating
the levels of eIF2α phosphorylation.
This performance and related mechanisms of GNDs

presents the possibility of the superior strategy of using
GNDs in comparison to Ga3+ for their anti-inflammatory effect

because of the following reasons. First, GNDs offer a selective
anti-inflammatory effect focusing on NO inhibition without
interfering with Fe uptake, unlike Ga3+. This is important as Fe
is an essential growth factor for the proliferation and
differentiation of all cells, and as such, the use of Ga3+ may
disrupt Fe homeostasis in untargeted cells, which therefore
renders adverse downstream effects on certain Fe-dependent
processes.5 Second, GND treatment contributes to an
improvement in biocompatibility compared to treatment
with Ga3+, which we speculate is because of the lack of
inappropriate Fe3+-mimicry with GNDs and less influence on
changing the pH of cell culture medium and protein
precipitation. Because biocompatibility is maintained, and
NO production is modulated independent of Fe-mediated
processes, GNDs have the potential to provide a nuanced
control over NO activity through this mechanism.
As for the anti-inflammatory effects of other metal or metal

oxide NPs, such as gold,56 silver,57,58 and zinc oxide,59 the
general anti-inflammatory effects of these NPs are related to
suppressing the extracellular ROS, pro-inflammatory cytokines,
and NO production. The mechanisms associated with those
affects are based on inhibiting the NF-κB and COX-2
pathways, or modulating MAPK and PI3K pathways, and
suppressing the iNOS expression. Compared to those metal or
metal oxide NPs, GNDs show a fairly selective anti-
inflammatory effect only on modulating NO production, and
the mechanism is based on inhibiting iNOS expression by
interrupting the iNOS mRNA translation process.

CONCLUSIONS
We synthesized and characterized GNDs, low-dimensional Ga
in a liquid state, and proved the successful uptake and
transport of GNDs by RAW 264.7 cells. The interaction of
GNDs with RAW 264.7 cells was studied to obtain the
cytotoxicity concentration threshold for GNDs, which was
thereafter used as guidance to maintain the cell viability across
the experimental concentrations. For assessing the anti-
inflammatory effects of GNDs in LPS-induced RAW 264.7
cells, the accumulation of pro-inflammatory mediators was
measured. The GNDs did not reveal any significant influence
on the accumulation of pro-inflammatory mediators while
showing an inhibitory effect on NO production. To explore the
mechanisms of this inhibitory effect, iNOS, which is
responsible for releasing NO during inflammation, was
subsequently studied. We confirmed that GNDs inhibited
the NO production because of reducing the expression of
iNOS protein, without affecting the enzyme activity and
stability of iNOS protein and the expression and stability of
iNOS mRNA. Therefore, we concluded that GNDs are most
likely to inhibit the iNOS mRNA translation to iNOS protein
by upregulating the levels of eIF2α phosphorylation in LPS-
induced RAW 264.7, which revealed an unexpected mecha-
nism in contrast to the classical view of Ga as an anti-
inflammatory agent that relies on the Fe-mimicry.
The different performances between those two forms of Ga

can be explained by their various routes of intracellular
transmission: the TfR-dependent delivery of Ga3+ and the
direct uptake of GNDs. Those different mechanisms reveal
GNDs’ overall superiority in comparison to that of Ga3+ for the
anti-inflammatory effect because of its selectivity on inhibiting
NO production without affecting the Fe3+ TfR-mediated
endocytosis and further Fe homeostasis. The lack of
inappropriate Fe3+ mimicry with GNDs also contributes to
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an improvement in biocompatibility compared to that with
Ga3+. Furthermore, the direct transport of Ga into macro-
phages through nanodroplets provides an avenue to probe
intracellular roles of Ga beyond Fe-mimicry, something that
was not possible with conventional Ga3+ based compounds.
This work fills the knowledge gap of understanding Ga

functionality in the liquid metal state as an anti-inflammatory
agent and compares the functionality of GNDs with the
conventional use of Ga in the form of ions. This understanding
and the comparison with Ga ions reveal molecular basis of
GND−macrophage interactions that provides a guide for
future investigations and offers a base for innovative use of Ga
as an anti-inflammatory agent and the implementation of
GNDs in biomedical and pharmaceutical applications. In
addition to this, GNDs are liquid at physiological temperatures
and represent highly transformable and stimuli-responsive
entities, which make them specifically appealing for in vivo
applications, where targeted delivery, release of drugs, and
other direct effects within cells and organelles can be harnessed
for treatment.

METHODS AND MATERIALS
Preparation of Gallium Nanodroplets. The synthesis of the

GNDs was conducted in one direct step. In a typical experiment, 1.1 g
of Ga (round shots of 2.0−3.0 mm, 99.999% purity, RotoMetals Inc.,
USA) was added into 10 mL of EtOH (100%, undenatured, Chem-
Supply, Australia) in a 25 mL glass vial. The glass vial was then put
inside a 40 °C water bath until Ga was melted and sonicated by a
probe sonicator (SONICS VCX 750, Amp: 40%) in burst mode (on/
off: 9/1s). Gallium was sonicated for the duration of 10, 20, 30, 40,
and 50 min and the samples were stored in EtOH for use. To measure
the concentrations of produced GNDs, specific amounts of GNDs
were fully dissolved in 1 M hydrogen chloride (HCl), and then the
concentrations of Ga element were assessed using an inductively
coupled plasma (ICP-OES, PerkinElmer, USA) process.
Morphological Analyses of Gallium Nanodroplets. The

morphologies of the synthesized GNDs were characterized by SEM
(JEOL JSM-IT 500 HR, Japan). The SEM samples were obtained by
drop-casting 10 μL of GNDs suspensions onto silicon wafers.
Cell Culture for RAW 264.7 Cells. Murine macrophage cells,

RAW 264.7 cell line (originally purchased from American Type
Culture Collection, USA), were cultured in Dulbecco’s modified
eagle’s medium (DMEM, low glucose, Cat. No. 11885084, Sigma-
Aldrich, Australia) and supplemented with 10% fetal bovine serum
(FBS, Australia origin, Cat. No. 12003C, Sigma-Aldrich, Australia)
and 5 mL of L-glutamine solution (200 mM, Cat. No. G7513, Sigma-
Aldrich, Australia) at 37 °C in an incubator containing 5% CO2. The
medium was changed every 2 days during incubation or subcultured
for experiments when confluence is reached. Lipopolysaccharide
(LPS, from Escherichia coli O127:B8, Cat. No. L4516, Sigma-Aldrich,
Australia) was used in this work to induce inflammatory response in
RAW 264.7 cells. The passage of RAW 264.7 cell line used in this
work was controlled between 19 and 30.
Cell Viability/Metabolic Activity. The cell viability/metabolic

activity of RAW 264.7 cells was determined by Cell Counting Kit 8
(CCK8, Cat. No. ab228554, Abcam, UK). In a typical procedure,
RAW 264.7 cells (104/well) were first seeded in 96-well plates. After
24 h, cells were treated with different concentrations of experimental
groups for 24 and 48 h. In separate experiments in this work,
experimental groups were different concentrations of EtOH, GNDs
and Ga(NO3)3, respectively. After the specific treatments, the old
medium was replaced by a premixed fresh medium containing 10% of
CCK8 and incubated for another 90 min. To avoid the inherent
absorbance of cells and samples, the supernatant was transferred to a
new 96-well plate and absorbance at 460 nm was monitored using a
microplate reader (Clariostar Plus, BMG Labtech). To assess whether

the samples by themselves could interfere with the measurements, a
group of GNDs without cells were used at the same time as controls.

Live and Dead Cells Assessment. Live and dead cells were
studied with the Live/Dead Cell Double Staining Kit (Cat. No.
04511, Sigma-Aldrich, Australia). In a typical procedure, RAW 264.7
cells (105/well) were first seeded in 12-well plates. After 24 h, cells
were treated with different concentrations of experimental groups for
24 and 48 h, respectively. After the treatment, the cells were collected
and incubated with a mixture of calcein-AM (2 μM) and propidium
iodide (PI) (1.5 μM) according to the standard protocol
recommended by the kit and captured by a fluorescent microscope
(Olympus IX73, Japan).

Morphological Analyses of RAW 264.7 Cells Endocytosed
with Gallium Nanodroplets. To characterize the morphologies of
RAW 264.7 cells, when endocytosed with GNDs, cells were fixed
overnight at 4 °C using a 2.5% glutaraldehyde in 0.1 M sodium
phosphate buffer after incubated with GNDs for 12, 24, and 48 h.
Afterward, the fixed cells were washed using a sodium phosphate
buffer and dehydrated by EtOH and hexamethyldisilizane (HMDS)
and left to air-dry in a final 100% solution of HMDS. Consequently,
samples were coated with a 10 nm platinum layer (Q3000 dual coater,
Quorum Tech., UK) and viewed using SEM.

Subcellular Structure Analyses of RAW 264.7 Cells
Endocytosed with Gallium Nanodroplets. To characterize the
subcellular structures of RAW 264.7 cells, when endocytosed with
GNDs, TEM was used. In a typical procedure, the RAW 264.7 cells
(105/well) were seeded onto round sterile glass coverslips placed
inside a 12-well plate for 24 h and treated with 2334 μM GNDs for
different time durations (2, 10, and 30 min and 1, 2, 4, 24, and 48 h).
After treatment, cells were first fixed by glutaraldehyde; then the
samples were dehydrated by EtOH and infiltrated with resin (Procure,
812) following a standard protocol. The samples were cut using a
diamond knife (Diatome) into ultrathin sections (the thickness is
around 70 nm) and transferred onto carbon-coated copper holey
TEM grids and imaged using a JEOL 1400 TEM operating at 100 kV
and JEOL F200 TEM (Tokyo, Japan) operating at 200 kV.

High Resolution Live Cell Imaging System. GNDs association
with cells were observed under a high-resolution microscopy system
(Celldiscoverer 7, Zeiss). RAW 264.7 cells (105/well) were seeded in
12-well plates for 24 h and treated with GNDs. Cells were then
transferred to the imaging chamber (set the temperature at 37 °C and
connected to 5% CO2), and images were taken at a 4 min sampling
rate.

Assessment of Reactive Oxygen Species Production. The
generation of intracellular reactive oxygen species (ROS) was assessed
using the DCFDA/H2DCFDA−Cellular ROS Assay Kit (Cat. No.
ab113851, Abcam, UK). The cell-permeable 2′7′-dichlorodihydro-
fluorescein (DCF-DA) is oxidized by intracellular reactive oxygen
species to the highly fluorescent DCF. In a typical procedure, RAW
264.7 cells (104/well) were first seeded in 96-well plates with black
wall and clear bottom. After 24 h, cells were treated with different
concentrations of experimental groups for 24 and 48 h, respectively.
After the treatment, cells were washed with buffer and incubated with
20 μM DCFDA solution for 45 min at 37 °C. After incubation, the
fluorescence of cells was read at Ex/Em = 485/535 nm using a
microplate reader. To assess whether the samples alone can interfere
with the measurement, a group of GNDs without cells were used at
the same time as controls.

Assessment of Pro-inflammatory Cytokines Production.
The concentrations of pro-inflammatory cytokines IL-6, TNF-α,
and IFN-γ were measured by enzyme-linked immunosorbent assay
(ELISA) using a Mouse IL-6 ELISA Kit (Cat. No. ab222503, Abcam),
a Mouse TNF alpha ELISA Kit (Cat. No. ab208348, Abcam), and a
Mouse Interferon gamma ELISA Kit (Cat. No. ab100689, Abcam),
respectively. In a typical procedure, RAW 264.7 cells (105/well) were
seeded in 12-well plates. After 24 h, cells were treated with different
concentrations of GNDs with or without LPS (1.0 μg mL−1) for 24 h.
The supernatants were collected to measure the concentrations of IL-
6, TNF-α, and IFN-γ according to the manufacturer’s instructions.
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Assessment of Nitric Oxide Production. The generation of NO
was determined by detecting the production of nitrite by the Griess
reaction60 with Griess reagent (Cat. No. G4410, Sigma-Aldrich,
Australia). In a typical procedure, RAW 264.7 cells (104/well) were
seeded in 96-well plates. After 24 h, cells were then treated with
different concentrations of experimental groups for 24 and 48 h. After
treatment, the supernatants were transferred to a new 96-well plate
and mixed with equal volumes of Griess reagent, and then the
absorbance was read at 540 nm after 15 min. To assess whether the
samples alone could interfere with the measurements, a group of
GNDs without cells were used at the same time as controls.
Assessment of the Enzyme Activity of Inducible Nitric

Oxide Synthase. The enzyme activity of inducible NO synthase was
measured by a Nitric Oxide Synthase Activity Assay Kit (Fluoro-
metric, Cat. No. ab211084, Abcam). In a typical procedure, 3 × 107

RAW 264.7 cells were induced with 1 μg mL−1 LPS for 6 h, and then
cells were harvested and homogenized to make cell lysate. The whole
protein concentration in cell lysate was quantified using a
bicinchoninic acid (BCA) assay (Cat. No. QPBCA, QuantiPro BCA
Assay Kit, Sigma-Aldrich, Australia). Then the same amount of fresh
cell lysate (containing 200 μg protein) was mixed with different
concentrations of GNDs (350−2334 μM) and the iNOS activity was
measured according to manufacturer’s instructions. The mixture of
cell lysates and different concentrations of GNDs added with assay
buffer were run in parallel as background controls.
The iNOS activity was defined using:

B
T C

iNOS activity =
×

i
k
jjj

y
{
zzz (1)

where:

B = nitrite amount in sample well from the standard curve
(pmol)
T = reaction time (minutes)
C = the amount of protein (μg)

Assessment of Inducible Nitric Oxide Synthase Expression.
For measuring the effect of GNDs on iNOS expression, RAW 264.7
cells (3 × 105/well) were first seeded in 6-well plates. After 24 h, cells
were treated with different concentrations of GNDs (or medium
alone as control) with or without LPS (1.0 μg mL−1) for 24 and 48 h,
respectively.
For measuring the effect of GNDs on iNOS mRNA translation,

RAW 264.7 cells (3 × 105/well) were seeded in 6-well plates and
treated with LPS (1.0 μg mL−1) for 2 h. Afterward, the cells were
treated with GNDs (or medium alone as control) for another 4 h.
For measuring the effect of GNDs on the iNOS protein stability,

RAW 264.7 cells (3 × 105/well) were seeded in 6-well plates and
treated with LPS (1.0 μg mL−1) for 6 h. Afterward, the cells were
treated with GNDs (or medium alone as control) for another 4, 8,
and 18 h, respectively. Cycloheximide (10 μg mL−1) was applied to
the medium to interrupt further protein synthesis.
The treated cells mentioned above in each group were harvested

and the whole protein was extracted, respectively. The extracted
protein was quantified using a bicinchoninic acid (BCA) assay (Cat.
No. QPBCA, QuantiPro BCA Assay Kit, Sigma-Aldrich, Australia)
and the concentrations of iNOS based on a 60 μg mL−1 extract load
were measured by Mouse iNOS ELISA Kit (Cat. No. ab253219,
Abcam) according to the manufacturer’s instructions.
RNA Isolation and mRNA Analysis by Real-Time Quantita-

tive Reverse Transcription Polymerase Chain Reaction. Cells
were seeded with the density of 105 cells per well in 12-well plates.
After 24 h, cells were treated with different concentrations of GNDs
with or without LPS (1.0 μg mL−1) for 2 or 24 h. The total RNA was
isolated by using a RNeasy Plus Mini Kit (Cat. No. 74136, Qiagen,
Germany), and the concentrations were then measured by Nanodrop
(Nanodrop One, Thermo Scientific, USA).
The mRNA expression of iNOS was evaluated by quantitative real-

time quantitative reverse transcription polymerase chain reaction
(Real-Time qRT-PCR) in triplicate, and the mRNA level of β-actin
was used as an internal control. The following primers were used:

Mouse iNOS, GGCAGCCTGTGAGACCTTTG (sense) and GCA-
TTGGAAGTGAAGCGTTTC (antisense); Mouse β-actin, AGA-
GGGAAATCGTGCGTGAC (sense) and CAATAGTGATGACCT-
GGCCGT (antisense).43 As the template, 200 ng of total RNA from
each sample was used. RT-qPCR was performed using the iTaq
Universal SYBR Green One-Step Kit (Cat. No. 1725151, Bio-Rad,
USA) on a CFX96 Touch Real-Time PCR Detection System (Bio-
Rad Laboratories, Inc., USA) following the standard protocol
recommended by the kit. The levels of iNOS gene expression were
measured by comparative quantification algorithms.61

Cellular Uptake of Fe3+ Staining. The cellular uptake of Fe3+

was assessed by an Iron Stain Kit (Cat. No. ab150674, Abcam, UK)
based on Prussian blue. The cells were seeded onto 12 well plates and
incubated with FeCl3 and different concentrations of GNDs or
Ga(NO3)3 for 24 h. Then the cellular Fe3+ was stained according to
the manufacturer’s instructions. The images of stained cells were
captured using a color camera (Infinity 5-5, Teledyne Lumenera,
Canada)-equipped microscope (Olympus CKX53, Japan).

Antibody Blocking and Down-Regulation of TfR. An
antimouse TfR monoclonal antibody (FITC Rat Anti-Mouse CD71,
Cat. No. 567260, BD Biosciences Pharmingen, USA) was used for
blocking and down-regulation of TfR on the RAW 264.7 cells. Cells
were preincubated with 5 μg mL−1 of the TfR antibodies for 1 h
before incubating with different concentrations of GNDs. The images
of cells were captured and observed using a camera-equipped
fluorescent microscope (Olympus IX73, Japan).

Western Blotting Analysis. The antibodies were acquired from
Cell Signaling Technology (Beverly, MA, USA): eIF2α antibody
(#9722), Phospho-eIF2α (Ser51) antibody (#9721), antirabbit IgG,
HRP-linked antibody (#7074), and β-actin (D6A8) Rabbit mAb
(#8457). After different treatments, the RAW 264.7 cells were lysed
by RIPA buffer (Cata. No. 89900, Thermo Scientific, USA) added
with Halt Phosphatase (Cata. No. 78420, Thermo Scientific, USA)
and Protease (Cata. No. ab65621, Abcam, UK) Inhibitor Cocktails.
The total protein concentrations were assessed by a bicinchoninic
acid assay (Cat. No. QPBCA, QuantiPro BCA Assay Kit, Sigma-
Aldrich, Australia), 35−40 μg of protein were loaded for electro-
phoresis into protein gels (Cata. No. NP0315BOX, Thermo
Scientific, USA) and afterward transferred onto PVDF membranes
(Cata. No. LC2002, Thermo Scientific, USA). Consequently, the
Western blotting substrates (Cata. No. 32109, Thermo Scientific,
USA) were added and ChemiDoc Imaging System (Bio-Rad
Laboratories, Inc., USA) were used for visualization.

Statistical Analysis. Each experiment was repeated at least three
times with each assay in triplicate. Data are expressed as mean ±
standard deviation (s.d.). Statistical significance was calculated using
one-way ANOVA in Prism 8.0.2 (GraphPad Software Inc.) to
compare differences between the treatment groups and control group.
P < 0.05 is considered as statistically significant. P value style: *P <
0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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