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Acute lung injury (ALI)/acute respiratory distress syndrome (ARDS) is a life-threatening condition of
critically-ill patients, characterized by overwhelming inflammatory responses in the lung. Multiple lines
of evidence suggest that the excessive activation of Toll-like receptor 4 (TLR4) plays an important role in
this detrimental lung inflammation. Recently, we developed a unique class of peptide-gold nanoparticle
(GNP) hybrids that act as potent nano-inhibitors of TLR4 signaling by modulating the process of endoso-
mal acidification. In this study, we aimed to identify the key physiochemical factors that could further
strengthen the anti-inflammatory activity of these nano-inhibitors, including the nanoparticle size, the
density of peptides coating the nanoparticle surface, as well as the number of the effective amino acid
phenylalanine (F) residues in the peptide sequence. Among these factors, we found that the nanoparticle
size could significantly affect the TLR4 inhibition. Specifically, the peptide-GNP hybrids with a GNP core
of 20 nm (P12(G20)) exhibited the most potent inhibitory activity on TLR4 activation and its downstream
cytokine production among those with a GNP core of 13 nm (P12(G13)) and 5 nm (P12(G5)) in THP-1
cell-derived macrophages. This size-dependent anti-inflammatory effect of the hybrid P12 was also
observed in a lipopolysaccharide (LPS)-induced mouse model of ALI. It was found that P12(G20) was
superior to P12(G13) in prolonging the survival of mice experiencing lethal LPS challenge, decreasing
the acute lung inflammation, and alleviating diffuse alveolar damage in the lungs. Interestingly, P12
(G20) could also promote long-term tolerance to endotoxin. Detailed mechanistic studies demonstrated
that when compared to the smaller P12(G13), the larger P12(G20) had higher cellular uptake and a stron-
ger endosomal pH buffering capacity, contributing to its enhanced therapeutic effects on reducing TLR4
activation in vitro and in vivo. Overall, this study suggests that nanoparticle size is one key factor deter-
mining the anti-inflammatory potency of the peptide-GNP hybrids, and the hybrid P12 may serve as a
promising, novel class of nanotherapeutics for modulating TLR signaling to treat ALI/ARDS.

Statement of Significance

We have developed a new class of nanoparticle-based inhibitors (i.e., peptide-GNP hybrids) targeting
TLR4 signaling in macrophages. Through evidence-based engineering of the nanoparticle size, surface
peptide ligand density and effective amino acid (phenylalanine, F) chain length, we identified a
peptide-GNP hybrid, P12(G20), with enhanced anti-inflammatory activity. Specifically, P12(G20) was
more potent in reducing inflammation in THP-1 cell-derived macrophages and in a LPS-induced ALI
mouse model. More interestingly, P12(G20) facilitated long-term protection against lethal LPS challenge
in vivo and induced endotoxin tolerance in vitro. We anticipate that these new hybrids would serve as the
next generation anti-inflammatory nano-therapeutics for the treatment of ALI/ARDS or other acute and
chronic inflammatory diseases.
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1. Introduction

Acute lung injury (ALI), a mild form of acute respiratory distress
syndrome (ARDS), is a complex syndrome that can rapidly develop
into life-threatening acute hypoxemic respiratory failure [1]. ALI/
ARDS is defined as an overwhelming inflammatory process in lungs
characterized by cytokine storm, neutrophil infiltration, diffuse
endothelium damage, increased vascular permeability and gas
exchange impairment, eventually leading to respiratory failure
with a high mortality rate [2,3]. Although significant efforts have
been made in understanding the disease pathophysiology and
developing treatments for ALI/ARDS, very few pharmacotherapies
have shown clinical efficacy in reducing the mortality rate [4]. In
fact, of all potential interventions, only low tidal volume mechan-
ical ventilation has been proved to be clinically beneficial for the
patients. Therefore, developing novel therapeutic approaches to
manage the excessive inflammatory responses in ALI/ARDS is an
unmet clinical need.

One pharmacologic strategy to manage the excessive inflamma-
tion in ALI/ARDS is to regulate over activation of Toll-like receptors
(TLRs), which represents an important pathogenic factor of ALI/
ARDS [5]. Among all TLRs discovered in humans, TLR4 appears to
play a central role in both infectious and non-infectious lung
inflammation and injury [6,7]. In the past decades, various TLR4
antagonists were developed [8], including small molecule inhibi-
tors (e.g., TAK-242) [9], lipid-A analogs (e.g., Eritoran, E5564)
[10], antibodies (e.g., NI-0101) [11] and microRNAs (e.g., miR-
146a) [12]. Although they showed excellent inhibitory efficacy in
pre-clinical studies and some were advanced into clinical trials,
to date none have been approved for clinical use. The pathogenic
complexity (e.g., multiple TLR pathways are often involved) of both
infection and non-infection associated ALI/ARDS is probably one
major reason for these failures in drug development.

The rapid advances in nano-science and technology have cre-
ated diverse materials with various surface chemistry and proper-
ties, providing unconventional approaches to treat human diseases
[13–17]. These nanoscale materials, particularly nanoparticles,
have unique sizes (e.g., 10–200 nm) that allow for enhanced cellu-
lar uptake and preferred biodistribution [18,19]; they have a large
surface area that can be rationally functionalized to reprogram
their surface properties to improve the biodistribution (PEGyla-
tion) [20], achieve tissue/cell targeting (antibodies) [21], and sus-
tain the cargo release [22]. Thus, nanoparticles have been widely
applied as drug carriers to enhance the therapeutic potential of
the conventional drugs. On the other hand, bioactive nanoparticles
have recently been applied to manipulate immune responses as
new immunotherapies [8,14,23]. By changing their surface proper-
ties, nanoparticles can either boost antigen specific immune
responses for vaccine development [24], or alternatively, be used
to suppress immune responses during transplantation or in
autoimmune diseases [15,25,26]. Regulation of TLR signaling using
thoughtfully designed nanodevices may represent a novel thera-
peutic approach to combat the overwhelming inflammatory
responses in ALI/ARDS.

Owing to their unique properties for better therapeutic out-
comes, nanodevices are emerging as a new class of potent TLR inhi-
bitors. For example, by conjugating bioactive molecules, such as
non-anticoagulant heparin (NAH) [27,28] and high-density
lipoprotein (HDL), onto nanoparticles, these novel nanodevices
were able to sequester the inflammatory mediators (cytokines)
or the TLR agonist like lipopolysaccharide (LPS) [29] to reduce
the inflammatory responses triggered by TLR4 activation. Instead
of loading bioactive compounds onto the nanoparticles, we have
developed a unique class of peptide-gold nanoparticle (GNP)
hybrids that are made of a GNP core coated with hexapeptides
[30,31]. Both components are individually incapable of TLR inhibi-
tion, but after their formation into peptide-GNP hybrids they exhi-
bit potent activity in reducing TLR signaling. In addition, the
peptide coatings stabilize the GNPs at physiological conditions
and allow the convenient adjustment of the surface chemistry of
the hybrids to control their cellular uptake and anti-
inflammatory activity [31,32]. Importantly, these hybrids are cap-
able of inhibiting multiple TLR signaling pathways in macrophages
[31,33], which are the key players in the inflammatory responses of
ALI/ARDS.

In this study, we aimed to further optimize the anti-
inflammatory activity of the hybrids for future clinical translation
by fine tuning three important factors: the nanoparticle size, the
density of the peptide coatings and the number of the effective
amino acid (phenylalanine, F) in the coated peptide sequence.
Their effects on TLR4 inhibition were examined using various
in vitro methods. We then investigated the in vivo efficacy of the
best optimized hybrids and assessed their clinical translational
potential using a classical LPS-induced ALI murine model. This
work provides essential knowledge about factors that determine
the efficacy of peptide-GNP hybrids in inhibiting inflammation
in vitro and in vivo, and aids to the development of an effective
novel nano-therapy to ameliorate the devastating inflammation
in ALI/ARDS.
2. Results

It is well-known that unmodified or bare GNPs (usually coated
with citrate after synthesis) are not stable and tend to aggregate at
physiological condition, i.e., 0.9% saline, which largely limits their
biomedical applications. Previously, we developed a strategy to
modify the GNP surface using hexapeptides, not only to stabilize
GNPs at physiological conditions but also enable programing of
the surface chemistry of GNPs by altering the amino acids in the
peptide sequence. These modifications created a new class of
peptide-GNP hybrids with exciting bioactivities to modulate
immune responses [30,31,34]. Among the newly created peptide-
GNP hybrids, we identified a unique lead hybrid–designated
P12–capable of potently inhibiting TLR4 signaling and primarily
targeting phagocytic cells (e.g., macrophages) [31,32]. P12 is made
of 13-nm GNPs coated with a hexapeptide (peptide sequence:
CLPFFD) as schematically illustrated in Fig. 1a. Surprisingly, the
substitution of the two phenylalanine residuals (FF) in the
hexapeptides on P12 with alanine (AA) rendered the hybrid (desig-
nated P13) inactive. Since P13 has almost identical physicochemi-
cal properties as P12, it can serve as an optimal inactive control
hybrid for experimental comparisons.

Our earlier work suggested that the immune modulatory activ-
ity of P12 was highly dependent on its cellular uptake and the
buffering effect to neutralize protons in the endosomal compart-
ment during acidification [32]. In addition, the two F residues also
played an important role in ‘‘tuning” the bioactivity of the hybrids
[31,32]. To further optimize the inhibitory and anti-inflammatory
activity of P12, we thus manipulated three key physicochemical
factors that may facilitate the uptake and pH neutralization,
including the nanoparticle size, the peptide density on the hybrid
surface, and the number of F residues in the peptide sequence.
The impacts of these key factors on the inhibitory and anti-
inflammatory activity were first examined in vitro; the promising
strategy was then validated in vivo using an ALI mouse model.
2.1. Nanoparticle size determines the inhibitory and anti-
inflammatory activity of the hybrid in vitro

We first examined the effect of the nanoparticle size on the
inhibition of TLR4 signaling and the associated inflammatory



Fig. 1. Fabrication and characterization of bare GNPs and peptide-GNP hybrids with different sizes. (a) A schematic diagram of the peptide-GNP hybrid (P12 and P13)
fabrication. (b) TEM images of bare GNPs and various peptide-GNP hybrids with different sizes of the GNP core. Scale bar: 20 nm.

Table 1
Quantitative analysis of the size of bare GNP and the hybrids by TEM and DLS.

Nanoparticles Size by TEM
(nm) ± SD

Hydrodynamic
diameter (nm) ± SD

PDI (nm) ± SD

Bare 13-nm GNP 13.0 ± 0.6 18.7 ± 0.7 0.26 ± 0.01
P12(G13) 13.0 ± 0.8 19.7 ± 0.2 0.25 ± 0.01
P13(G13) 13.1 ± 0.8 20.8 ± 1.1 0.27 ± 0.01
Bare 20-nm GNP 19.7 ± 1.4 24.8 ± 0.5 0.21 ± 0.01
P12(G20) 19.7 ± 1.2 26.9 ± 0.8 0.17 ± 0.02
P13(G20) 19.8 ± 1.3 26.6 ± 2.0 0.17 ± 0.05

PDI: polydispersity index.
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response. Two different sizes of the P12 hybrids, P12(G13) and P12
(G20), were first studied; they were made of 13-nm (G13) and 20-
nm (G20) diameter GNP cores. The two control inactive hybrids
were also fabricated corresponding to the GNP core sizes as P13
(G13) and P13(G20). The size and morphology of the bare GNPs
and the hybrids were characterized by the transmission electron
microscopy (TEM) (Fig. 1b). The sizes of the synthesized GNP cores
were confirmed to be 13.0 nm and 19.7 nm (in diameter) for G13
and G20, respectively (Table 1). The surface modification by the
peptide coatings did not change the morphology and size of the
GNPs under TEM (Fig. 1b). However, as expected the hydrody-
namic diameter of the hybrids is slightly bigger (increased 1–
2 nm) than that of the bare GNPs, consistent with the presence of
the peptides coating the nanoparticles (Table 1).

To investigate how the nanoparticle size affects the inhibitory
activity of the hybrids on the TLR4 signaling, we employed a repor-
ter cell system to monitor the activation of the both arms of TLR4
pathway cascade (NF-jB/AP-1 and IRF activation) as described in
our earlier work [31]. As shown in Fig. 2a, b and Fig. S1, at the same
molar concentration, P12(G20) exhibited more potent inhibitory
activity than P12(G13) on both NF-jB and IRF activation upon LPS
(10 ng/mL) stimulation. On the contrary, the control nanoparticles
P13(G13) and P13(G20) had no inhibitory activity at all regardless
their differences in the size. The inhibitory effect of P12(G20) and
P12(G13) on the NF-jB and IRF activation was also observed by
immunoblotting (Fig. 2c and d). Both P12(G20) and P12(G13) could
significantly reduce p65 phosphorylation and IjBa degradation,
indicating their inhibitory activity on NF-jB activation. Their
inhibition on IRF3were seen by the decrease in the IRF3 phosphory-
lation. Comparing to P12(G13), P12(G20) showed slightly higher
inhibitory activity on the p65 and IRF3 phosphorylation.

The anti-inflammatory activity of the hybrids was accessed by
measuring the release of two key cytokines CCL2 and CCL4 in the
THP-1 derived macrophages after LPS stimulation (Fig. 2e and f).
Consistent with the TLR4 inhibition profile seen in the reporter
cells, P12(G20) exhibited much stronger inhibition on CCL2 and
CCL4 secretion than P12(G13), while the inactive hybrid controls
P13(G13) and P13(G20) did not have significant inhibitory effect.
These hybrids did not exhibit cellular toxicity at the experimental
concentrations (Fig. S2).

In order to generalize the size effect, we then employed other
four sizes of the P12 hybrids, P12(G5), P12(G30), P12(G40) and
P12(G50), made of 5-nm, 30-nm, 40-nm and 50-nm diameter
GNP cores, respectively. The morphology and size of the hybrids



Fig. 2. Nanoparticle size determines their inhibitory activity on TLR4 signaling in THP-1 cell-derived macrophages. (a and b) Inhibition of NF-jB/AP-1 (a) and IRF (b)
activation by P12(G20) upon LPS stimulation in comparison with P12(G13) and the inactive P13. Hybrid concentrations: 50 nM and 100 nM. (c and d) Immunoblots validating
the inhibitory effect of P12(G20) and P12(G13) on (c) the phosphorylation of p65 (p-p65) and IjBa degradation for NF-jB activation and (d) phosphorylation of IRF3 (p-IRF3)
for IRF activation; black arrows indicated the p-IRF3 band and red ones indicated the differences comparing to LPS only. Hybrid concentrations: 50 nM. (e and f) Inhibition of
the LPS-induced cytokines CCL2 (e) and CCL4 (f) production in THP-1 cell-derived macrophages by the hybrids P12(G20) and P12(G13). Hybrid concentrations: 50 nM and
100 nM. LPS = 10 ng/mL, N � 3, *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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were characterized by the TEM (Fig. S3a), where the sizes of the
GNP cores were quantified to be 5.2 ± 0.4 nm, 30.5 ± 1.5 nm,
40.6 ± 1.5 nm and 49.6 ± 3.4 nm (in diameter) for P12(G5), P12
(G30), P12(G40) and P12(G50), respectively. While P12(G5) was
physiologically stable in 0.9% saline (150 mM NaCl solution), P12
(G30), P12(G40) and P12(G50) were not (Fig. S3b–j); as a result,
these three hybrids were not proceeded for further studies. The
in vitro evaluation revealed that the inhibitory activity of P12(G5)
on LPS-induced NF-jB/AP-1 and IRF activation, as well as CCL2
secretion was significantly lower than P12(G13) at the same molar
concentration (50 nM) or equivalent surface area (338 nM)
(Fig. S4). Collectively, these data suggested that the inhibitory
and anti-inflammatory activity of P12 was nanoparticle size
dependent: P12(G20) > P12(G13)� P12(G5).
2.2. The effect of coated peptide density and the phenylalanine number
in the peptide sequence on the anti-inflammatory activity of the
peptide-GNP hybrids

We previously showed that the surface modification of the
GNPs with specific hexapeptides enhanced the cellular uptake
and enabled the endosomal pH modulatory activity, contributing
to the novel TLR inhibitory activity of the hybrid P12 [32]. Such
effects could be attributed to the hydrophobic phenylalanine (FF)
residues and the end negatively charged aspartic acid (D) residues
in the peptide sequence [31,32]. Thus, it is reasonable to hypothe-
size that increasing the density of the peptides coated on the GNP
surface may further facilitate the anti-inflammatory activity of
P12. This was achieved by the addition of NaCl salt during the
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conjugation process to screen the charges and reduce the repulsive
interaction between peptides, allowing more peptides conjugating
to the GNP to form a denser peptide coating on the surface, as illus-
trated in Fig. 3a. Comparing to no salt formulation process, the
addition of 300–500 mM NaCl during peptide conjugation indeed
increased the physiological stability of the hybrids in high salt
(NaCl) solution (Fig. 3b), indicating that these hybrids had a denser
Fig. 3. Effect of the peptide density on the GNP surface and the number of phenylalan
macrophages. (a) A scheme showing the procedure of increasing the peptide density on t
of P12 with or without the addition of NaCl (300 mM and 500 mM) during conjugation i
activation (c) and CCL2 production (d) upon LPS stimulation by P12 fabricated with or w
different numbers of F in the peptide sequence. FD: CLPFAD; F2D: CLPFFD or P12; F3D
concentrations (0–2 M). (g and h) Inhibition of NF-jB activation (g) and CCL2 production
(P12). Nanoparticle concentration = 100 nM, LPS = 10 ng/mL, N � 3, *p < 0.05, **p < 0.01,
peptide coating on the GNP surface. However, the new hybrid P12
(NaCl 500 mM) with a denser peptide coating did not exhibit a
stronger inhibitory activity on LPS-induced NF-jB/AP-1 activation
and the downstream CCL2 cytokine secretion in comparison with
the original P12 formulated without salt addition (Fig. 3c and d).

Since F residues of the peptide ligands were found to be crucial
to the anti-inflammatory activity of P12 from our previous study
ine residues (F) in the peptide sequence on TLR4 signaling in THP-1 cell-derived
he GNP surface by adding NaCl during peptide conjugation to the GNPs. (b) Stability
n NaCl solutions with various concentrations (0–2 M). (c and d) Inhibition of NF-jB
ithout NaCl addition (500 mM). (e) A scheme illustrating the hybrids formed with
: CLPFFFD. (f) Stability of FD, F2D (P12) and F3D in NaCl solutions with different
(h) upon LPS stimulation by the new hybrids of FD and F3D in comparison with F2D
***p < 0.001.



208 W. Gao et al. / Acta Biomaterialia 85 (2019) 203–217
[31], it may be possible to tune such an activity by altering the
number of F in the peptide sequence. To test this hypothesis, three
peptide sequences were designed: CLPFAD (FD, with a single F in
the peptide), CLPFFD (F2D = P12, with two F) and CLPFFFD (F3D,
with three F) (Fig. 3e). We first characterized the stability of these
new hybrids in NaCl solutions. We found that the hybrid FD was
more stable than P12 (F2D), while F3D was the least stable
(Fig. 3f). This trend was reasonable as more hydrophobic F residues
on the GNP surface would increase the hybrid hydrophobicity, pro-
moting the nanoparticle interaction to form aggregates. We next
evaluated the in vitro inhibitory activity of these three hybrids
using NF-jB/AP-1 reporter cells. We found that both F2D and
F3D significantly reduced the NF-jB/AP-1 activation, while FD
did not (Fig. 3g). No big difference in the inhibitory activity was
observed between F2D and F3D. Interestingly, all three hybrids
were able to decrease LPS-induced CCL2 production, where F3D
and F2D displayed similar inhibitory activity stronger than FD
(Fig. 3h). Although these results suggested that F residues are
important for the inhibitory activity of the hybrids (F3D and F2D
vs. FD), the addition of more F (F3D vs. F2D) did not help further
enhance such inhibitory effects. We further validated this finding
in a LPS-induced ALI mouse model; the results confirmed that
Fig. 4. The inhibitory activity of P12(G20) and P12(G13) in a LPS-induced ALI mouse mo
(G20), P12(G13) and P13. The hybrids (50 lL) were given via intratracheal injection (i.t.) 1
after LPS stimulation. The BALF was collected for the analysis of the total cell counts (b), n
of the alveolocapillary membrane was evaluated by the lung wet/dry (W/D) ratio (f) and
mouse, LPS = 10 mg/kg per mice, N � 6 per group, *p < 0.05, **p < 0.01, ***p < 0.001.
F3D treatment had a comparable effect as F2D treatment on reduc-
ing the lung inflammation (Fig. S5a–d). Taken together, our data
indicated that neither changing peptide density on the GNP surface
nor increasing the number of F in the peptide sequence could
enhance the inhibitory activity of the hybrid P12 in vitro and
in vivo.
2.3. Enhanced therapeutic activity of P12(G20) in a LPS-induced ALI
mouse model

Since P12(G20) showed a stronger ability in inhibiting TLR4 sig-
naling and cytokine production in vitro than P12(G13), we antici-
pated that P12(G20) may be more effective on reducing LPS
triggered inflammation in vivo. To test this hypothesis, we adopted
a LPS-induced ALI mouse model to mimic the acute inflammatory
phase of ALI/ARDS. The mice were challenged with a nonlethal
dose of LPS (10 mg/kg) intranasally to cause acute lung inflamma-
tion; the treatments P12(G20), P12(G13) and the inactive control
nanoparticle P13(G13) were given 1 h before the LPS challenge
via intratracheal instillation, and the analyses were performed
24 h after LPS stimulation (Fig. 4a).
del. (a) The LPS-induced ALI mouse model with the pretreatment of the hybrids P12
h before the LPS challenge via nasal inhalation; mice were sacrifice for analysis 24 h
eutrophil counts (c) and cytokines KC (d) and CCL2 (e) production. The permeability
the total protein amounts in the BALF (g). Nanoparticle concentration = 25 pmol per
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The lung inflammation was first assessed by analyzing the cell
infiltration and cytokine secretion in the bronchoalveolar lavage
fluid (BALF). It was found that both P12(G20) and P12(G13) signif-
icantly decreased the numbers of total inflammatory cells and neu-
trophils in the BALF, but P13(G13) did not (Fig. 4b and c);
comparing to P12(G13), P12(G20) exerted a stronger inhibitory
action in neutrophil recruitment (Fig. 4c). Both sizes of P12 also
significantly reduced the levels of the neutrophil chemotactic cyto-
Fig. 5. The protective effect of the peptide-GNP hybrids P12(G20) and P12(G13) on lung
H&E stained lung sections 24 h after LPS stimulation: (a) sham control (PBS only), (b) PBS
left panel = 200 lm while that in the right panel = 100 lm. The lung damages were acces
P12(G13) and P12(G20) significantly reduced the number of neutrophils in the interstitial
kine KC and the monocyte/macrophage chemotactic cytokine CCL2
in the BALF (Fig. 4d and e). The permeability of the alveolocapillary
membrane in the pathogenesis of ALI was then accessed by mea-
suring the BAL total proteins and the ratio of wet lung to dry lung
(W/D ratio). It was found that only P12(G20) treatment was able to
significantly decrease W/D ratio and total proteins in the BALF
(Fig. 4f and g). These results demonstrated that P12(G20) was more
potent than P12(G13) in the management of lung inflammation.
damages in LPS-induced ALI mice. (a–e) The representative histological images of
+ LPS, (c) P12(G13) + LPS, (d) P12(G20) + LPS, (e) P13(G13) + LPS. The scale bar in the
sed by 5 pathophysiological features to obtain the total injury score (f). The hybrids
space (g), and alveolar septal thickening (h). N � 6 per group, *p < 0.05, ***p < 0.001.
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In parallel to BAL analysis, we also examined the effects of the
hybrids on the lung injury levels assessed from the lung tissue
histopathology. The lung injury was manifested by neutrophils in
the alveolar space, neutrophils in the interstitial space, hyaline
membrane formation, proteinaceous debris filling the airspaces
and alveolar septal thickening (Fig. 5a–e), and the lung injury score
was obtained based on these features. It was found that the aver-
age injury score of P12(G20) treated group was significantly lower
than that of the P12(G13) treated group (Fig. 5f). Specifically, P12
(G20) treatment resulted in less interstitial neutrophils and alveo-
lar septal thickening than P12(G13) (Fig. 5g and h). These data sug-
gested that P12(G20) was superior to P12(G13) in inhibiting
inflammatory responses and reducing diffuse alveolar damage in
lungs with ALI.

Next, we examined the protective effect of P12(G20) on the
short-term and long-term survival rate using lethal doses of LPS
(20 and 25 mg/kg) (Fig. 6a). The treatments were given 1 h prior
to the LPS challenge (20 mg/kg), and the body weight and survival
status of the mice were recorded every day. As shown in Fig. 6b,
P12(G20) treated mice had a significantly higher survival rate
(close to 90%) than P12(G13) treated ones (�75%). In addition,
the weight loss of P12(G20) pretreated group was likely reduced
(Fig. S6). Since P12(G20) has a surface area 2.4 times larger than
P12(G13), the observed enhanced protective effects by P12(G20)
may be due to its larger surface. To control for this factor, we
increased the dose of P12(G13) to 3 nmol/kg to achieve equivalent
surface area of P12(G20) (1.25 nmol/kg). Even at the same surface
area, P12(G20) still exhibited a stronger protective effect than P12
(G13) (Fig. 6c), indicating that the nanoparticle size indeed played
an important role in modulating the therapeutic activity of P12.
Surprisingly, we observed that P12(G20)-treated mice that sur-
vived the first endotoxic shock developed a long-term tolerance
to a second lethal LPS challenge (25 mg/kg) (Fig. 6d). This phe-
nomenon only occurred with the bigger P12(G20) but not with
the smaller P12(G13) regardless at the same molar concentration
Fig. 6. Effect of the peptide-GNP hybrids P12(G20) and P12(G13) on the short-term a
treatments of P12(G20) or P12(G13) in a LPS-induced ALI model. The mice were pretreat
kg) at Day 0, and the survived mice were given a second dose (25 mg/kg) of LPS at Day 1
short-term survival of the severe ALI mice at the same molar concentration of 25 pmol p
(G13) per mouse (c). (d) The long-term survival of severe ALI mice after secondary LPS
N � 8 per group, *p < 0.05 vs. PBS + LPS group, ***p < 0.001 vs. PBS + LPS + LPS group.
or surface area to G12(P20). The biodistribution of the two hybrids
in mice 1 month post administration was also analyzed (Fig. S7). It
was found that both hybrids tend to locate in the lung and medi-
astinal lymph nodes than other organs; comparing to P12(G13),
P12(G20) had even lower accumulation in the mononuclear phago-
cyte system (MPS), such as liver, spleen and bone marrow. These
results indicated that P12(G20) was capable of increasing the
short-term survival rate, inducing a long-term protective effect to
LPS challenge as well as minimizing the hepatic side-effects, sug-
gesting a promising clinical application of the developed peptide
GNP hybrids for treating ALI/ARDS.

2.4. P12(G20) could enhance LPS tolerance in vitro

From the in vivo studies, we observed that P12(G20) could
enhance the long-term protective effect against the 2nd LPS chal-
lenge. Such a striking phenomenon may be rationalized by the
capability of P12(G20) promoting the LPS tolerance. LPS tolerance,
or endotoxin tolerance (ET) is a state of repressed responsiveness
to repeated LPS stimulation, which may serve as a protective
mechanism to avoid overwhelming immune responses due to con-
tinuous and repeated endotoxin exposure. To test this hypothesis
in vitro, we used the THP-1 derived macrophages with a reporter
system of NF-jB/AP-1 or IRF activation to monitor the LPS toler-
ance effect. The cells were first stimulated with LPS (10 ng/ml)
for 24 h in the presence and absence of P12(G20) or P12(G13); they
were then rested for 6, 24 or 48 h prior to the second LPS exposure
(10 ng/ml) for another 24-h period. The NF-jB/AP-1 or IRF activa-
tion was quantified by measuring the reporter enzymatic reaction
using a colorimetric assay (Fig. S8). It was found that LPS pre-
treated cells exhibited tolerance to the second LPS stimulation,
where the activation of NF-jB/AP-1 was significantly reduced
compared to one-time LPS exposure (Fig. 7). Without an interven-
tion, the tolerance effect was gradually diminished with the
increase in the resting time (Fig. 7b and c), where the inhibition
nd long-term survival in LPS-induced ALI mice. (a) A scheme of the prophylactic
ed with the hybrids or PBS intratracheally 1 h before the first LPS challenge (20 mg/
1. (b and c) The nanoparticle size effects of P12(G20) comparing to P12(G13) on the
er mouse (b) or the same effective surface area (25 pmol P12(G20) vs. 60 pmol P12
challenge with the prophylactic treatments of the hybrids P12(G20) and P12(G13).



Fig. 7. The enhanced LPS tolerance effect by P12(G20) in the reporter THP-1 cell-derived macrophages. Inhibition of NF-jB activation (a–c) and IRF activation (d–f) by P12
(G20) comparing to P12(G13) upon the second LPS exposure at 6 h (a and d), 24 h (b and e) and 48 h (c and f) after the first LPS stimulation. N = 4, *p < 0.05, **p < 0.01,
***p < 0.001.
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of NF-j/AP-1 activation decreased from 80% to 40% as the resting
time increase from 6 h to 48 h, respectively. Interestingly, we
found that only with the presence of P12(G20) during the first
LPS exposure, the cells responded less in NF-jB/AP-1 activation
upon the second LPS stimulation comparing to non-hybrid and
P12(G13) treatment groups (Fig. 7a–c). For IRF activation, the LPS
tolerance effect was more pronounced for P12(G20) comparing to
P12(G13) at 6 h rest (Fig. 7d); with longer resting time (24 and
48 h), the tolerance effect disappeared (Fig. 7e and f). Interestingly,
only larger P12(G20) show an enhanced LPS tolerance effect in
both arm of signaling pathways, while P12(G13) could not no mat-
ter it is at the same concentration or same surface area to P12
(G20). This observation suggested that the nanoparticle size is
important to induce stronger ET in vitro, supporting our in vivo
findings (Fig. 6).

2.5. The mechanism(s) of action for the nanoparticle size enhanced
anti-inflammatory activity of P12

For endosomal TLRs and TLR4, the pH of the endosome is critical
for their signal transduction [35–37]. Therefore, modulation of
endosomal pH provides a unique way to control TLR signaling. Pre-
viously, we discovered that the high cellular uptake of P12 and the
blockade of the acidification process in endosomes contributed to
the potent inhibition on TLR4 signaling [32]. Since we observed
an enhanced inhibitory activity of P12(G20) comparing to P12
(G13), we hypothesized that P12(G20) probably had even higher
cellular uptake than P12(G13), contributing to a stronger blockade
of the endosomal acidification and more potent inhibition on TLR4
signaling. To test this hypothesis, we first established the relation-
ship between cellular uptake and the anti-inflammatory activity of
P12(G13) (Fig. 8a,b and Fig. S9). By using the endocytosis inhibitor
cytochalasin D (Cyto D) and the class A scavenger receptor inhibitor
fucoidan, we found that the reduction of the nanoparticle uptake
can diminish the anti-inflammatory activity, suggesting that cellu-
lar uptake is one key factor determining the anti-inflammatory
activity of P12(G13).We then employed ICP-MSmethod to quantify
the cellular uptake of P12(G13) and P12(G20) at 12 and 24 h into
THP-1 cells-derived macrophages. As shown in Fig. 8c, the uptake
of P12(G20) was 266.2 � 105/cell, which was significantly higher
than that of P12(G13) (8.5 � 105/cell, p < 0.001) at 12 h. Interest-
ingly, the inactive control hybrid P13(G20) also had higher uptake
than P13(G13) (Fig. S10), indicating that these macrophages had
preferential internalization of 20-nm nanoparticles than the 13-
nm ones. A similar trendwas observed at 24 h as well. These results
indicated that the nanoparticle size is critical for the cellular uptake
of the hybrids. This was further confirmed in the ALI mice (24 h
after LPS challenging), where the uptake of P12(G20) in the alveolar
macrophages (from the BALF) was significantly higher than that of
P12(G13) at the same molar concentration or equivalent surface
area (Fig. 8d) using the ICP-MS technique.

Next, we investigated whether the high uptake of P12(G20) in
THP-1 derived macrophages was indeed more potent in blocking
the endosomal acidification than P12(G13). We first compared
the buffering capability between P12(G20) and P12(G13) in test
tubes by measuring their pH titration curves at the same concen-
tration of 20 nM. Comparing to the saline (0.9% NaCl) solution,
both P12(G13) and P12(G20) exhibited a buffering effect between
pH 4 and pH 6, and the buffering capacity of P12(G20) was much
higher than that of P12(G13) (Fig. 8e). This suggested that P12
(G20) could exert a more potent regulatory activity in the endoso-
mal pH range (pH 4.5–6) when internalized into target cells. To
confirm this, we employed a pH-sensitive fluorescence probe,
pHrodo red-labeled dextran (10,000 MW), to measure the endoso-
mal pH alteration in the cells [38]; when the endosomal pH
increases, the emission intensity of pHrodo-red gradually



Fig. 8. Investigation of the mechanisms of action of the stronger anti-inflammatory effects by the larger hybrid P12(G20). (a) The reduction of cellular uptake of P12(G13) by
the endocytosis inhibitor Cyto D (300 nM). (b) Inhibition of P12(G13) cellular uptake by Cyto D diminishing the anti-inflammatory activity of P12(G13) (25 nM). The
quantification of the cellular uptake of various hybrids in THP-1 cell derived macrophages (c) and BAL macrophages (d) analyzed by ICP-MS. (e) pH titration curve of P12(G20)
and P12(G13) in 0.9% NaCl solution. (f) Representative confocal images showing the nanoparticle size effect on blocking of the endosomal acidification by the hybrids in THP-
1 derived macrophages. Endosomal pH was probed with the dye pHrodo red-dextran (red color). Scale bar represents 5 lm. P13(G13) as the inactive nanoparticle control. (g)
Quantitative analysis of the red fluorescence intensity in the cells showing the changes in the endosomal pH upon the hybrid treatments. The mean fluorescence intensity was
calculated from 30 to 50 cells per condition. (h) Illustration of the proposed mechanisms of stronger inhibitory activity of the hybrid P12(G20) on TLR4 activation. N � 3,
*p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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decreases (within a range of pH 4–8). As shown in Fig. 8f and g,
both P12(G20) and P12(G13) treatments had dimmer red fluores-
cence comparing to the control; the red fluorescence of the P12
(G20) treated group was significantly lower than that of the P12
(G13) group. These results confirmed that P12(G20) was more
effective in blocking the endosomal acidification process in the
cells, and thereby exhibited more potent TLR4 inhibition compar-
ing to P12(G13).

Basedon the abovefindings,weproposed ahypotheticalworking
model for the size enhanced anti-inflammatory activity of P12
(Fig. 8h). The larger hybrid P12(G20) had enhanced cellular uptake
and more effective modulation of endosomal pH, resulting in more
potent TLR4 inhibition; together with the ability to reinforce the
LPS tolerance, P12(G20) exhibited the enhanced anti-
inflammatory activity in vitro and better protective effects in a
LPS-induced ALI model.
3. Discussion

3.1. Peptide-GNP hybrids as novel, potent TLR nano-inhibitors for
treating ALI/ARDS

Mounting evidence has shown that resident alveolar macro-
phages play a central role in the initiation and progression of
inflammation in ALI/ARDS [39–44]. In the early phase of the dis-
ease, macrophages are quickly activated by recognizing the micro-
bial products and/or danger signals liberated from tissue injuries.
These activated macrophages further drive the acute inflammatory
responses via releasing inflammatory cytokines, recruiting circu-
lating neutrophils and monocytes to the lungs, and interacting
with other cells (lymphocytes, epithelial and endothelial cells) to
boost the inflammatory responses. These inflammatory processes
are critical for fighting the invading pathogens; however, uncon-
trolled overwhelming inflammation eventually leads to lung dam-
age and pulmonary edema. Therefore, regulating TLR signaling
pathways of the alveolar macrophages in the early phase of lung
injury to shut down the detrimental inflammatory reactions repre-
sents a promising therapeutic strategy to treat ALI/ARDS.

Our developed peptide-GNP hybrid, P12 (P12(G13) or P12
(G20)), holds an immense potential as a novel promising treatment
for inflammatory diseases with complex pathophysiology, such as
ALI/ARDS for the following reasons. First, P12 can effectively inhibit
TLR4 signaling inmacrophages (Fig. 2). It also has a broad inhibitory
activity on multiple TLR pathways (e.g., TLR2, TLR3 and TLR5)
[31,33], making it a potent nano-inhibitor to intervene inflamma-
tory diseases involving the over-activation of multiple TLRs.
Second, P12 treatment via intratracheal instillation can alleviate
LPS-induced lung inflammation and injury in vivo. In particular,
P12 strongly inhibited neutrophil recruitment and chemokines pro-
duction (KC and CCL2) in the lung (Fig. 4b–e), which are key inflam-
matory mediators during the initiation and progression of ALI.
Moreover, P12 could reduce the alveolocapillary membrane perme-
ability caused by inflammatory mediators (Fig. 4f-g and Fig. 5).
Third, by increasing the GNP core size to 20 nm, P12(G20) signifi-
cantly improved both short-term and long-term survival rate of
mice exposed to lethal doses of LPS (Fig. 6). P12(G20) could also
induce endotoxin tolerance (Fig. 7), which may contribute to the
improved long-term survival. Fourth, the fabrication of peptide-
GNP hybrids is simple and easy to scale up, and their size and
surface properties can be finely controlled. These features and ther-
apeutic activities make peptide-GNP hybrids promising candidates
as novel ‘‘nanodrugs” for the treatments of many inflammatory
conditions including ALI/ARDS.

Another attractive advantage of developing nanoparticle
(NP)-based anti-inflammatory therapeutics to treat inflammatory
diseases is the newly discovered ‘‘NanoEL” effect [45–50]. NanoEL
effect states that nanomaterials can induce endothelial cell barrier
leakiness by binding to the adherens junction protein VE–cadherin
and disrupting the cell–cell interactions. Such an effect is expected
to help intravenously administered nanodrugs cross the vascular
barrier to the target sites, and assist the clearance of locally deliv-
ered nanodevices from the body through the blood circulation sys-
tem. To date, a variety of nanomaterials has been found to exert
NanoEL effect, including TiO2 NPs, nanodiamonds, silica NPs and
GNPs. For GNPs, interestingly it has been found that NPs with the
size between 10 and 30 nm are good NanoEL inducing particles
for air-blood barrier translocation [50]. In this study, we also found
the leakage of our peptide-GNP hybrids from lungs to blood circu-
lation and other organs (Fig. S7). Conceptually, it is very possible
that the ‘NanoEL’ effect is involved in the clearance and transloca-
tion of the hybrids out of the lung, which would be advantageous
for long-term safety.

3.2. Nanoparticle size-dependent modulation of TLR signaling in vitro
and in vivo

It is well-known that the size of nanoparticles can significantly
influence their bio-activities and interactions with biological sys-
tems [18,51]. This is mainly because the nanoparticle size has
direct impacts on the surface area and interfacial properties, which
in turn determines the capacity of carrying bio-active molecules,
the strength of molecular binding to surroundings, and the fate
after being internalized into a cell. A good example is that the bind-
ing affinity of Herceptin to its receptor becomes �20 times higher
when loaded onto a 10-nm nanoparticle; it is further enhanced
over 30 times when the nanoparticle size increases from 10 nm
to 70 nm [52]. Furthermore, numerous evidences have also shown
that nanoparticles with a size around 30–50 nm appear to have an
optimal cellular uptake in a variety of mammalian cells [53]; one
possible reason for this phenomenon is that at these optimal sizes,
the nanoparticles can be effectively wrapped around by the cell
membranes to form vesicles for internalization. Equally important,
the nanoparticle size significantly contributes to the in vivo biodis-
tribution and pharmacokinetics as well [54]. It has been found that
nanoparticles with a size of 10–100 nm display a longer circulation
half-life and higher accumulation in the tumor, whereas larger
nanoparticles (>100 nm) tend to accumulate in the liver and
spleen, and smaller nanoparticles (<10 nm) can be easily excreted
in urine. Therefore, it is crucial to investigate the effects of the
nanoparticle size on the bio-activity for a given nano-system to
improve the therapeutic outcomes and biosafety profiles for clini-
cal translation.

In this work, we found that indeed the larger hybrid P12(G20)
(vs. P12(G13) and P12(G5)) was more potent in inhibiting the
LPS-induced NF-jB and IRF activation and the secretion of proin-
flammatory cytokines (CCL2, CCL4) in THP-1 derived macrophages
(Fig. 2 and Fig. S4). This higher therapeutic efficacy was also found
in a LPS-induced ALI mouse model (Figs. 4–6). Strikingly, P12(G20)
could extend the survival of mice challenged with two lethal doses
of LPS (Fig. 6). Such an effect could be attributed to the induction of
a stronger LPS tolerance by P12(G20) (Fig. 7) (see below
discussion).

The possible mechanism(s) of action behind the size-dependent
enhancement of inhibiting TLR signaling and lung inflammation
was likely due to a higher cellular uptake and stronger endosomal
pH modulation at a larger size of the peptide-GNP hybrids (Fig. 8).
The bigger GNPs (20 nm) supply a larger surface area for more pep-
tides coating on the surface, contributing to more negative charges
to neutralize the protons, thereby a higher capacity of endosomal
pH modulation. In combination with its higher uptake into macro-
phages, P12(G20) exerted more efficient blockade of endosomal
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acidification, and thus demonstrated more potent inhibition on NF-
jB and IRF3 activation. It is worth noting that even at the same
nanoparticle surface area (120-nM P12(G13) vs. 50-nM P12
(G20)), the larger hybrid P12(G20) still had a higher ability to pro-
long ALI mouse survival and induce LPS tolerance (Figs. 6 and 7).
Altogether, these in vitro and in vivo experimental evidences sug-
gested the importance of the nanoparticle size in modulating the
anti-inflammatory activity of the peptide-GNP hybrids. Although
the observed enhanced anti-inflammatory activity was found to
be highly nanoparticle size-dependent, it should be clarified that
nanoparticle size was not the ‘‘only” contributing factor. In fact,
the nanoparticle size serves as an important fundamental factor
that can influence other properties of the hybrids. For example, dif-
ferent nanoparticle sizes can affect the surface curvature and sur-
face area as well as the capacity of the peptide loading; they all
could ultimately contribute to the enhanced bio-activity of the
hybrids. In addition to the nanoparticle size, we cannot exclude
other possible mechanisms for the stronger anti-inflammatory
effect of P12(G20) such as interacting with plasma membrane pro-
teins or acting on autophagosome-mediated signaling [55,56].

It is worth noting that our hybrids may interact with plasma
proteins to form a protein layer surrounding the hybrids, known
as ‘‘protein corona”. Protein corona has become an important fac-
tor affecting the therapeutic effects of nanoparticles administered
intravenously. The formation of protein corona on a nanodevice
will not only alter its original physicochemical properties, but also
impart additional bio-activities linking to its (patho)biological
implications and sometimes unexpected outcomes [46,57]. Inter-
estingly, we did observe possible interaction of our hybrids with
serum proteins for the reduced surface charge and increased
hydrodynamic diameter of the hybrids in simulated physiological
fluids (containing 5% FBS) (Table S1). Thus, there exists possibility
that our hybrids may interact with some proteins in the surfactant
layer in the alveoli after instilled into the lung. Accordingly, we
could not exclude the possibility that protein corona might be
another mechanism (in addition to high cellular uptake and endo-
somal pH modulation) contributing to the difference in anti-
inflammatory activity of the hybrids with different GNP core sizes.
We will employ proteomic technology to study this in the future.

3.3. Nano-enhanced LPS tolerance

LPS tolerance or ET is a transient state of irresponsiveness of
innate immune cells (e.g., macrophages) that are pre-exposed to
LPS under the second hit of LPS. Such phenomenon can be observed
in the experimental settings of cultured cells and animal models as
well as in clinical conditions of sepsis and trauma, indicating its
pathophysiological significance and clinical relevance [58,59]. ET
is an important protective mechanism adapted by the host to reg-
ulate the overwhelming inflammation from the endotoxin shock
during infections [58]. Interestingly, ET can also fortify the host
defense against infection, as the LPS tolerant mice had prolonged
survival and reduced bacterial load [60]. However, exuberant ET
is suggested to cause immune dysregulation and increase disease
mortality often seen in sepsis patients [61]. Therefore, it is neces-
sary to develop strategies to tightly regulate this process.

A number of strategies have been developed to manipulate ET
in vitro and in vivo. For example, specific cytokines such as granu-
locyte macrophage-colony stimulating factor (GM-CSF) or inter-
feron gamma (INF-c) were found to be able to reverse the ET
effect [62]; ET can also be diminished by the analgesic morphine
through modulating the miR-146a [63]. On the other hand, tools
have also been developed to enhance the ET effect for protection
against excessive inflammation. Alpha-ketoglutarate (aKG) gener-
ated from glutamine metabolism was found to promote ET effect
via Jmjd3-dependent metabolic and epigenetic reprogramming
[64]. Herein, we reported a novel nano-based strategy to promote
the ET effect, where the bigger hybrid P12(G20), but not P12(G13)
could significantly enhance the LPS tolerance and provide both
short-term and long-term protection for ALI mice challenged with
lethal doses of LPS (Fig. 6). We suspected that such an ET effect by
P12(G20) may be associated with its high cellular uptake, and per-
haps interacting with certain proteins participating in the ET sig-
naling. More studies are underway to disclose the possible
mechanism(s) of action of LPS tolerance by P12(G20).
4. Conclusions

Building on our previous discovery of the anti-inflammatory
peptide-GNP hybrid P12, wemade a significant progress in enhanc-
ing its anti-inflammatory activities in vitro and in vivo by altering
the size of the GNP core. Specifically, the 20-nm hybrid P12(G20)
exhibited stronger inhibition on TLR4 activation and its down-
stream cytokines production (CCL2, CCL4) in THP-1 cell-derived
macrophages than the 13-nm hybrid P12(G13) and 5-nm hybrid
P12(G5). The enhanced inhibitory effects could be due to the higher
cellular uptake and stronger endosomal pH buffering capacity of
P12(G20). In a LPS-induced ALI mouse model, P12(G20) was able
to better control the acute inflammation and reduce the injuries
in the lungs. With large excitement, P12(G20) but not P12(G13),
was found to significantly increase both short-term and long-
term survival rates of mice under lethal LPS challenges, likely due
to the enhanced LPS tolerance effect by P12(G20). Note that such
an enhancement was not simply due to the increased surface area
of the bigger 20-nm GNP core comparing to 13-nm GNP core. These
findings demonstrated the importance of controlling the size of a
nanodevice in amplifying its therapeutic activities and provided a
size-dependent control of endotoxin tolerance to strategically treat
ALI/ARDS or other TLR-associated inflammatory diseases.
5. Methods

5.1. Synthesis and characterization of the peptide-GNP hybrids

Gold nanoparticles (GNPs) (13 and 20 nm) were synthesized
according to an improved method from the literature and our ear-
lier work [31,65] while 5-nm, 30-nm, 40-nm and 50-nm GNPs
were purchased from TedPella, Inc. (Redding, CA, USA). The prepa-
ration of peptide-GNP hybrids was conducted according to our ear-
lier work [30,31]. Briefly, peptides (CanPeptide Inc., Montreal,
Canada) were dissolved in ultrapure water as a stock solution of
1 mM. One volume of peptide solutions was mixed with ten vol-
umes of the GNP solution under overnight incubation to allow pep-
tide conjugation to the GNPs. To fabricate peptide-GNP hybrids
with a higher peptide density, sodium chloride solution (NaCl,
3 M) was slowly added into the mixtures during peptide conjuga-
tion till a final NaCl concentration of 500 mM was reached. All
peptide-GNP hybrid solutions were sterilized by filtration through
a syringe filter (0.22 lm, Milipore, Billerica, MA, USA), and were
handled in a biosafety cabinet to keep the solutions free from con-
tamination. For free peptide ligands removal, the hybrid solutions
were centrifuged (15,000 rpm at 4 �C for 30 min) and washed three
times with sterile phosphate buffered saline (PBS). All hybrids
were stable in PBS without aggregation except those with the
GNP core size bigger than 20 nm.

The average diameter of bare GNPs and the peptide-GNP
hybrids were measured by JEOL JEM-2100 electron microscope
(Tokyo, Japan) at an accelerating voltage of 220 kV. The average
hydrodynamic diameter of the bare GNPs and hybrids were deter-
mined by dynamic light scattering (DLS) on a Zetasizer (Malvern
Instruments, Worcestershire, UK).
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The stability of peptide-GNP hybrids at the physiological condi-
tions was characterized following previously developed method
[30]. Briefly, the hybrid solution was mixed with various concen-
trations of sodium chloride solution at 1:1 volume ratio in a 96-
well plate and incubated for 2 h at room temperature. The optical
density (OD) at 524 nm was measured with a plate reader (Var-
ioskan Flash, Thermo Scientific, Waltham, USA). The data were nor-
malized with the OD value in the absence of NaCl.

5.2. Cell culture and cytokine analysis

THP-1 cells were cultured in the complete RPMI-1640 medium
containing 10% fetal bovine serum (FBS), 1 mM sodium pyruvate
and 2 mM L-glutamine (Gibco, USA). Cells were treated with
50 ng/ml phorbol-12-myristate-13-acetate (PMA, Sigma Aldrich)
for 24 h to differentiate into macrophage-like cells and then
washed with PBS three times followed by 48-h rest. THP-1 derived
macrophages were exposed to LPS (10 ng/mL) with or without var-
ious hybrids (50 nM or 100 nM). After 24 h incubation, culture
medium was collected and centrifuged at 15,000 rpm, 4 �C for
30 min and the supernatants were stored at �80 �C prior to the
cytokine analysis. The levels of macrophage chemotactic protein-
1 (MCP-1/CCL2) and macrophage inflammatory protein 1-beta
(MIP-1b/CCL4) in the supernatants were quantified by ELISA (eBio-
science, San Diego, CA) following the manufacturer’s instructions.

5.3. Reporter cell assay for the analysis of NF-jB/AP-1 and IRF
activation

The reporter cells, THP1-XBlue and THP1-Blue ISG cells were
purchased from InvivoGen (San Diedo, CA, USA). They were cul-
tured using standard protocols described in our previous work
[31]. Cells (105 cells/well) were seeded into a 96-well plate and dif-
ferentiated into macrophages following the same procedure
described above prior to the experiments. These macrophages
were treated with LPS (10 ng/mL) in the presence or absence of dif-
ferent hybrids (P12(G13), P12(G20), P13(G13) or P13(G20)) with
various concentrations (50, 100 or 120 nM) for 24 h. Culture media
from each well were collected and centrifuged at 15000 rpm for
30 min and the supernatants were stored for further analysis.

For NF-jB/AP-1 activation, 20 lL supernatants fromTHP1-XBlue
cells were incubated with 180 lL QUANTI-Blue solution at 37 �C for
1–2 h in a 96-well flat-bottomplate. For IRF activation, 20 lL super-
natants from THP1-Blue ISG cells (IRF) were analyzed in the same
way described above. The color change of the solution was quanti-
fied by analyzing the absorption at 655 nm on a microplate reader
(SpectraMax iD3, Molecular Devices, Sunnyvale, CA, USA).

5.4. Immunoblotting

THP-1 cells (2 � 106 cells/well) were seeded in a 12-well plate
and differentiated into macrophages. They were then treated with
LPS (10 ng/mL) with or without various hybrids for different time
periods up to 3 h. Whole cell lysates were prepared following the
procedure reported in our earlier publication [32]. The protein con-
centrations were measured and adjusted using Bradford assay
(Thermo Fisher Scientific, USA). Proteins were separated on 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred
to PVDF membranes (Immobilon-FL, EMD Millipore, Germany)
after electrophoresis. The membranes were blocked with tris-
buffered saline (G Biosciences) containing 5% bovine serum albu-
min (BSA, Sigma-Aldrich, USA) and 0.1% Tween 20 (Sigma-
Aldrich) for 1 h at room temperature followed by staining with
the primary antibodies, anti-phospho-p65, anti-IjBa, anti-b-actin,
anti-GAPDH, anti-phospho-IRF3 and anti-IRF3 (all from Cell Signal-
ing Technology USA), at 4 �C overnight. The blots were washed and
incubated with fluorescently-labeled secondary antibodies, IRDye
anti-rabbit 800CW and anti-mouse 680RD (LI-COR Biosciences,
USA) for 1 h at room temperature. Blots were imaged on a LI-COR
Odyssey infrared imaging system (LI-COR Biosciences).

5.5. Intracellular pH assay and confocal imaging

THP-1 cells (2 � 105 cells/well) were seeded and differentiated
into macrophages in 8-well chamber slides. They were incubated
with pHrodo red-labeled 10,000 MW dextrans (10 lg/ml) (Life
Technologies), together with P12(G13) (50 nM), P12(G20)
(50 nM) or P13(G13) (50 nM) for 6 h. Cells were then washed with
PBS three times and imaged on a Leica SP5 confocal microscope
(Leica Microsystems Inc., Wetzlar, Germany). The fluorescence of
pHrodo red (excitation 565/emission 585) within the cells was
quantified by Image J software. For each condition, a minimum
of 30 cells from 3 independent experiments were quantified.

5.6. Acid-base titration of the peptide-GNP hybrids

The buffering effect of the hybrids P12(G13) and P12(G20) was
examined by a standard acid-base titration method [66]. P12(G13)
and P12(G20) at concentration of 20 nM were re-suspended in a
0.9% NaCl solution. The 0.9% NaCl solution was also used as a con-
trol. All solutions were first adjusted to pH 7, and then titrated by
stepwise addition of 0.01 N HCl solution until pH reached 4. The
titration profile was made by plotting the solution pH against the
accumulated volume of the added HCl solution.

5.7. Nanoparticle cellular uptake assay

THP-1 cells (5 � 105 cells/well) were seeded in a 24-well plate
and differentiated into macrophages. They were treated with vari-
ous hybrids (50 nM) for 12 and 24 h. Cells were first rinsed with
ice-cold PBS 3 times to remove extracellular nanoparticles, and
then detached through vigorously pipetting with 1 mL ice-cold
PBS containing 2 mM EDTA. The cell suspensions were centrifuged
at 300 � g for 5 min and washed with PBS twice again. The cell pel-
lets were dissolved in a mixture of 8 mL nitric (GR, Sinopharm
Chemical Reagent Co, Ltd) and 2 mL perchloric acid (GR, Sinopharm
Chemical Reagent Co, Ltd). The above solution was sat for 15 min at
room temperature and then heated at 70 �C for 1 h until the cell
pellets were totally dissolved to form a clear solution (final volume
of 1 mL). All samples were further diluted using 2% Aqua Regia
(nitric acid: hydrochloric acid of 1:3), and the amount of Au were
analyzed using an ICP-MS instrument (iCAP Q, Thermo Fisher Sci-
entific, Bremen, Germany). The data were shown as number of
GNPs per 100,000 cells.

For evaluating the effect of the endocytosis inhibitor cytocha-
lasin D (Sigma) on the uptake of P12(G13), THP-1 cell derived
macrophages were pretreated with PBS control or cytochalasin D
(300 nM) for 0.5 h, and then treated with the Cy5-PEG5000-SH
(0.5%, Nanocs Inc.) labeled P12(G13) for 3 h in the absence or pres-
ence of cytochalasin D (300 nM). The cells were then washed three
times with cold PBS and collected for flow cytometry analysis (BD
Accuri C6, BD Biosciences). The mean fluorescence intensity (MFI)
of Cy5 was calculated, representing the cellular uptake of P12
(G13).

5.8. LPS-induced acute lung injury (ALI) murine model

The experimental protocol of ALI mouse model was performed
according to protocols approved by the Shanghai Jiaotong Univer-
sity Affiliated First People’s Hospital Institutional Animal Care and
Use Committee guidelines for the care and use of laboratory
animals (Approval number # 2018KY201).
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The 7–8-week-old male C57BL/6 mice were purchased from
Shanghai Laboratory Animal Co. Ltd. (Shanghai, China). All the pro-
cedure was conducted under sodium pentobarbital anesthesia, and
all efforts were made to minimize mouse suffering. Hybrid treat-
ments (500 nM, 50 lL) or PBS negative control were intratracheally
instilled using a laryngoscope and a bent gavage needle at 1 h prior
to intranasal LPS challenge (10 mg/kg body weight, 50 lL) or PBS
as a control [67]. Mice were sacrificed 24 h after LPS challenge
for the analysis of lung inflammation and injury.

5.9. Bronchoalveolar lavage fluid (BALF) analysis

Bronchoalveolar lavage (BAL) was performed by tracheotomy
and injecting 0.8 mL cold PBS through the trachea, followed by
carefully withdrawing. The volume of retrieved fluid was >60% of
the injected one. BAL cells were collected by centrifuging the BALF
at 1200 rpm for 10 min at 4 �C and then resuspended in PBS solu-
tion. Total number of cells were counted on a hemocytometer with
trypan blue exclusion. Aliquots of the BALF were cytocentrifuged
onto a glass slide and stained with Wright-Giemsa (Baso Diagnos-
tics, Inc. Zhuhai, China). The differential cell counts were deter-
mined by counting 200 cells under400� magnification.
Meanwhile, the BALF supernatants were stored in �80 �C freezer
until further cytokine analysis. The release of keratinocyte
chemoattractant (KC) and CCL2 in BALF were analyzed by ELISA
kits (eBioscience) according to the manufacturer’s instructions.
The BAL total protein was measured by BCA-protein quantification
assay kit (Beyotime, Shanghai, China). BAL cells were fluorescently
labelled with CD11b (clone M1/70, Biolegend) and F4-80 (clone
BM8, Biolegend) antibodies, and CD11b+F4-80+cells (macrophages)
were sorted out by Flow for the uptake analysis in BAL macro-
phages by ICP-MS.

5.10. Histological analysis and lung W/D ratio

In a separate set of mice, the left lung lobe of mice was dissected
and fixed in 10% buffered formalin and embedded into paraffin. The
samples were processed to obtain 4 lm paraffin sections on glass
slides, which were stained with hematoxylin and eosin (H&E), fol-
lowed by dehydrating and mounting. The sample sections were
imaged and subjected to lung injury assessment by two indepen-
dent investigators who were blinded to the sample groups using a
scoring system described previously [68]. To assess lung injury,
six randomly chosen fields of each section were evaluated based
on five independent variables: neutrophils in the alveolar space,
neutrophils in the interstitial space, hyaline membranes, proteina-
ceous debris filling the airspaces and alveolar septal thickening. For
a given field, each variable is scored with 0, 1 or 2 according to the
injury severity. The variables were then weighted differently based
on their relevance to the lung injury. The sum of the weighted vari-
ables was averaged by the number of determined fields, resulting in
the final score with a value between 0 and 1 [68].

Right lungs of mice from each group were collected and
weighed. They were then placed in an oven at 60 �C for approxi-
mately 48 h to dry the tissues prior to the second weighing. The
weight ratio of wet and dry (W/D) lung was then calculated.

5.11. Survival curve

In a different experimental set-up, mice (at least 8 mice per
each group) were under a lethal dose (20 mg/kg) of LPS challenge
intranasally to induce severe ALI. The survival and weight loss of
mice in each group were recorded every day for 7 days. Mice that
survived from the first LPS shock were re-challenged with an even
higher dose (25 mg/kg) of LPS on Day 11 from the first challenge.
Mice were continuously monitored for survival every day for
another week, and the experiment was ended on Day 17.

5.12. Statistical analysis

Statistical analysis was performed using GraphPad Prism 7.
Results were compared by one-way or two-way ANOVA with a
Bonferroni post-test whenever applicable. P value <0.05 was
considered statistically significant. Data were expressed as
means ± SEM with N � 3.
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