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Abstract

Silver nanoparticles (AgNPs) have been extensively used as antibacterial component in numerous
healthcare, biomedical, and consumer products. Therefore, their adverse effects to biological
systems have become a major concern. AgNPs have been shown to be absorbed into circulation
and redistributed into various organs. It is thus of great importance to understand how these
nanoparticles affect vascular permeability and uncover the underlying molecular mechanisms. A
negatively charged mecaptoundeonic acid capped silver nanoparticle (MUA@AgNP) was
investigated in this work. Ex-vivo experiments in mouse plasma revealed that MUA@AQgNPs
caused plasma prekallikrein cleavage, while positively charged or neutral AgNPs, as well as Ag
ions had no effect. /n-vitrotests revealed that MUA@AQNPs activated the plasma kallikrein-kinin
system (KKS) by triggering Hageman factor autoactivation. By using specific inhibitors aprotinin
and HOE 140, we demonstrated that KKS activation caused the release of bradykinin, which
activated B2 receptors and induced the shedding of adherens junction protein, VE-cadherin. These
biological perturbations eventually resulted in endothelial paracellular permeability in mouse
retina after intravitreal injection of MUA@AQgNPs. The findings from this work provided key
insights for toxicity modulation and biomedical applications of AgNPs.
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1. Introduction

Silver nanoparticles (AgNPs), as a common antibacterial agent, have been extensively used
in a variety of products such as household appliances, healthcare supplies, and water
disinfection agents (Wilson center, 2014). However, concerns have recently been raised
regarding the potential biological toxicities of this agent (Ahamed, 2010; Geranio, 2009;
Nel, 2006). Human exposure to AgNPs normally occurs via dermal, digestive and
respiratory pathways. Once internalized, AgNPs are transported through blood circulation to
multiple organs and cause the corresponding deleterious effects (Ahamed, 2010; Takenaka,
2001). Although some possible mechanisms have been proposed on basis of direct
interactions between AgNPs and vascular barriers such as small particle transit across
barriers via transcytosis (Trickler, 2010) and AgNPs induced oxidative damage to the
barriers (Baruwati, 2013), AgNPs mediated biological processes in blood circulation and
penetration of vascular barriers are not fully understood. It is thus of great importance to
investigate how AgNPs interact with plasma components and potentially cause vascular
permeability.

The contact system, also known as the Kallikrein-kinin system (KKS), is involved in the
regulation of vascular permeability, inflammation and coagulation (Bjorkqvist, 2013;
Colman, 1997; Feener, 2013). The KKS consists of several plasma serine proteases
including Hagemen factor (FXII), plasma prekallikrein (PPK), and high molecular weight
kininogen (HK) (Bjorkqvist, 2013). On contact with negatively charged artificial or biologic
surfaces, the zymogen, FXII, will undergo autoactivation, leading to the formation of FXlla
and PPK activation (contact activation). Activated plasma kallikrein (PK) acts in two ways
that reciprocally activate FXII to produce more FXlla and cleave HK to release a biological
active peptide, bradykinin (BK). The cascade activation was shown in Figure S1. As an
inflammatory mediator, BK may mediate retinal vascular permeability elevation, potentially
inducing macular edema and even causing vision loss in some clinical disease cases like
diabetes (Kempen, 2004; Williams, 2004). Since the KKS is central to vascular permeability,
and activated by interactions with negatively charged surfaces, it is of particular interest to
characterize the potential effects of nanoparticles on the KKS and the resultant effects on
physiological systems and organs.

Up to now, very few studies explored the effects of engineered nanomaterials on the KKS or
the related zymogens. Superparamagnetic iron oxide nanoparticles were reported to induce
contact activation of KKS both /n vitroand /n vivo (Simberg, 2009). Multiple-walled carbon
nanotubes were found to accelerate thrombosis by activating the intrinsic coagulation
cascade (Burke, 2011) which cross-talks with the KKS via FXII activation. However, key
questions, such as how nanoparticles interact with plasma zymogens and the KKS pathway
and how nanoparticles break the vascular barrier remain unanswered. Furthermore, widely
used AgNPs that provide better aqueous solubility, biocompatibility and shelf stability often
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have a negative surface charge (Badawy, 2010; Levard, 2012). Thus, since AgNPs have a
high propensity to activate the contact cascades due to its negatively charged surface, this
interaction will be the primary focus for this investigation.

In this report, we describe the first mechanistic study of contact system activation by
mecaptoundecanoic acid capped silver nanoparticles (MUA@AgNPs). MUA@AgNPs
activate the KKS cascade, cause the shedding of adherens junction protein, VE-cadherin,
and enhance retinal vascular permeability after intravitreal injection in mice. These results
provide key insights into the mechanism by which AgNPs increase vascular permeability
and further guide its usage in potential medical applications and toxicity modulation.

2. Methods

2.1 Preparation and Characterization of AQNPs

Firstly, citrate capped silver nanoparticles (Cit@AgNPs, 10 nm) were synthesized with a
chemical reduction reaction (details shown in supplementary information). Secondly,
MUA@AgNPs with the same size was prepared by the ligand exchange with 11-
mecaptoundecanoic acid (MUA, Sigma-Aldrich). The modification was conducted by
incubating 264 pg/mL 11-mecaptoundecanoic acid with 20 pg/mL Cit@AgNPs in 10 mM
PBS buffer (pH 7.4) at room temperature overnight. The other two nanoparticles of
BEPI@AgNPs (nanoComposix) and PVP@AgNPs (Shanghai Zhuiguang Technology Co.,
LTD,) were commercially purchased.

The morphology of AgNPs was observed with transmission electronic microscopy (2100f,
JEOL,; H-7500, Hitachi). The hydrated size and zeta potential were characterized on a
particle size analyzer (Mastersizer 2000, Malvern). The X-ray photoelectron energy
spectroscopy (AXIS UltraDLD, Kratos) and UV-Visible absorption (DU-800, Beckman)
were used to demonstrate the surface information of MUA@AGQNPs. The release of Ag* was
evaluated by the ratio of silver content in 3 kDa ultrafiltrated supernatant to that in
MUA@AgNPs suspension quantified with ICP-MS (Agilent 7500ce). The properties and the
dissolution over time (0, 1, 2 and 6 h) of MUA@AgNPs in mouse plasma were evaluated as
well to understand their fate and responses in blood.

2.2 Ex-Vivo Experiments

Treatment for plasma contact activation—3 pL of 4 mg/mL kaolin (Sinopharm)
suspension, 40 pg/mL diverse AgNPs suspensions (MUA@AgNPs, PVP@AgNPs and
BEPI@AQgNPs), 40 pg/mL AgNO3 solution and 40 pg/mL MUA were mixed with 27 pL of
mouse plasma (C57BL/6, Vital River Laboratory Animal Technology Co. Ltd.), respectively,
and incubated at 37 °C for 1 h. The control plasma sample was prepared by using 3 pL of
distilled water instead. The tested concentrations of MUA@AQgNPs for dose-response study
were set as 0.5, 5, 10, 40, 200 pg/mL and the incubation time was 1 h. As for the time-
course experiment, different incubation durations of 0, 5, 15, 30 and 60 min were controlled
when MUA@AQgNPs (40 pg/mL) was introduced into the plasma. Ex-vivo contact activation
in human plasma (healthy volunteers from the lab) was performed in the similar way by
using MUA@AQgNPs (40 ug/mL, 400 pg/mL) as the activator.
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Western blot assay—The ex-v/vo contact activation was stopped by the addition of 4x
sample buffer (Laemmli buffer, containing 4% B-mecaptoethanol) and the mixtures (AgNPs
activated plasma samples) were subsequently submitted for Western blot assay. It mainly
included gel separation (4—20% gradient, Bio-Rad), membrane transferring (cellulose
acetate, 0.45 pm, EMD millipore), immunoblotting with the primary and secondary
antibodies and development with Thermo ECL reagents and Kodak film. The primary
antibodies included mouse PK antibody (1:1000, R&D), and those for human proteins, PK
(1:1000, Abcam), FXII (1:1000, Cedarlane Laboratories), HK (1:2000, R&D). The
secondary antibodies were peroxidase-conjugated rabbit anti-goat and goat anti-rabbit 19G
(1:500, ZSGB-BIO).

PK Activity Assay—27 pL of fresh mouse plasma samples were incubated with 3 pL of
H»0, human PK (80 pg/mL, Enzyme Research Laboratories), Kaolin (4 mg/mL) and
MUA@AgNPs (4 mg/mL) for 1 h, respectively. After centrifugation, 4 uL of supernatants
were mixed with 95 pL of 10 mM phosphate buffer (pH7.4) containing 50 pM ZnSQOy in
Corning® 96-well black plate. After 1 uL of 20 mM fluorogenic kallikrein substrate (H-D-
Val-Leu-Arg-AFC-2HCI, Calbiochem, EMD Millipore) was added, the fluorescence
emission was instantly monitored by the multifunction microplate reader (Thermo Scientific,
VARIOSKAN FLASH) at 400 nm/505 nm (Aex/Aem) for continuous 30 min at an interval of
30s.

2.3 In-Vitro Experiments

Purified human protein including FXII, FXIla, PPK, PK and HK obtained from Enzyme
Research Laboratories were used for the in-vitro experiments.

Native PAGE assay—In total 25 pL of 10 mM PBS buffer system (pH 7.4, 50 uM
ZnS0y), 0.2 pug FXI11I was incubated with suitable amount of MUA@AgNPs at 37 °C for 1 h.
The molar ratios of MUA@AgNPs/FXII were 0, 0.1, 0.2, 0.5, 0.8, 1, 1.5, 2, 5, and 8. The
mixture was separated on 12% native PAGE gel. Using Western blot, the amount of unbound
FXI1 was visualized and the binding ratio of the complex was confirmed based on the
densitometric measurement of the unbound FXII in the separation gel.

CD determination—As for the conformational change analysis, FXII (44 pg/mL) was
incubated with MUA@AgNPs (40 pg/mL) in 10 mM phosphate buffer (pH7.4) containing
50 UM ZnSOy at 37 °C for 1 h. Together with the relative protein controls (FXII, FXlla, 44
pg/mL), the samples were characterized using CD measurement. The CD spectra were
acquired from 195 to 300 nm at room temperature on a spectropolarimeter (Jasco-815,
Jasco). The samples were under nitrogen protection when the data were recorded by using a
0.05% (w/v) polybrene (Sigma-Aldrich) pretreated quartz cell with a scan rate of 200 nm
min~L. Each spectrum was accumulated twice, and the results were expressed as CD milli-
degrees. The data were further analyzed with CDpro software package (Sreerama, 2004).

In-vitro KKS activation—The /n-vitro KKS zymogen activation was performed by the
incubation of 400 pg/mL MUA@NPs with 0.5 pg FXII, 1 pg PPK, 1.6 pg HK and the
combination in 30 uL of 10 mM PBS buffer system (pH 7.4, 50 uM ZnSQy) at 37 °C for 1 h.
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The samples were subsequently submitted to Western blot assays according to the protocols
used for ex-vivo contact activation in human plasma.

2.4 In-Vivo Experiments

Animals—Animals for /n-vivo studies were 10-week old male C57BL/6 mouse with an
average weight of 22 g and they were purchased from Vital River Laboratory Animal
Technology Co. Ltd. (Beijing). All the animal experiments were approved by the Animal
Care and Use Committee of the RCEES, Chinese Academy of Sciences. All the materials
used on the mice were sterile and the surgeries were performed under the disinfection
condition. Before the surgeries, the mice were anaesthetized with 50 mg/kg pentobarbital
sodium (Sigma-Aldrich) by peritoneal injection. All in-vivo treatments were performed on
three independent mice, unless otherwise specified.

In-vivo PPK activation—The anaesthetized mice were slowly infused 2.5 mg/kg
MUA@AQgNPs or PBS into the jugular vein through the catheter (MRE-025, Braintree
Scientific, Inc.). At circulation time of 0, 30 and 60 min, about 50 uL of mouse blood
samples were collected through the catheter with the syringe pre-filled with the
anticoagulant (3.6% trisodium citrate solution). The blood was subsequently centrifuged at
2500 g (15 min, 4 °C) for the plasma preparation. These plasma samples (2 uL) were diluted
with sample buffer (1x, Laemmli buffer) by 20 folds and further processed for PK Western
blot assay with the same condition as ex-vivo PPK activation in mouse plasma.

FITC-dextran infiltration assay—On the anaesthetized mice, intravitreal injection of
MUA@AQgNPs (500 pg/mL, 1 uL), BK (10 uM, 1 pL) or PBS (1 pL) were performed using
Hamilton syringe with 30G needle. Fifteen minutes later, the probe solution (FITC-dextran
in PBS, 70kDa, Sigma,) was infused into the blood circulation system of the mice through
the jugular vein at the dose of 200 mg/kg and allowed to circulate for 2 h. The mice were
subsequently sacrificed with CO5. Both eyes in each mouse were harvested and fixed
separately in 10% formalin for 1 h. The retina samples were carefully dissected and mounted
on glass slides with anti-fade mounting medium (Vector Labs). The fluorescent images were
photographed using a confocal fluorescent microscope (Leica TCS SP5).

EB assay leakage assay—The anaesthetized mice were performed with intravitreal
injections of PBS (1 pL), BK (10 M, 1 pL), or MUA@AgNPs (50 pug/mL, 500 pg/mL, 1
uL). More than 5 mice were tested for each group and the detailed animal numbers were
specified in Figure 5d. Fifteen minutes later, Evans blue dye (EB, 90 mg/mL, 2 pL/g mouse)
was infused through jugular catheter into the mouse and it was allowed to circulate for 1 h.
The mouse was subsequently sacrificed and around 300 pL of blood was collected from the
postcava to prepare the plasma sample. The cardiac perfusion was successively performed
on the mice with PBS (5 mL) and 10% formalin (5mL) at a physiological pressure through a
0.22 um syringe filter to remove the residue blood in the whole vasculature. The retina
samples were then harvested and 2 retinas from the same mouse were combined as 1 sample.
After vacuum dried for 4 h and weighed, each retina sample was separately extracted by 130
uL of formamide (Sigma) at 72°C for 18 h. The supernatants containing the dye leaked into
the retina tissues were collected by the centrifugation and 50 pL of the samples were loaded
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onto the 96-well plate. Together with the formamide diluted plasma (1000 folds dilution, 50
uL), the absorbance of all the samples were measured at 620 nm (Ab for Evans blue) and
740 nm (background) on the multifunctional plate reader (Thermo Scientific, VARIOSKAN
FLASH), respectively. All the values were calibrated by Ab[620nm] - Ab[740nm] and the
EB leakage in each retina sample was calculated according to the following equation.

EB leakage=[EB|, ../ (dry weight of retina x circulation time x [EB]

plasma)

Retinal PPK Leakage assay—PPK levels, as one of the representative plasma
component, were analyzed in the moue retina tissues by Western blot for the evaluation of
retinal vascular permeability upon intravitreal treatments of PBS (1 pL), BK (10 uM, 1 L)
or MUA@AgNPs (500 ug/mL, 1 pL) in anaesthetized mice. One hour later after intravitreal
injection, the mice were sacrificed and cardiac perfused with 10 mL of PBS. The retina
samples were dissected and snap frozen in liquid nitrogen. Each retina sample was sonicated
in 100 pL of lysis buffer (10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 10% glycerol, 1% Triton
X-100 and 1% cocktail solution) on ice. The lysates were submitted to protein quantification
using BCA assay kit (Pierce, Thermo) and subsequent PPK Western blot assay using the
similar condition for mouse plasma PPK immunoblot. $-actin in the retina tissues were
analyzed as the loading control (rabbit anti-beta-actin antibody, 1:2000, Beijing Biosynthesis
biotechnology). The quantitative analysis was performed by scanning the grey density of the
protein bands using Quantity One software (http://www.bio-rad.com/en-us/product/quantity-
one-1-d-analysis-software).

2.5 Cell Experiments

Cell cultures—The HREC (ScienCell Research Laboratories) was cultured in the 100-mm
culture dish pre-coated with 0.1% gelatin (Gibico) and incubated at 37 °C under 5% CO,.
The culture medium was ECM (Sciencell) containing 5% FBS (Gibico), 1% endothelial cell
growth supplement (ScienCell Research Laboratories) and 1% antibiotic reagents (Gibico),
and was changed every day. As for the following cell studies, triplicate experiments were
performed independently.

Cell stimulation—All the cell stimulations were performed in ECM medium containing
1% BSA (Sigma-Aldrich). The exposure groups included negative controls (PBS, 1% mouse
plasma and 2 pg/mL MUA@AQgNPSs), positive control (10 pM BK), 1% mouse plasma
activated by MUA@AgNPs (0.2 pg/mL for L-p@AgNPs, 2 pg/mL for H-p@AgNPs), 10
UM aprotinin with H-p@AgNPs and 2 uM HOE 140 with H-p@AgNPs. The stimulus of L-
p@AgNPs and H-p@AgNPs were freshly prepared by adding 2 pL of MUA@AQgNPs (0.2, 2
mg/mL) in 18 uL of mouse plasma, respectively and incubating at 37°C for 10 min before
cell stimulation. As for the stimuli of aprotinin with H-p@AgNPs, 1 mM aprotinin (Sigma-
Aldrich) was pre-mixed with mouse plasma and it was subsequently processed with the
protocol for H-p@AgNPs preparation. In view of 2 uM HOE 140 with H-p@AgNPs,
HRECSs were pre-incubated with 2 uM HOE 140 (Sigma-Aldrich) for 30 min, then treated
with H-p@AgNPs. The stimulations were performed by directly adding the stimulus
described above to the cell exposure medium at the ratio of 1:100 (V/V). The specific details
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were given in the respective assays. BK stimulation was lasted for 30 min, while the
exposure duration for the other stimulus was 2 h or 6 h.

Alamar blue assay—HRECs were seeded in 96-well pates with the density of 10 000
cells/well. After 24-h incubation, the cell medium was replaced by 100 uL of ECM medium
containing 1% BSA and the cells were starved for 3 h. The treatments with the stimulus
described in section of cell stimulation were performed for 2 h and 6 h, respectively. Three
parallel wells were set for each condition. 10 uL of 100 uM Alamar Blue® reagent (Sigma
Aldrich) was added and the plates were incubated at 37°C with 5% CO, for another 2 h. The
fluorescence at 590 nm/530 nm (Aem/hex) Was measured for the evaluation of cell viability.

Permeability assay for monolayer HRECs—HRECs were seeded on 0.1% gelatin pre-
coated polyester filter of a transwell device (24-well format, 0.4 pm pore size, Millipore) at
the density of 50 000 cells/cm? and cultured at 37 °C under 5% CO,. The trans-endothelial
electrical resistance was monitored for 7 days by Millicell® ERS-2 voltohmmeter (Merck
Millipore) until a monolayer of HRECs was formed in each well to simulate iBRB /n vitro.
The culture medium was replaced by 100 pL and 600 uL of ECM medium containing 1%
BSA (Sigma-Aldrich) in upper and bottom wells, respectively, and the cells were starved for
3 h before stimulation. The respective stimuli described in section of cell stimulation
together with the fluorescent probe of RITC-dextran (70kDa, Sigma, 5 mg/mL) were added
into the upper compartment. After 6-h exposure, 50 uL aliquot of the media in each bottom
chamber was collected for the fluorescence measurement (Aex/em 543 Nm/584 nm). The
fluorescent signal of the probe penetrating across the cell monolayer in each group was used
for the evaluation of the changes in the permeability of simulated iBRB.

VE-Cadherin expression in HRECs—HRECs were seeded in 0.1% gelatin coated 6-
well plates. When the confluency increased to 80-90 %, the cells were processed with 3 h
starving and 2 h stimulation (as shown in section of cell stimulation). After exposure, the
cells were washed with DPBS containing Ca2*/Mg?2* twice and lyzed in 50 uL of lysis
buffer containing 1 mM NaF, 1 mM NagVOy, 1% cocktail and 0.6 mM H,0, on ice for 1 h.
After centrifugation, the lysates were submitted to Western blot for VE-cadherin expression
(anti-VE-cadherin antibody, 1:100, Invitrogen)) and p-actin was detected as the loading
control with the similar protocol for mouse retina samples.

Immunostaining of VE-cadherin in HRECs—HRECs were grown in 0.1% gelatin pre-
coated glass bottom cell culture dishes (35 mm, NEST) for 12 h. The confluent cells were
starved and submitted to cell stimulation as described above. At the end of stimulation (2 h),
the cells were gently washed three times with DPBS containing Ca2*/Mg?2* and fixed with
ice-cold methanol (Sinopharm) for 5 min. After the cells were rinsed three times, DPBS
containing 5% BSA was added to block the non-specific binding sites at room temperature
for 30 min. Following triple rinses (5 min for each), the cells were blotted with human VE-
cadherein antibody (1:150, Abcam) in DPBS buffer containing 2% BSA overnight at 4 °C.
After triple washes with DPBS (5 min for each), the cells were incubated with dylight549
conjugated anti-rabbit antibody (1:200, Abbkine) in DPBS containing 2% BSA at room
temperature for 1 h. The cells were then washed with DPBS for three times (5 min for each).
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The samples were imaged for VE-cadherin distribution under confocal fluorescence
microscope. The integrity of AJs was evaluated by scoring the continuity grade of stained
VE-cadherin (Murakami, 2009). Briefly, grade 1 was for the cell borders with < 25%
continuous staining; grade 2 for ~25% continuous staining; grade 3 for ~50% continuous
staining; grade 4 for almost continuous staining with slight breaks; and grade 5 for border
completely stained. Thirty cells in each group were randomly selected for the integrity
scoring.

2.6 Statistical Analysis

3. Results

All experiments were independently performed by three times or more and the results were
the mean value * standard deviation. The statistical analysis was conducted with ANOVA
and the significant difference was expressed by Pvalue less than 0.05 or 0.01.

3.1 Characterization of ANPs

As an /in-vivo imaging agent, MUA@AgNPs have robust stability and favorable
biocompatibility (Lee, 2007). In this study, it was used as AgNPs model to investigate the
potential interaction with the KKS in plasma. The MUA@AQgNPs depicted in Figure 1a
were prepared by adding mecaptoundenic acid molecule to replace the citrate on the citrate-
coated silver nanoparticles (Cit@AgNPs) (Lee, 1982). The transmission electron
microscopic (TEM) image (Figure 1b) showed that the prepared MUA@AgNPs were
monodispersive spheric particles and the statistical size distribution was 9.7 + 0.9 nm
(Figure 1b, inset). The C44 spectra of MUA@AQNPs (Figure 1c) was composed of four
components of C-C at 284.9 eV, C-S at 286.3 eV, Ag-coordinated O-C=0 at 288.5 eV, and
free O-C=0 at 289.3 eV (Janardhanan, 2009; Yang, 2012), and the signal of coordinated O-
C=0 from the molecule of citrate ion almost disappeared. Together with the decreased
doublet electronic-binding energy of Sy, at 161.3 eV and 162.4 eV (Figure 1d),
MUA@AgNPs were demonstrated to be well passivated by the mecaptoundenic acid
molecules through the Ag-S coordination bond. The hydrated size and zeta potential of
MUA@AgNPs was 16.0 + 2.0 nm and —38.3 + 0.8 mV, respectively. The typical
measurement curves were shown in Figure 1e and 1f. As the released Ag* is commonly
believed to be vital for the biological toxicity of nanosilver (Lapresta-Fernandez, 2012; Liu,
2010), the fraction of Ag* in the MUA@AgNPs suspension was determined after 7-day
storage in water at room temperature (25 °C). As a result, the low amount of 1.5% Ag*
release indicate that Ag™ is unlikely to cause the resulting biological effect from
MUA@AgNPs suspension. The morphorage of MUA@AQNPs in mouse plasma depicted in
Figure 1g was similar to those in distilled water (Figure 1b). The nanoparticles remained
monodisperse in plasma and the partilce size was 13.2 £ 0.8 nm under TEM examination.
The hydrate size and zeta potential in plasma were 42.4 + 0.7 nm and —-38.4 + 1.8 mV,
repspectively. The UV-Vis absorbance at 402 nm confirmed the spectrometric characteristic
of AgNPs in plasma. The dynamic dissolution over time showed silver ion release was less
than 0.3% during 6 h incubation in plasma (Figure S2), confirming the negligible silver ion
release during the short-term exposure experiments (< 6 h) in this study. Moreover, two
other silver nanoparticles, the branched polyethyleneimine coated silver nanoparticles
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(BPEI@AgNPs) and polyvinylpyrrolidone coated silver nanoparticles (PVP@AgNPs) were
also used to study the effect of surface charge on ex-vivo activation of plasma KKS. These
two AgNPs had uniform dispersity with the equivalent size around 25 nm (Figure S3). The
zeta potentials were + 18.9 mV for BPEI@AgNPs and —2.6 mV for PVP@AgNPs,
respectively.

3.2 AgNPs Induced PPK Activation in Mouse Plasma

With reference to KKS activation by the non-physiological activator of kaolin (Maas, 2011)
which is characterized by PPK activation with the disappearance of PPK band (~75 kDa)
and the occurrence of PK band (~52 kDa) (Figure 2a), the effect of AgNPs on ex-vivo KKS
activation was explored in mouse plasma. As shown in Figure 2b, similar to kaolin, the
negatively charged MUA@AQNPs (lane 4) efficiently cleaved PPK to produce its active
form, PK. In contrast, neither the positively charged BPEI@AgNPs nor neutral
PVP@AQgNPs caused the activation of PPK zymogen. This indicated that only the particle
with a negatively charged surface triggered this biological process. The released Ag* from
AgNPs is always considered to play important roles in AgNPs induced biological effects
through denaturing enzyme or depolarizing cell (Ahamed, 2010; Lapresta-Fernandez, 2012).
Incubating equivalent amount of Ag* with mouse plasma showed that Ag* induced a
negligible amount of PPK cleavage in contrast to MUA@AgNPs. This suggested that the
activation of PPK in plasma caused by AgNPs was particle-specific and independent of
released Ag*. Likewise, the free ligand of 11-mecaptoundecanoic acid molecule which was
used as the coating material for MUA@AGQNPs preparation had no effect on PPK activation
itself (Figure 2c), showing that the AgNPs core was critical for this biological process.
Time-course studies indicated that MUA@AQgNPs activated PPK within 5 minutes (Figure
2d) and the contact activation was dose-dependent in the range of 0.5 — 200 pug/mL of
MUA@AgNPs (Figure 2e). PK activity was also tested to further confirm the potential effect
of MUA@AQgNPs on contact activation in mouse plasma. As shown in Figure 2f, the fresh
mouse plasma with 10% sodium citrate anticoagulant itself showed no capability to cleave
the fluorogenic kallikrein substrate, while the plasma with exogenous PK efficiently cleave
the substrate and generate a fluorescent signal. As a positive control, kaolin also
significantly elevated the fluorescence emission by inducing the endogenous PK generation
in the fresh mouse plasma through contact activation. Similarly, MUA@AQgNPs treated
plasma exhibited increased kallikrein activity, suggesting that MUA@AQgNPs are equally
potent to trigger plasma contact activation like kaolin. Therefore, it was confirmed that ex-
vivo PPK activation through contact activation was induced by the negatively charged
MUA@AQgNPs in mouse plasma.

3.3 AgNPs Triggered KKS Cascade Activation In Vitro and Ex Vivo

To investigate the waterfall cascade activation triggered by MUA@AgNPs, purified human
plasma zymogens in the KKS were used for in-vitrotests. As stated previously, contact
activation is triggered by the conformational change and autocatalysis of FXII and it is
initially mediated through the binding of FXII to a negatively charged surface (Konings,
2011). A native gel separation coupled with FXII Western blot was employed to investigate
the binding of FXII with MUA@NPs, since the formation of FXII complex would restrain
its migration in non-denaturing PAGE due to the conformational changes and size increase
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(Citarella, 1996). The result in Figure 3a showed that the free FXII protein decreased with
the increasing molar ratio of MUA@AQgNPs to FXII in the reaction system. By
densitometric measurement of the unbound protein, the binding molar ratio for
MUA@AgNPs/FXII was about 1.5:1. The conformational change of FXII on the negatively
charged surface of MUA@AgNPs was further examined by circular dichroism (CD) after
incubating FXII with MUA@AgNPs at 37°C for 1 h. As shown in Figure 3b, the CD signals
in UV region ranging from 195 to 260 nm indicated that FXII was characterized with 14.9%
of B-sheet, 33.8% of Bturn, and 51.3% of random coil in structure. Upon the interaction with
MUA@AQgNPs, the secondary structure of FXII changed dramatically. The ratio of $-sheet
was increased to 34.8%, the B-turn was decreased to 11.5%, while the random coil was
unchanged. This conformational change showed that MUA@AgNPs treated FXII exhibited
a high similarity to its active form, a-FXlla (blue curve in Figure 3b), thus suggesting that
MUA@AgNPs are potential contact activators of FXII.

The interaction of the non-physiologic activators with FXII may cause subsequent
autocleavage at amino acid residues 353-354 to yield the two-chain enzyme active factor
XII (i.e. a-FXIla) (Colman, 1997). On SDS-PAGE, the disulfide bond of a-FXlla was
dissociated, causing the complete loss of the zymogen band (~80 kDa). As evidenced by the
Western blot in Figure 3c, the pre-incubation of FXII with MUA@AgNPs (37°C, 1 h)
caused the complete loss of FXII zymogen in the reaction system. The formation of a-FXlla
converts PPK into PK and PK subsequently cleaves its main plasma substrate, HK to liberate
the bioactive peptide BK. These biological processes were also confirmed by the cleavage of
zymogens PPK and HK and the formation of PK through Western blot analysis (Figure 3c).
In addition, MUA@AQgNPs itself had no effect on PPK or HK activation, suggesting that the
autoactivation of FXII on negatively charged nanoparticle surfaces was crucial for triggering
the contact system activation.

In comparison to /n-vitro system, KKS activation in plasma may be modulated by negative
feedback control through endogenous serine protease inhibitors that can regulate KKS
activity (van der Graaf, 1983). It was thus questioned whether MUA@AgNPs could induce
KKS activation in plasma when endogenous inhibitors for FXlla or PK, such as C1 esterase
inhibitor (C1INH) and a2-macroglobulin, were abundant (Maas, 2011; Harpel, 1985).
Therefore, KKS activation in plasma was also performed using human plasma with or
without MUA@AQgNPs treatment. Similar to the /n-vitro results, MUA@AgNP-induced
cleavages of FXII, PPK and HK in a dose-dependent manner were observed in plasma
(Figure 3d). Taken together, both /in-vitro and ex-vivo experiments confirmed that
MUA@AgNPs triggered waterfall cascade activation of the KKS through FXII
autoactivation.

3.4 AgNPs Caused Retinal Vascular Permeability by Activating the KKS In Vivo

By using a C57BL/6 mouse model, we subsequently tested MUA@AgNP-induced KKS
activation /n vivo. MUA@AgNPs were administered through a jugular catheter and allowed
to circulate for 1 h. Plasma samples were collected at 0 min, 30 min and 1 h and analyzed by
Western blot for PPK activation. The zymogen PPK level in Figure 4a exhibited a
continuous decrease throughout 1 h, while the active PK formation increased from 0 to 30
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min, then decreased during continued circulation (Figure 4b), in contrast to the time course
for ex-vivo PK formation (Figure 2c). These findings indicated that MUA@AgNPs were
able to induce /n-vivo KKS activation in the presence of intricate KKS regulatory
mechanisms in mice.

KKS activation in plasma increases the release of the biologically active peptide, BK, which
is a potent inducer of vascular permeability via binding with B2 receptor on endothelial cells
(Taylor, 2013). The retinal endothelium is very responsive to vasoactive agents such as the
enhanced generation of BK which would lead to hypervasopermeability (Warboys, 2009).
Whether MUA@AQGNPs induced KKS activation increases retinal vascular permeability is
an important question regarding eye drops of colloidal silver can be applied directly to heal
eye infections (TSE, 2015). Therefore, retinal vascular permeability was evaluated in mice
by intravitreal injections of MUA@AgNPs followed by jugular infusion of fluorescent probe
of FITC-dextran. Intravitreal injections of PBS and BK were used as the negative and
positive controls, respectively. Confocal images in Figure 4c showed the intact and compact
capillary blood vessels highlighted by the green fluorescence were well distributed in the
retinas of mice with PBS treatment. Enhanced retinal vascular permeability was obviously
visualized by the infiltration of fluorescent probe from the damaged vasculature in
MUA@AgNPs treated mice into the extravascular space (marked with yellow circles) which
was similar to the effect caused by BK.

Evans blue (EB) is a dye that specifically binds with serum albumin and commonly used to
quantitatively estimate vascular leakage (Xu, 2001). EB assay was thus used for the
quantification of retinal vascular permeability induced by MUA@AGQNPs in mice. The
results in Figure 4d showed, similar to the effect of BK, that intravitreal injection of
MUA@AQgNPs significantly increased the EB leakage into retina in a dose-dependent
manner. Likewise, Western blot analysis of retinal PPK in Figure 4e showed that PPK levels
were elevated in the MUA@AQgNPs and BK treated groups which indicated that blood
ingredients passed through retinal vessels via increased retinal vascular permeability.

3.5 AgNPs Increased Paracellular Permeability Through Modulating VE-Cadherin

Normally, retinal vascular permeability is tightly regulated by inner blood retinal barrier
(iBRB) which is formed by the compact alignment of retinal endothelial cells inside the
blood vessel wall, blocking the plasma proteins and circulating cells from leaking out of the
blood vessels (Cunha-Vaz, 2011; Cunha-Vaz, 1976). Herein, an artificial iBRB model was
simulated by growing a tight monolayer of human retina endothelial cell (HRECSs) on the
transwell insert to test nanoparticle-induced perturbations. As shown in the schematic
diagram for the transwell experiments (Figure S4), paracellular flux, an important index of
barrier function, was measured by fluorescent probe (RITC-dextran) that penetrates through
HRECs monolayer across the inserts to the bottom chambers. The results (Figure 5a)
showed that in contrast to PBS control, mouse plasma and MUA@AgNPs alone, BK (10
UM) induced an increase in paracellular flux, suggesting BK mediated endothelial
paracellular permeability. Similarly, MUA@AQgNPs activated plasma significantly elevated
the endothelial permeability in a dose-dependent manner (0.2, 2 ug/mL). Aprotinin is able to
efficiently inhibit the activities of proteases of FXlla and PK (Sherman, 1968), while HOE
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140 can specifically bind with the B2 receptor and block the activity of BK (Wirth, 1991).
When the mouse plasma was pre-mixed with aprotinin and subsequent treated with
MUA@AgNPs before cell stimulation, the paracellular flux significantly decreased
compared to the cells treated with MUA@AQgNPs activated plasma (Figure 5a). Likewise,
the pretreatment of HRECs with HOE 140 inhibited the effect of MUA@AgNPs activated
plasma on endothelial cell barrier permeability. In addition, cell viability of HRECs by
Alamar Blue assay (Figure S5) confirmed that the increased endothelial paracellular
permeability induced by MUA@AgNPs activated plasma was irrelevant to non-specific
cytotoxic effects.

The integrity of tight junctions (TJs) and adherens junctions (AJs) on endothelial cells
dictates the performance of iBRB (Dejana, 2004; Dejana, 2009). More specifically, the AJ
exhibits a key role in the formation and maintenance of the junction structure, and it also
affects the TJ organization, promoting the homophilic adhesions between the vascular
endothelial cells and sustaining the integrity of the blood barriers (Behrens, 1985; Ohsugi,
1997; Taddei, 2008). The AJ impairment might directly lead to the dysfunction of barrier
rigidity (Song, 2006). Recently, it has been reported that the inflammatory mediators, such
as BK and histamine can bind and activate the receptors on endothelial cells and induce the
shedding of VE-cadherin, a main component of AJ proteins, thus increasing vascular
permeability (Orsenigo, 2012). To further elucidate the molecular mechanism for the
enhanced endothelial paracellular permeability induced by MUA@AgNPs activated plasma,
we investigated VE-cadherin expression in HRECs upon the stimulations similar to the
transwell experiments described above. Similar to BK, MUA@AgNPs activated plasma
decreased VE-cadherin expression in a dose-dependent manner (Figure 5b and 5c). The
treatments with plasma or MUA@AgNPs alone did not change VE-cadherin expression in
HRECs. The application of aprotinin and HOE 140 recovered VVE-cadherin expression by
36% and 33%, respectively, when compared to that of MUA@AgNP activated plasma

group.

The localization of VE-cadherin in HRECs was further visualized by immunocytostaining
with the corresponding antibodies conjugated with Dylight549 probe. The results in Figure
5d showed VE-cadherin stained by green fluorescent probe was continuously distributed on
the borders of HRECs and constituted the intact cell AJs in the control group. Neither
plasma nor MUA@AQgNPs alone affected VE-cadherin distribution in HRECs. However, the
fluorescence on cellular border lost its continuity and obvious breaks were observed after
BK treatment (marked with yellow arrows in Figure 5d), indicating that BK decreased the
expression of VE-cadherin on the junctions. When HRECs were treated with MUA@AgNP
activated plasma, the integrity of VE-cadherin distribution on AJs was damaged (indicated
by the yellow arrows in Figure 5d) similar to the effect induced by BK. The inhibitors of
aprotinin and HOE 140 blocked the destructive effects on VE-cadherin expression induced
by MUA@AQNPs activated plasma. The integrity level of AJs was further quantified by
scoring the continuity grade of stained VE-cadherin on HRECs (Murakami, 2009). The
statistical results in Figure 5e demonstrated that the continuity grades of HRECs after the
treatments with PBS, plasma or MUA@AgNPs were 4.31, 4.32 and 4.20, respectively, and
the scores of HRECs exposed to BK and MUA@AQgNPs activated plasma reduced to 2.46
and 2.35, separately. Aprotinin and HOE 140 in combination with MUA@AQgNPs activated
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plasma were scored 3.62 and 3.40, respectively, showing their substantial protective effects.
The results obtained from the transwell experiments, VE-cadherin Western blots and
immunocytostaining assays collectively suggested that MUA@AgNP activated plasma
increased iBRB permeability through the regulation of B2 receptor.

In summary, activation of the KKS cascade triggered by negatively charged AgNPs liberates
the biological active peptide, BK, which binds with B2 receptor and results in the shedding
of VE-cadherin in retinal endothelial cells. The loss of VE-cadherin impairs AJs integrity
and causes increased retinal vascular permeability. The proposed mechanism is illustrated in
Figure 6.

4. Discussion

In view of the potential biological hazards of nanosilver, massive toxicological data has been
obtained so far to demonstrate its diverse effects including pulmonary inflammation, hepatic
and renal damage and cerebral edema (Stebounova, 2011; Sung, 2008; Yin, 2013). However,
the biological process for AgNPs infiltration through vascular barrier and the underlying
mechanism remain ambiguous. The KKS in plasma regulates vascular permeability and its
hyper-activation may cause life-threatening clinical disorders like hereditary angioedema
(Kaplan, 2010). The investigation on the interaction of AgNPs with the KKS would be
helpful to address the suspending question mentioned above. In this work, the elevated
retinal vascular permeability was found by the intravitreal injection of AgNPs /n vivo, and
the molecular mechanism for KKS activation by the negatively charged AgNPs and the
disruption of adherens junction was further uncovered.

As the initial zymogen in the KKS, FXII autoactivates by contact with a variety of artificial
or biologic negatively charged surfaces (contact activation), resulting in the waterfall
cascade activation of KKS (Schmaier, 2008). Activated FXIla cleaves zymogen PPK at the
single peptide bond at Arg371-11e372 to form the active PK protein with two chains
(Colman, 1997). In this study, the heavy chain of PK with a molecular weight of
approximate 52 kDa was detected by resolving the mouse plasma treated with kaolin, a well-
known FXII activator on the reducing sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and the cleavage of PPK caused loss of the band at ~75 kDa
meanwhile (Figure 2a), which was used as a key marker to probe contact activation in our
study of AgNPs.

Ex-vivo experiments on three species of AgNPs with different surface charges indicated that
only the particles with the negatively charged surface (MUA@AQgNPS) triggered this
biological process (Figure 2b). When the toxicity of nanomaterials with respect to surface
charge is compared, it is commonly believed that the positive one has greater toxicity due to
its higher ability to direct penetrate the cell membrane with negative surface charges in most
instances (Mecke, 2005; Mecke, 2004). Nevertheless, this study brought a new distinct
insight for the influence of surface charges on the biological effects of AgNPs. The next
important question into the biological effects of AgNPs is whether the particles or the
released ions are the active species as the controversial debates are occurrent on this topic
(Ahamed, 2010; Lapresta-Fernandez, 2012). The result in Figure 2b shows Ag* itself
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doesn’t induce ex-vivo PPK activation. Moreover, the free capping MUA molecules are
reactionless (Figure 2c). Taken together, it can be concluded that the negative surface charge
and AgNPs particulate core are essential for triggering KKS activation, which was consistent
with the extant theory of FXII autoactivation on negatively charged, hydrophilic surfaces.
The binding assay and the conformational characterization of FXII zymogen confirmed its
autoactivation upon MUA@AQgNPs treatment (Figure 3a, b), which trigged the waterfall
cascade activation of the KKS. As evidenced by Western blots for /n-vitro and ex-vivo
experiments (Figure 3c, d and Figure 4a, b), the consecutive cleavages of zymogens
including FXII, PPK and HK, proved that MUA@AgNPs were capable of inducing contact
activation. /n-vivo KKS activation characterized by PPK cleavage showed the distinctive
time-course for PK formation (Figure 4b) occurred in contrast to ex vivo results (Figure 2d)
because multiple endogenous plasma protease inhibitors are constantly recruited to bind and
degrade activated FXII and PK upon contact activation thus balancing the homeostasis in
blood circulation (Kaplan, 1985; Schmaier, 2007).

Previous scientific studies on the evaluation of potential risks related to the short- and long-
term toxicities (Ahamed et al, 2010) of AgNPs cover a wide range of dosages on cell
cultures (from several to hundreds pg/mL) and in animal tests (from several to hundreds
mg/kg body weight). Human bodies may also be exposed to AgNPs directly due to their
medical usages including dental instruments, coating contact lenses, bandages, endodontic
filling materials, medical catheters, cardiovascular implants, wound dressing, bone cement
and other implants (Ge et al, 2014), which brings the opportunities for AgNPs to enter into
blood circulation system. In medical products, the concentration of AgNPs varies according
to the specific purposes. For example, there is an alternative-medicine scene that
recommends a daily intake of colloidal silver at the concentration of less than 10 pg/mL to
prevent sickness (Nanoinitiative Bayern GmbH, 2015). For immune support, one half of a
teaspoon of colloidal silver (1-10 nm, 500 pg/mL) is suggested to be administered for most
adults for the duration of 10-14 days (NPSW, 2015). According to ex-vivo experiments in
our study, AgNPs can trigger plasma KKS activation when the concentration is above 5
pg/mL. In view of the real situation for AQNPs usage and the accurate evaluation for the
biological effects of AgNPs, the highest concentration of 50 ug/mL (1 uL of 500 pg/mL
AgNPs into approximate 10 pL of vitreous body) was accordingly used for in-vivo retinal
vascular permeability study. Moreover, considering the short lifetime of the released BK and
B2 receptor activation /7 vivo (Gousseva et al, 2008), the relevant effects on vascular
permeability were evaluated based on acute stimulations in both animal studies (< 2 h) and
cell experiments (< 6 h).

The inner blood-retinal barrier (iBRB) consisted of tightly joined retinal endothelial cells is
vulnerable to KKS activation. Dysfunction of the retinal endothelial cells due to the
imbalance of local KKS homeostasis disrupts barrier function which leads to pathological
conditions like retinal hemorrhage and diabetic retinopathy (Cunha-Vaz, 2011; Klaassen,
2013). /n-vivo experiments using FITC-dextran and EB assay showed that intravitreal
injection of MUA@AQNPs caused increased retinal vascular leakage (Figure 4c and d)
potentially through the induction of local endogenous KKS activation. The tests on the
HREC monolayer using MUA@AgNPs activated plasma confirmed the crucial role of KKS
activation in the mediation paracellular permeability of the simulated iBRB (Figure 5a). The
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antagonist tests using aprotinin and HOE140 verified KKS activation and BK availability
were essential for iBRB breakdown upon MUA@AQgNPs stimulation.

The AJs impairment may directly lead to the dysfunction of barrier rigidity. The trans-
membrane adhesive protein, VE-cadherin is the key protein involved in the formation of
endothelial AJs. BK induces increased vascular permeability by activating B2 receptor,
which results in phosphorylation, internalization and destruction of the VE-cadherin
(Bouillet, 2011). Western blots and imunocytostainning of VVE-cadherin (Figure 5b and 5d)
demonstrated the generation of FXIla, PK and BK in MUA@AgNPs treated plasma played
critical roles for VE-cadherin loss in HRECs, which provided the underlying molecular
mechanism for the increased paracellular permeability in HRECs monolayer simulated
iBRB.

5. Conclusions

This study elucidated that the enhanced iBRB permeability by the negatively charged
AgNPs was mediated through the plasma contact activation, resulting in the shedding of VE-
cadherin on the borders of retinal endothelial cells, as illustrated in Figure 6. Different from
neutral or positive charged nanoparticles or silver ion, negatively charged AgNPs triggered
the waterfall cascade activation of KKS in the plasma through the binding to FXII and
causing its autoactivation. This contact activation caused the liberation of BK that bound to
B2 receptor on endothelial cells and disturbed the paracellular AJ protein, VE-cadherin, thus
resulting in retinal vascular permeability. The findings obtained from this work provide key
insights for nanoparticle synthesis in order to regulate vascular permeability besides the
understanding of the potential biological hazards of AgNPs.
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Figure 1. Characterization of MUA@AgNPs
(a) Cartoon depiction of the negatively charged MUA@AgNPs. (b) Transmission electron

microscopic (TEM) image and the size distribution of MUA@AQgNPs in water. (c and d)

High-resolution XPS spectra of C1 and Spp, at room temperature. (e and f) Hydrated size
and zeta potential of MUA@AQgNPs in distilled water and mouse plasma as indicated. (g)
TEM image and the size distribution of MUA@AQgNPs in mouse plasma.
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Figure 2. Negatively charged silver nanoparticles cause ex-vivo activation of PPK in mouse
plasma (M UA@AgNPs abbreviated as AgNPs in all figures)

(a) Western blot for kaolin-mediated PPK activation in mouse plasma: 1) plasma control, 2)
kaolin-treated plasma (positive control, 400 ug/mL). (b) The effect of AgNPs and silver ion
on PPK activation in mouse plasma: 1) plasma control, 2) 40 pg/mL BPEI@AgNPs, 3) 40
ug/mL PVP@AgQNPs, 4) 40 ug/mL MUA@AQGNPs, 5) 40 ug/mL Ag™*. (c) The effect of
mecaptoundecanoic acid molecule on PPK activation in mouse plasma: 1) plasma control, 2)
40 pg/mL 11-mecaptoundecanoic acid. (d) Time course for PPK activation induced by 40
pg/mL MUA@AgNPs: 1)-6) 0, 5, 15, 30 and 60 min. (e) Dose-dependent PPK activation:
1)-6) 0, 0.5, 5, 10, 40 and 200 pg/mL. (f) PK activity induction in plasma upon PK (1 pg/
mL), Kaolin (400 ug/mL) and MUA@AQgNPs (400 pg/mL) treatment.
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Figure 3. Activation of KK 'S cascade upon MUA @AgNPs treatment
(a) Non-denaturing PAGE analysis for the binding of FXII with MUA@AgNPs. The FXII/

AgNPs molar ratios were set as indicated. (b) The CD spectra and the related structure
parameters (inset) of FXII (black), FXlla (blue), and FXII (red) incubated with
MUA@AgNPs at 37°C for 1 h, respectively. (c) Western blots for KKS cascade activation /n
vitrobased on the incubation of MUA@AgNPs with the purified zymogens including FXI1I),
PPK and HK. (d) Ex-vivo KKS cascade activation in human plasma (37°C, 1 h): 1) control,
2) Kaolin, 3) 40 pg/mL MUA@AQgNPs and 4) 400 pg/mL MUA@AgNPs.
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Figure 4. MUA@AgNPs stimulated in-vivo KK S activation and induced increased retinal
vascular permeability in mice (n=3)

(a, b) The jugular infusion of MUA@AQgNPs stimulated a time-dependent KKS activation /in
vivo, which was characterized by PPK loss (a) and PK formation (b). Inset: Western blots
for PPK and PK in mouse plasma. (c) FITC-dextran (70 kDa) penetration assay for retinal
vascular permeability in mice following intravitreal injection of PBS (1 pL), MUA@AgNPs
(500 pg/mL, 1 uL) and BK (10 uM, 1 L) as indicated per panel. (d) Evans blue leakage for
retinal following intravitreal injection of PBS, MUA@AgNPs (50 pg/mL for L@AgNPs,
500 pg/mL for H@AgNPs) and BK (10 pM), respectively. Data are shown per mouse (two
retina = one sample) and the groups are averaged for each treatment (e) Quantification and
Western blots for PPK leakage in mouse retina with intravitreal injection of MUA@AgNPs
(500 pg/mL) and BK (10 pM). *P < 0.05 and **P < 0.01 by ANOVA.
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Figure 5. MUA@AgNPs activated plasma increased the paracellular permeability of human
retina endothelial cells (HRECS) through regulating adherens junction protein, VE-cadherin

(a) Monolayer HREC permeability changes upon MUA@ANPs-activated mouse plasma
stimulation for 6 h. (b) VE-cadherin expression in HRECs: 1) PBS, 2) 1% (V/V) mouse
plasma, 3) 2 ug/mL MUA@AQgNPs, 4) 10 uM BK, 5) L-p@AgNPs (0.2 ug/mL
MUA@AgNPs activated mouse plasma, 1%, V/V), 6) H-p@AgNPs (2 pg/mL
MUA@AQgNPs activated mouse plasma, 1%, V/V), 7) 10 uM aprotinin + H-p@AgNPs (2
ug/mL MUA@AQgNPs activated mouse plasma, 1%, V/V with 10 uM aprotinin
pretreatment), and 8) 2 uM HOE 140 + H-p@AgNPs (HRECs were pretreated with 2 uM
HOE 140, then stimulated with 2 ug/mL MUA@AgNPs activated mouse plasma, 1%, V/V).
(c) The statistical analysis of the Western blots for VE-cadherin expression; (d)
Immunostaining of VVE-cadherin on HREC cells treated as indicated. (e) The statistical result
of the continuity grade for VE-cadherin expression on HRECs. All results were from three
independent experiments, *P < 0.05 and **P < 0.01 by ANOVA.
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Figure 6.
Schematic diagram depicting the mechanism for the elevated retinal vascular permeability

induced by negatively charged AgNPs through contact activation.
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