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across the membrane with less damage, suggesting a new
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Because the cell membrane is the main barrier of intracellular delivery, it is important to facilitate and
control the translocation of extracellular compounds across it. Our earlier molecular dynamics
simulations suggested that charged nanoparticles under a weak external electric field can enhance the
permeability of the cell membrane without disrupting it. However, this membrane permeabilization
approach has not been tested experimentally. This study investigated the membrane crossing of a
model compound (dextran with a M,, of 3000-5000) using charged nanoparticles and a weak external
electric field. A model bilayer lipid membrane was prepared by using a droplet contact method. The per-
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under a weak electric field may enhance the translocation of delivery compounds across the cell
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Introduction

Intracellular delivery is a key technology in biological research
and biomedical/therapeutic applications. For instance, the
delivery of DNA, RNA, and proteins is vital for gene editing
and gene therapy.' ™ Engineered nanoparticles (NPs) have been
extensively studied for carrying extracellular compounds, drug
delivery, intracellular imaging, etc.”® A variety of NPs were
designed and synthesized to achieve high delivery efficacy
and multiple functionalities.>® Despite a large body of
research, however, the development of efficient intracellular
delivery systems remains a major challenge.

The cell membrane is the main barrier of intracellular
delivery. To facilitate and control the translocation of extra-
cellular compounds, researchers frequently enhance the per-
meability of the cell membrane by subjecting cells to external
force fields.>” Electroporation is a common physical method®
that applies an external electric field (high-intensity electric
pulse) to the cell. This electric field can cause transient
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membrane with less damage, suggesting a new strategy for intracellular delivery systems.

membrane disruption and thus facilitate subsequent transloca-
tion of extracellular compounds across the membrane. Unfor-
tunately, electroporation also exposes cells to excessive stress
and thus increases their mortality.

Previously, we used molecular dynamics (MD) simulation to
investigate the translocation of charged NPs across a phospho-
lipid bilayer (a model for the cell membrane) under an external
electric field.”™"" Under the applied electric field, charged NPs can
directly translocate across the bilayer without the membrane
wrapping around them. There was no membrane disruption after
the translocation of NPs. Remarkably, the NPs could cross the
membrane under a weak electric field below the critical strength
for membrane disruption. In other words, there is no need to
disrupt the cell membrane prior to NP crossing, which is different
from the conventional electroporation approach. It is also note-
worthy that after the NPs passed through, the membrane showed
self-resealing, suggesting less damage. Our studies further
revealed that this membrane crossing can be driven by a locally
enhanced electric potential across the membrane that is induced
by superimposing the potential of charged NPs and the externally
applied electric potential."® These findings suggest that combin-
ing charged NPs with a weak electric field can enhance cell
membrane permeability without causing membrane disruption.
Nevertheless, no experimental studies have used this membrane
permeabilization approach for the translocation of delivery com-
pounds across the cell membrane.
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Artificial phospholipid bilayer membranes are an ideal
model system for the experimental exploration of physicochem-
ical interactions between NPs and cell membrane.'>"® Such
bilayer membranes can be prepared as either three-
dimensional liposomes and vesicles or two-dimensional sup-
ported and free-standing bilayers. Planar bilayer lipid mem-
branes (BLMs) were used to experimentally investigate the cell
membrane-crossing of ions and compounds under an electric
field with the electrophysiological technique.'*'® Numerous
studies on membrane proteins such as ion channels were
conducted on BLMs with the electrophysiology technique."*
Recently, BLMs with the electrophysiological technique were
also used to investigate the interaction between nanomaterials
and phospholipid bilayer membrane.'> " Several studies found
that NPs could alter membrane permeability, sometimes lead-
ing to pore formation and membrane breakdown.”*"*” How-
ever, there has been no attempt to utilize NPs and an external
electric field to facilitate the translocation of compounds across
the BLM while minimizing membrane damage.

This study tested the aforementioned cell membrane per-
meabilization strategy suggested by MD simulations. The lipid
membrane-crossing of a model delivery compound without
membrane breakdown was experimentally investigated under
the combined effects of charged NPs and a weak external
electric field. The BLM was prepared by the droplet contact
method.”® The critical applied voltage for membrane break-
down was measured. Then, effects of NPs on electrical proper-
ties of the BLM (such as membrane capacitance) were evaluated
using an electrophysiological technique to identify experi-
mental conditions that influence membrane permeability.
Finally, charged NPs and the model delivery compound were
added together to the BLM system, and experiments were
conducted to examine whether the NPs under the weak electric
field could induce the model delivery compound to cross the
BLM without membrane breakdown.

Materials and methods
Reagents and chemicals

The following reagents were used in this study: 1,2-diphytanoyl-
sn-glycero-3-phosphocholine (DPhPC, Avanti Polar Lipids,
850356), n-decane (040-21602, FUJIFILM Wako Pure Chemical),
and KCl (169-03542, FUJIFILM Wako Pure Chemical). Fluores-
cein isothiocyanate-labeled dextran (FITC-dextran, Sigma-
Aldrich, FD4) was used as the model delivery compound,
because its molecular weight (3000-5000) is similar to typical
delivery compounds such as SiRNA.>’ Two types of NPs were
used: amine-modified polystyrene nanoparticles (amine-PSL-
NPs, Sigma-Aldrich, L0780) and carboxylate-modified polystyr-
ene nanoparticles (carboxy-PSL-NPs, Micromod, 01-02-501).
Their preliminary characterization results are shown in
Table 1. The mean diameter and surface potential were mea-
sured using a surface potential and particle size analyzer
(Zetasizer Nano ZS, Malvern). The amine-PSL-NPs were posi-
tively charged, while the carboxy-PSL-NPs were negatively
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Table 1 Physical properties of charged NPs used in this study

Nanoparticle (NP) Median diameter” [nm] Surface potential® [mV]

Amine-PSL
Carboxy-PSL

42.5
52.1

36.2
—27.0

“Measured in 50 mM KCl (aq.), which was used in the BLM
experiments.

charged. These NPs have sufficiently high surface potentials
even when dispersed in 50 mM KCI solution (the electrolyte
used for BLM in this study). Their measured mean diameters
were the same as the nominal value of 50 nm, indicating good
dispersibility of the NPs.

Setup and procedure

Planar BLMs were prepared by the droplet contact method
(DCM)*%3%3" ag shown in Fig. 1a. First, two aqueous droplets
covered with lipid monolayers were prepared in a lipid/oil
solution. When the two droplets contacted each other, a BLM
was spontaneously formed at the contact interface. A double-
well device (Fig. 1b and c) was employed to prepare a BLM by
the DCM, and details of the device were described in the
literature.*®****" Briefly, the device consisted of two wells
(4.0 mm in diameter and 5.0 mm in depth), a separator with a
single through-hole (100 pm in diameter), and an Ag/AgCl elec-
trode at the bottom of each well. The two droplets contacted each
other at the through-hole to form the BLM there. The Ag/AgCl
electrodes allow the application of a transmembrane external
electric field and the measurement of transmembrane current.
Fig. 2a shows the experimental setup, which was composed
of the double-well device, recording electrodes, patch-clamp
amplifier, function generator, and personal computer for con-
trolling and data recording. To monitor transmembrane cur-
rent through the BLM, the double-well device was connected to

a Bilayer lipid membrane
. ) (BLM)
Lipid/oil solution

Hydrophilic head

Ag/AgCI Vit (GND)

electrode Lipid

Hydrophobic tail

* Separator_

Fig. 1 (a) Planar bilayer lipid membrane (BLM) prepared by the droplet
contact method (DCM). (b) Top view and (c) side view of the double-well
device used in this study.
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(a) Experimental setup. (b) Double-well devices connected to the
solderless breadboard and recording electrode.

the multi-channel patch-clamp amplifier (Flex, Tecella). The
patch-clamp amplifier was also connected to the function gen-
erator (FG110, Yokogawa Electric) for applying transmembrane
voltage to the BLM. Ag/AgCl electrodes at the bottom of well were
attached to a solderless breadboard, which was connected to a
recording electrode to the patch-clamp amplifier (Fig. 2b). In the
study, multiple double-well devices were connected to the
recording electrode, and the BLM experiments were performed
in parallel. To minimize noise, the double-well devices and
patch-clamp amplifier were placed in a Faraday cage.

The experimental procedures were as follows. First, 1.2 pL of
lipid/oil solution (10 mg mL~" of DPhPC/n-decane) was dropped
into each well. Second, 20 pL of KCI solution (50 mM) without
NPs or FITC-dextran was dropped into each well. Within a few
minutes of adding KCI solution, the two droplets contacted each
other at the single through-hole in the separator to form a BLM.
To ensure proper BLM formation, the membrane resistance Ry,
and capacitance C,, were measured in situ using a discharge
pulse method.** A suitable BLM was considered to have R, >
1 GQ and C, > 0.4 uF cm™ >, After the BLM passed the quality
check, 2.0 uL of KCl solution (50 mM) containing NPs and FITC-
dextran was then injected into one of the aqueous droplets by
pipetting under predetermined conditions. Finally, an external
voltage was applied to the BLM, and the transmembrane current
was detected using a 0.25 kHz low-pass filter at a sampling
frequency of 1.0 kHz.

Results and discussion
Critical applied voltage for membrane breakdown

Before investigating the proposed cell membrane permeabiliza-
tion, it is necessary to ascertain the critical applied voltage for
membrane breakdown (Ay/appic)- We measured Aappic in a
voltage-controlled experiment,*” by applying a linearly rising
transmembrane voltage (slope: 20 mV s~ ') to the BLM and
monitoring the transmembrane current. Fig. 3 shows the
typical current response. The current noise observed in this
study was approximately 5 pA, thus, the current noise was not
appreciable in Fig. 3. Under the linearly rising applied voltage
(black solid line), the transmembrane current (red solid line)
initially remained very low and then suddenly increased to
reach the maximum measurable current of the amplifier (blue
dashed line). The voltage at which the current increased rapidly
was defined as Ay,ppic (black dashed line). We measured
Ay appi,c in 26 independent experiments, and the 10% trimmed
mean was calculated. As indicated on Fig. 3, the determined
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Fig. 3 Typical current response of a BLM under linearly rising membrane
voltage. Ay 50, c denotes the critical applied voltage for membrane break-
down. The mean value of Ao c is indicated on the figure.

A appi,c Was 372 & 70 mV (mean + S.D.). This value is very
similar to those reported in previous studies,**?** confirming
the validity of Ay/,pp1,c measurement here.

Effects of NPs on the electrical properties of BLM

To identify the experimental conditions that affect membrane
permeability, the BLM properties were measured in the presence
and absence of NPs. After forming the BLM, a specific amount of
NPs with positive or negative surface charge was injected into the
aqueous droplets. A pulsed voltage smaller than Ay, (100 mV
for 20 ms and 0 mV for 40 ms) was then continuously applied, and
the membrane stability and membrane capacitance were mea-
sured at different exposure times.

Fig. 4 shows the probability of membrane breakdown (based
on 5 experimental runs) at different concentrations of amine-
PSL-NPs and exposure times. The membrane breakdown was
defined as when the current reached the maximum measurable
current during the experiment. The amine-PSL-NPs were added
to the well connected to the positive voltage side (inset in Fig. 4).
The NP concentration corresponds to the NP number concen-
tration based on the final aqueous droplet in the well.
Membrane breakdown was more likely at higher NP concentra-
tions, particularly above 1.0 x 10° particles per pL. The probably
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Fig. 4 Fraction of membrane breakdown (n = 5) at different NP concen-
trations and exposure times. The amine-PSL-NPs were added to the well
connected to positive voltage side (inset).
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of membrane breakdown also became higher at longer expo-
sure times, indicating that destabilization of BLM by NPs is a
time-dependent phenomenon. However, the probability of
membrane breakdown was the same at 10 and 30 min, suggest-
ing that BLM destabilization did not progress significantly after
10 min.

We also recorded the capacitance of the surviving BLMs and
calculated its increase (ACy, = Ciy(t) — Cimo, Where Cpy(t) is the
membrane capacitance at exposure time ¢ and C, is the initial
membrane capacitance before adding NPs). Fig. 5 shows AC,
as a function of exposure time at different concentrations of
amine-PSL-NPs. There was no significant change in ACy, at NP
concentrations below 1.0 x 10° particles per pL, whereas at
1.0 x 10" particles per uL AC,, exhibited a considerable
increase. This increase in membrane capacitance may be
attributed to the thinning of BLM and a higher charge on its
surface, which can be caused by the closer association of
concentrated charged NPs with the BLM.

To further investigate the impact of NPs on the BLM,
we varied the direction of the Coulomb force exerted on the
NPs. Specifically, we measured the temporal change in AC,, in
two scenarios depicted in Fig. 6a. Positively charged amine-PSL-
NPs were added to either the well connected to the positive
voltage side (top) or the other well connected to the ground
(bottom). Similar experiments were performed with negatively
charged carboxy-PSL-NPs (Fig. 6b). The schematics in Fig. 6 also
depict the direction of the electric field across the BLM (E). For
amine-PSL-NPs, an increase in AC,, was observed when the NPs
were added to the well connected to the positive voltage side
but not that connected to the ground. The opposite trend was
observed for carboxy-PSL-NPs, namely that AC,, increased
when the NPs were added to the well connected to the ground
rather than the positive voltage side. Thus, AC, increased when
the Coulomb force exerted on the NPs was oriented toward
the BLM, whether the NPs carried positive or negative
surface charge. These results indicate that the increase in
AC,, was caused by the approach and accumulation of charged
NPs on the membrane, which were mainly driven by
electrophoresis.
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Fig. 5 Temporal change in the increase in membrane capacitance (AC,,)
at different concentrations of amine-PSL-NPs.
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Fig. 6 Temporal change in AC,, after adding NPs to the well connected
to either the positive voltage side or the ground. (a) Amine-PSL-NPs
with positive surface charge and (b) carboxy-PSL-NPs with negative sur-
face charge.

Membrane crossing of FITC-dextran assisted by charged NPs
and a weak electric field

Next, we examined whether the charged NPs facilitate the
membrane crossing of delivery compounds (represented here
by FITC-dextran) under a weak electric field without inducing
membrane breakdown. First, a BLM was formed from aqueous
droplets free of NPs and FITC-dextran. Subsequently, the
amine-PSL-NPs and FITC-dextran were injected into the dro-
plet connected to the positive voltage side, as depicted in
Fig. 7a. The FITC-dextran concentration in the aqueous droplet
was adjusted to 1.0 mg mL~'. The NP concentration was set at
10° particles per pL or higher based on the results in Fig. 4.
A pulsed voltage (100 mV for 20 ms and 0 mV for 40 ms) was
then applied for several tens of seconds to measure the initial
membrane capacitance and resistance. Subsequently, a con-
stant positive voltage smaller than Ay, c was applied for
3 min to facilitate the membrane crossing of FITC-dextran, and
the transmembrane current was monitored at the same time.
After removing the applied voltage, the membrane capacitance
and resistance were measured again. Finally, the aqueous droplets
in both wells were sampled by pipetting, and their absorbance at
494 nm was measured using a microvolume spectrophotometer
(Nano Drop, Thermo Fisher Scientific) to quantify the FITC-
dextran concentration in each droplet. Because the amin-PSL-
NPs exhibit negligible absorbance at wavelengths above 400 nm,
the measured absorbance at 494 nm should be solely due to
FITC-dextran.

If FITC-dextran translocates across the BLM in the experi-
mental system, the transmembrane current should be signifi-
cantly higher than that without translocation. Thus, we first
measured the transmembrane current. Fig. 7b shows the
occurrence rate for transmembrane current signal higher or
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Fig. 7 (a) Schematic of experiments with charged NPs and FITC—dextran.

Both amine-PSL-NPs and FITC-dextran were injected into the droplet
connected to the positive voltage side. The applied voltage was 0.8
AYappic. Which was select based on our MD simulation results.’~* (b)
Occurrence rate for transmembrane current signal higher or lower than 10
pA as a function of NP concentration (n = 4 experiments). (c) Translocation
ratio of FITC—dextran across the BLM defined as Apy/(Apy + Ag) [%], where
Apy and Ag are the absorbances of FITC—dextran in the droplets connected
to the positive voltage side and ground, respectively.

lower than 10 pA. The threshold value of 10 pA is significantly
higher than the average transmembrane currents when neither
NPs nor FITC-dextran is present. In the absence of NPs, a high
transmembrane current was not observed, whereas adding NPs
to the system resulted in a significantly higher transmembrane
current, suggesting that the NPs enhanced membrane perme-
ability. The occurrence rate of high transmembrane current
became higher at higher NP concentrations. Fig. 7c shows the
translocation ratio of FITC-dextran across the BLM. Only
negligible translocation was observed without NPs, whereas a
significant translocation ratio (12-20%) was detected in the
presence of NPs. This confirmed that the NPs facilitated the
translocation of FITC-dextran across the BLM.

Fig. 8a shows the typical transmembrane current signals
during the application of constant voltage at different NP concen-
trations. Persistent current signals were observed at all NP con-
centrations, suggesting the existence of transmembrane pores
during this whole process. We estimated the diameter of these
pores from the current signals. For simplicity, we assumed that
there was only a single pore filled with electrolyte in the
membrane, although membrane defects may occur at multiple
locations. The diameter of this single pore was estimated using
Hille’s equation:®® V/I = 4pL/tD” + p/D. V is the applied voltage, I is
the measured current, p = 1.43 Q m is the resistivity of the
electrolyte solution (determined using the surface potential analy-
zer), L = 5.1 nm>® is the length of the pore, and D is the estimated
pore diameter. Fig. 8b shows the distribution of estimated D values
at each NP concentration. D ranges from 7 to 23 nm, significantly
smaller than the diameter of amine-PSL-NPs (ca. 50 nm, Table 1).
Considering the limitation of the single-pore assumption, the size
of actual pores should be smaller than the estimated D values.
Consequently, we suppose that only FITC-dextran translocated
across the BLM, not the NPs. Moreover, the estimated hydrody-
namic diameter of folded dextran with a molecular weight of 5000
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Fig. 8 (a) Transmembrane current signals and (b) distribution of trans-
membrane pore diameter during the application of a constant voltage of
0.8 AYappic at different NP concentrations. The pore diameter was
estimated using Hille's equation.

(4.2 nm)*”*® is smaller than the aforementioned pore diameters,
supporting the membrane crossing of FITC-dextran in this study.
Fig. 8b also shows that the estimated pore diameter is smaller at
higher NP concentrations. This is probably because a larger
number of NPs adhering to the BLM inhibit the formation of
larger transmembrane pores. Details of the dependence of pore
size on the NP concentration are still unknown and should be
further investigated.

We compared the estimated transmembrane pore diameter
to those reported in the literature. Table 2 shows the estimated
diameters of transmembrane pores resulting from the inter-
action with NPs or peptides.*>?32%27:3%31 The pore diameter
observed in this study was much larger than those from
previous studies, suggesting the uniqueness of membrane
permeability enhancement in the present case.

We investigated changes in BLM properties under an exter-
nal voltage in the context of membrane integrity. Table 3

Table 2 Previously reported transmembrane pore diameters resulting
from the interaction with NPs or peptides

BLM permeability enhancer Pore diameter [nm] Ref.
Quantum dots NPs 0.33-0.92 22
Quantum dots NPs 1.9 23
Gold NPs 0.20-0.40 26
Polystyrene NPs 0.58-2.72 27
Antimicrobial peptide 0.90-1.30 30
Insecticidal protein 0.80-1.40 31
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Table 3 Membrane resistance and capacitance before and after applying an external voltage of 0.8 A¥ ., at each NP concentration

Membrane resistance before/after
applying external voltage [GQ]

Membrane capacitance before/after
applying external voltage [pF]

—1
NP concentration [pL ] Before After Before After
Wiﬁthout NP 0.8 0.9 68 69
10, 0.4 0.4 67 67
10, 1.2 1.2 62 63
10 1.8 1.7 71 71

presents the membrane resistance and capacitance before and
after application of the constant voltage. Both the membrane
resistance and capacitance remained unchanged after applying a
constant voltage of 0.8 Ay,pp1c, at which point the membrane-
crossing of FITC-dextran was confirmed to occur (see Fig. 7c).
This suggests that membrane integrity was retained despite the
application of this constant voltage and the membrane crossing
of FITC-dextran. In other words, the model delivery compound
successfully crossed the membrane aided by the charged NPs
and weak electric field without causing membrane breakdown.

Finally, we discussed the NP concentrations used in this
study (10° to 10° particles per uL) in detail. First, surface coverage
of NP on the membrane surface at 10° to 10° particles per pL was
estimated. The surface coverage was estimated to check whether
all the NPs were adhered to the inner surface of the aqueous
droplet in the well. The surface coverage was also estimated by
assuming that the inner surface of the aqueous droplet was cover
with NPs in a close-packed single layer. The results suggest that
the surface coverage can be 0.502% to 502% at 10° to 10°
particles per pL. Details can be seen in the ESIT (Table S1). This
estimation implies that membrane crossing of FITC-dextran can
occur even at less than 100% surface coverage of NPs. Second, we
compared the NP concentrations used in this study to the safe
dose to real biological cells. Safe dose data were extracted from
literature reports***' using the same amine-PSL-NPs (Sigma
Aldrich, L0780) as in this study. Details can be seen in the ESI}
(Table S2). The results indicated that the NP concentrations of
10° to 10° particles per uL can fall within a range of no adverse
effects on mammalian cell lines** and bacteria.**!

Conclusions

This study investigated membrane crossing of a model delivery
compound (FITC-dextran with M, of 3000-5000) under the
assistance of charged NPs (amine-modified polystyrene nano-
particles with 50 nm in diameter) and a weak external electric
field. The cell membrane was modeled by a BLM prepared by
DCM. The BLM was broken down at a critical applied voltage of
A app1,c = 372 mV, very similar to the previously reported values.
We found that membrane breakdown was likely to occur at higher
NP concentrations and longer exposure times (up to 10 min
before saturation). The capacitance of surviving BLMs increased
significantly at a higher NP concentration of 1.0 x 10'° particles
per pL, which was attributed to membrane thinning and a higher
surface charge on the BLM that could be caused by closer
association of charged NPs with the BLM. Our results also

This journal is © the Owner Societies 2023

suggested that the increase in membrane capacitance was mainly
due to electrophoresis of charged NPs. Finally, we demonstrated
that adding charged NPs under a weak external electric field could
allow the model delivery compound to cross the membrane
without membrane breakdown. We verified that FITC-dextran
translocated across the BLM even at an applied voltage below
AV appi,c- Moreover, the membrane resistance and capacitance
remained unchanged before and after constant voltage applica-
tion. The diameter of transmembrane pore formed in our experi-
ments was estimated to be 7 to 23 nm, considerably smaller than
the NP diameter (50 nm) but larger than the hydrodynamic
diameter of folded dextran (4.2 nm). These estimated sizes
support the translocation of FITC-dextran across the BLM.

The results here provide proof of concept for the proposed
cell membrane-crossing strategy using charged NPs and a weak
electric field, which can lead to a new strategy for intracellular
delivery systems.

Nevertheless, it is clear that there is a gap between the BLM
system and real cell membrane. Even from the viewpoint of the
membrane deformability, BLM is not perfect mimic of the real
cell membrane. Thus, the effect of NP concentration on the
pore size found in this study may change in real cell mem-
branes and needs to be further investigated in in vitro tests.
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