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The water-in-oil droplet bilayer is a simple and useful lipid bilayer system for membrane transport analysis.
The droplet interface bilayer is readily formed by the contact of two water-in-oil droplets enwrapped by a
phospholipid monolayer. However, the size of individual droplets with femtoliter volumes in a high-
throughput manner is difficult to control, resulting in low sensitivity and throughput of membrane transport
analysis. To overcome this drawback, in this study, we developed a novel micro-device in which a large
number of droplet interface bilayers (>500) are formed at a time by using femtoliter-sized droplet arrays
immobilized on a hydrophobic/hydrophilic substrate. The droplet volume was controllable from 3.5 to 350
fL by changing the hydrophobic/hydrophilic pattern on the device, allowing high-throughput analysis of
membrane transport mechanisms including membrane permeability to solutes (e.g., ions or small mole-
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cules) with or without the aid of transport proteins. Thus, this novel platform broadens the versatility of
water-in-oil droplet bilayers and will pave the way for novel analytical and pharmacological applications
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Introduction

The maintenance of an appropriate intracellular environment
is a constant challenge for all living organisms, from prokary-
otes to multicellular eukaryotes. Intracellular homeostasis is
maintained by transporting various compounds such as ions,
sugars, amino acids, and drugs across the cell membrane.!
Therefore, the analysis of transmembrane transport is crucial
to understanding cell physiology as well as for exploring the
bioavailability of drugs.>”?

Transmembrane transport has been classified into two
major mechanisms, ie., passive permeation and carrier-
mediated permeation. Although passive permeation is
thought to be the dominant mechanism, the permeation of
many hydrophilic compounds, e.g., amino acids, nucleic
acids, and ions, is mediated by transport proteins embedded
in the cell membrane."

To study the transport mechanisms, various types of artifi-
cial cell membrane systems have been extensively developed.*
The liposome is the most versatile system that can be used to
analyse membrane transport. The liposome is readily pre-
pared by mixing phospholipids with an aqueous solution;
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however, it is technically challenging to control their shape.
Because of the heterogeneity of liposome shapes, quantitative
analysis of membrane transport is generally not possible. The
planar lipid bilayer (PLB) has also been used to analyse mem-
brane transport.” The PLB is formed on a small aperture on a
hydrophobic polymer sheet by manual deposition of a lipid
solution dissolved in an organic solvent. Although the PLB is
useful for quantitative analysis of membrane transport with
an electrical detection system, the reproducibility and
throughput of PLB formation has been low, resulting in low
versatility. To address this drawback, some micro-fluidic
techniques have been recently developed for high-throughput
formation of PLBs,* " which gradually expand their versatil-
ity for various membrane transport analysis systems.

The water-in-oil droplet bilayer, i.e., droplet interface bi-
layer (DIB), is an emerging system derived from PLB for mea-
suring membrane transport.">™*° The DIB is readily formed
upon contact of two droplets enwrapped by a lipid mono-
layer, and the droplet, whose volume can be controlled at the
picoliter level,"”'® is used as a reactor to detect membrane
transport. Notably, extensive studies have been performed to
enhance the sensitivity and throughput of biological assays
by miniaturizing the droplet size down to femtoliter range.*
Some of the droplet systems have been recently implemented
in highly sensitive and quantitative biological assays such as
single-molecule enzymatic assays, digital PCR, and digital
ELISA.>*® The DIB has been recently used for quantitative
analysis of membrane transport mechanisms; however, the
versatility is limited to transport events fast enough to be
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detected by using picoliter-sized droplets. Moreover, the con-
tact of droplets is modulated one by one, resulting in low
throughput of DIB formation. Therefore, improvement of the
droplet size and throughput of DIB formation is highly antici-
pated to enhance the versatility of the DIB.

In this study, we addressed these issues related to the DIB
by developing a novel micro-device in which a large number
of DIBs (>500) are formed at once by using femtoliter-sized
droplet arrays immobilized on a hydrophobic/hydrophilic
substrate. Additionally, we demonstrated high-throughput
analysis of membrane transport of ions and small chemicals
with or without the aid of transport proteins as a model for
drug screening.

Experimental
Fabrication of the micro-device

We fabricated a micro-device with hydrophobic through-hole
structures on a hydrophilic glass substrate. A hydrophobic
polymer of carbon-fluorine (CYTOP; Asahi-glass, Japan) was
spin-coated on a clean coverslip (Matsunami, Japan) at three
thicknesses of 0.5, 1.0, and 2.0 um, and then baked for 1 h at
180 °C. Photolithography was carried out using a positive
photoresist (AZP4903; AZ Electronic Materials, Japan) to pat-
tern mask structures (¢ = 3.0, 5.0, 15 um) on the CYTOP film.
The resist-patterned substrate was dry-etched with O, plasma
by using a reactive ion etching system (RIE-10NR; Samco, Ja-
pan) to expose the hydrophilic SiO, glass surface. The sub-
strate was then rinsed with acetone and isopropyl alcohol to
remove the photoresist film remaining on the substrate.
Fig. 1 shows the three types of fabricated devices, where the
diameter (¢) and height (%) of the through-hole structures on
the CYTOP film are 3.0 and 0.5 pm, 5.0 and 1.0 pm, and 15
and 2.0 pum, respectively. More than 500 through-hole struc-
tures were fabricated on individual devices. The through-hole
structure, in which the wall became moderately hydrophilic
due to O, dry-etching, was utilized as a micro-well to entrap
water droplets on the surface of the device. The orifices of
micro-wells, which remained hydrophobic after O, dry-etch-
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Fig. 1 Bright-field image of the micro-device for water-in-oil droplet
formation. Three types of through-hole structures of carbon-fluorine
hydrophobic polymer (CYTOP) were fabricated on a hydrophilic glass
substrate; left: ¢ = 3.0 um, h = 0.5 um, centre-to-centre distance = 9
um; middle: ¢ = 5.0 um, h = 1.0 um, centre-to-centre distance = 10
um; right: ¢ = 15 um, h = 2.0 um, centre-to-centre distance = 27 pm.
The scale bars are 10 um.
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ing, were suitable to mechanically support the lipid mono-
layers lined on the droplet surfaces.

Imaging

Confocal fluorescence images were captured under a confocal
microscope system with a 60x objective lens and photo-
multiplier tubes (A1R; Nikon, Japan). Two types of lasers were
used for the excitation of Alexa Fluor 488 (1., = 488 nm), fluo-
rescein (lex = 488 nm), Fluo-3 (1. = 488 nm), Alexa Fluor 647
(Aex = 639 nm), and Cy 5 (Aex = 639 nm). It takes about 90 s to
capture one view field (X x Y x Z = 212 pm x 212 um x 18
pum). Fluorescence images were analysed using NIS Elements
software (Nikon, Japan).

Bioassay

For the membrane permeability assay, we prepared two
micro-devices in which the micro-wells were filled with buffer
A (100 mM HEPES [pH 7.5], 100 mM NacCl) containing 50 uM
fluorescein or 50 uM Alexa Fluor 647. On the other hand, for
the o-hemolysin assay, we prepared two micro-devices in
which the microwells were filled with buffer A containing 50
uM Fluo 3 and a certain amount of a-hemolysin monomers
(HT101; Toxin Technology, USA), or 50 uM Cy 5 and 100 uM
CaCl,. Confocal fluorescence images, taken along the Z-axis
with intervals of 0.25 or 0.5 um, were recorded at 5 or 10 min
time intervals.
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Fig. 2 Formation of droplet-interface lipid monolayers on the micro-
device. (a) Schematic representation of lipid monolayer droplet forma-
tion: i) an aqueous solution, dropped onto the device with a micro-pi-
pette, fills each micro-well. ii) A lipid solution, which gradually invades
the device after being dropped onto a water drop, sweeps an aqueous
solution from the device surface. In this process, a water-in-oil droplet
is formed in each individual micro-well, and the orifice of the well is
sealed with a lipid monolayer membrane. iii) The surplus water drops,
which float after oil invasion, are removed with a water-absorbing pa-
per. (b) Confocal fluorescence image of 50 uM Fluo 3 dissolved in
droplets in the micro-wells (¢ = 15 um, h = 2 pm). Maximum intensity
projection (top) and cross section along the yellow dashed line (bot-
tom) are shown. The scale bar is 10 um.
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Results and discussion
DIB formation

A device patterned with microwells on a hydrophobic poly-
mer was designed for the efficient formation of a water-in-oil
droplet array. Fig. 2a shows a schematic illustration of the
formation of water droplets lined with a phospholipid mono-
layer. First, an aqueous solution containing a fluorescent dye
or the a-hemolysin transport protein,*® was dropped onto the
device with a micropipette to fill the micro-wells. Then, the
lipid solution (hexadecane) containing 20 ug mL™" lipid
(a 50:50 (w:w) mixture of DOPE and DOPG) was dropped on
each water drop. The lipid solution gradually invaded the de-
vice and swept an aqueous solution from the device surface.
Since the bottoms and walls of the micro-wells were hydro-
philic, a small amount of aqueous solution remained
entrapped in the micro-wells, resulting in the formation of
water-in-oil droplets on the device. To examine the droplet
shape in the wells, we visualized the droplets by dissolving a
fixed concentration of fluorescent dye (Fig. 2b). 3D fluores-
cence imaging within the micro-wells revealed that the drop-
lets had a cylindrical shape defined by the micro-well, and
the water-oil interfaces, at which the phospholipid mono-
layers were lined, were located horizontally on the orifice of
the micro-wells, i.e., the orifices were sealed with lipid mono-
layer membranes. It should be noted that the volume of the
droplet was readily modulated by changing the pattern of the
micro-well; thus far, we achieved simultaneous formation of
more than 500 droplets with a volume ranging from 3.5 to
350 fL by using three types of micro-wells (¢ = 3.0 um, 2 = 0.5
pm for 3.5 fL; ¢ = 5.0 um, 2 = 1.0 pum for 20 fL; and ¢ = 15
pm, /2 = 2 pm for 350 fL).

After droplet formation, we formed DIB arrays by laminat-
ing two devices. Fig. 3a shows a schematic illustration of DIB
formation. First, two micro-devices, mounted with droplet
monolayer arrays, were aligned with the droplet surfaces fac-
ing each other. Then, the x—y position of the upper device
was optimized by a micro-manipulator, and the upper device
was pushed using a steel rod (¢ = 6.0 mm) against the lower
one so as to establish contact between the droplets, resulting
in the formation of lipid bilayers at the droplet-droplet inter-
faces (Fig. 3b). Lipid bilayer formation was confirmed by the
activity of transport protein (see below), which was not func-
tional unless the lipid bilayer became as thin as the
membrane-spanning structure of the transport protein (4-5
nm). The efficiencies of the DIB array formation were 94 +
2.7% for 3.5 fL. micro-wells, 99 + 1.0% for 20 fL. micro-wells,
and 89 + 5.8% for 350 fL micro-wells. These efficiencies were
higher than that of a previously reported DIB system,'” and
the DIB formed on our micro-device was stable for at least 2
h (Fig. 3 and 4).

Membrane permeation assay

The permeability across a phospholipid bilayer membrane is
a critical property underlying the bioavailability of drugs, and
therefore, membrane permeation assay of small chemicals is

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 DIB formation. (a) Schematic representation of DIB formation; i)
two micro-devices, mounted with droplet monolayer arrays, are
aligned with the droplet surfaces facing each other. ii) The upper
device is pushed against the lower one so as to bring the droplets into
contact with each other, forming lipid bilayers on droplet-droplet
interfaces. (b) Confocal fluorescence image of Alexa Fluor 488 (green)
and Alexa Fluor 647 (red) dissolved into upper and lower droplets,
respectively. The leftmost panel is the representative image of more
than 500 DIB formations on the micro-device (¢ 5.0 um, h 1.0 um).

a prerequisite in drug development.’ In this study, as a
model of drug permeation, we conducted a membrane per-
meation assay using small fluorescent chemicals, i.e., fluores-
cein and Alexa Fluor 647, with the newly developed DIB ar-
rays with different droplet sizes. It is well known that
fluorescein, a green fluorescent dye, can easily pass across
phospholipid bilayer membranes,>” while Alexa Fluor 647, a
red fluorescent dye, is membrane-impermeable. Fig. 4a
shows a schematic illustration of the membrane permeation
assay. We first prepared DIB arrays, in which fluorescein and
Alexa Fluor 647 were independently dissolved in the upper and
lower droplets, and we then monitored the fluorescent sig-
nals in individual droplets. Fig. 4b and c display the time
courses of the fluorescent signals after the formation of the
DIBs; the increment of the green signal in the lower droplets
indicated the permeation of fluorescein across the phospho-
lipid bilayer from the upper to the lower droplets, while no
increment of red signal in the upper droplets was observed,
indicating no permeation of Alexa Fluor 647.

Next, we constructed a simple physicochemical model of
the membrane permeation of fluorescein based on Fick's
law. In this model, the membrane permeation of fluorescein
can be expressed as follows:

v M =J(t)S (1)
dr

where S, V, Cy(¢) and J(¢) are the lipid bilayer area, which cor-
responds to the orifice size of the micro-well, lower droplet
volume, concentration of fluorescein in the lower droplet,
and membrane permeation rate of fluorescein in a certain
area, respectively. The droplet size is small in relation to the
diffusion rate of fluorescein; therefore, the rate-limiting step

Lab Chip, 2016, 16, 3043-3048 | 3045
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of membrane permeation is the translocation of fluorescein
across the lipid bilayer, which can be written using Fick's law:

J(t)deCdlz(t)EDC'(t)ZC“(t) (2)

where D, L, and C,(¢) are the diffusion coefficient of fluores-
cein, thickness of the lipid bilayer (~5 nm), and concentra-
tion of fluorescein in the upper droplet, respectively. The sum
of the fluorescein molecules in the upper and lower droplets
is constant, and therefore, J(¢) is expressed as

J(t):DCO(t);Cl(l)ZDCo(O)_chl(l) (3)

where Cy(0) is the concentration of fluorescein originally
dissolved in the upper droplet, 50 uM. From eqn (1) and (3),
the membrane permeation of fluorescein can be written as

VdCl(t) _ DC“(O)—ZC] (t)S (4)
dr L

where the initial condition C,(t) = 0 at ¢ = 0. The differential
equation was solved, and C,(t) is expressed as

€. (1)= C02(0) _{1_exp(_205t]] )

LV

The fluorescence intensity of fluorescein is proportional to its
concentration (Fig. S17); therefore, the fluorescence intensity
of fluorescein in the lower droplet, Ix(¢), is expressed as

IF(Z)=1F0~|:l—exp[_2LﬁStH (6)

The observed time course of the membrane permeation of
fluorescein was fit well by eqn (6) (Fig. 4c), providing the rate
constant of permeation (kp = 2D/L-S/V): 9.3 x 10~* s™* for 3.5 fL
droplets, 3.7 x 10~* s™* for 20 fL droplets, and 2.0 x 10™* s™* for
350 fL droplets, respectively. As shown in Fig. 4d, the deter-
mined k, was proportional to the ratio of lipid bilayer area (S)
to droplet volume (V) (S/V), as expected from eqn (6), showing
the validity of the proposed physicochemical model of mem-
brane permeation.

The permeability coefficient of small chemicals, a crite-
rion of permeation across a phospholipid bilayer membrane,
has been extensively measured.””>° The permeability coeffi-
cient of fluorescein (Py) is given as follows:

_da () 1 v
@ G-G0)'S @)

B

Taking into account the initial condition: dC,(t)/dt = 1/2-kp
-Co(0), C41(t) = 0 at ¢ = 0, Py is expressed as
ky V
P=2.— 8
=S (5
The permeability coefficient of fluorescein (Pr) was deter-
mined based on eqn (8): 2.3 x 10°® cm s™* for 3.5 fL droplets,
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1.8 x 10°% ecm s™* for 20 fL droplets, and 2.0 x 10® cm s™* for
350 fL droplets. Although the previously reported values for
Pg were varied depending on the experimental setups,'®>"°
our results are similar to the smallest one (20 x 10°® cm s7),
which was measured using the tightest artificial cell mem-
brane system reported so far.>” A previous study reported that
membrane permeability strongly depended on the droplet
size because the droplet size affected the lamellarity of the
lipid membrane.”® However, the membrane permeability of
fluorescein measured in this study did not depend on the
droplet size, suggesting that uniform lipid bilayers can be
formed for different droplet sizes using our micro-device.
Thus, the newly developed micro-device could be more useful
for evaluating drug permeability across a lipid bilayer
membrane.

Transport protein assay

We explored the possibility to analyse membrane transport
with the aid of a transport protein. To this end, we used
o-hemolysin, a toxic membrane protein that binds to lipid bi-
layer membranes and forms transmembrane nanopores (¢ =
1-2 nm).>® Because a-hemolysin acts as a transport protein
only when the nanopore penetrates the lipid membrane, the
transport activity of o-hemolysin is often used to confirm the
formation of a thin lipid bilayer (4-5 nm). We used
o-hemolysin at three different concentrations: 0.5, 5.0, and
10 ug mL™". Fig. 5a shows the schematic illustration of the
transport assay using a-hemolysin. We first prepared DIB ar-
rays using 20 fL droplets, in which Fluo 3 (a Ca®" indicator)
and o-hemolysin were dissolved in the upper droplets, while
100 pM CacCl, and Cy 5 were dissolved in the lower droplet.
Subsequently, we monitored the fluorescent signals in indi-
vidual droplets. It should be noted that Fluo 3 and Cy 5 are
well-known  membrane-impermeable  fluorescent dyes.
Fig. 5b and c display the time courses of the fluorescent sig-
nals after the formation of the DIBs. The fluorescence incre-
ment of Fluo 3 in all upper droplets indicated the transport
of Ca®>" via the a-hemolysin pore as Fluo 3 exhibits Ca**-de-
pendent fluorescence enhancement.’’ This observation en-
sured that the lipid membranes formed in the micro-devise
were thin bilayers.

We previously established a physicochemical model for
the transport activity of a-hemolysin, where the diffusion of a
substrate, e.g., ions, via the a-hemolysin nanopore is the ki-
netic bottleneck and obeys Fick's law.® In this model, the
concentration of Ca®>" transported into the upper droplet,
[Ca®"], is expressed as

|:Ca2+:|:%|:ca2+:|0 .|:1_exp[$t]:| (9)

where N is the number of a-hemolysin pores reconstituted in
the lipid membrane, D is the diffusion coefficient of Ca>*, S
and L are the cross-section area and the length of the
o-hemolysin pore, respectively, V is the volume of the upper
droplet, and [Ca®'], is the concentration of Ca*>' originally

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Evaluation of the permeability assay for the permeability of
chemicals across lipid bilayers. (@) Schematic representation of the
assay procedure: i) two micro-devices, mounted with droplets
containing fluorescein (green) and Alexa Fluor 647 (red), respectively,
are vertically juxtaposed. ii) The devices are laminated to form lipid
bilayers at the droplet-droplet interfaces. After lipid bilayer formation,
the fluorescence intensity of fluorescein and Alexa Fluor 647
encapsulated in individual droplets was measured. (b) Time-lapse con-
focal imaging of fluorescein (green) and Alexa Fluor 647 (red) by using
the micro wells with 15 pm diameter, and 2.0 um height. The images
are vertically magnified 1.6 times. (c) Time course of intensity change
of fluorescein (green) in the lower droplet and Alexa Fluor 647 (red) in
the upper droplet. The left, middle, and right panels represent the re-
sults using the micro-wells with 3.0 um diameter and 0.5 um height,
5.0 um diameter and 1.0 um height, and 15 um diameter, and 2.0 um
height, respectively. Black curves represent fittings with eqn (6). The
error bars represent SD from five replicates. (d) Permeability rate con-
stant of fluorescein (k) plotted against the S/V ratio. The grey line rep-
resents the linear fit. Error bars represent the errors of fittings in
Fig. 4c.

dissolved in the lower droplet (100 uM). The concentrations
of Fluo 3 and Ca®" originally dissolved in upper and lower
droplets were almost the same; therefore, we can consider
the intensity of Fluo 3, Ips(t), to be proportional to the ca**
(Fig. S27). Ir3(?) is expressed as follows:

(22

The observed time course of transport was fit well by eqn
(10) (Fig. 5c¢), yielding a rate constant for a-hemolysin trans-
port (ky = 2 N-D-S/L/V) of 0.24 x 10™* s' for 0.5 ug mL™"
a-hemolysin, 2.1 x 10™* s™* for 5.0 pg mL™" a-hemolysin, and
4.6 x 10" s for 10 ug mL™ o-hemolysin. As shown in
Fig. 5d, the determined ky was proportional to the concentra-
tion of a-hemolysin dissolved in the droplets, which is pre-
sumably proportional to the number of a-hemolysin pores
reconstituted on the lipid bilayer. These results are consistent
with the previous physicochemical model of o-hemolysin

(10)
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Fig. 5 Transport assay using pore-forming membrane protein
a-hemolysin. (a) Schematics of assay procedures: i) the upper and
lower devices are prepared using a fluorescent Ca?* indicator (Fluo 3:
green) and a-hemolysin monomers, and Cy 5 (red) and 100 uM CaCl,,
respectively. ii) The devices are laminated to form lipid bilayers on
droplet-droplet interfaces. After lipid bilayer formation, o-hemolysin
monomers are assembled to form heptameric pores in lipid bilayers.
Ca?* encapsulated in the lower droplets is transported into the upper
droplets via a-hemolysin pores, and Fluo 3 encapsulated in upper
droplets thus increases its fluorescence intensity. We measured the
fluorescence intensity of Fluo 3 in the upper droplets after lipid bilayer
formation. (b) Time-lapse confocal image of Fluo 3 (green) and Cy 5
(red) using 5.0 ug mL™ a-hemolysin. The images are vertically magni-
fied 2.3 times. (c) Time course of intensity change of Fluo 3 (green) in
the upper droplets encapsulating 0.5 (green), 5.0 (blue), and 10 pg
mL™ a-hemolysin (red), respectively. Black curves represent fittings
with egn (10). (d) Rate constant of fluorescence increment of Fluo 3
(k7) against the concentration of a-hemolysin. The black line repre-
sents the linear fitting.

transport,® and indicate that our micro-device can be used
for quantitative analysis of membrane transport with the aid
of a transport protein.

Conclusions

In this study, we constructed a novel micro-device for high-
throughput DIB formation using femtoliter-sized droplet ar-
rays, which has been technically challenging for a decade.
Our method has the following advantages: i) high-throughput
formation of lipid bilayer membranes (>500 bilayers at a
time, >85% efficiency), ii) high uniformity of lipid mem-
branes, and iii) small droplet volume (~3.5 fL). These fea-
tures facilitate highly sensitive and quantitative analysis of
membrane transport, and moreover expand the versatility of
the DIB. The analysis of membrane transport, e.g., membrane
permeability with or without the aid of transport proteins, is

Lab Chip, 2016, 16, 3043-3048 | 3047
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indispensable to assess bioavailability in early drug discov-
ery;> therefore, the micro-device developed in this study has
application potential for highly sensitive and high-
throughput screening of drug candidates. In addition, our
lipid bilayer system can incorporate other membrane pro-
teins of physiologic importance, e.g., receptors and enzymes
functioning in lipid bilayers, and could be also applicable as
a platform to study their working mechanisms under semi-
physiologic conditions.
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