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Rapid assessment of gate function and membrane properties of
connexin-embedded giant plasma membrane vesicles in the
microwell array

Ryu Eguchi,? Yushi Isozaki, * ® Masato Suzuki®® and Tomoyuki Yasukawa *2

Giant plasma membrane vesicles (GPMVs) incorporating connexin proteins, referred to as connectosomes, serve as
promising tools for studying cell membrane properties and intercellular communication. This study aimed to evaluate the
membrane capacitance of connectosomes derived from Hela cells and establish a method for assessing the gate function
of connexin hemichannels. We investigated the behavior of dielectrophoresis (DEP) manipulation of connectosomes and
Hela cells by using the microwell array electrodes. The frequency dependence of DEP force for connectosomes and Hela
cells suggested the low membrane capacitance of the connectosomes compared to that of Hela cells. Positive DEP (p-DEP)
was used to trap the connectosomes in microwell array where the relatively strong electric field was formed. This approach
facilitated monitoring of fluorescent intensity of individual connectosomes immediately after the solutions were exchanged,
enhancing our ability to assess the release dynamics of fluorescence molecules and the hemichannel's open/closed states.
The results confirmed that connexin hemichannels were regulated by exterior concentration of Ca?*, allowing selective
control over drug storage and release. The method developed in this study elucidates the functional properties of

connectosomes and would provide a valuable platform for future applications in targeted drug delivery systems.

Introduction

Giant plasma membrane vesicles (GPMVs) are innovative tools
for studying cell membrane properties, as GPMVs can be
directly isolated by the chemical treatment of living cells,
preserving a significant portion of living cellular components of
membrane proteins, lipids and cytoplasm.®2 Since its discovery
in the 1970s,> GPMVs have been used as models for cell
membranes in research into mechanical properties*® and lipid
rafts,®’ and
investigated.®® The principal advantage of GPMVs is that lipid
vesicles containing target membrane proteins can be readily
obtained from cells with these proteins.!® For example, the
cluster size and density of the calcium channel Cayl.3 were
quantified by using supported plasma membrane bilayers
derived from GPMVs incorporating this protein.!! Furthermore,
it has been shown that the extracellular loop of the
transmembrane protein Tetraspanin 4 regulates membrane
curvature sensitivity by stretching GPMVs with micropipettes
and optical tweezers to form lipid nanotubes, taking advantage
of the lack of an actin cytoskeleton in GPMVs.1?

GPMVs with connexin proteins on their membrane are
referred to as "connectosomes". Hemichannels (connexons)
that are hexamer of connexin proteins formed gap junction

its use as a cell mimetic has also been
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channels by connecting with hemichannels on adjacent cells to
provide a transfer of molecules across membranes. The
hemichannels permit to be passed molecules below about 1
kDa.!3 The molecular permeability of hemichannels can also be
regulated by the concentration of calcium ions in the vicinity of
the connexin protein.’*1> Hemichannels remain open at low
exterior concentration of CaZ*, while the closed is remained at
high. The selective permeability of hemichannels is beneficial
for controlling the storage and release of molecules in the
connectosomes. Connectosomes have been extensively studied
for the use as drug carriers with the ability of selective and
direct transport through the gap junctions.'® The assist by the
recognition of receptors expressed on target cells enhanced the
selective contact of connectosomes to target cells, resulting in
the improvement of the efficiency of drug delivery.l” Indeed,
mutations in connexin proteins have been noted to alter gate
function.'®%° |t is essential to ensure the optimal storage of
drugs within the connectosomes under a closed state of
hemichannel and the precise release from the connectosomes
under an opened state of hemichannel (gate function) for
applying connectosomes as effective drug carriers. Therefore, a
high-throughput and convenient method for assessing the gate
functions of hemichannels is crucial for developing drug carriers
used connectosomes. The gate function was typically evaluated
by the reduction in fluorescent intensity of fluorescent
molecules pre-loaded into the connectosomes following the
replacement of the solution with one containing calcium ions by
centrifugation.'®2° However, the handling of connectosomes in
suspensions makes it difficult to monitor the fluorescent
intensity from the same connectosomes continuously.
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Fig. 1 Schematic for assessing the gate function of connexin hemichannels.

Dielectrophoresis (DEP) is an electrokinetic phenomenon in
which dielectrically polarized particles are manipulated in a
non-uniform electric field. The DEP method has been
successfully applied for the manipulation of a wide range of
micro- and nano-materials, including macromolecules {proteins
and DNAs), microparticles, cells, microorganisms, liposomes,
viruses, and exosomes.?! A positive DEP (p-DEP) is an attractive
force that directs objects to a strong electric field regions. In
contrast, negative-DEP (n-DEP) is a repulsive force that expels
objects from the strong electric field regions. The direction of
DEP force depends on the applied frequency, the dielectric
properties {conductivity and permittivity) of the target
materials and the solution in which the materials are dispersed,
and the distribution of the electric field. The DEP
micromanipulation of cells has been used for cell patterning,??~
24 cell separation,2>=27 trapping cells into the microwells for
forming cell array,282° and fabrication of cell aggregation3° and
cell pairing.3! In particular, the formation of cell arrays in the
microwells offers the advantages of robust anchoring of cells
and simultaneous observation of multiple cells in the
microwells, facilitating rapid solution exchange, and enabling
the evaluation of single-cell functions in a time-series manner.

In this study, a simple and rapid method for evaluating the
gate function of hemichannels was developed through time-
series measurement of the fluorescent intensity emitted from
each single connectosome captured in the microwells using p-
DEP (Fig. 1). Connectosomes were produced from Hela cells
expressing connexin 43 (Cx43) proteins by chemical treatment.
The connectosomes were trapped in the microwells by p-DEP to
from the arrays of connectosomes. The solution without Ca?*
was then injected in the fluidic channel to remain the open state
of hemichannels. The fluorescent intensities emitted from each
connectosome captured in the microwells were monitored to
assess the transfer of fluorescent molecules through
hemichannels. The open/closed state of connexin
hemichannels was evaluated by estimating the decreased rate
of fluorescent intensities. In addition, the membrane
capacitance of connectosomes formed by Hela cells were
roughly estimated by the frequency dependences of DEP
behavior of connectosomes with transferred hemichannels and
Hela cells.

Experimental
Fabrication of the Microwell Electrode Devices

Microwells (16 pm in diameter, 10 pm in depth) with 10,000
(100x100) array were fabricated by negative photoresist (SU-8
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3010, KAYAKU Advanced Materials, Westborough, MA) on an
indium tin oxide (ITO) electrode substrate (25 mm square).
Distance between centers of the neighboring microwells was
set at 32 um. A 30 um thick polyester film (Nitto Denko, Osaka,
Japan) was used as a spacer to fabricate the fluidic channel (4
mm in width, 7 mm in length) and was sandwiched between the
upper ITO electrode substrate (7 mm in width and 20 mm in
length) and the lower ITO electrode substrate with the
microwell array pattern. The fluidic channels were treated with
a 1% (w/v) bovine serum albumin aqueous solution for 24 hours
to prevent the nonspecific adsorption of cells and GPMVs.

Cell culture, transfection of expression vector for the connexin
proteins, and preparation of connectosomes

Hela cells were maintained in Dulbecco’s modified Eagle
medium supplemented with 10% (v/v) fetal bovine serum, 100
U/mL penicillin, and 100 pg/mL streptomycin and were
incubated under humidified conditions containing 5% (v/v) CO»
at 37 °C. Hela cells (2 x10° cells/dish) were transfected with the
Cx43-mCherry plasmid (Vector Builder Inc., Chicago, IL) using
Lipofectamine 3000 (Thermo Fisher Scientific Inc., Waltham,
MA) following the procedures provided by the manufacturer.
The transfected cells were stained for 30 minutes by immersing
in 1 pM 3’,6’-Di(O-acetyl)-4’,5-bis[N,N-bis(carboxymethyl)
aminomethyl]fluorescein, tetraacetoxymethyl ester (Calcein-
AM, Dojindo Molecular Technologies, Inc., Kumamoto, Japan)
48 hours after transfection. The cells were rinsed twice with a
GPMV buffer (10 mM HEPES, 2 mM CaCl,, 150 mM NaCl, pH 7.4)
and then incubated in an active buffer (10 mM HEPES, 2 mM
CaCl,, 150 mM NaCl, 25 mM Paraformaldehyde, 2 mM
Dithiothreitol, 125 mM glycine, pH 7.4) for 6 hours to induce the
generation of connectosomes.'’® The connectosomes were
collected by gentle pipetting in the active buffer, and the
resulting solution of dispersed connectosomes was replaced
with DEP medium {a mixture of 270 mM sucrose solution and 2
mM CaCl, solution, adjusted to be 80 mS m™ in conductivity) by
centrifugation at 17,000 X g for 20 minutes.

Preparation of liposomes

All lipid molecules used in the preparation of liposomes were
obtained from Avanti Polar Lipids Inc. (Alabaster, AL).
Liposomes were fabricated by using the gentle hydration
method. The lipid solution containing 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC),
(DOPG),
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)

1,2-Dioleoyl-sn-glycero-3-

phosphoglycerol 1,2-Dioleoyl-sn-glycero-3-

{(Rhodamine-PE), cholesterol, and mannitol were prepared by

This journal is © The Royal Society of Chemistry 20xx
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chloroform/methanol (7:1, v/v). The final
concentration of DOPC/DOPG/ Rhodamine-
PE/cholesterol/mannitol was 0.9:0.1:0.005:0.15:1 in millimolar

units. A clean disposable glass vial containing 250 mL of the lipid

dissolving in

solution was rotated by hand for 1 minute. A lipid film was
formed on the surface of the glass vial by evaporating the
organic solvent under blowing nitrogen gas. Then, the vial was
kept in vacuo overnight. The dry lipid film was hydrated with
250 mL of 30 mM phosphate buffer solution containing 200 mM
sucrose {360 mS m™ in conductivity) and allowed to stand in a
thermostatic incubator at 40°C for a day. The solution with
liposomes was replaced with a mixture of 200 mM sucrose and
6.6 mM phosphate buffer (80 mS m™ in conductivity) by
centrifugation at 400 X g for 5 minutes.

DEP manipulation of connectosomes

The device was mounted under an inverted fluorescent
microscope (IX73, EVIDENT, Tokyo, Japan) equipped with a CCD
camera {DP74, EVIDENT). The connectosome suspension (50
L) was introduced into the fluidic channel of the device. The
AC voltage was applied between the upper and lower ITO
electrodes to subject the connectosomes to dielectrophoretic
force using the function generator (7075, Hioki E.E. Co., Nagano,
Japan). The solution was gently replaced with a Ca?*-free buffer
{270 mM sucrose and 3 mM MgCl, 80 mS m™ in conductivity) to
induce an open state of the hemichannels embedded on the
connectosomes captured in microwells. The capture efficiency
of connectosomes by p-DEP was defined as the ratio of the
number of connectosomes captured in the microwells to the
total number of connectosomes in the area under observation
with the microscope. The three-dimensional distribution of the
electric field strength in the microwell array was calculated by a
finite element method solver (COMSOL Multiphysics 5.4,
Stockholm, Sweden). A structure containing 9 wells (3 x 3)
taking advantage of symmetry conditions was simulated with
the element size of “Extremely fine”.

Results and discussion
Transfection of connexin protein

The Hela cells expressing Cx43-mCherry were stained with
Calcein-AM. Fig. 2(a) shows images of Hela cells expressing
Cx43-mCherry and GPMVs formed 6 hours after incubating in
the buffer. Hela
fluorescence by uptaking Calcein-AM to the cytoplasm.

active Almost cells exhibited green
However, red fluorescence appeared from approximately 30%
of Hela cells. Many GPMVs were observed around the Hela
cells and emitted red and green fluorescence. The results
suggested that Cx43-mCherry and Calcein were successfully
transported to the GPMVs from the Hela cells to form the
connectosomes. The collected GPMVs were resuspended in the
DEP medium to adjust concentration of 1 X 10> mL™. Fig. 2(b)
the of the GPMVs

resuspending in the DEP medium. Four GPMVs in the images

shows fluorescence images after
exhibited green and red fluorescence indicating that these are

connectosomes, while the others exhibited only green. The

This journal is © The Royal Society of Chemistry 20xx

ratio of connectosomes with both green and red was about 30%
on average, corresponding to the gene transfer efficiency to
Hela cells. Assuming that the formation rate of GPMVs for
individual Hela cells is the same, transfected Hela cells could
produce the connectosomes with connexin. The average
diameter of formed connectosomes was estimated and found
to be 5.0 pm with the standard deviation of 1.4 (Fig. 2c).

Cx43-mCherry

0+ +—t t t
0 2

4 6 8 10
Diameter (um)
Fig. 2 (a) Optical and fluorescence microscopic images of Hela cells 6 hours after
the incubation in an active buffer. (b) Optical and fluorescence images of isolated
connectosomes. (c) Diameter distribution of connectosomes.

Evaluation of dielectrophoretic behavior of connectosomes

The dielectrophoretic behavior of the connectosomes were
observed in the microwell electrode device. We focused on
connectosomes with diameter of 2-4 um, although GPMVs with
different diameters were manipulated by DEP. This is because
DEP behavior depends on the diameter, and the mode of
diameter of liposomes prepared to compare DEP behavior was
2-4 um. Figs. 3(a) and (b) show fluorescence images of
connectosomes 90 seconds after AC voltages (5 V,p) with 1 MHz
and 3 MHz were applied to both ITO electrodes, respectively.
When the AC voltage with 3 MHz was applied, connectosomes
moved into the microwells. It is well known that the highest
electric field region formed around the bottom of the microwell
(Fig. S1). Therefore, p-DEP attracted the connectosomes to the
bottom of the microwell. On the other hand, when the AC
voltage with 1 MHz was applied, the connectosomes moved to
the microwell-to-microwell area where the electric field was the
weakest. These results represented that the connectosomes
were subjected to the repulsive force derived from n-DEP in this
frequency range. Fig. 3(c) shows the ratio of the number of
connectosomes trapped in the microwells to the total number
of connectosomes in the photos. The ratio of connectosomes in
the microwells were below 5% at 1 MHz and increased with an

increase of frequency. At a frequency over 2.5 MHz,

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Fluorescence images 90 seconds after application of (a, e, g) 1 MHz, (b, h) 3 MHz , and (d) 0.1 MHz AC voltages. The white dashed lines indicate the position of the
microwells. (c, f, i) Ratio of the number of particles trapped into the microwell at each frequency. Error bars indicate the standard error.

connectosomes were trapped with the ratio over 90%. We
defined the frequency with half ratio as a cross-over frequency
(fo). In this definition, the cross-over frequency of the
connectosomes was found in the frequency range between 1.5
MHz and 2.0 MHz. The cross-over frequency of GPMVs without
connexin was similar to that of connectosomes. These results
indicate that the connectosomes and GPMVs have similar
membrane capacitances resulting in no significant effect of the
presence of connexin proteins on membranes of GPMVs to the
dielectric properties, especially the membrane capacitance.

Hela cells (Figs. 3(d) and (e)) and liposomes (Figs. 3(g) and
(h)) also experienced p-DEP in high frequency region to be
trapped in microwells. The cross-over frequency of
connectosomes was higher than that of Hela cells that was
between 100 kHz and 200 kHz (Fig. 3(f)), and was nearly the
same as that of liposomes with a diameter of 3.0 um (Fig. 3(i)).
The experimentally obtained cross-over frequencies of Hela
cells, connectosomes, and liposomes were compared with
those calculated based on the theoretical single-shell model of
dielectrophoresis (Figs. S2 and S3). The cross-over frequencies
can be determined by calculating the frequency dependence of
the real part of the Clausius-Mossotti (CM) factors. The real part
of the CM factor of the Hela cells suspended in DEP medium
with conductivity (o) of 80 mS m™ and permittivity (gy) of 78
go (permittivity of vacuum) was calculated by adopting the
measured diameter of 15 pm and the following parameters
reported previously for a single shell model: membrane
capacitance Cn, = 19 mF m=, cytoplasmic conductivity . = 0.36
S m™, cytoplasmic permittivity €. = 60 g¢, respectively {Table S1).
The calculated cross-over frequency of the Hela cells {120 kHz)
was very close to that obtained experimentally.

Moreover, the cross-over frequency of connectosomes was
also calculated by using the average diameter of 3.0 pm of the
focused connectosomes, and the other electrical parameters

4 | J. Name., 2012, 00, 1-3

{(membrane capacitance, cytoplasmic conductivity, and
cytoplasmic permittivity) that were assumed to be the same as
those of Hela cells {Fig. S3). The calculated value (600 kHz) was
quite smaller than that obtained experimentally (f, = 1.5-2.0
MHz). The membrane capacitance of the connectosomes would
be small compared to that of Hela cells because the DEP
spectrum shifts to the high frequency region with the decrease
of not only a diameter but a membrane capacitance (Fig. S2).
The cross-over frequency of liposomes was also calculated by
using the membrane capacitance of 7.5 mF m?2 and the
diameter of 3.0 um, that was obtained by the previous report
for liposomes composed of DOPC (Fig. $3).32 The calculated
value of 1.5 MHz was close to that of the experimental result
(between 1.5 and 2 MHz). Thus, the membrane capacitance of
connectosomes was presumed to be approximately 7.5 mF m2,
because the electric parameters of interior and exterior and
diameter of liposomes were the same as those of
connectosomes. In addition, we confirmed that slight high value
of interior permittivity for liposomes brought about no
significant shift of DEP spectrum.

From these results, we concluded that the membrane
capacitance of connectosomes is small compared to that the
parent Hela cells. The value of membrane capacitance reflects
the thickness of the lipid bilayer, permittivity of phospholipid
molecules, and surface area per unit area contacting an
extracellular solution. The membrane capacitance would most
likely reflect the roughness of the membrane since there is no
difference in the thickness of the lipid bilayer and the
permittivity of phospholipid molecules that make up the
membranes of Hela cells and the liposomes. Therefore, GPMVs
containing connectosomes derived from Hela cells would have
smaller membrane roughness than Hela cells. This membrane
flatness would be supported by the fact that there is no

This journal is © The Royal Society of Chemistry 20xx
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15 Fig. 4 Fluorescence images of connectosomes trapped in microwells in {a) the absence and (b) presence of Ca?*. (c) Time series of relative fluorescence intensity of
16 connectosomes in the absence and presence of Ca? and connexins. Error bars indicate the standard error. Data were analyzed using Tukey’s test. *p < 0.05.
17 cytoskeletal structure, which defines the shape of membrane occurred on the similar time scale {1-2 h) in the present
18 and cell, in GPMVs. 3 work.'620° The results demonstrated that the dielectrophoretic
19 trapping of connectosomes in the microwell facilitated rapid
20 Evaluation of Connexin Hemichannel Function Using the solution exchange. Additionally, the fluorescent intensities
21 Connectosomes Array emitted from individual GPMVs or connectosomes could be
22 The gate function of the connectosomes was investigated after monitored. The monitoring of fluorescent intensities allows for
23 the connectosomes suspended in DEP medium with 2 mM Ca2* the evaluation of the molecular permeability of individual
24 were trapped in microwells by p-DEP (3 MHz, 5 V). connectosomes through the hemichannels expressed on the
25 Connectosomes were singly trapped in 6% of the wells. This low membrane simultaneously.
26 capture rate is due to the relatively low initial concentration of
27 connectosomes generated by cells cultured on a plane Conclusions
28 substrate and the low presence ratio of connectosomes (30%)
29 in the total GPMVs. The fluorescent intensity emitted from the In  this study, we evaluated the characteristics of
30 Calcein (Mw. 622) encapsulated in the connectosomes was connectosomes derived from giant plasma membrane vesicles
31 monitored when exchanging the solution to the medium (GPMVs) thatincorporate connexin proteins, and established a
32 without Ca2* at a flow velocity of approximately 720 um s (Fig.  rapid and efficient method for assessing the gate function of
33 4(a)). Due to limitations of the imaging equipment, we analyzed hemichannels. Connectosomes were prepared from Hela cells
34 a portion of the connectosomes presented in singles in the wells. through chemical stimulation and confirmed to have an average
35 The fluorescent intensity of connectosomes decreased to 32% diameter of 5.0 um. Using dielectrophoresis (DEP) technology,
36 of the initial intensity at 30 minutes after exchanging medium we observed th.e beha.\li.or of c.onne.ctosomes,.which show.ed
37 and then continued to decrease to 12% at 120 minutes (Fig. that the trapping efficiency in microwells increased with

4(c)). In contrast, in the presence of Ca?*, the fluorescence frequency, achieving over 90% capture at 2.5 MHz.
38 intensity of connectosomes decreased to 55% of the initial Furthermore, the membrane capacitance of connectosomes
39 intensity after 30 minutes of medium exchange, and to 24% was roughly estimated by comparing the both experimental and
40 after 120 minutes (Figs. 4(b) and (c)). It is well known that the calculated cross-over frequencies of connectosomes, Hela cells,
41 presence of Ca2* causes the closure of connexin hemichannels, and liposomes and found to be approximately 7.5 mF m. The
42 preventing the passage of molecules. Conversely, in the value estimated for connectosomes was smaller than that of
43 absence of Ca?*, connexins undergo a conformational change parent Hela cells.
44 that causes the opening of connexin hemichannels, allowing The fluorescence intensity of calcein encapsulated in
45 passage of molecules.!41534 Therefore, the rapid decrease in Cconnectosomes in the absence of Ca?" rapidly decreased
46 fluorescence intensity of connectosomes in the absence of Ca2*  compared to that in the presence of Ca?*. This was because the
47 indicated the release of Calcein through the connexin opening of the hemichannels on the membrane in Ca?* free
48 hemichannels. In contrast, GPMVs lacking connexin exhibited a  solution allows calcein to permeate through the hemichannels.
49 decrease in fluorescent intensity comparable to that observed It is possible to monitor the fluorescence intensities of same
50 in connectosomes in the medium containing Ca2* {Figs. 4(c) and connectosomes even after the exchanges of exterior by forming
51 S4). The observed decrease in fluorescent intensity would the array of connectosomes trapped in microwells by DEP in the
52 indicate either photobleaching of the Calcein molecule or present procedure. Thus, we would rapidIY and reliably
53 leakage of Calcein through the lipid membrane that composes evaluate the open/closed state of the hemichannels. The

GPMVs. Recently, the dye release or uptake through the precise evaluation of the gate function of connectosomes is
>4 connectosome membrane have been studied without DEP crucial for their effective application as drug carriers.
gg manipulation. They reported that the membrane permeation Furthermore, the method could be used to evaluate the
57
58 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
59
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permeability (leakage) of lipid bilayers to different fluorescence
molecules (fluorescence molecules with different molecular
weights, fluorescent proteins, etc.). The method established in
this study allows for the time-series tracking of fluorescent
intensity from individual connectosomes, providing valuable
insights into their functionality.
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