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A B S T R A C T   

Here, we demonstrate the utility of native membrane derived vesicles (nMVs) as tools for expeditious electro-
physiological analysis of membrane proteins. We used a cell-free (CF) and a cell-based (CB) approach for pre-
paring protein-enriched nMVs. We utilized the Chinese Hamster Ovary (CHO) lysate-based cell-free protein 
synthesis (CFPS) system to enrich ER-derived microsomes in the lysate with the primary human cardiac voltage- 
gated sodium channel 1.5 (hNaV1.5; SCN5A) in 3 h. Subsequently, CB-nMVs were isolated from fractions of 
nitrogen-cavitated CHO cells overexpressing the hNaV1.5. In an integrative approach, nMVs were micro- 
transplanted into Xenopus laevis oocytes. CB-nMVs expressed native lidocaine-sensitive hNaV1.5 currents 
within 24 h; CF-nMVs did not elicit any response. Both the CB- and CF-nMV preparations evoked single-channel 
activity on the planar lipid bilayer while retaining sensitivity to lidocaine application. Our findings suggest a 
high usability of the quick-synthesis CF-nMVs and maintenance-free CB-nMVs as ready-to-use tools for in-vitro 
analysis of electrogenic membrane proteins and large, voltage-gated ion channels.   

1. Introduction 

Conventionally, analysis of ion-channel receptors is performed by 
directly expressing the channels in cellular systems. In the last 50 years, 
these systems have markedly facilitated our understanding of macro-
scopic and single-channel properties of the ion-channel function [1]. 
However, these biological systems have a long-standing disadvantage. 
They require extensive culturing, maintenance, and harvesting before 
testing. In the last two decades, new technological advancements have 
enabled the study of membrane proteins in-vitro, both in their native 
and artificial membrane environments. These encompass plasma mem-
brane blebs, integral membrane patches, artificial lipid-reconstituted 
giant plasma membrane vesicles (GPMVs), proteo-liposomes, and 
giant unilamellar vesicles (GUVs) [2]. The developments have further 
elucidated the role of proteins under controlled membrane lipid 

compositions and their effects on channel integration and function. 
These methods have enabled the study of electrogenic proteins like 

ion channels and transporters in-vitro under both physiological and 
artificial ionic environments. Despite the advances, most of these 
methods have relied on protein reconstitution into extraneous lipid 
environments before testing with direct use of crude plasma membranes 
finding only limited use [3]. Recent reports on probing sugar trans-
porters over a solid-supported membrane and porins from bacterial 
outer membranes have furthered the potential of directly using cell- 
based membranes for electrophysiological analysis [4]. 

In the last decade, Cell-free protein synthesis (CFPS) has been 
employed for synthesis of a potpourri of complex difficult-to-express 
membrane proteins including voltage-gated ion channels [5]. The 
eukaryotic CHO-CFPS system is ideally suitable for synthesis of mem-
brane proteins due to the availability of microsomes in the lysate 

Abbreviations: nMV, native membrane vesicles; CHO, chinese hamster ovary; CFPS, cell-free protein synthesis; NaV, voltage-gated sodium channel; TEVC, two- 
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allowing incorporation into the membrane. These lysates have suc-
cessfully been utilized for synthesis of large membrane proteins and 
direct on-chip electrophysiological analysis [6]. Extending the capabil-
ities of the CHO-CFPS, here we attempt to use an approach for genera-
tion of a high-molecular weight 24 transmembrane sodium channel. 

We prepared and tested cell-free (CF) and cell-based (CB) nMVs 
harbouring the 220 kDa human cardiac voltage-gated sodium channel 
(hNaV1.5) as a proof-of-concept of our approach. NaV1.5 is one of the 
nine voltage-gated sodium channel-alpha subunits (VGSC-α family) and 
the key regulators of cardiac rhythm. The rapid inward sodium current 
(INa) conducted via the cardiac voltage-gated sodium channel NaV1.5 
(encoded by SCN5A) is crucial for initiating excitation-contraction 
coupling in the cardiomyocytes. Last decades of extensive studies of 
this channel have revealed 400 rare and common genetic variants in 
SCN5A concomitant to dysfunctions ensuing in life-threatening ar-
rhythmias and structural heart disease [7]. About 1 % of the world’s 
population suffers sudden arrhythmic deaths due to the dysfunction of 
hNaV1.5 [8]. Several non-cardiac diseases, including ataxia, epilepsy, 
pain, bowel syndrome, myotonic dystrophy, and recently cancer relate 
to a dysfunctional hNaV1.5 [9]. While the hNaV1.5 continues to intrigue 
researchers, we hope to foster rapid high-throughput in-vitro analysis of 
crucial pharmaceutical proteins such as the hNaV1.5 with our approach. 

Micro-transplantation in Xenopus oocytes has evolved as an effective 
technique for direct in-vitro analysis of membrane preparations. It offers 
a powerful method for studying neurotransmitter receptors and voltage- 
operated channels derived from cultured cells or directly from live or 
post-mortem tissue [10]. These studies have demonstrated that 
membrane-incorporated receptors and channels injected into Xenopus 
oocytes retain their native electrophysiological properties like sensi-
tivity to blockers. Perhaps, the noteworthy feat of this technique was the 
micro-transplantation of cell membranes from the brain autopsy of an 
Alzheimer’s patient facilitating direct post-mortem functional charac-
teristics of native membrane protein repertoire [11]. Owing to these 
advances, Xenopus oocytes have yet again gained an interest in their use 
in the discovery of neurological disorders [12]. 

Utilizing the vast knowledge from the CFPS, planar lipid bilayers, 
and micro-transplantation methods, we discuss a multifaceted approach 
for preparation and electrophysiological characterization using native 
membranes from cell-free and cell-based methods. 

2. Materials and methods 

2.1. Cell-free enrichment and detection of de-novo synthesized hNaV1.5 
in native microsomal membranes (CF-nMVs) 

In a cell-free approach, we attempted to enrich the microsomal 
vesicles natively present in CHO-cell free lysate. We performed de-novo 
protein syntheses in coupled transcription/translation reactions in final 
volume of 25–80 μl containing 40 % (v/v) translationally active CHO 
lysate supplemented with HEPES-KOH (pH 7.6, 30 mM, Carl Roth 
GmbH), Mg(OAc)2 (3.9 mM, Merck), KOAc (180 mM, Merck), amino 
acids (complete 100 μM, Merck), spermidin (0.25 mM, Roche), and 
energy regenerating components including creatine phosphokinase (0.1 
mg/ml, Roche), creatine phosphate (20 mM, Roche), ATP (1.75 mM, 
Roche) and GTP (0.3 mM, Roche). To allow for DNA transcription 
during cell-free protein synthesis, 1 U/μl T7 RNA polymerase, 0.3 mM of 
UTP (Roche) and CTP (Roche), and 0.1 mM of the cap analogue m7G 
(ppp)G (Prof. Edward Darzynkiewicz, Warsaw University, Poland) were 
added to the reaction. Additionally, PolyG primer (20 μM, IBA) was 
added to the reaction. To monitor the protein quantity and quality, cell- 
free protein synthesis reactions were supplemented with radioactive 
14C-leucine (30 μM, specific radioactivity 46.15 dpm/pmol, Perkin 
Elmer). Batch synthesis reactions were incubated at 27 ◦C for 3 h at 600 
rpm (Thermomixer comfort, Eppendorf). 

Post a 3 h long reaction, total translation mixture (TM) was frac-
tionated by centrifugation at 16,000 ×g for 10 min into soluble 

supernatant (S) and the pelleted microsomal (M) fractions. We moni-
tored 14C-leucine incorporation in the de-novo synthesized hNaV1.5 
protein to determine the production yields. We performed TCA precip-
itation of the reaction fractions and radioactive scintillation counting for 
the determination. A pre-cast gradient 4–16 % SDS-PAGE gel (Ther-
moFisher Scientific) was used to visualize the protein present in the 
different fractions of the reaction. An auto-radiographic analysis of the 
synthesized protein was performed under a phosphoimager (Amersham 
RGB Imager, GE Healthcare) which enabled visualization of the radio-
active protein on the SDS-PAGE gel. 

2.2. Cultivation of overexpressing cells 

CHO-Tet-hNaV1.5 cells (B’SYS, Switzerland) were cultivated at 37 ◦C 
under 5 % CO2 with Ham’s F12 (10 % Fetal calf serum, 2 mM alanyl- 
glutamine, Hygromycin, Blasticidin) until 40 % confluency was ach-
ieved. Medium was renewed and 1 μg/ml tetracycline was added for 
induction. After an incubation period of 24–48 h with roughly 80 %–90 
% confluency in the culture, cells were ready for harvest or planar patch- 
clamp measurements. Control cells (CHO-K1) were treated alike sans the 
application of antibiotic pressure. We used a tetracycline-inducible 
Chinese hamster ovary (CHO) cell line over-expressing human NaV1.5 
receptor (CHO-Tet-hNaV1.5-GFP) for electrophysiological recordings 
and membrane isolation. Before harvesting cells for preparation of CB- 
nMVs, we checked the induced cells for expression of hNaV1.5 by 
directly visualizing the fused GFP signal under a fluorescence 
microscope. 

2.3. Patch-clamp recordings 

Whole-cell current recordings were performed from harvested CHO- 
Tet- hNaV1.5-GFP 24 h after tetracycline induction. Cells were detached 
using Accutase treatment for 15–20 min at 37 ◦C. Patch-clamp experi-
ments were performed with an automated patch-clamp system, the Port- 
a-Patch (Nanion Technologies), using borosilicate glass chips with a 
resistance of 3–5 MΩ. Experiments were performed in internal solution: 
Nanion internal solution CsF110 (10 mM CsCl, 10 mM NaCl, 110 mM Cs- 
Fluoride, 10 mM EGTA, 10 mM Hepes/CsOH, pH 7.2, Osmolarity 285 
mOsmol) and external solution(140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 
2 mM CaCl2, 5 mM D-Glucose monohydrate, 10 mM Hepes/NaOH, pH 
7.4, Osmolarity 298 mOsmol).The collected data was filtered at 10 kHz 
(Bessel filter, HEKA amplifier) digitized at a sampling rate of 50 kHz and 
analysed with Clampfit (Axon instruments) and Origin labs. 

2.4. Preparation of cellular membrane vesicles (CB-nMVs) 

Membranes were prepared as described by Bazonne et.al, 2021. 
Briefly, ~1 g of the tetracycline induced CHO-K1-hNaV1.5-GFP cells was 
collected and disrupted by nitrogen cavitation using the Parr bomb 
apparatus (Parr Instruments Company, USA). For control, CHO-K1 cells 
were processed. Cell debris was removed from the sample by centrifu-
gation (6000g, 4 ◦C, 10 min), and the plasma membrane was isolated by 
ultracentrifugation (100,000g, 4 ◦C, 30 min). Plasma membrane vesicles 
were purified by ultracentrifugation (100,000g, 4 ◦C, 3 h) in a sucrose 
gradient (9 ml 45 %, 9 ml 31 %, 6 ml 9 %). The collected interface was 
concentrated by ultracentrifugation (100,000 g, 4 ◦C, 30 min), ali-
quoted, and stored at − 80 ◦C till further use. Using dynamic light 
scattering (DLS) the size of the CB-nMVs was determined for both the 
collected fractions. Fluorescence retention was measured in the fractions 
under a fluoroimager (Amersham RGB Imager, GE Healthcare) using a 
Cy2 laser and confocal microscopy of the sample visualized as a droplet. 

2.5. Dot-blot analysis 

Blotting was performed using a Bio-Dot (Bio-Rad, USA) micro-
filtration apparatus. The anti-hNaV1.5 antibody (Alomone labs, Israel) 
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used was raised in a rabbit host and specifically bound the epitope in the 
cytosolic loop of the hNaV1.5 protein. We used a secondary horseradish 
peroxidase (HRP) conjugated anti-rabbit antibody for further detection 
using an enhanced luminol-based chemiluminescent substrate for the 
detection of the HRP. To further verify that the protein harboured in our 
CF- and CB-nMVs was indeed hNaV1.5, we carried out dot-blot immu-
noassay with a hNaV1.5 specific antibody that binds an epitope in the 
cytosolic loop of the plasma membrane localized protein. 

2.6. Micro-transplantation of membrane vesicles into Xenopus oocytes 

Pre-isolated ready to inject Xenopus laevis oocytes were purchased 
from Ecocyte, Germany. Oocytes were injected with 80 nl plasma 
membrane vesicles or cell-free enriched microsomes using Roboinject 
(Molecular Devices GmbH, Germany). Injection needles were filled with 
RNase free mineral oil before aspiration and injection. The injected 
oocytes were maintained in modified Barth’s solution at 16 ◦C until 
electrophysiological recordings were performed. Control oocytes were 
either un-injected or injected with 80 nl of water. 

2.7. Two-electrode voltage clamp recordings from microinjected oocytes 

To observe functional hNaV1.5 responses from the CB-nMVs micro- 
transplanted in Xenopus oocytes, we used the automated two- 
microelectrode voltage-clamp setup, Roboocyte2. 20 h post injection, 
membrane currents were recorded from voltage-clamped oocytes. 
Pulled glass microelectrode heads were filled with 3 M KCl and exhibited 
a resistance of 200 to 1000 MΩ. The oocyte was placed in a recording 
chamber with continuous perfusion of the MBS (NaCl = 88 mM, KCl = 1 
mM, CaCl2 = 0.4 mM, Ca(NO3)2 = 0.33 mM, MgSO4 = 0.8 mM, TRIS- 
HCl = 5 mM, NaHCO3 = 2.4 mM, adjusted to pH 7.4) through a 
perfusion system at room temperature (20–22 ◦C). To obtain current 
response curves, depolarizing pulses were applied in 10 mV step from – 
100 to +100 mV from a − 120 mV deactivation prestep while holding the 
oocyte membrane potential at − 60 mV. Lidocaine solutions of different 
concentrations were prepared in MBS and then directly applied in the 
oocyte-containing chamber for 10–20 s using an automated perfusion 
system. Data were acquired with a pCLAMP system (Digidata 1440 and 
pCLAMP 10.0 software from Axon Instruments). Data analysis was 
carried out using Origin labs and GraphPad Prism. 

2.8. Single-channel analysis on planar lipid bilayers 

Lipid bilayers were formed on a 16 electrode MECA glass chip 
(Ionera) using the lipid 1,2-diphytanoyl-sn-glycero-3-phosphocholine 
(DPhPC) at a concentration of 10 mg/ml dissolved in Octane (Sigma 
Aldrich). The recording solution comprised of 150 mM KCl (Sigma 
Aldrich (Fluka)) in PBS buffered at pH 7.4. 1 μl of the nMV fraction was 
added to the 180 μl electrolyte in the measurement chamber for re-
cordings. Lidocaine applications were performed by direct application of 
the compound into the bath. A multi-channel amplifier (Elements SRL, 
Italy) was used to acquire multiplexer electronics port of the Orbit16 
system. Recordings were done at a sampling rate of 5 kHz with a 500 
kHz visual filter. Data were analysed with Clampfit (Molecular Devices, 
Sunnyvale, CA, USA). 

3. Results and discussion 

3.1. Cell-free native membranes harbour the hNaV1.5 protein 

Cell-free synthesis of functional membrane proteins remains a chal-
lenge. Especially pertaining to large channels like the 24-transmem-
brane hNaV1.5 which is classified under the ‘difficult-to-express’ 
proteins due to its size and complexity. Due to its open nature, CFPS 
system allows for optimization of reaction conditions. However, finding 
the right combination of components is crucial to a successful synthesis. 

A big advantage of using the eukaryotic CHO-CFPS system is the avail-
ability of microsomes allowing integration of synthesized protein into 
their native membrane architecture. Utilizing the knowledge and 
advance in the CHO-CFPS system, we optimized the reaction conditions 
to enable synthesis of functional hNaV1.5. 

3.1.1. Radiolabelling and autoradiogram analysis 
Scintillation records from the incorporated 14C-leucine in the de- 

novo synthesized hNaV1.5 protein yielded on an average about 11 μg/ml 
of total protein as measured in the translational mixture. Post fraction-
ation we observed ~3 μg/ml retained in the microsomal CF-nMVs 
(Fig. 1a, middle panel). An autoradiogram band observed on a 4–16 % 
gradient SDS PAGE gel at ~220 kDa corresponded to the size of our cell- 
free produced hNaV1.5 (Fig. 1a bottom panel). 

3.1.2. Immunodetection of de-novo enriched protein in CF-nMVs 
Dot-blot further detected the cell-free synthesized hNaV1.5 in our 

enriched microsomal nMV (M) as well as in the soluble (S) fraction of the 
translational mix (TM) (Fig. 1a, bottom panel, right). In the M fraction, 
the epitope was inaccessible for the antibody and only 1 % Triton X 
treated nMVs showed a distinct signal. Untreated sample showed a faint 
signal localized to the periphery of the blot. This may attribute to 
microsomal aggregates that protect the binding site, or from remnants of 
the non-membrane bound protein. 

Our findings thus far supported the production and successful inte-
gration of the de-novo synthesized protein into the microsomal mem-
brane and an analysis of its functionality using planar lipid bilayer 
electrophysiology would further validate our claims. However, to assure 
that the activity observed on bilayers was indeed from functional CF- 
nMVs and to exclude any endogenous activity, we performed func-
tional measurements with no-template control reactions (NTC) which 
served as the negative controls for the CF-nMVs. For ideal comparison, 
we analysed the functionality of the CB-nMVs under similar conditions 
on a planar lipid bilayers to the CF-nMVs. 

3.2. Cell-based native membranes 

3.2.1. Cells expressing hNaV1.5 under planar patch-clamp conditions 
To establish functional expression of the hNaV1.5 channels in the 

cells, we observed the expressed GFP signal by direct visualization of the 
cells under a fluorescence microscope (Supplementary S1a). We briefly 
tested a few cells under patch-clamp conditions for the voltage-gating 
characteristics. Under planar patch-clamp conditions, characteristic 
whole-cell inward sodium currents emanated upon subsequent depo-
larization of the cell from a hyperpolarized state at − 120 mV (Fig. 1b) 
confirming the expression of functional hNaV1.5 channels. The currents 
showed a voltage-sensitive response with the channel peak current 
amplitudes between − 40 mV and − 20 mV. Further, depolarization 
reduced the current amplitudes as the channels inactivated at higher 
potentials and returned with a complete inactivation at voltages beyond 
20 mV. 

3.2.2. Size determination of nMVs 
The size of the CB-nMVs derived from nitrogen cavitation and su-

crose gradient centrifugation was determined by using dynamic light 
scattering (DLS) for both the collected fractions from the overexpressing 
cells and the control CHO-K1 cells. All collected samples were rich in 
nMVs ranging from 230 to 390 nm with subtle difference between each 
fraction, which may be due to factors such as the size of the expressing 
cells, and their response to nitrogen cavitation (Fig. 2a). Peak distribu-
tions also varied between each sample with fractions from the control 
larger than the hNaV1.5 enriched samples. Mean PDI values were 0.246 
and 0.377 for 9/31 fractions and 0.406 and 0.471 for the 31/45 fractions 
of hNaV1.5 enriched and control samples respectively. The 31/45 frac-
tions showed higher polydispersity for both the control and NaV1.5 
enriched samples which attributes to presence of a diverse population of 
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Fig. 1. Graphical depiction of the workflow. a) hNaV1.5 was synthesized in a CHO-cell-free protein synthesis platform and enriched microsomal cell-free native 
membrane vesicles (CF-nMVS) were derived by centrifugation post a 3 h reaction. 14C labelled hNaV1.5 was quantified in radioactive leucine supplemented reactions 
via scintillation counting (n = 6; duplicates from 3 reactions). Protein bands visualized via an autoradiogram post fractionation (TM-Translational mix, S-Soluble 
fraction, M-Microsomal fraction; NTC-No template control) revealed a successful synthesis. The protein was further detected via a dot-blot assay using hNaV1.5 
specific antibody. b) Wild-type CHO cells and those expressing hNaV1.5 were cultured and harvested following an Accutase treatment. c) Cells expressing the 
hNaV1.5 were tested by planar patch-clamp electrophysiology before preparation of the vesicles. Activation currents and voltage protocol used are shown. d) About 1 
g of cells were collected and disrupted via nitrogen cavitation in a Parr bomb apparatus and fractionated in a 9–31–45 % sucrose gradient by ultracentrifugation to 
obtain cell based-native membrane vesicles (CB-nMVs). nMVs from a) and d) were e) Micro-transplanted into Xenopus oocytes and only CB-nMVs exhibited currents 
typical of hNaV1.5 after a 24 h incubation(inset), and f) tested on a planar DPhPC bilayer for single-channel properties (conductance level: O-Open, C-Closed). 
Representative single-channel traces are shown for the cell-based and cell-free nMVs (inset). 
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membranes in the fraction. 
Crude membrane extracts are hence composed of various membrane 

vesicle sizes which may be directly affected by the size of the original 
cells, conditions during cavitation and preparation of the lysates. 
Further fractionation may help increase homogeneity of the population 
in the samples. However, in order to minimize experimental steps and 
time from preparation to analysis, this was not carried out. 

3.2.3. Fluorescence retention in CB-nMVs 
We further tested the CB-nMV samples for retention of their GFP 

signals. We first performed a quick analysis of the CB-nMV fractions 
under a fluoroimager (Fig. 2b). Fluorescence observed in the 31/45 
fraction of the hNaV1.5 nMVs was significantly higher than the 9/31 
fraction which showed only a faint signal. Control CB-nMVs showed no 
fluorescence. To closely verify the presence of hNaV1.5-GFP we then 
checked all the fractions of nMVs as a droplet under a fluorescence 
confocal microscope. High fluorescence intensities recorded from the 
31/45 fraction were consistent with the fluoroimager observations 
(Fig. 2c). 

3.2.4. Immunodetection of hNaV1.5 enriched CB-nMVs 
A dot-blot performed under similar conditions as the CF-nMVs 

verified the presence of detectable hNaV1.5 in the prepared CB- nMVs 
(Fig. 2d). A strong signal was detected in the 31/45 fraction of the 
collected nMVs elaborating the high protein content in the fraction. 
Samples treated with 1 % Triton X appeared to disrupt the detection 
signal that may be attributed to the action of the detergent on the nMVs 
and a possible degradation of the binding site. We used the 31/45 CB- 
nMV fraction for further analysis by planar lipid bilayer electrophysi-
ology due to its enrichment with the protein of interest. 

We observed a difference in the action of 1 % Triton X on the cell- 
based and cell-free nMVs where the detergent disrupted the signal in 
case of cell-based nMVs while improving it for cell-free nMVS. We 
performed DLS measurements to determine how the different nMVs 
reacted to the treatment (Supplementary S2). Triton X appeared to 
disrupt the cell based vesicles reducing them to small vesicles (<80 nm). 
For microsomal vesicles the same treatment appeared to have a 
comparatively smaller effect reducing them to vesicles in the range of 
100–120 nm. This is coherent to our hypothesis that the microsomes are 
incompletely solubilized and may be permeabilized to a retained func-
tional epitope for detection using the antibody. In the study we excluded 
detailed characterization of antibody-epitope interaction, which might 
be affected by differences in protein-folding in the two expression 

environments. 

3.3. Lidocaine sensitivity in cells and nMVs micro-transplanted into 
Xenopus oocytes 

The hNaV1.5 enriched cells retained sensitivity to Lidocaine and 
responded with a decrease in elicited peak currents upon application of 
the compound (Fig. 3a). At 20 μM the currents were reduced to more 
than half maximal amplitudes. Only a few cells were tested to ensure the 
cell-line expressed the protein of interest and dose-response curves were 
hence not derived. 

We tested the retention of properties from both the nMVs enriched 
with hNaV1.5 protein by micro-transplanting them into Xenopus oocytes. 
For CB-nMVs, two-electrode voltage clamp recordings performed after 
20 h of the injections demonstrated whole-cell inward sodium currents 
characteristic of the expressed protein from both the injected CB-nMV 
fractions (Figs. 1e, 3b). Oocytes injected with CF-nMVs did not elicit a 
sodium-specific response. Dose-dependent responses derived from the 
oocytes at different activation potentials demonstrate exemplary char-
acteristics of blockage of hNaV1.5 channels by Lidocaine (Fig. 3c). 
Average value of IC50 for Lidocaine inhibitory action on Xenopus oocytes 
(n = 9) expressing micro-transplanted CB-nMVs were 1882 μM and 
1332 μM corresponding to an activation of the hNaV1.5 at − 40 mV and 
− 20 mV respectively. The analysis of CB-nMVs using the mentioned 
methods established that they were indeed enriched in the hNaV1.5. 
Micro-transplantation into Xenopus oocytes provided strong proof of 
their functionality and retention of the Lidocaine sensitivity. 

3.4. CF- and CB-nMVs elicit single-channel sodium currents on planar 
lipid bilayers 

After establishing that CB-nMVs harboured functional hNaV1.5 we 
directly compared their responses to the CF-nMVs on planar lipid- 
bilayers. Prior to application of the sample, all empty bilayers were 
tested by stepping the voltage between − 100 mV and +100 mV. Any 
bilayers that responded to the voltage change were shut down to reduce 
any artefacts from voltage triggered disruptions. All active channels 
were visually inspected and only channels with cleaner sustained ac-
tivity were further analysed. Channels with disruptive bilayers, sporadic 
activity or basal level conductance fluctuations were omitted. On DPhPC 
lipid bilayers, both the nMVs showed single-channel and ensemble so-
dium currents under a 150 mM NaCl, pH 7.4 buffer system (Fig. 4a, b). 
We visually inspected all recorded activity from 183 CB-nMVs, 212 CB- 

Fig. 2. a) Size of the plasma membrane vesicles as determined by dynamic light scattering. A high polydispersity can be observed in the crude membrane prepa-
rations. b) Fluorescence from CB-nMV sample fractions under a fluoroimager visualized using a Cy2 laser c) Fluorescence observed from expressed GFP in the 31/45 
hNaV1.5 -GFP CB-nMV fraction as a droplet under a confocal microscope (scale: 100 μm). d) Dot-blot detected hNaV1.5 specific antibody signal in the 31/45 fraction 
of the CB-nMV sample, no distinct signal was observed from the control CHO-K1 nMVs. 
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control, 131 CF-nMVs, 117 CF-NTC bilayers. 
For both the nMV preparations, about 30 % of the recorded bilayers 

exhibited single-channel-like or ensemble currents, with ten-fold higher 
probability compared to the respective controls (Fig. 4c; control CF- 
nMVs: no template control, control CB-nMVs: WT CHO-K1 nMVs). 
From all lipid bilayers recorded, 20 % of the channels responded with 
complete blockade upon application of 5 mM Lidocaine (Fig. 4c). 

CF-nMVs showed a higher sensitivity to lidocaine where a complete 
block at 5 mM, with most blocked at 2 mM compared with CB-nMVs 
(about 60 % of active channels blocked at 5 mM) which may be 
attributed to the difference in the membrane thickness and permeation 
of Lidocaine across the two types of nMVs. In most observed cases, 
lidocaine sensitive currents had a uni-directional rectification that was 
completely lost with 5 mM Lidocaine application (Supplementary S3). In 
some instances, bidirectional rectifications were observed which might 
pertain to leaky bilayers that are susceptible to disruption at higher 
voltages and amenable to non-linear voltage perturbations contributing 
increased leaks with increasing voltage difference across the membrane 
[13]. We omitted extensive quantitative statistics of dwell-time, event 
rate analysis as the currents emanating from the nMVs had varied re-
sponses [14], and during recordings, multi-channel insertions were 

regular occurrences. A few exemplary traces depicting single-channel 
activity and corresponding amplitude histograms are represented 
(Supplementary S4–7). The hNaV1.5 channels are specifically compli-
cated when comparing their single-channel properties and are known to 
assemble as dimers [15]. Beyond this hurdle, lidocaine interaction with 
the lipid bilayer is reported to increase electrostatic potential of the 
bilayer [16]. Upon lidocaine application, we observed increased 
current-leaks before the blocking concentration was achieved (Supple-
mentary S8) which reaffirms a non-stationary interaction of the com-
pound with the bilayers. 

3.5. Conclusions and perspectives on using native membrane vesicles 
derived from cellular and cell-free systems 

CB-nMVs allow bi-faceted analysis of electrogenic membrane pro-
teins: single-channel analysis on the artificial lipid bilayer platform and 
whole-cell analysis of micro-transplanted CB-nMVs in Xenopus oocytes. 
Our approach assures that the nMVs generated by the method retain 
functionality before testing on the contrived planar lipid bilayer plat-
forms. CF-nMVs demonstrate a rapid enrichment of target protein within 
3 h, which is unachievable with cellular systems. Unlike liposomes or 

Fig. 3. a) Activation characteristics of expressed hNaV1.5 in CHO cells under patch-clamp conditions and blockade upon application of Lidocaine. b) Dose-dependent 
blockage of peak currents at − 40 mV and c) Dose-response of Xenopus oocytes (n = 9) micro-transplanted with CB-nMVs in response to a voltage pulse of − 40 mV or 
− 20 mV from a resting voltage of − 120 mV (Calculated average IC50 1882 μM and 1332 μM respectively). 

Fig. 4. Single channel currents observed from a DPhPC planar bilayer containing a) CF-nMVs and b) CB-nMVs in response to voltage pulses spanning − 30 to +30 mV 
in 10 mV step changes; inset: respective zoomed portions of the current trace marked in red. c) Statistical representation of activity of nMVs on planar lipid-bilayers 
normalized to total number of bilayers tested (CB-nMVs: 183, CB-control-212, CF-nMVs-131, CF-NTC-117; blocking concentration of 5 mM Lidocaine); inset: 
exemplary blockade upon addition of 5 mM Lidocaine to an active bilayer containing enriched nMVs. 
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giant unilamellar vesicles (GUVs), nMVs requires no lipid reconstitution 
during preparation. Thus, the native membrane environment in which 
the protein resides remains conserved. Most importantly, on an on-chip 
lipid-bilayer platform, nMVs can be readily thawed and directly ana-
lysed. The CB-nMVs remains functionally stable when frozen for long 
durations and usable on demand. The cell free nMVs offer the advantage 
of rapid production which fosters a time efficient analysis on lipid- 
bilayers. While conventional mRNA-based expression in Xenopus oo-
cytes takes 48 h, micro-transplantation of CB-nMVs enables the study of 
native channel properties within 24 h. Micro-transplantation of the 
sample thus drastically reduces the time to whole-cell analysis. Apart 
from the time-effective and storage advantages of native membranes, it 
is known that membrane proteins especially voltage gated ion channels 
are very sensitive to lipid composition and charge and measuring their 
activity in the native membranes will offer an ideal environment for 
studying the membrane protein behaviour. In case of the CF-nMVs, the 
scarcity of functional yields of protein for the assay may contribute to 
the null signals. It has been reported that microsomal membranes tend to 
reorganise into endoplasmic reticular structures when micro- 
transplanted into the Xenopus oocyte [17]. Microsomes may transit the 
cellular machinery differently than plasma membrane vesicles owing to 
dissimilarity in the size, lipid composition, presence of micro-tubular 
structures and accessory proteins. This may contribute to the differ-
ences in the micro-transplantation efficiency of injected nMVs. We aim 
at exploring this in future studies to substantiate whether microsomal 
derived membranes can be translocated to transplant onto Xenopus oo-
cytes plasma membranes and improve the system for testing function-
ality of cell-free produced proteins. 
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