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Aquaporin embedded suspended lipid bilayer on
anodized alumina nanoporous substrates for
studying stability and functionality: towards the
development of a miniaturized water purifier

Akanksha Kumari,® Jaydeep Bhattacharya (2 * and Ranjita Ghosh Moulick & *2

Porous substrates are crucial for suspended lipid bilayers, yet the influence of pore dimensions on bilayer stability
and function remains underexplored. Understanding how these complementary platforms affect bilayer
properties is essential for developing reliable biomimetic systems, and studying transmembrane proteins. We
fabricated pores at different scales (micro- and nanoscale) by employing an aluminium-based substrate, using
manual puncturing for micropores and anodization for nanopores. This approach was designed to address
the intricate role of porous substrates in modulating the bilayer suspension, stability and function of 1-
palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) lipid bilayers. Micropores provide optical access for
real-time imaging of bilayer coverage and defects, while nanopores offer stronger mechanical stability, as
confirmed by impedance spectroscopy with giga-seal resistance (~2 GQ). Using this stable platform,
aquaporin, a water-channel protein, was reconstituted into lipid bilayers using an n-octyl-B-b glucopyranoside
(NOQ) detergent-mediated method. Dynamic light scattering, zeta potential, and impedance analyses
confirmed successful insertion, and forward osmosis assays demonstrated functional water transport. The
study represents a comparative framework, demonstrating the trade-off between accessibility and stability

rsc.li/nanoscale-advances

Introduction

Membrane models composed solely of lipids or lipid mixtures
are invaluable platforms for investigating membrane
biophysics.”” These biomimetic systems, while significantly
reduced in complexity compared to living membranes, offer
precise experimental control and enable detailed structural
analyses of membrane behaviour and interactions.> For
example, planar lipid bilayers on substrates like glass or mica
have been widely used to study protein-lipid interactions,
membrane biophysics, biosensing, and drug discovery.** Lipid
bilayers on solid substrates are a common and efficient method
of artificial bilayer formation, except in applications that
require bilateral access within the lipid bilayer. The lack of
spacing between the bilayer and the substrate hinders the
integration of channel proteins (like aquaporins) into the
system.”® Consequently, pore-spanning or suspended lipid
bilayer systems have been developed, which hang on the air-
water interface, rather than resting on any physical substrate.
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and providing design principles for future bilayer-based biomimetic and protein reconstitution platforms.

This provides a suitable platform to investigate mechanisms of
molecular transport and protein functionality.®*

However, it is difficult to achieve stability in lipid bilayers sus-
pended over porous substrates. These bilayers are highly suscep-
tible to rupture due to physical and chemical stresses, including
mechanical forces, osmotic imbalances, and thermal fluctua-
tions.""* The pore geometry of the supporting substrate plays
a decisive role in bilayer stability and function.®'* Porosity impacts
applications ranging from DNA separation using anodic alumina
(AAO) filters to drug delivery and biointerfaces with proteins and
peptides.>**™* While previous studies have demonstrated bilayer
formation on porous substrates, there is limited systematic
understanding of how the pore scale, from micro to nano,
modulates stability, lipid mobility, and protein functionality in the
same experimental framework. Thus, investigating suspended
lipid bilayers across different pore scales (micro-, meso-, and nano-
) offers unique advantages and trade-offs. The characterization of
such systems differs fundamentally from those used for liposomes
or supported lipid bilayers. Fluorescence microscopy is indis-
pensable for studying suspended bilayers because it enables direct
visualization of bilayer coverage, defects, and structural continuity,
features that electrochemical impedance spectroscopy alone
cannot resolve. Although EIS can detect changes in global
membrane resistance and defect density, it cannot image local
discontinuities or spatial heterogeneity that microscopy readily

© 2026 The Author(s). Published by the Royal Society of Chemistry
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captures. Micropores, due to their larger size, afford optical access
and allow researchers to observe bilayer distribution in real-time
directly under the microscope. In contrast, nanopores offer
greater mechanical stability, making them well-suited for long-
term electrochemical measurements and functional testing (e.g.,
protein reconstitution). Thus, different applications demand
porous substrates of different dimensions depending on whether
the priority is optical characterization or robust electrical/
functional performance.***>'¢

Understanding the importance of structural parameters of
substrates in advancing platforms for suspended lipid bilayers,
and focusing on strategies to overcome related limitations, is
essential for advancing membrane biophysics. These parame-
ters directly dictate bilayer lifetime, mechanical stability, and
compatibility with functional assays, that ultimately determine
whether such systems can transition from basic biophysical
models to reliable platforms for biosensing, membrane protein
analysis, and biomimetic filtration.

Our approach combines direct experimental comparison of
micro-versus nanopores with functional validation using a model
water-channel protein, aquaporin.’®’” Aquaporin-based water
purification systems represent a potential biomimetic approach
due to their exceptionally high-water permeability and selectivity,
closely mimicking natural water channels. This study enables us
to identify how pore architecture governs membrane stability,
lipid mobility, and protein activity, providing mechanistic
insights that have been underexplored, bridging optical and
electrochemical characterization across two pore scales within
the same framework. Furthermore, understanding and opti-
mizing these factors can enable the development of portable,
cost-effective, and reliable water purification units.

Experimental
Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, =99%
purity) and n-octyl-B-p-glucopyranoside (NOG, =98% purity)
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were purchased from Avanti Polar Lipids. Chloroform (Sigma
Aldrich, =99.8% purity) served as the organic solvent for POPC.
The fluorescent probes triethylammonium salt (Texas Red
DHPE, =98% purity) and Alexa Fluor™ 488 NHS Ester (succi-
nimidyl ester, =95% purity) were obtained from Invitrogen.
Aquaporin 4 (=95% purity by HPLC) was sourced from Sigma
Aldrich, while salts for PBS buffer (pH = 7.4), including sodium
chloride (NaCl, =99.5%), potassium chloride (KCl, =99.5%),
monopotassium phosphate (KH,PO,, =99.0%), and di-
potassium hydrogen phosphate (K,HPO,, =98.0%) of analytical
reagent (AR) grade were purchased from SRL company. A 26G
(approximately 0.45 mm outer diameter) needle of 1 mL syringe,
from HMD Dispovan was used to fabricate micropores on the
substrate. Aluminium sheets with a thickness of 18 pm
(BBHomes company) were employed, and oxalic acid (=99.5%
purity, AR grade) from SRL company was used to prepare the
electrolyte solution for the anodization process.

Substrate fabrication

Microporous aluminium substrates were fabricated by manu-
ally puncturing 18 um thick aluminium sheets. The sheets were
cleaned with a 95% ethanol solution and distilled water to
remove any contaminants. A needle with a diameter of
approximately 0.45 mm was positioned perpendicular to the
aluminium surface and used to create the micropores. This
process was repeated to generate a grid pattern of micropores
across the sheet.

To create a nanoporous surface, the cleaned aluminium
sheets underwent an anodization process. This involved
immersing the sheets in a 0.3 M oxalic acid electrolyte solution
and applying a constant 40 V voltage between the aluminium
sheet (working electrode) and a platinum counter electrode
using a DC power supply.*>'® This procedure resulted in the
formation of a uniform nanoporous alumina (aluminium oxide)
layer on the aluminium surface (Fig. 1). Following anodization,
the sheets were thoroughly rinsed with distilled water to

Anode (Al
Cathpde (Pt)

Acid electrolyte
(Oxalic Acid)

Fig. 1 Anodization of aluminium sheets to develop nanopores (alumina).
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Fig. 2 Schematic representing formation of the suspended lipid bilayer on the microporous substrate. The right panel shows the setup of
fluorescence microscopy for DHPE Texas Red-doped lipids forming a pore-spanning lipid bilayer.

eliminate any residual oxalic acid, ensuring a clean and stable
nanoporous surface for subsequent use.

Liposome and bilayer formation

Liposomes were prepared by first dissolving POPC lipid powder
(2.5% w/v) in chloroform, i.e. a stock solution of 32.89 mM was
prepared in chloroform at 25 mg mL ", and doped with Texas
Red DHPE, 0.2% v/v. The chloroform was then evaporated under
a stream of nitrogen gas, leaving a thin lipid film on the inner
wall of a glass bottle. This film was further dried in a laminar
hood for one hour to ensure complete solvent removal. PBS
buffer (pH 7.4) was added to hydrate the lipid film, and the
mixture was vortexed for 10 minutes to ensure thorough mixing.
The final lipid molar concentration was 1.64 mM. Subsequent
sonication for 30 minutes results in the formation of liposomes.
To obtain homogenous liposomes, the solution was extruded (8-
11 passes) through a 100 nm polycarbonate membrane using an
Avanti Mini Extruder.”*° The extruded POPC liposome solution
was carefully applied to the porous substrate, allowing the pores
to be filled. This setup was incubated for 30-40 minutes at room
temperature, allowing the liposomes to self-assemble into
a continuous lipid bilayer across the substrate surface
(Fig. 2).»**** After incubation, excess liposome solution was
gently removed by washing the substrate with PBS buffer (pH
7.4). This washing step required delicate handling to prevent any
disruption to the fragile lipid bilayer formed on the porous
substrate. A video (Video 1) showing the formation of the sus-
pended lipid bilayer is attached to the MS for visualization.

Microscopy and FRAP

For detailed fluorescence analysis, lipid bilayers doped with
Texas Red DHPE and proteins labelled with Alexa Fluor™ 488
NHS ester (succinimidyl ester) were visualized using a Nikon
Eclipse Ti2 confocal microscope. Fluorescence Recovery After
Photobleaching (FRAP) experiments were conducted on the

2098 | Nanoscale Adv, 2026, 8, 2096-2106

same confocal microscope. Photobleaching was achieved using
a high-intensity laser beam to bleach the Region of Interest
(ROI), and recovery curves at specific time intervals were ana-
lysed to study mobility in the system.”*>** The FRAP experi-
ments are generally conducted using lipid bilayers on a solid
support to monitor the mobility of individual lipid molecules.
However, some previous studies have also used FRAP to eval-
uate diffusion in pore-spanning bilayers or suspended config-
urations.?>® We also tried to inspect the mobility of the lipid in
a suspended system, where bilayers formed partially or tran-
siently over the porous substrate.

Reconstitution of AQP protein

To achieve successful protein reconstitution within liposomes,
a detailed protocol was followed, beginning with the determi-
nation of the critical micelle concentration (CMC) of the NOG
detergent via lipid turbidity measurements, as discussed in our
previous papers.'”'® The reconstitution process involved adding
0.5376 nM AQP protein and 10.26 mM NOG detergent to the
dried lipid with phosphate-buffered saline (PBS, pH 7.4) to
create an aqueous solution. This mixture was vortexed for 10
minutes to ensure proper mixing and further steps for the
formation of liposomes and lipid bilayers continued, as di-
scussed in above sections. The detergent used for insertion was
removed by continuous washing during bilayer formation using
PBS (pH = 7.4), as established in our previous publication.'”*®

Characterization of the AQP-reconstituted system

Proteoliposomes were analysed on the basis of changes in size
and surface charge using dynamic light scattering (DLS) and
zeta potential measurements using a Zeta Nano ZS (Malvern
Instruments).”” Application of proteoliposomes onto anodized
nanoporous substrates was monitored using impedance spec-
troscopy (Autolab PGSTAT204) across a frequency range of
10 Hz to 10 kHz. A two-electrode system including a working

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrode, and a reference electrode connected to a potentiostat
was used for impedance measurement.*>'® PBS (pH = 7.4) at 1x
concentration was used as the electrolyte solution for the
measurement due to its physiological ionic strength and
compatibility with proteoliposome systems.

Forward osmosis setup

To investigate the water transport ability of aquaporin
embedded in lipid bilayers, a customized forward osmosis (FO)
setup was designed.”” This chamber utilized a 0.1 M NacCl
solution as the draw solution (high-concentration solution) to
generate osmotic pressure, driving water movement across the
membrane. The feed solution, located on the opposite side of
the membrane, consisted of deionized water (low-concentration
solution). Water flow from the feed solution to the draw solu-
tion occurred due to the osmotic pressure gradient. The nano-
porous substrate served as a stable support for the lipid bilayer
and embedded aquaporin. To monitor water transport, Coo-
massie Blue dye was added to the high-concentration solution,
and changes in its concentration were tracked using UV-Visible
spectroscopy at 563 nm.”® The initial absorbance of the draw
solution was recorded, and as water flowed across the
membrane, dilution of the draw solution led to a decrease in
dye concentration and absorbance. This provided a quantitative
measure of aquaporin-facilitated water transport.

All experiments were performed in triplicate (n = 3) unless
otherwise specified. For experiments with a different number of
replicates, the exact number is mentioned in the relevant figure
legends or the Results section.

Results

Characterization of the suspended lipid bilayer on the
microporous substrate

We investigated aluminium-based substrates of 18 um thickness as
a potential scaffold for suspended lipid bilayer formation and
subsequent protein incorporation. Initially, we fabricated micro-
pores on aluminium sheets and assessed the formation and
stability of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
lipid bilayers using fluorescence microscopy. Micropores of
approximately 500 pm were fabricated on aluminium sheets as
substrates for pore-spanning lipid bilayers. Fluorescence micros-
copy, employing Texas Red DHPE-doped POPC, was used to visu-
alize bilayer formation across the micropores (Fig. 3). The
observations at Day 0 showed bilayer coverage with some pores
exhibiting complete and uniform fluorescence while others di-
splayed uneven lipid deposition. A quantitative analysis of pore
coverage (number of experimental repeats (1) = 5, and pores per
sample (p) = 3), categorized into three distinct ranges (0-10%, 10-
50%, and >50%, shown in the pie chart), indicated that a signifi-
cant number of the pores exhibited greater than 50% coverage
immediately after bilayer formation. However, subsequent imaging
after 24 hours (Day 1) revealed a dramatic reduction in bilayer
coverage. The majority of pores now fell within the 0-10% coverage
range, indicating substantial bilayer disruption. This temporal
instability underscores the challenges associated with maintaining

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lipid bilayer integrity on microporous aluminium substrates.
Various factors may contribute to this observed instability. The
lipid bilayers, when supported on porous structures with high
surface area, might experience weak adhesion, promoting bilayer
detachment. Environmental factors and mechanical disturbances
could further compromise bilayer stability.>"*

Furthermore, we employed fluorescence microscopy to
visualize the lipid bilayer using fluorescently-labelled lipids. To
study the dynamics of the lipid bilayer, we performed experi-
ments, which allowed us to measure the mobility of the lipids
within the bilayer. The FRAP experiment illustrated in the
image demonstrates the lateral mobility of molecules within the
lipid bilayer supported on the microporous substrate, indi-
cating its fluid nature (Fig. 4). The microscopy images show
a bleached region where fluorescence was intentionally
reduced, followed by post-bleach and post-recovery stages. The
graph plots the normalized fluorescence intensity over time,
where key parameters such as F, (initial intensity), F; (post-
bleach intensity), F. (final recovered intensity), F;, (mid-
recovery intensity), and Tj,, (time to half recovery) are identi-
fied to calculate diffusion coefficient (D), which was 1.71 £ 0.18
um? s~'. The measured diffusion coefficient for the pore-
spanning POPC bilayer is comparable to values previously re-
ported for solid-supported POPC bilayers (1.66 pm> s~ '), indi-
cating similar lipid mobility, slightly higher likely due to
reduced substrate interaction.***>** This model accounts for
deviations from simple exponential recovery kinetics and
enables extraction of key parameters, including mobile fraction,
immobile fraction, half-time of recovery, and diffusion coeffi-
cient, discussed in SI Appendix Section 1.4.

Approaches to inspect coverage and consistency of the lipid
bilayer

Since, non-uniformity in pore coverage were observed during
initial lipid bilayer formation, we implemented some experi-
mental strategies aimed at optimizing the process on micro-
porous substrates. These strategies were designed to address
the challenges of incomplete or uneven bilayer deposition, as
well as the subsequent temporal instability observed over a 24-
hour period, as shown in Fig. 5. In Panel A, the “2x Concen-
tration” condition, increasing the concentration of POPC two-
fold appears to fill micropores with suspended bilayer with
initial pore coverage (Day 0) of >50% (pie chart, Fig. 3), as
observed by a uniform fluorescence signal over the pores.
However, by Day 1 (after 24 hours), there was a visible reduction
in fluorescence intensity, indicating that the increasing lipid
concentration does not prevent temporal instability of the
bilayer. In the initial experiments, moving the substrate
between preparation and imaging likely disturbed the bilayer
and reduced its stability on micropores. In the “Stationary
Substrate” condition (Panel B), the substrate was fixed on the
microscope platform throughout the experiment, and images
were taken at different time points over 24 hours to monitor
stability. This reduced handling disturbances and allowed the
system to rest overnight without external perturbation. This
approach yielded some improvement in stability among the

Nanoscale Adv., 2026, 8, 2096-2106 | 2099
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Fig. 3 Lipid bilayer formation on aluminium substrate micropores. (A) The arrangement of circular pores on an aluminium substrate, with lipid
bilayers prepared over these pores. The lipids were tagged with Texas Red DHPE fluorescent dye, revealing that while some pores achieved
consistent bilayer coverage, others displayed variability in deposition. (B) The pore coverage on Day 0 and after 24 hours (Day 1), showing the
distribution and stability of lipid bilayer coverage over time. (C) Pie charts comparing the probability of pore coverage by the lipid bilayer on Day
0 (left) and Day 1 (right). The analysis categorizes micropore coverage into three ranges: green (0-10% coverage) indicates minimal bilayer
coverage; blue (10-50% coverage) represents intermediate bilayer coverage; and red (>50% coverage) indicates pores with significant bilayer

coverage, where more than 50% of the pore area is covered.
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Fig.4 Fluorescence Recovery After Photobleaching (FRAP) of the lipid
bilayer suspended on the microporous substrate. In the upper panel,
the insets show the ROI (region of interest) at three time points:
bleached, post-bleached and post-recovery. The lower panel repre-
sents the intensity recovery curve along with different parameters used
to analyse the diffusion coefficient (D) of the POPC lipid bilayer in the
system.

other approaches (discussed in SI Appendix). However, it

should be noted that in practical applications some degree of
handling and disturbance of the system is unavoidable, and

2100 | Nanoscale Adv., 2026, 8, 2096-2106

thus the ‘undisturbed/stationary substrate’ condition repre-
sents an ideal arrangement than a practical application.

In another approach, “Stepwise Liposome Deposition”,
shown in Panel C, a liposomal solution of 1.64 mM POPC was
added gradually in sequential drops (~20 pL per drop) onto the
pre-formed bilayer, with short intervals between additions, and
images were captured after each step to monitor changes in
pore coverage. A gradual increase in fluorescence was observed,
accompanied by the formation of tunnel-like structures around
the pore. This phenomenon appears to be a result of physical
interactions at the pore boundaries, where repeated additions
induce physical processes potentially linked to mode-optics.
These effects may result from the refractive index contrast
between the lipid bilayer and the surrounding substrate,
coupled with curvature-induced light scattering within the
porous substrate.*** Thus, the stepwise liposome deposition
approach introduces distinct optical effects but its impact on
bilayer stability remains limited.

Shifting to nanoporous substrates

To study suspended bilayer behaviour in 1000-fold smaller
pores, we employed anodization—a controlled electrochemical
oxidation process—to reduce the pore size of the substrate to
the nanoscale. This shift from microporous to nanoporous
architecture was aimed at mitigating bilayer fragility and
enhancing membrane stability by providing tighter physical
support and reducing the unsupported span. This technique
transforms the aluminium surface into aluminium oxide (or
alumina), creating nanoporous structures. The morphological

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Analysis of lipid bilayer formation and mobility on nanoporous
anodized aluminium oxide substrates. (A) FRAP (Fluorescence
Recovery After Photobleaching) results showing normalized fluores-
cence intensity over time in two regions (Area 1; Area 2). The blue
dashed line represents the recovery curve and the blue solid line
represents the fitted curve of recovery curve for Area 1. The red dashed
line represents recovery curve and the red solid line represents the
fitted curve of recovery curve for Area 2. (B) Microscopy images of the
lipid bilayer on hanoporous substrates. (C) Images showing structural
fissures in the anodized aluminium oxide substrate.

characteristics of these nanoporous membranes, including
average pore diameter and interpore spacing, have been thor-
oughly characterized and reported in our previous work,'®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescence microscopy observations of lipid bilayer formation and stability on microporous substrates under three experimental
conditions: (A) “2x Concentration,” (B) “Stationary Substrate,” and (C) “ Stepwise Liposome Deposition” approach.

where SEM analysis indicated the formation of irregular pores
with an average diameter of 30 + 10 nm and an interpore
spacing of 40 £ 7 nm. These nanoporous substrates provide
better stability for lipid bilayers due to their smaller pore size,
which minimizes the chances of bilayer collapse.

Fig. 6 illustrates the analysis of lipid bilayer formation and
mobility on nanoporous anodized aluminium oxide substrates,
presenting both advantages and challenges in imaging and
structural stability. Panel A depicts fluorescence recovery after
photobleaching (FRAP) data, showing the normalized fluores-
cence intensity over time in two different regions (Area 1; Area 2).
However, there was difficulty in defining precise regions of
interest (ROIs) at the nanoscale, when using FRAP on nano-
porous substrates. The x-axis represents the time of the recovery
phase post-photobleaching, and the y-axis displays normalized
fluorescence intensity over time.****** In Area 1, the recovery data
are represented by a blue dashed line, with a fitted curve shown
as a solid blue line. Similarly, Area 2 is represented by a red
dashed line and a corresponding solid red fitted curve. The
recovery curves plotted with experimental data points showed an
irregular and zigzag pattern, rather than the smoother recovery
curves we obtained in the FRAP experiment in micropores
(comparison is discussed in SI Appendix). The data were fitted
using an exponential model, Y5, = A(1 — exp(—k x ")), where A is
the maximum recovery, k is the rate constant, ¢ is time, and » is
a stretching exponent (discussed in SI Appendix, Section 1.4). The
fitted curves closely align with the experimental data points,
indicating an eventual increase in fluorescence intensity after
photobleaching. Overall, the FRAP analysis indicates active lipid
mobility within the system. Panel B displays fluorescence images
of the Texas Red DHPE mixed POPC lipid bilayer on the nano-
porous substrate. The images reveal limited resolution in stan-
dard imaging confocal microscopy, when applied to nanoporous
materials. Advanced imaging techniques like electron micros-
copy can easily resolve images at the nanoscale, but lack
compatibility with fluorescence-based real-time analysis. Panel C
represents the structural fragility of the anodized aluminium

Nanoscale Adv., 2026, 8, 2096-2106 | 2101
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Fig. 7 (A) Physical assembly of the chamber with a securely mounted aluminium sheet. (B) Schematic of the two-electrode system: working
(blue) and reference (red) electrodes connected to a potentiostat for impedance spectroscopy. Electrochemical measurements at various stages
were conducted using impedance spectroscopy: (C) aluminium oxide (alumina) and (D) bilayer formation on alumina. The impedance spec-
troscopy data are presented, with impedance magnitude (Z') on the left y-axis and phase angle (in degrees) on the right y-axis, both plotted as

functions of frequency on the x-axis.

oxide substrate. The images demonstrate significant physical
damage resulting from slight disturbances.

Impedance measurement to monitor the system

To study bilayer formation on nanoporous substrates, we
employed electrochemical impedance spectroscopy (EIS) as
a label-free and sensitive technique to monitor membrane
integrity and dynamics in real time. This method is particularly
effective for suspended bilayers. It is important to note that an
intact lipid bilayer forms a giga seal over the nanopores—an
essential criterion indicating successful bilayer formation. The
giga seal creates a high-resistance barrier that minimizes ion
flow, reflected in a sharp increase in impedance, typically
reaching values in the gigaohm (GQ) range. This high imped-
ance confirms the formation of a continuous, defect-free
bilayer.*>'® Besides, to monitor bilayer formation on nano-
porous substrates, a chamber system was developed. This
closed chamber system mitigates the limitations associated
with the fragility and imaging challenges of nanoporous
substrates, ensuring experimental comprehensive analysis of
lipid bilayer dynamics. It enables multiple processes, such as
anodization of aluminium sheets, lipid bilayer formation,
aquaporin protein insertion, and electrochemical measure-
ments, to occur simultaneously in a controlled environment.
In Fig. 7, Panel A shows the physical setup of the chamber,
where the aluminium sheet is centrally positioned and securely
fastened to maintain stability throughout the process, and
Panel B provides a schematic representation of the chamber
integrated with a two-electrode system used for impedance
spectroscopy.® In this configuration, the aluminium sheet acts
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as the working electrode (blue), serving as the site for anod-
ization and bilayer monitoring. The reference electrode (red)
provides a stable potential for accurate voltage measurements.
Additionally, the chamber is equipped with inlets and outlets
for the controlled flow of reagents and solutions, allowing
dynamic manipulation of experimental conditions.

Electrochemical measurements at each stage were performed
using impedance spectroscopy, a technique that measures the
resistance to alternating current in the system. As previously re-
ported, the formation of an alumina layer typically results in
impedance in the kilo-ohm range. In contrast, the presence of
a lipid bilayer significantly increases the resistance to giga-ohm
levels.*>'® This dramatic increase is attributed to the formation
of a “giga-seal,” a characteristic feature of intact lipid
membranes.***> By exploiting this difference in impedance
between the alumina substrate and the lipid bilayer, the system's
properties were analysed. The impedance data are presented as
a plot (Fig. 7), which displays the impedance magnitude (Z') and
phase angle as functions of frequency. The plot shows how the
electrical properties of the system change at each step. Initially,
the bare alumina substrate had an impedance of about 15 kQ,
which aligns with the expected value reported in the literature.*®
This confirmed that the anodized alumina substrate was properly
formed. However, once a lipid bilayer was prepared on the
nanoporous alumina, it effectively sealed the nanopores, acting
as a barrier to electron flow. This resulted in a dramatic increase
in impedance to the giga-ohm range reaching up to 2 GQ, indi-
cating the high resistance characteristic of intact lipid
membranes (the giga-seal effect).>**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (A) Fluorescence image of the AQP-inserted POPC lipid bilayer on the glass substrate. (B) DLS graphs indicating size distribution in

liposome (red) and proteoliposome (green) solutions. (C) Zeta potential indicating the surface charge. (D) Impedance measurement. (E)
Customized setup for checking forward osmosis. (F) OD taken at 563 nm wavelength at different time intervals: 0 min, 30 min, and 2 hours for
different partition membranes, i.e. alumina (blue), suspended lipid bilayer (SLB, red), and aquaporin (AQP, green).

AQP insertion and its characterization

The study further investigated the efficiency of the system to
study transmembrane proteins by reconstituting a water-
channel membrane protein, aquaporin. Protein insertion into
the POPC lipid bilayer was achieved using a detergent-mediated
method established earlier,”***® and its uniform distribution
within the bilayer was confirmed via fluorescence microscopy
using Alexa Fluor 488 (Fig. 8A). DLS analysis revealed that the
incorporation of aquaporin induced a notable decrease in
liposome size, with the average diameter shifting from 120-
180 nm for POPC liposomes to a smaller size for proteolipo-
somes (Fig. 8B). This size reduction is attributed to aquaporin-
induced lipid bilayer compression and bending.>” Furthermore,
zeta potential measurements suggest a shift from a near-neutral
surface charge for POPC liposomes to a strongly negative value
exceeding —40 mV for proteoliposomes (Fig. 8C). This change
reflects the influence of negatively charged aquaporin on the
liposome surface charge and the formation of an electrical
double layer, contributing to enhanced proteoliposome
stability.” The insertion of aquaporin into the lipid bilayer led
to a decrease in bilayer impedance from giga-ohm to mega-ohm
range, stabilizing around 5 MQ (Fig. 8D), due to the opening of
channels in the bilayer system.

To assess aquaporin's water transport efficiency, a custom-
ized forward osmosis (FO) setup was fabricated (Fig. 8E).>” The
setup included 0.1 M NaCl draw solution and deionized water
feed solution, separated by a nanoporous substrate. Water
transport across the membrane was monitored by measuring
changes in the absorbance of Coomassie blue dye added to the
draw solution at 563 nm using UV-Visible spectroscopy.
Forward osmosis experiments were conducted under three
conditions: bare alumina, suspended lipid bilayer (SLB), and

© 2026 The Author(s). Published by the Royal Society of Chemistry

aquaporin-embedded SLB (AQP-SLB). The AQP-SLB system
exhibited the most efficient water transport, as evidenced by
a significant decrease in absorbance over time (Fig. 8F). The bar
graph in Fig. 8F illustrates the optical density (O.D.) at 563 nm
for three systems—alumina, supported lipid bilayer (SLB), and
aquaporin-based membrane (AQP)—measured at 0 minutes, 30
minutes, and 2 hours. The alumina system (blue bars) shows
a gradual reduction by 2 hours. The SLB system (red bars)
maintains its O.D. at 0 and 30 minutes, with only a slight
decrease by 2 hours. In contrast, the AQP system (green bars)
exhibits a sharp drop by 30 minutes and a further decline at 2
hours, reaching nearly half of the initial value.

Discussion

This study systematically explores the critical role of micro- and
nanoporous substrates in forming and stabilizing suspended
lipid bilayers, while also investigating the functional incorpo-
ration of aquaporin. The findings underscore significant
differences in the behaviour and stability of lipid bilayers sup-
ported on microporous versus nanoporous substrates, eluci-
dating the interplay between pore geometry and bilayer
dynamics.

Microporous substrates and challenges

We used fluorescence microscopy with fluorescently-labelled
lipids to visualize the lipid bilayer and study its dynamics.
Fluorescence microscopy revealed partial coverage of the
micropores by lipid bilayers, with more than 50% of the pores
demonstrating significant bilayer formation immediately after
assembly. However, the temporal instability observed, charac-
terized by substantial disruption and loss of bilayer integrity
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within 24 hours, underscores the limitations of microporous
substrates for long-term studies (Fig. 3). Factors such as weak
adhesion, environmental disturbances, and the mechanical
fragility of the lipid bilayer likely contributed to this instability.
Furthermore, FRAP experiments were performed to measure
the lateral mobility of lipids within the bilayer supported on
a microporous substrate. Microscopy images captured the
bleached region, post-bleach, and post-recovery stages, while
the corresponding graph showed normalized fluorescence
intensity over time (Fig. 4). The measured diffusion coefficient
was 1.71 + 0.18 um® s, confirming the bilayer's dynamic
behaviour. In previous studies, POPC bilayers on solid substrate
showed a diffusion coefficient of 1.66 pm? s, which decreased
to 1.14 pm?® s~ upon the addition of other lipid components
(cholesterol and sphingomyelin).** Camley et al. analysed
diffusion in free vs. supported membranes. They showed that
the presence of a solid support alters the hydrodynamic
boundary conditions and generally slows diffusion compared to
a “free” membrane environment. Whereas suspended bilayers
have advantages of reduced substrate interactions. This implies
that suspended bilayers may better preserve the intrinsic
mobility of lipids (i.e. less damping by the substrate) compared
to supported ones.*?*®

Efforts to mitigate these challenges included strategies such
as increased lipid concentration, maintaining stationary
substrate conditions, and stepwise liposome deposition (Fig. 5).
While these methods showed modest improvements in bilayer
stability, they were insufficient to overcome the fundamental
instability associated with the large pore size and structural
fragility of microporous substrates.

Nanoporous substrates to enhance stability

The transition to nanoporous anodized aluminium oxide
substrates provided a more stable platform for lipid bilayer
formation. The smaller pore size and compact arrangement of
nanopores minimized the likelihood of bilayer collapse,
offering improved mechanical stability. Despite these advan-
tages, challenges in imaging nanoporous substrates were noted.
The limited resolution of fluorescence microscopy at the
nanoscale necessitates advanced imaging techniques, such as
electron microscopy, which lack real-time compatibility. Addi-
tionally, the structural fragility of anodized substrates under-
lined the need for controlled experimental conditions to
preserve the integrity of the nanopores (Fig. 6).

Hence, the system was preserved in a closed chamber, where
each step was monitored via electrochemical measurements.
Impedance spectroscopy confirmed the successful formation of
intact lipid bilayers, characterized by a giga-seal effect with
resistance reaching up to 2 GQ (Fig. 7).>*%

Aquaporin incorporation and functional validation

The successful reconstitution of aquaporin into the lipid bila-
yers was a pivotal achievement. Dynamic Light Scattering (DLS)
and zeta potential measurements revealed significant changes
in liposome size and surface charge upon aquaporin incorpo-
ration, indicating the structural and electrostatic effects of the
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protein (Fig. 8). The reduction in impedance from the giga-ohm
to the mega-ohm range further validated the functional inte-
gration of aquaporin, as the protein channels facilitated ionic
transport.’”*®

The forward osmosis experiments provided compelling
evidence of aquaporin's functionality. The aquaporin-
embedded suspended lipid bilayers demonstrated superior
water transport efficiency compared to control systems, as evi-
denced by a marked decrease in dye absorbance over time. This
underscores the potential of aquaporin-based membranes for
applications in water purification and biomimetic systems.

The findings highlight the trade-offs between the ease of
fabrication and stability in microporous substrates versus the
enhanced stability and functional capabilities of nanoporous
systems.'"*>'° The successful reconstitution and functionality of
aquaporin in these systems not only validate the approach but
also demonstrate their potential for practical applications in
biomimetic technologies and water purification. By addressing
the identified challenges, these findings can serve as a founda-
tion for advancing the design and utilization of porous
substrates in membrane protein research and other biotech-
nological applications.***®

Future work may explore the use of copolymers or hybrid
lipid—-polymer systems to improve the stability of suspended
bilayers, especially on fragile nanoporous substrates. Incorpo-
rating such materials could help resist mechanical stress and
extend bilayer lifetime.**** Further improvements might also
include refining the chamber setup for better imaging and
easier membrane assembly, as well as testing other membrane
proteins to expand potential applications.
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