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Aquaporin (AQP) biomimetic membranes are a coming-of-age technology for water purification.
Although several studies have reported aquaporin biomimetic membrane fabrication to date, these
membranes show low water flux mainly due to the low porosity and inherently dense structure of the
polymeric substrate materials. Herein, we report a ceramic-based aquaporin biomimetic membrane
based on anodic aluminum oxide (AAO) as a substrate, which has a uniform porous structure with a
high aspect ratio and pore density compared to conventional polymer substrates and exhibits a high
water flux of 27.6 ± 3.6 LMH (Lm−2 h−1) and superior membrane selectivity of 0.11 g L−1. Briefly, the
AAO substratewas functionalizedwith amino-silane followed by polydopamine coating, then theAQP
vesicles were immobilized on the functionalized AAO substrate surface using an electrokinetic
method, and the water rejection performance of the membrane was analyzed in a forward osmosis
system. Furthermore, a simple cryodesiccation method is introduced to improve the storage stability
and easy transportation of aquaporin membranes, which does not require special environmental
conditions to transport or store them.

Recent developments in nanobiotechnology have shown the potential to
impact a diverse range of conventional industrial technologies, including
water desalination, by enabling the incorporation of active biomolecules
into novel membrane designs. In fact, a tremendous amount of research
using novel nanobiotechnology has been carried out for the development of
better water treatment techniques. Since the discovery of water-selective
proteins, aquaporins (AQPs) have been identified as an ideal molecular tool
for fabricating a water desalination membrane with water-selective
channels1. AQPs are specialized proteins dedicated to facilitating water
transport across cellular membranes, thereby maintaining water home-
ostasis. An AQP forms a cylindrical channel pore within the hydrophobic
region of the membrane with a diameter of 3 Å, which allows only a single
file of water molecules for transportation. The arginine residue at the center
of the protein interacts with water molecules by forming a hydrogen bond,
effectively excluding other molecules or ions from passing through the

channel2,3. Recent studies have explored the use of AQP proteins in bio-
mimeticmembranes as a promising approach to developing novelmaterials
for water treatment applications4,5.

To improve the feasibility of water-selective biomimetic membranes, a
number of different approaches to fabricate AQP biomimetic membranes
have been reported, including liposome adsorption, chemical crosslinking,
interfacial polymerization, magnetic-aided adsorption and electrokinetic
interaction6–10. In all these studies, substrate morphology and surface
chemistry play an important role in the defect-free fabrication of AQP
membranes to achieve the desired performance11. Based on these meth-
odologies, AQPbiomimeticmembranes typically utilize twoprimarydesign
strategies: lipid bilayer assembly and thin film nanocomposites (TFN). The
lipid bilayermethod involves exposing the substrate to solutions containing
AQP channels through several repeated cycles, forming various layers using
methodologies including spray, spin coating, and solution dipping. In
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contrast, the TFN design, favored for its ease of scalable fabrication through
polymerization of an AQP-containing selective layer onto a porous sub-
strate, ismorewidely adopted. However, optimizing TFNpolymermatrices
to maintain AQP function remains a significant area of focus12. Therefore,
advancing AQP biomimetics requires a careful balance between the
opportunities and limitations of each design strategy13. Previous studies
utilized polymeric substrates that are characterized by low surface porosity
and non-uniformity, primarily due to their structural and material char-
acteristics. This results in increased pore localization, leading to a longer
effectivediffusionpath forwatermolecules through the selective layer before
desorbing into the pores of the support layer. Consequently, this limitation
significantly restricts the water permeability through the active AQP bio-
mimetic membranes, affecting the potential applications of the system14.
Additionally, to mitigate the low permeability of conventional polymeric
membranes, a support layer with a highly porousmicrostructure consisting
of a repeating finger-like structure was devised instead of the conventional
sponge-like configurations typically observed in polymeric membranes
tailored for high-pressure applications14–17. Similarly, in another study, an
ion-track etching method produces linear channels similar to uniform
pores, but ion-track-etched membranes display a very low porosity that
reduces water transport18,19. Moreover, AQP biomimetic membranes
require specific environmental conditions, including tightly controlled
ranges of humidity and temperature, for their transportation and
storage20,21. These requirements preclude their practical use in commercial
applications.

To address the above problems, we developed a ceramic anodic alu-
minum oxide (AAO)-based AQP biomimetic membrane. The AAO sub-
strates can achieve a uniform porous structure with a high aspect ratio and
pore density compared to conventional polymer substrates22,23. The unique
honeycomb-like surface and cylindrical pore structure of AAO promotes
stable immobilization of AQP vesicles on the surface, with high water
permeability performance. The previous study on the fabrication of AAO-
substrate-based biomimetic membranes shows defects in the coating,
resulting in low salt rejectionperformance24. Thiswasmainlydue to thehigh
surface roughness, incomplete functionalization, and most importantly,
uncontrolled coating methodology of AQP liposomes on the substrate,
which leads to uneven coating of AQP coating on the substrate. Herein, we
addressed these issues by synthesizing the AAO substrate via a one-step
alumina anodization process (Fig. 1); which reduces the surface roughness
of the substrate compared to the conventionally prepared two-step anodi-
zation process, then functionalizing the substrate with polydopamine,
which further smoothens the surface and acts as a cushioning layer for AQP
liposomes during coating. Finally, the functionalized AAO substrate was

coated with electrokinetically driven AQP liposomes. The smooth surface,
uniform pore distribution, and smaller pore size of the AAO substrate
compared to AQP liposomes enabled defect-free, high-density immobili-
zation of vesicles. As a result, the membrane showed superior water desa-
lination performance with a water flux of 27.6 ± 3.6 LMH and a superior
membrane selectivity of 0.11 g L−1 in the active layer feed side mode (AL-
FS). Furthermore, to increase the storability and transportability of theAQP
membrane, the AQP vesicle-coated membrane was subjected to a cryode-
siccation process25–27. Themembranewas then rehydrated at 4 °C to recover
its structure and functions. The performance of the rehydrated membrane
was analyzed through forward osmosis (FO) water purification, and it
showed almost the same performance as before cryodesiccation. In short,
our research brings AQP-based water purification membranes one step
closer topractical applicationbyovercoming the twomost critical problems:
low permeability of the supportingmaterial and poor storability at ambient
conditions due to the characteristics of biomimetic membranes.

Results and discussion
Characterization of AAO substrates
The surface morphology of a substrate plays an important role in the fab-
rication of AQP biomimetic membranes; therefore, we analyzed the surface
morphology of theAAO substrate through FESEMandAFM.Generally, an
AAO substrate is fabricated through a 2-step anodic aluminum oxidation
process to achieve a uniform honeycomb array of nanoporous structures28.
This 2-step anodic oxidation process increases the surface roughness of the
AAO substrate mainly due to the self-alignment of the porous layer during
the first step of anodization as a base for nanopores formed in the second
anodization process, which results in the formation of a nanodimple pat-
tern, increasing the surface roughness. Figure 2a, b shows FESEM images of
inclined AAO substrate after one (Fig. 2b) and two (Fig. 2a) steps of anodic
oxidation. The presence of nanodimples can easily be seen in Fig. 2a, while
theyare absent in Fig. 2b,which consequently reduces the surface roughness
of the AAO substrate. The surface roughness (Rq) of the 2-step sample is
35.9 nm,whereas that of the 1-step sample is 19.6 nm, as shown in Fig. 2c, d.
Channel-type pore formation using the 1-step anodic aluminum oxidation
was verified by taking a cross-sectional image of AAO substrates. The pore
size was measured using a previously published computational image
processing method29 and 100 FESEM images of each of the AAO samples.
Furthermore, the effectiveness of 1-step anodic aluminum oxidation in
producing channel-like through pores was verified by analyzing the cross-
sectional FESEM images of AAO substrates. Figure 2e–h shows the
cylindrical pore structure of different AAO substrates with diameters ran-
ging from 50 to 125 nm. This demonstrates that through 1-step anodic

Fig. 1 | Schematic presentation of the substrate. a AAO substrate fabrication
process and b surface functionalization scheme of the AAO membrane with silane
followed by sequential PDA coating and AQP liposome immobilization. The
functionalization process increases the membrane stability and performance by

enabling uniform coating of AQP liposomes on the surface. The silane and PDA
coating on the substrate surface decreases surface roughness and provides cush-
ioning support to the AQP liposomes. Under the applied electric field, the charged
liposomes can easily move to the smooth surface for uniform immobilization.
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aluminum oxidation, a uniform cylindrical channel-like porous substrate
with a wide range of controlled pore sizes can easily be synthesized with
minimum surface roughness.

Characterization of AqpZ protein and AqpZ liposomes
SDS–PAGE analysis was performed on each fraction from the purification
process. It was confirmed thatGFP-AqpZwas expressed and purified by the
major band (red box, size ~70 kDa) of the elution fraction (Fig. 3a). In
addition, the green fluorescence of the purified protein was confirmed by
microscopy (Fig. 3b), indicating the successful fusion expression and pur-
ification of GFP-AqpZ. The presence of AqpZ in liposomes affects their
structural characteristics and alters their properties, including size and
surface charge. The size analysis of liposomes before and after AqpZ
incorporation was analyzed by DLS intensity analysis in Fig. 3c. The lipo-
somes show an average size (Zavg) of 164 ± 44 nm with a polydispersity

(PDI) of 0.236 ± 0.151, while the AQP liposomes show a decrease in size to
134 ± 21 nmwith a PDI of 0.015 ± 0.002, the low PDI shows a uniform size
distribution of AQP liposomes in solution, which is a highly required
attribute for water permeability performance as well as uniform coating on
the substrate surface. Thedecrease in liposome size is due to the bending and
compression of the lipidmembrane near the extracellular region of theAQP
protein30. Similarly, the AQP surface contains a strong negative charge,
which changes the liposome charge from slightly positive (1.41 ± 0.1.2mV)
to strongly negative (−17.44 ± 2.3mV) in Fig. 3d. These observations
validate the high incorporation efficiency of AQPs into liposomes with
uniform size distribution and surface charge, a prerequisite for the fabri-
cation of high-performance AQP biomimetic membranes. Furthermore,
the activity of AQP liposomes was analyzed using a stopped-flow light
scattering apparatus. The analysis was performed on liposomes with and
without AQPs. The sample solution was mixed in a fixed ratio with a

Fig. 2 | Surface morphological analysis of AAO
membranes. a Inclined image of an AAO substrate
fabricated using the general 2-step anodic alumi-
num oxidation process. The formation of nano-
dimples is marked by dotted lines. b AAO substrate
fabricated using the 1-step anodic aluminum oxi-
dation process. c AFM analysis of 2-step anodic
aluminum oxidation substrate, showing an Rq of
35.6 nm. d AFM analysis of the 1-step anodic alu-
minum oxidation substrate, showing an Rq of
19.6 nm. e–h Cross-sectional FESEM images of
differentAAO substrates fabricated through a 1-step
anodic aluminum oxidation process. e 50 nm pore
diameter with etching time ~75 min. f 75 nm pore
diameter with etching time ~115 min. g 100 nm
diameter etching time ~150 min and h 125 nm pore
diameter with etching time ~190 min. The scale bar
in a, b and e–h are 500 nm.
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hyperosmolar sucrose solution using a stopped-flow mixing system. The
osmotic gradient across the liposome-lipid bilayer leads to water efflux,
which reduces the size of the liposomes and increases their light-scattering
cross-section. The variation in scattered light intensity was analyzed using a
fluorescence spectrometer (Fig. 3e). The liposomes show a low kinetic
constant (≈15.5 ± 5.7 s−1), while the AQP liposomes show a much higher
rate constant (≈172 ± 20.15 s−1) and reach a stable position in a short time
interval of <0.05 s. Similarly, the liposome sample shows a lower net per-
meability (Pf = 35.12 ± 11.36 μm s−1) compared to the AQP liposome
(Pf = 350.61 ± 7.89 μm s−1) calculated by Eq. (2). The increase in perme-
ability of AQP-liposomes is due to the presence of AqpZ proteins, which
provide an additional pathway for water molecules to move across the
liposomebilayer in a short interval of time as compared to the slowdiffusion
of water molecules in the control liposome sample.

AQP AAOmembrane fabrication
The coating processes prior to AQP immobilization on the AAO substrate
are essential to fabricating a membrane with both high water permeability
and salt rejection. Successful coating in each step was confirmed via XPS,
AFM, and FESEM analyses of the membranes. A surface quantitative ele-
mental analysis following each coating process (APTES, PDA, and AQP
liposomes)was performed usingXPS. Figure 4 shows the analysis results for
substrates after each coating process. The silane functional group in APTES
results in an increase in the concentration of silicon (Si) on the substrate
surface after coating,which can be identified by analyzing the Si2p peak area
(Fig. 4b; compare the uncoated substrate in Fig. 4a). The Si2p peak area
decreases upon coating of PDAandAQP liposomeson the substrate (Fig. 4c
and d). Moreover, the membrane without AQP liposomes has a low
phosphorus (P2p) signal (Fig. 4e), whereas after AQP liposome coating, the
concentration of phosphorus atoms (P2p) increases, indicating the

accumulation of lipid phosphate groups and confirming the presence of
AQP liposomes on the substrate.

The bare substrate without any coating has uncovered pores, as
shown in Fig. 5a. After silane functionalization and PDA coating, the
pore size decreases, and a thin layer of PDA is clearly visible on the
substrate (Fig. 5b). Liposome immobilization was performed by using
previously reported electrokinetic phenomena10, as this method
ensures uniform coating of liposomes on the substrate pores without
aggregation (Fig. 5c). After AQP liposome fixation, a protective layer
was introduced by alternate coating of PDA and histidine in three
cycles. The self-polymerizing molecule PDA binds with amine groups
on the silane-functionalized AAO and the lipids. This coating layer
protects the AQP liposomes and fills the voids if any between the AQP
liposomes and substrate, to restrict the diffusion of solutes and
minimize defects. Histidine can also bind dopamine and helps
increase the salt rejection property because of its zwitterionic
property.

The surface roughness was also analyzed using AFM after each step.
The decrease in the surface roughness of the AQPmembrane indicates the
coating quality or uniformcoating layer of proteoliposomes on the substrate
surface, which ensures the functionality of the aquaporin protein after
coating10,31,32. The formation of liposome/proteoliposome aggregates (which
may affect the structure and performance of the aquaporin protein) on the
surface during coating indicates the formation of valleys, which conse-
quently increases the surface roughness and thus decreases the performance
of the AQPmembrane. Therefore, roughness is an important parameter to
analyze the quality of the coating on the substrate. The bare AAO substrate
has the highest surface roughness (Rq) of 19.6 ± 3.2 nm (Fig. 5d), while the
surface roughness decreases to 12.4 ± 2.53 nm after surface functionaliza-
tion with APTES and PDA in Fig. 5e, this decrease in roughness indicates

Fig. 3 | Characterization of AqpZ protein. a Gel electrophoresis (SDS–PAGE) of
the purification fraction of GFP-fused AqpZ. The band in the red dash box displays
purified GFP-fused AqpZ (size of ~70 kDa). b microscopic image of AqpZ expres-
sion. cDLS intensity graph of size analysis of liposomes and AqpZ liposomes. d Zeta
potential of liposomes and AqpZ liposomes. e Stopped flow analysis of liposomes

and AqpZ liposomes with rate constants. The inset graph shows the calculated
permeability of liposomes and AqpZ liposomes. The readings are based on at least
three experiments. The scale bar in (b) is 5 μm.The error bar represents the standard
deviation (s.d.).
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that the surface functionalization covers the valleys of the pristine substrate
and forms a cushioning support layer for uniformAQP liposome coating on
the substrate. The surface roughness further decreases to 9.16 ± 1.09 nm
after AQP liposome coating, as shown in Fig. 5f. This further decrease in
surface roughness shows that AQP liposomes have been uniformly coated
on the substrate and smoothes the valley on the pristineAAO substrate. The
AQPAAOmembrane surfacemorphology after water purificationwas also
analyzed using FESEM and, as shown in Supplementary Fig. 1, there are no
notable changes.

Water purification ability
To evaluate the performance of AQP-coatedmembranes, a laboratory-built
customFOchamberwasusedwith an eddy-promoting spacer. The addition
of the spacer creates turbulence that facilitates mass transfer. The water
permeability of the AQP AAOmembrane was tested under the FO system
using a 2000 ppmNaCl FS and a 1MsucroseDS.Unlike the uncoatedAAO
substrate, which did not reject salt due to its large pore size and high
porosity, the liposome-coated AAO membrane without AQP proteins
showed a decrease inwaterflux to 8.2 ± 1.59 LMH(Lm−2 h−1) and a reverse

Fig. 4 | XPS elemental analysis of AAO membrane surface functionalization. a Control sample (without APTES coating). b After APTES coating. c After PDA coating.
d After AQP liposome coating (e) and (f) before and after AQP liposome coating.
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solute flux of 2.4 ± 0.53 GMH (gm−2 h−1) in the FO test (Fig. 6). The low
reverse solutefluxwas likely due to the complete coating of the liposomes on
the AAO substrate surface, which has a low permeability to ions since the
lipid bilayer membrane is intrinsically non-permeable to ions.

On the other hand, theAQP-containingAAOmembrane showedhigh
water permeability: the water flux was as high as 27.6 ± 3.6 LMH, with a
reverse solute flux as low as 1.6 ± 0.26 GMH, demonstrating the activity of
AQP in the liposomes. The AQP water channels provided additional
pathways for water flow, increasing water flux while rejecting solute or salt
compared to the liposome-coated membrane without AQP. To demon-
strate the power of these aquaporin pathways to allow the transport of
solute-free water, we also calculated the specific reverse solute flux (SRSF), a
key parameter indicating the selectivity of the FO membrane. The SRSF is
the ratio of themovement of solute particles to themovement of water. The

lower the SRSF value is, the higher the selectivity of the membrane. The
AAO membrane with AQP shows a lower SRSF value (higher membrane
selectivity) compared to the controlAAOmembrane (withoutAQP)mainly
because of the increased water permeability and low solute diffusion due to
the presence of highly surface-charged aquaporin proteins, which increase
both the water permeability and the solute rejection. In addition, the ion
rejection ismainly based on the lipidmembrane (liposomes). This barrier is
similar for membranes with and without AQP, but the water permeability
increases significantly due to the presence of the aquaporin water channel,
which in turn decreases the SRSF value. Furthermore, a high reverse solute
flux value in the controlmembrane (liposomes) could indicate some defects
in the membrane coating. Since the membrane coating was performed by
electrokinetic interaction, where the modified particles move in the direc-
tion of the electric field, which is directly influenced by the charges of the
particles (in this case liposomes)33–35, the low charge of the liposomes may
leave some defects, which in turn shows high salt movement across the
membrane. Table 1 shows a comparison of the membrane reported here
with previous literature reports36–40. Our membrane shows superior water
purification performance mainly due to the optimized fabrication of a
substrate with low surface roughness and a channel-type porous structure,
which supports the water permeability performance of AQP. As previously
reported membranes mostly utilized polymeric substrates which have low
porosity as well as non-channel-like pores which are unable to support the
water permeability performance of pristine aquaporin liposomes as shown
by several biophysical and stopped-flow analysis10,21,41. Moreover, these
membranes were fabricatedmostly using interfacial polymerization (IP), in
which the proteoliposomes were covered with a selective layer, most usually
polyamide, so that most of the water permeability, as well as the salt rejec-
tion, was depended only on the characteristics of this selective layer or
interfacial polymerization rather than on the proteoliposomes or AQP-
liposomes20,41,42. Although we reported an electrokinetic coating method in
our previous studies to uniformly coat a commercially available membrane
for high water permeability, this membrane still does not fully support the
permeability capabilities of aquaporin protein mainly due to the low
porosity10. Finally, Doung et al. utilized the commercially available alumina

Fig. 5 | Surface morphological analysis of the membranes. a Before coating the
membrane surface. b PDA functionalized substrate. c AQP membrane, after
immobilization of AQP liposomes and subsequent PDA/His coating. dAFM surface

roughness analysis of the AAO membrane. e Surface roughness analysis after sub-
strate functionalization. f AFM image after AQP liposome coating of the substrate.

Fig. 6 | Analysis of water purification performance of membranes. The statistical
analysis of the data was performed using Student’s t-test (two-tailed) and the sig-
nificant value was p < 0.05. The symbols *, **, *** show the p = 0.00013, p = 0.002
and p = 0.035, respectively. The error bar represents the standard deviation (s.d.).
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substrate to fabricate an aquaporin biomimetic membrane for water pur-
ification and it shows a salt rejection performance of only 45% due to the
coating defects24. It was observed that the defects in the reported study occur
due to the non-optimization of the surface morphology of the substrate as
well as the coating methodology. The uncontrolled chemical coating of
aquaporin planar bilayer on the surface leads to defects or uncoated pores
because the vesicle rupture leads to several shortcomings including irregular
planar bilayer thickness, limited control over planar bilayer orientation as
well as the uniformity or thickness control. Therefore, we overcome these
problems by fabricating a substrate with a channel-like structure with
controlled surface morphology as well as employing a uniform proteoli-
posome layer on the substrate surface, which offers high salt rejection with
high water permeability capabilities.

Transportability and storability of the AQP-coated membranes
Previously reported AQP membranes have strict environmental require-
ments for storage, including a limited range of temperatures and humidity
compatible with continuous hydration of the membrane before testing or
after fabrication41,43–45. These stringent requirements limit the transport,
storage, and practicality of AQP membranes, thus precluding their indus-
trial adoption and commercialization. A recently reported study shows that
proteoliposomes, even in solution form at room temperature, lose their
functionality within a week41, this is also in good agreement with the

previously reported studies mentioning the degradation or rupture of
liposome structure in a dry environment. To verify this, we stored the
membrane under ambient conditions (25 °C, 35% humidity) for 7 days
without DI water, and analyzed the membrane surface morphology by
FESEM analysis. The membrane shows the ruptured liposome structure
(Supplementary Fig. 2), indicating that the dry environment makes the
liposome structurebrittle andprone to rupture, due to the evaporationof the
suspension or water layer46. To overcome these hurdles, we devised a
cryodesiccationmethod in which AQPAAOmembranes were freeze-dried
for storage and then rehydrated immediately before use, as shown in Fig. 7a.
Briefly, we froze the fabricated AQP AAOmembranes at−80 °C and then
sublimated the iceunder lowpressure in a vacuumchamber. After complete
removal of the ice, we stored the sample under the same environmental
conditions (25 °C and 35% humidity) for at least 7 days. The surface mor-
phology of the rehydrated membrane was analyzed by performing FESEM
analysis (Fig. 7b) and found that the liposomes remained intact on the
substrate without any noticeable defects. Furthermore, to verify the activity
of AqpZ activity after cryodesiccation water purification analysis was per-
formed, the stored desiccated membrane was rehydrated with DIW at 4 °C
for at least 1 h47. After rehydration, water purification was carried out using
the FO system described above. The rehydrated membrane showed mini-
mal degradation of water purification performance in terms of water flux
(26.9 ± 3.3 LMH) and reverse salt flux (2.8 ± 0.3GMH), as shown in Fig. 7c,

Fig. 7 | Cryodesiccation process and analysis
through FESEM and FO water purification.
a Schematic image of the cryodesiccation process
and its possible importance in storability and
transportability. b FESEM image of the membrane
after 2 cycles of cryodesiccation (freeze-drying,
rehydration, and then freeze-drying again before
taking the FESEM image). c FO water purification
analysis of the membrane. Statistical analysis was
performed using Student’s t-test (two-tailed) and
the significant value was set at p < 0.05. where *, **,
*** indicate non-significant values of 0.15, 0.225,
and 0.135, respectively. The scale bar in (b) is 1 μm.
The error bar represents the standard devia-
tion (s.d.).

Table 1 | Comparison of different FO membranes

Membrane Water flux (Lm−2 h−1) SRSF Operating conditions Ref.

Aquaporin inside a thin film composite membrane 8.8 0.45 DS: 1.5 M NaCl; FS: DIW 36

Graphene oxide aquaporin thin film nanocomposite (GO-AQP-TFC) 24.1 0.37 DS: 0.5 M NaCl; FS: DIW 37

Aquaporin A/S hollow fiber membrane (AQP-HF) 13.2 0.13 DS: 1M NaCl; FS: DIW 38

Aquaporin biomimetic membrane 22.31 0.13 DS: 1M NaCl; FS: DIW 39

TFC-layered silica-polysulfone (PSF) 31 0.24 DS: 1M NaCl; FS: DIW 40

Silane-functionalized aquaporin-coated AAO membrane 27.6 0.11 DS: 1M sucrose; FS: 2000 ppm NaCl This study
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which corresponds to ~98% of the performance shown by the AAO
membrane before cryodesiccation. The statistical analysis shows no sig-
nificant difference in the results of both membranes before and after
cryodesiccation. This shows that the AQP liposomes remained intact fol-
lowing freeze-drying. In addition, we conducted a water purification
experiment to evaluate the long-term stability of both AQP biomimetic
membranes before and after cryodesiccation. The results, shown in Sup-
plementary Fig. 3, demonstrated consistent water purification performance
over 3 days of continuous operation. The observed decrease in water per-
meability after 12 h can be attributed to internal concentration polarization
(ICP) within these membranes. This is primarily due to the dilution of the
draw solution over time, which reduces the driving force and results in a
decrease in water permeability. In short, the freeze-drying process preserves
the AQP liposome structure as well as its function; thus, these membranes
can be stored in a desiccated state semi-permanently and transported
anywhere without specific environmental or storage conditions such as
temperature and humidity. The extension of this work is being done to
further enhance the mechanical strength of the substrate material. Addi-
tionally, the membrane’s performance will be analyzed under harsh con-
ditions, such as in hydraulic pressure-based water desalination (reverse
osmosis), and its efficacywill be evaluatedwith variousfluid types, including
biological and agricultural wastewater.

In conclusion, we present a solution for twomajor problems associated
with AQP biomimetic membranes: low water permeability, mainly due to
the structure of the substrate, and transportability, which has previously
required specific environmental conditions forAQPbiomimeticmembrane
storage. To overcome these long-existing hurdles, we fabricated a highly
porous ceramic-based AAO substrate and coated it with an AQP biomi-
metic membrane, which showed high water permeability (27.6 ± 3.6 LMH
or 1.6 ± 0.26 GMH) and a superior membrane selectivity of 0.11 g L−1. This
high-performance AQP vesicle-embedded membrane enables water pur-
ification with high throughput even at lower driving forces. Therefore, this
technology could efficiently save energy during desalination and water
reuse. Furthermore, to increase the longevity and transportability of AQP-
embedded membranes while preserving the membrane structure and
functions, we implemented a cryodesiccation process. Cryodesiccated
membranes can be stored in a desiccated state and transported without the
need for specific environmental conditions in terms of humidity and tem-
perature, widening the industrial adaptability of this emerging class of water
purification materials.

Methods
Materials and chemicals
The chemicals, 10x phosphate-buffered saline (PBS, pH = 7.4), sucrose
(C12H22O11), sodium chloride (NaCl), ethylene glycol dimethacrylate
(EGDMA), monobasic sodium phosphate (NaH2PO4),
1-hydroxycyclohexyl phenyl ketone (Irgacure184), imidazole, dopamine
hydrochloride, and lysozyme Triton X-100, were purchased from Sigma-
Aldrich (USA). Polycarbonate track-etched (PCTE) substrates (Whatman
Nuclepore) were purchased from Sterlitech Corporation (USA). Octyl β-D-
glucopyranoside (ogp) was purchased from Carbosynth (UK), while the
tris(hydroxymethyl) aminomethane (Tris) hydrochloride and Bio-Bead
SM-2 absorbents were obtained from IBI Scientific (USA) and BIO-RAD
(USA), respectively. The lipid compounds, 2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)−2000] (DSPE-
PEG-NH2), and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were
purchased from Avanti Lipids. All chemicals were used in their original
form unless otherwise noted.

AAO substrate fabrication
The support membrane was fabricated by the anodic aluminum oxi-
dation (AAO) process (Fig. 1). First, a mechanically and electro-
chemically polished high-purity aluminum sheet (99.999%, 1 mm
thickness) was prepared. The highly reflective aluminum sheet was
exposed to anodization in an oxalic acid solution (0.3 M) at an

electrolyte temperature of 0 °C for 30 h with a bias current of
2 mA cm−2. Which results in the formation of a nanoporous layer on
the aluminum surface. The aluminum layer was removed through an
etching process using a CuCl2-based aluminum etchant leaving
behind a thin alumina sheet with nanopore openings on one side
sealed by a barrier layer on the other side. To achieve channel-like
alumina nanopores, the barrier layer that forms during the anodiza-
tion process must be removed. The side of the substrate with nanopore
openings was covered with polydimethylsiloxane (PDMS) and the
sample was immersed in the alumina etchant. The etching process was
performed for 8 h at 35 °C in a 0.1 M phosphoric acid solution,
resulting in the formation of different pore sizes on the bottom and top
sides. To synthesize the desired pore size in the AAO membrane, the
etching process time was optimized, and it was observed that the
duration of the etching process had a direct correlation with the
widening of the pores, that is, a rate of 0.7 nm min−1. This can be
attributed to the fact that a longer etching time allows for more
extensive oxide removal, resulting in a widening of the pore diameter.

Aquaporin Z (AqpZ) protein synthesis and analysis
Recombinant E. coli C41 strain containing the green fluorescent protein
aquaporin-Z (GFP-AqpZ) expression vector was grown in Luria broth
media at 37 °C overnight, followed by GFP-AqpZ vector induction by the
addition of 1mM isopropyl-β-D-thiogalactopyranoside (IPTG) and re-
incubated at 18 °C for 24 h. Cells were harvested by centrifugation at
4000 × g for 5min and resuspended in lysis buffer (50mM NaH2PO4,
200mM NaCl, 5mM imidazole, pH 8.0) and lysed by sonication. The
solution was centrifuged at 10,000 × g for 20min to remove cell debris and
the supernatant was collected. To extract GFP-AqpZ from the insoluble
pallets, 1% Triton X-100 was added and applied to the Ni-NTA column,
followed by washing and elution with buffer (50mM NaH2PO4, 200mM
NaCl, 250mM imidazole, 1% Triton X-100, pH 8.0). The GFP-AqpZ
protein was examined by running the eluted fractions on an SDS PAGE gel
analysis and the purified GFP-AqpZwas quantified by using the BCA assay
kit. The stock solution of AqpZ was prepared by performing centrifugation
(1mgml−1) and stored at−80 °C for further use.

AQP liposomes preparation
AQP-loaded liposomes were prepared using previously reported
methods10,48. Briefly, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
PEGylated amine terminated lipid (DSPE-PEG-NHa), EGDMA and Irga-
cure184weremixed in amolar ratio of 20:1:40:20. Amultilamellar liposome
(MLV) suspension was prepared employing film rehydration method and
was extruded through aPCTEmembranewith a pore diameter of 200 nmat
least 21 times. To fabricate AQP-liposomes with lipid to protein ratio (LPR
200:1), the AqpZ stock solution was added to the liposome solution during
thefilm rehydration step and subjected to overnight rotation.Detergentwas
then removed using nonpolar adsorbent Bio-Beads (1 g in 5ml of proteo-
liposome solution) in a stepwisemanner (the beadswere replaced after every
3 h) for at least 12 h48,49. After detergent adsorption, AqpZ-containing
liposomes were extruded through a PCTE membrane to ensure homo-
geneity followed by polymerization using a UV cross-linker (BLX-E254,
245 nm, 40W Vilber Lourmat) for 40min.

AQP liposomes characterization
The activity ofAQPwas confirmed through reaction kinetics analysis with a
stopped-flow apparatus (MOS-200 & MOS-200M, SFM 2000, Biologics
Science Instruments, France). Briefly, the liposome solutions (liposomes
withAQPandwithout AQP)weremixedwith a hypertonic solution (0.6M
sucrose), which resulted in water efflux from liposomes and hence a
decrease in the liposome size. At a specific emission wavelength of 577 nm,
an escalation in the intensity of light scattering was measured to determine
the change in the size of the liposome. The scattering data were fitted to an
exponential decay model Eq. (1) and the osmotic permeability of the lipo-
someswas calculated using Eq. (2)50. Liposome surface charge and size were
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analyzed by dynamic light scattering (DLS) using a Zeta Nano ZS (Malvern
Instruments).

Y ¼ A expð�ktÞ ð1Þ

whereY is the intensity of the light scattering signal,A is a negative constant,
t is the time of recording, and k is the initial rate constant (s−1).

Pf ¼
rok
3Vw

×
Cin þ Cout

2C2
out

ð2Þ

where r0, Vw, Cin, and Cout represent the initial liposome radius, partial
molar volume of water, osmolar concentration inside and outside of the
liposomes, respectively.

Fabrication of AQP-coated membranes
Functionalization of the AAO substrate was carried out using a previously
published protocol51. Briefly, the oxidized AAOmembrane surface (oxygen
plasma generator, CUTO-100LF, Femto, Korea) was silanized using 1% (3-
aminopropyl) triethoxysilane (APTES) in acetone for 30min at room
temperature, followed by baking at 80 °C overnight. Then, the silanized
surface was further functionalized with a mussel-inspired polydopamine
(PDA) coating as follows: the AAO substrate was immersed in a PDA
solution (0.2 mgml−1 dopamine in 10mM Tris–HCl buffer, pH = 8.5) for
3 h. This resulted in the spontaneous formation of a thin coating on the
surface. To ensure a uniformcoating, the solutionwas agitated continuously
during substrate immersion. After coating, the functionalized membrane
was washed with deionized water (DIW) to remove unbound PDA.

Theprotocol developedbyFuwadand coworkerswas implemented for
the electrokineticAQP liposome coating10. The functionalized substratewas
stacked between two electrodes in a microchannel device, and the liposome
solution was introduced through a syringe into the microchannels. After
filling the solution, a 1 V was applied across the substrate for 1 h. After
liposome coating, the surface was sequentially subjected to PDA coating for
at least 3 h incubation in 10mM Tris–HCl buffer at pH 8.6 with a con-
centration of 0.2mgmL−1, followed by the histidine coating for 1 h in 1×
PBS buffer at pH = 7.4 with a concentration of 0.2 mgmL−1. These coatings
not only protect the AQP liposomes but also help in the closure of any
vacant spaces left duringAQP liposome immobilization. Figure 1 presents a
schematic diagram of the complete process of fabricating the AQP AAO
membrane.

Freeze drying of membranes
The AQP-coated AAOmembrane immersed in water was frozen in a deep
freezer at−80 °C. After complete freezing, themembrane was desiccated at
a low temperature (−20 °C) under vacuum for 8–12 h until complete
removal of ice by sublimation. The membrane was then stored for further
analysis.

Surface characterization and morphological analysis
Elemental characterization of the membrane surface after each coating step
was performed using X-ray photoelectron spectroscopy (XPS, Thermo
Scientific). Surface morphology characterization was performed using field
emission scanning electron microscopy (FESEM) (Hitech S-4200) and
atomic force microscopy (AFM) (Multimode IVa).

FOmembrane fabrication
AnFOsystemwas used to analyze thewater purificationperformanceof the
AQP-coated AAO membrane. The membrane cell contains a 2mm deep
flow channel on each side of the AQPAAOmembrane with cocurrent flow
of the feed solution (FS) (NaCl 2000 ppm) and draw solution (DS) (1M
sucrose). The membrane was tested in the active layer feed side (AL-FS)
orientation. Themembrane performance in terms of thewater permeability
(Js, LMH) was calculated using Supplementary Eq. (1). The reverse solute
flux (Jw, GMH)was calculated through Supplementary Eq. (2), whereas the

specific reverse solute flux (SRSF, g L−1) was calculated by using Supple-
mentary Eq. (3). Results represent the average of three trials.

Data availability
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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