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Abstract 

 

A membrane material that can concurrently provide commercially acceptable levels of water 

permeability, high salt rejection, and of sufficient stability to withstand mechanical and chemical 

stresses seems to be necessary to guarantee the energy and environmental sustainability of 

desalination systems and other membrane separation processes. Recent developments in 

desalination have shown that bio-inspired membranes are moving steadily in this direction. 

Sustainable desalination via aquaporin-based bio-inspired membranes is elucidated in this paper 

in terms of recent commercialization exploitation and progress towards real operations. Current 

large-scale applications, viable opportunities, remaining challenges and sustainability of 

operations, in terms of comparison with established technologies, are discussed in this paper. The 

major drawback of aquaporin-based membranes, which has been highlighted repeatedly in recent 

studies, is the stability of the membranes during real operations. This review is focused on recent 

solutions provided by scientists towards the mitigation of these problems and commercialization 

of aquaporin-based membranes. 

 

Keywords: Aquaporins; bio-inspired membranes; sustainable desalination; separation processes; 

commercialization. 
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1. Energy requirement as a major barrier to sustainable desalination 

1.1 Current status of desalination energy requirements 

The Earth's surface is composed of 71% water, of which only 1% accounts for accessible fresh 

water and 97% is seawater. The most threatening challenges of the 21st century are water 



 

 

scarcity, climate change and accelerated population growth. The latter two challenges only 

exacerbate the former: water scarcity is an alarming threat to our sustainability and requires 

immediate action. According to data obtained by UNICEF and WHO, about 1.1 billion people 

are without access to clean drinking water [1]. The demand for potable drinking water is 

increasing with the global population (Fig. 1), leading to a decrease in the available freshwater 

resources per capita. 

 

 

Fig. 1. Decreasing available fresh water resources per head and rising total population [2]. 

For improved water sustainability, new purification methods and increased water resources are 

urgently required. Water desalination is one way to provide potable drinking water. Thermal 

processes and membrane desalination are the most common methods of modern desalination. 

Thermal processes, such as multi-stage flash, multi-effect distillation, vapor compression, and 

humidification dehumidification, usually follow the concept of evaporation and condensation of 

water. Membrane desalination technologies, such as reverse osmosis (RO), forward osmosis 

(FO), electrodialysis (ED), and nanotechnology-based processes, use membranes as salt rejection 

barriers to desalinate water. Membrane technology is advantageous compared to thermal 

processes because of comparatively low energy usage [3].   

Energy is the single biggest cost component in desalination, accounting for up to half of the total 

cost of fresh water production [4,5]. The increasing trend in energy demand for desalination will 

continue into the future if necessary steps are not taken (Fig. 2). Therefore, this major problem 

will result in a drastic increase in global energy usage as a result of surging desalination capacity.  
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Fig. 2. Annual online desalination capacity (in blue color) and total predicted contracted 

capacity for 2017 – 2020 (in red color) [6].   

The energy required for desalination has considerably decreased in recent years as a result of 

development of energy recovery devices, more efficient of pumps and membranes, and 

development of improved configurations [7,8]. However, when the magnitude of the world’s 

total desalination capacity is taken into consideration the total energy cost is still considerable. 

For the desalination step alone, high-performance membranes which are capable of desalinating 

seawater through an RO process at an energy level of 1.8 kWh/m3 (just above the 

thermodynamic minimum) and 50% freshwater recovery have been demonstrated [9]. The 

question to ask is: which step in the overall desalting system requires the most attention in order 

to optimize energy efficiency? The various steps that contribute to the energy costs of 

desalination are outlined below. 

(1) Intake step: 

The energy required for the feed intake to the pretreatment step depends on the feed quality, 

source and geographical location. Intake sources may include open surfaces, subsurfaces, such as 

underground wells, and effluents from power plants [10]. The energy required for feed intake 

may become higher if there are regular impingements and entrainments of biological species 

from the source in the intake system [7]. However, this energy cost can be minimized if the 

sharing of intakes between new and existing plants is encouraged.     

(2) Pre-treatment step:  

The pre-treatment step prevents regular membrane fouling and unnecessary process shut-downs 

by removing particulate matter, organic substances, inorganic salts, and turbidity from the feed 

water. Current commercial desalination processes would not run smoothly and flow channels 

would become plugged in minutes if they are not fed with pretreated water. However, the pre-

treatment step requires a large amount of energy and materials [11].    
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(3) Desalination step:  

The hypothetical lowest energy required by the desalination step is the Gibbs free energy of 

mixing or energy required to achieve salt rejection via thermodynamic reversibility [12]. This 

energy is ensured by the osmotic pressure of the feed solution and it is highly dependent on the 

feed salinity and fresh water recovery. However, the actual energy required for the desalination 

step is higher than the thermodynamic minimum of about 1.06 kWh/m3 because of pressure 

losses [9], which are due to friction to flow contributed by the membrane channels and their 

tortuosity, layer of foulants on membrane, frictional losses in the pipelines, concentration 

polarization, and inefficiencies of inflow pumps [13–16]. Therefore, the water permeability of 

the membrane is the ultimate determinant of the actual hydraulic pressure required to achieve a 

particular recovery at standard process conditions. 

To reduce the gap between the actual energy and the theoretical minimum energy required for 

the desalination step, the following approaches have been suggested: the use of multi-stage 

systems to recover residual energy from the concentrates; use of energy recovery devices, 

hybridization of two desalination technologies to utilize the comparative advantages; use of 

waste heat from boiler blowdown or cooling water effluent for thermal distillation; and 

utilization of salinity gradient power [17].  

(4) Post-treatment: 

Post-treatment involves disinfection, adjustment of pH and hardness, removal of some trace 

pollutants such as boron and chlorides, and re-mineralization so that the final product water can 

be able to provide some health benefits. Post-treatment consumes a considerable amount of 

energy in current large-scale desalination plants because in many cases, membranes, pumps and 

other mechanical  equipment are involved [10,18]. 

(5) Concentrate management: 

The reject brine from desalination is a critical environmental issue because of its huge volume 

[19,20]. This is due to the residual pre-treatment chemicals and high salinity and temperature of 

the disposed brine. Also, the heavy metal content in the reject brine due to pipe corrosion 

constitutes serious environmental risks. The characteristics of the reject brine depends on the 

quality of the supplied and generated water, the techniques used for pre-treatment, and the 

desalination process employed [21]. The energy required for the concentrate treatment depends 

on the deployed technology, as thermal crystallizers and brine concentrators are known to use a 

considerable amount of energy [22]. However, this may be effectively controlled by mixing 

concentrate streams with low-salinity effluents such as cooling water to ensure safe discharge to 

a water body, optimizing fresh water recovery through a multi-stage desalination step and 

recovery of valuable products from the concentrate [17,23–25]. In addition, the generation of 

electric power from the osmotic potential of reject brine could open another vista of 

opportunities for renewable energy generation via pressure-retarded osmosis (PRO) [26].  

Of all the steps in a desalination system, pre- and post- treatment account for the highest 

proportion of energy, most especially for seawater desalination [18], with intake, pre- and post- 

treatment, and brine management normally consuming more than 1 kWh/m3 [27]. Thus, the 

actual overall energy usage for desalination is 1.5-2 times higher than what is calculated by 

theoretical thermodynamics [28]. In fact, the energy requirements of some recent plants are 3-4 

times more than the theoretical minimum [9]. Some RO plants (using seawater as feed) are now 



 

 

operating at applied pressure that is only about 10 – 20% greater than what is thermodynamically 

required for the desalination step [8,9]. From these estimations, suggestions that research focus 

should be directed towards pre- and post- treatment steps mainly have been made because 

inefficiencies in these steps might double the thermodynamic energy requirement.  

However, the desalination step influences the energy requirements of the pre- and post- treatment 

steps. An efficient desalination step that is highly resistant to fouling and scaling from feed 

contaminants and can provide high water flux and salt rejection with high quality permeate 

would significantly reduce pre- and post- treatment energy costs. A lot of work has been done 

with regards to improving membranes and desalination stages to tolerate the harsh conditions of 

the feed saline water with minimal fouling [29–32].  

Between 2016 and 2020, an estimated 18.4 million m3/d is expected to be added to the world’s 

contracted desalination capacity [6].  In Spain alone, the average CO2 emission of desalination 

plants was 6.99 kg/m3 [33]. However, using a value of 1.8 kg/m3 as the CO2 emission from 

recent plants with improved performance [9], one-third reduction in CO2 emission would lead to 

4 Mt CO2 saving every year between 2016 and 2020.  

 

1.2 Reduced energy requirements through novel aquaporin containing membranes 

Many membrane materials have been used for the desalination step [34]. However, it is often 

impracticable to obtain excellent flux, high salt rejection, and superb membrane stability 

simultaneously. The challenge, therefore, is to develop membranes that exhibit all of these 

properties in order to significantly reduce the energy requirements of desalination systems and 

ensure energy efficiency. 

A very promising candidate to produce a very high water permeability, salt rejection, and 

stability are aquaporin-based membranes [35]. Aquaporins are transport proteins in living cell 

membranes, acting as selective water channels through the membrane, that are capable of 

transporting up to one billion water molecules per second with a permeability that is 5 to 1,000 

times greater than those of conventional membranes, based on recent studies [36,37]. The 

selectivity of aquaporins is also superb, as aquaporins can reject virtually everything apart from 

water, including protons, dissolved gases, and very small molecules such as boric acids, urea, 

and chlorides, depending upon the particular aquaporin under study [38–41]. These interesting 

properties of aquaporins present aquaporin-based membranes as a low-energy option for 

desalination. In this regard, the use of aquaporins as bio-inspired membranes for highly efficient 

widespread commercial desalination would be a breakthrough for the world of desalination [42]. 

Before now, the most challenging obstacle to widespread application of aquaporin-based 

membranes in the industry is their lack of stability due to non-compatibility with porous supports 

capable of withstanding high pressures. However, impressive results have been obtained recently 

in this regard. Aquaporin-based membranes fabricated via interfacial polymerization have now 

shown stable performance for several weeks and months [41], and have now been 

commercialized. 

Sustainable desalination via bio-inspired aquaporin-based membranes is described in this paper 

in terms of recent developments and progress, viable opportunities, current challenges, operating 

conditions, and sustainability. The major challenge of aquaporin-based membranes, which has 

been highlighted repeatedly in recent articles, are stability problems, due to aquaporins 



 

 

embedded on lipid bilayers being fragile assemblies which are and difficult to handle. This 

review is focused on recent solutions provided by scientists towards the mitigation of these 

challenges and commercialization of aquaporin-based membranes. 

 

2. The cell membrane as a great separation medium 

The contents of a biological cell are protected by an enclosure known as cell membrane, which 

regulates traffic between the cytoplasm and external environment. Eukaryotes, unlike the simpler 

procaryotes, also have internal membranes which allow internal compartmentalisation and 

enclose cell organelles [43–45]. Most cellular plasma membranes are made up of two important 

components: (1) a lipid bilayer consisting of glycerophospholipids, mixed with other lipids such 

as cholesterol, and (2) proteins embedded into or inserted through the bilayer [44,46]. The lipid 

bilayer is the main structural element of the membranes and as a result imparts mechanical 

properties to the membrane providing resistance to [47–49]. The thickness of the lipid bilayer is 

in the nanometer range. Lipids are any of a group of organic compounds including fats, oils, 

waxes, sterols, and triglycerides [50,51]. To a large extent, glycerophospholipids are the most 

common lipids in cell membranes and they self-assemble into bilayers without any input of 

energy [52,53]. By convention, a glycerophospholipid molecule consists of glycerol, two fatty 

acid chains, and one phosphate group [54]. Since glycerol consists of three carbon atoms, it 

serves as the backbone and two of its carbon atoms are attached to the two fatty acid chains at its 

hydrophobic tail while its third carbon atom is attached to the phosphate group at its hydrophilic 

head. The phosphate group consists of phosphate attached to several possible head groups, such 

as choline to form phosphatidylcholine (Fig. 3). The hydrophilic phosphate groups in the bilayer 

are directed towards the water-based cell cytoplasm and exterior of the cell while the 

hydrophobic tails face the interior of the bilayer [55,56]. Although a glycerophospholipid 

molecule is cylindrical in shape, several molecules can form broad sheets when they are 

horizontally aligned [44,57,58].   

 



 

 

 

 

Fig. 3. A glycerophospholipid molecule with its different components [59].  

(A) A broad sheet of glycerophospholipid molecules in a cell’s plasma membrane. (B) A 

glycerophospholipid molecule (phosphatidylcholine) consisting of a hydrophilic head (green) 

and hydrophobic tails (purple). One of the tails appears bent because of the double bond between 

the two carbon atoms in glycerol connected to the lipids (C) The glycerophospholipid molecule’s 

hydrophilic subregions. 

Water is forced away from the hydrophobic side of the hydrophilic head into the bulk aqueous 

solution. This activity is aided by noncovalent interactions between hydrophobic molecules 

known as the hydrophobic effect [55,60,61]. In this hydrophobic region, the surface tension of 

water is increased (i.e. there is enhanced free bonding of water molecules to one another) and the 

system’s entropy is increased. The different regions of the lipid bilayer are illustrated in Fig. 4.  

 



 

 

 

 

Fig. 4. The three regions of a lipid bilayer: (1) fully hydrated head (in blue); (2) fully dehydrated 

or hydrophobic core (in dark green); and (3) an intermediate region with incomplete hydration 

[62]. 

Proteins are another important component of cell plasma membranes and they are responsible for 

a significant fraction of the entire mass of a cell membrane [63,64]. A portion of these proteins is 

directed outwards from both sides or from layers of the cell membrane while the other portion is 

located at the lipid tails. These proteins are also attached to the interior and exterior of cell 

membranes by tethers, cytoskeletal elements or lipid shell [64–66].   

 

2.1 Bio-inspiration from cell membrane functionality for fabrication of desalination 

membranes 

Cell membranes are semi-permeable barriers that can permit the transport of only very small 

molecules and reject ions and large molecules, such as carbohydrates and amino acids. Transport 

across the membrane is mostly facilitated by embedded proteins [59,67,68], as illustrated in Fig. 

5. The functionality of cell membranes can be adapted to the fabrication of biomimetic or bio-

inspired membranes for desalination. The concept of these membranes is not new, as many 

articles have been published in recent years on their applicability for water treatment [40,41,69–

75]. The missing link is that the applicability of these membranes for sustainable desalination 

needs to be emphasized and accorded due attention. Recent efforts aimed at tackling membrane 

stability under high pressure and harsh feed conditions have also been sparsely discussed in most 

of the reviews on this technology. This paper has focused on these crucial issues.     



 

 

 

 

Fig. 5. Semi-permeable cell membrane with specialized proteins that selectively reject the 

transport of molecules across the membrane [59].Glucose, amino acids and ions are present in 

the interior of the cell with the permeating water. The intracellular components are permeated 

via transporters while rejected salts are shown with colored shapes outside the cell membrane.  

Meanwhile, one common area of confusion in the fundamental understanding of these 

membranes for desalination is the distinction between the terms ‘biomimetics’ and 

‘bioinspiration’. Biomimetics or biomimicry involves the study of the production, processing, 

morphology, working mechanisms, characterization and application of natural biological matter 

and substances such as proteins, enzymes and others for the sole purpose of artificially producing 

or simulating similar materials that could mimic these biological materials [76–78]. Therefore, 

biomimicry is the direct imitation of natural techniques and processes in biological applications 

and it represents a paradigm shift in focus from the chemical composition of molecular species to 

the structure and application of these species [78]. Bioinspiration is the indirect imitation of 

natural principles, activities and processes in non-biological applications to provide solutions to 

human problems. However, the concept of biomimicry and bioinspiration overlap in many ways. 

For example, the knowledge of the pathway for the biosynthesis of natural products so that this 

pathway can be adapted for use in vitro systems could also be termed as biomimicry [78]. 

Therefore, for the purpose of the discussions in this paper, ‘biomimetic’ and ‘bio-inspired’ can 

be used interchangeably. Bioinspired membranes have previously found applications in 

biosensing and biocatalytic applications, medical implants, and microfluid devices [79–82].  

Natural lipid membranes are composed in part of phosphatidylcholine. Phosphatidylcholine 

possesses biointerfacial properties and is able to form various self-assembled structures because 

of its amphiphilicity. These structures include supported artificial membranes, micelles, and 



 

 

liposomes as supports for immobilization of biological species, such as proteins [83,84]. 

Phosphatidylcholine consists of an anionic phosphate group and a cationic choline which make it 

compatible with materials that impart handling properties. Bio-inspired membrane assembly 

mechanism can be likened to the building blocks principle of polymer design. The contrast 

between the monomeric molecules of synthetic macroscopic polymers and self-assembled 

building blocks of biopolymers can be used to explain this mechanism. Like synthetic polymer 

production, which involves the action of nucleus formation and a growing polymer chain 

resulting from repetitive addition of monomers, biomimetic reactions involve templated 

polymerization of thermodynamically energetic bio-based monomers in self assemblies [85,86]. 

Biopolymers are responsive to light and heat stimuli, which are comparable to transport 

mechanisms in synthetic polymers [78]. These biomimetic reactions are mostly 

polycondensation reactions. However, synthetic polymers are mostly produced from highly 

reactive intermediates such as ions, radicals, or through polycondensation at conditions that vary 

widely from those of natural systems.  

 

2.2 Aquaporin-based membranes for bio-inspired membrane desalination: Current 

commercialization efforts 

Aquaporins are protein channels that permit the transport of up to a billion water molecules per 

second, if a sufficiently high osmotic potential exists across the membrane [87,88]. They 

constitute a large family of proteins that transport water across cell membranes. Thus, they are 

promising building blocks for efficient bio-inspired membranes for desalination. In a recent 

analysis in the field of membrane nanotechnology, aquaporin-based membranes were considered 

to provide the best solution to most challenges associated with current desalination practices 

(low productivity, membrane fouling, high cost as compared to water reuse etc.) and were 

observed to be highly efficient [41,89]. They are present in natural membrane structures and they 

consist of channels that are capable of transporting water molecules and rejecting all types of 

solutes like salts, ions, bacteria and other impurities [40,41]. Aquaporins are abundant 

throughout nature, but are particularly abundant in, for instance, mangrove plants (which are also 

salt-tolerant), mammalian kidneys and bacteria [90]. The major advantage of aquaporin-based 

membranes is that they offer no compromise between selectivity and water permeability. 

Because of these advantages, researchers’ interest in this technology is growing rapidly. Shen et 

al. reviewed the structure of biological membranes along with the operating mechanism in 

complete detail [89]; Zhao and his co-authors studied the formation and applications of both 

biological and bioinspired membranes [72]; Neilson et al. wrote a book chapter on biomimetic 

application in sensors and separation process [80]; and Schuster et al. reviewed surface layer 

proteins for biological membrane fabrication [91]. 

Recent efforts geared towards the fabrication of commercial aquaporin-based membranes have 

shown the viability of using these protein channels for water treatment. A company known as 

Aquaporin based in Copenhagen, Denmark have incorporated aquaporin proteins into a thin 

bilayer film supported by a porous membrane. After several years of research, this company has 

commenced the commercial production of these membranes based on its patented technology 

known as Aquaporin InsideTM [92]. This technology has been featured in “Quest Means 

Business” show of Cable News Network (CNN, USA) in the series known as “Make, Create, 

Innovate”. Aquaporin InsideTM patented technology is based on novel dynamic simulations used 



 

 

by a scientist, Morten Østergaard Jensen, to simulate the movement of water through 

biomembrane systems [93]. Jensen himself was inspired by the initial discovery of aquaporins in 

living cells by Peter Agre, which earned Agre the 2003 Nobel prize in Chemistry [93,94]. In 

Aquaporin InsideTM technology, aquaporin proteins are hosted by a thin film coating which 

ensures that the natural activity of such proteins are preserved during water treatment. Flat sheet 

and hollow fiber membranes can contain this coating [92]. Aquaporin Inside™ hollow fiber 

modules can be used in forward osmosis (FO) process and these modules contain proteins on the 

fiber’s lumen side. For pilot scale operations, hollow fiber modules with active area of 0.6 m2, 

which can also reject very small molecules, have been manufactured by the company. Flat sheet 

FO membranes with a width of up to 40 cm, which can be rolled into the required length, have 

also been produced. The other kinds of flat sheet membranes manufactured by the company for 

FO and RO applications include: AQUAPORIN INSIDE™ AIM60 apx. 5.5 cm x 11 cm (fitted 

to a Sterlitech CF042-chamber), AQUAPORIN INSIDE™ AIM256 apx. 13.5 cm x 19 cm (fitted 

to a Sterlitech SEPA CFII), and customized sizes (currently up to 20 cm x 25 cm). Sterlitech’s 

CF042 and SEPA CF chambers can withstand pressures of up to 69 bar and temperatures that are 

more than three times the average ambient temperatures of many tropical countries. These 

Aquaporin membranes have been reported to have an initial salt rejection of 99.99%, initial 

water flux of more than ~ 10 kg/m2, and osmotic gradient of 30 bar in draw solutions. All the 

company’s products are expected to comply with both EU & US legislations for Food Contact 

Materials (No 1935/2004, No 10/2011 & FDA 21 CFR 177.2550) with ISO 9001:2015 

certification applied for. Currently, the company is constructing new Group Headquarters and 

large-scale production lines in Denmark, and venturing into China’s household water purification 

market through its Chinese subsidiary known as Aquapoten. Aquaporin InsideTM hollow fibers 

and flat sheet modules are shown in Fig. 6. 

 

 

 

(a) 

 



 

 

 

(b) 

 

Fig. 6. Aquaporin-embedded membranes in (a) hollow fiber and (b) flat sheet configurations 

produced by Denmark-based company known as Aquaporin [92]. 

Most of this company’s products are currently used for FO treatment of low-salinity feed water 

in pilot-scale units but efforts are underway to upscale this technology for the treatment of 

various streams in industrial spiral-wound settings. Currently, the company has 61 granted 

patents including three granted US patents and three granted European patents. It also has patents 

in Singapore, Japan, South Korea, China, and Australia. The list of its US patents is provided in 

Table 1. This company has won the Frost & Sullivan’s “2009 European Biomimetic Membranes 

Technology Innovation Award”, European Patent Office’s “Inventor of the Year 2014 (category 

SME)” and 2015 Singapore Water Technology New Product Innovation Award [92]. 

  



 

 

Table 1. Aquaporin’s US patents and patent applications [95]. 

 

Product US patent and patent 

application 

Any Aquaporin Inside™ membrane or module, when used in 

pressure retarded osmosis for the production of salinity power or 

salinity energy 

US 8,123,948 B2 

A power plant for the production of salinity power using an 

Aquaporin Inside™ membrane 

US 8,123,948 B2 

AQPFOFS60 - Aquaporin Inside™ AIM 60 flat sheet FO 

membrane 

WO2015166038 (A1) 

designating USA 

AQPFOFS256 - Aquaporin Inside™ AIM 256 flat sheet FO 

membrane 

WO2015166038 (A1) 

designating USA 

AQPROLP - Aquaporin Inside™ flat sheet LPRO membrane and 

SW module 

WO2015166038 (A1) 

designating USA 

AQPROTW-1812/150 – Aquaporin Inside™ RO Tap Water SW 

Module 

WO2015166038 (A1) 

designating USA 

AQPFOHF-200/25-116cm2 - Aquaporin Inside ™ Medium Hollow 

Fiber FO module 

US2015144553 (A1) and 

WO2015166038 (A1) 

designating USA 

AQPFOHF-265/55-0.6m2 - Aquaporin Inside™ Large hollow fiber 

FO module 

US2015144553 (A1) and 

WO2015166038 (A1) 

designating USA 

 

 

Another Danish company, Applied Biomimetic, is embedding aquaporin proteins into a polymer 

matrix for the purpose of manufacturing biomimetic membranes [96]. A subsidiary of Applied 

Biomimetic known as Mangrove Membranes, Inc. has used coating techniques to stack and 

cross-link multiple layers of aquaporin proteins on a polymer support [97]. The support is an 

ultrafiltration membrane with dextran molecular weight cut-off (MWCO) of about 10 kDa and 

the aquaporin-based membranes produced are commercially available for applications such as 

diary processing, wastewater treatment, and treatment of low-salinity feed. These membranes are 

available in flat sheet and spiral-wound forms. Spiral-wound forms of Mangrove membranes are 

shown in Fig. 7. These forms contain elements with diameters of 3.8, 6.3, and 7.9 in. According 

to the company, Mangrove membranes’ technology would have the capacity to substantially 

increase the efficiency of transmembrane flow by a factor of 5-10, thereby reducing the energy 

consumption and economic footprint of water treatment process. The first commercial 

application of this technology was launched in 2014. 

 



 

 

 

 

Fig. 7. Spiral-wound Mangrove membranes produced by Mangrove Membranes Inc [97]. 

 

In initial investigations on biomimetic membranes carried out by a team at Sandia National 

Laboratory in the United States, a nanoporous polypeptide biomimetic membrane fabricated via 

atomic layer deposition and constructed on a porous ceramic support was compared with the 

widely known Dow FILMTEC SW30HR [98,99]. It was estimated that the reduction in 

transmembrane flow resistance offered by this biomimetic membrane would lead to 88% 

lowering of excess energy requirement and savings of $1.45 million per year for a desalination 

plant operating at 100 million L per day. These estimations were based on single-pass flow 

across the membrane. For double pass flow, 63% reduction in excess energy requirement was 

obtained when compared with the best competitor at the time of this investigation – Dow 

SW30ULE. However, this study was not a pilot or industrial-scale investigation and the applied 

pressure was only up to 10.3 bar. This was only a preliminary study and more flexible supports, 

such as thin film supports, will be needed before the biomimetic membrane can withstand higher 

pressures. Meanwhile, efforts are underway to scale-up this approach. 

A research team at the National University of Singapore (NUS) Environmental Research 

Institute has also produce an aquaporin-based membrane that could reduce water purification 

costs by 30% [90]. The design of the membrane was made to mimic cell layers on the roots of 

mangrove trees because mangrove trees can basically reject 90 - 95% of salt around their roots. 

The team produced this biomimetic membrane by incorporating nano-sized aquaporin-embedded 

vesicles onto an ultrafiltration membrane. According to the team, the fabricated membrane is 

mechanically stable and can be used for desalination and industrial water treatment. Currently, 

the team is in discussion with a US-based company for the fabrication of pilot-scale modules in 

the next 2 years.    

 

2.3 Fabrication approaches for the lipid bilayer 

The fabrication of an aquaporin-embedded lipid bilayer is a complicated task because the bilayer 

is fragile [40,100,101]. In addition, the characterization of the bilayer requires advanced 

techniques such as atomic force microscopy (AFM) [102,103]. AFM uses a sharp probe tip that 

phyisically interacts with the sample surface allowing a 3-dimensional topography of the 

membrane surface to be visualized at high resolution. AFM has been used to measure the 



 

 

existence of pores in the bilayer and transitions of phases in supported bilayers and characterize 

their physical properties [103]. The authors added the lipid bilayer to a support covered in silver 

nanoparticles. For nanoparticles with diameters less than 22nm the bilayer formed pores around 

them, but for larger nanoparticles the bilayer was continuous over the nanoparticles. When the 

particles were removed the smaller nanoparticles left pores in the bilayer (Fig. 8). 

 

 

 

Fig. 8. AFM scan showing the transmembrane pores in a lipid bilayer. Initially, the surface of 

the virgin substrate was covered with silver nanoparticles and then the silver-colored lipid 

bilayer was formed over the surface. The support was removed to produce the final supported 

lipid bilayer with mixed 5-140 nm silica particles. Removal of nanoparticles of sizes <22nm left 

pores, seen as dark patches in the final image [104].    

When natural lipid bilayers are not available, synthetic lipid bilayers can be fabricated. Synthetic 

lipid bilayers are referred to as model lipid bilayers and they can be fabricated using both natural 

and synthetic lipids [105]. Many types of synthetic lipid bilayers exist, including black lipid 

membranes (BLM), supported lipid bilayer (SLB), tethered bilayer lipid membranes (t-BLM), 

and model vesicles [106]. BLM is the oldest synthetic system which is fabricated by making a 

small opening with a diameter in the micrometer range in Teflon or another hydrophobic 

polymer [107,108]. A lipid solution is then dissolved in a viscous hydrophobic solvent and this 

mixture is applied across the opening to obtain a thin lipid bilayer. The “Black” in BLM means 

that the bilayer becomes dark in reflected light as a result of the destructive interference between 

the light reflections from both sides. SLB is a bilayer supported by a solid support. As a result of 

the support, only one face of the bilayer is in contact with the feed. The presence of this support 

imparts mechanical stability to SLB which makes it relatively easy for SLB to be characterized; 

therefore, operations running into months can be carried out using SLB [109].    



 

 

The stability of SLB can be further enhanced by anchoring the lipids to a substrate chemically to 

produce what is known as t-BLM [110]. Gold is applicable for use in t-BLM because of its 

chemical inertness and good covalent bonding, most especially with thiolipids [111,112]. A 

diagrammatic representation of the anchoring of lipids on gold substrate to form a t-BLM is 

shown in Fig. 9. Vesicles are lipid bilayers that are rolled up in lamellar or spherical enclosures 

or shells in such a way as to shown fundamental similarity with the functionality of a cell 

membrane [113]. Therefore, most studies on model lipid bilayers have been carried out on 

vesicles. In addition, they are relatively easy to fabricate because a dehydrated lipid suddenly 

forms a vesicle when it is exposed to water. Also, vesicles can be isolated from the cultures of 

cells and tissues instead of artificially producing them. These natural vesicle offer greater real-

life compatibility to the biological phenomena of membrane separation and they consist of a 

consortium of complex natural lipids.  

 

 

 

Fig. 9. The production of t-BLM through the anchoring of lipids on gold substrate. Lipids are 

chemically tethered to inert gold substrate (with yellow shade). A bilayer is formed by exposing 

the anchored lipids to the lipids at the outer layer. The mobility of the lipids is enhanced by a 4 

nm hydrophilic spacer (shown in blue color as ionic reservoir).     

Water transport through the lipid bilayer is much slower than through aquaporin channels 

leading water transport through cell membranes to be mediated via water diffusion through 

aquaporins embedded in the lipid bilayers [114,115]. Some aquaporins, referred to as 

aquaglyceroporins, also allow the transmembrane transport of uncharged small solutes, such as 

glycerol and urea [116,117]. However, all aquaporins prevent the transport of charged protons 

due to the membrane’s electrochemical activity. The quest to explain the mechanism of water 

selectivity through the cell membrane was fulfilled by the discovery of special a protein pallet in 

red blood cells by Peter Agre. This pallet was named by Agre as Aquaporin 1 [118]. Aquaporin 

belongs to a large family of proteins consisting of more than 800 integral proteins. Aquaporins 

are alternately named major intrinsic protein (MIP). Aquaporin monomer has an hourglass 

structure with the narrowest pore constriction of 2.8 Å [119,120].  



 

 

Water permeation through aquaporins is modulated by three different mechanisms. Firstly, mass 

transport of water occurs as a result of its rheological properties, such as kinetic flux from cell 

metabolism and gravitational potential. The second mechanism is charge repulsion which 

restricts the invasion of ions and other solute. For example, the arginine residue in aquaporin is 

positively charged at physiological pH values, thereby restricting the flow of cations due to 

electrostatic repulsion while repulsion of anions is due to Donnan exclusion phenomena in order 

to maintain charge balance [121]. Thirdly, there is breakage of hydrogen bonds as a result of 

reorientation of water molecules across the membrane, thereby leading to improvement in water 

flux and further decrease in ion permeation [122]. The hydrogen bond is broken by the 

reorientation of water molecule due strong dipole interaction by two short helices present at the 

end of the protein channel.  

Aquaporin consists of 6 transmembrane α-helices which are organized in bundle. The amino and 

carboxylic terminals are both located on the cell membrane’s cytoplasmic surface [123,124]. 

This sequence is shown in Fig. 10. Aquaporin protein sequences form tertiary structures, each of 

four monomer units (tetramers) in the cell membrane, and each monomer serves as a water 

conducting channel [125]. These proteins are present in almost all living organisms and 

classified into three categories on the basis of their specific functionalities. These categories 

include 1) orthodox aquaporin, which allows water only to pass and restricts flow of all other 

solutes; 2) aquaglyceroporins which permits the passage of both water and glycerol and 3) 

subcellular aquaporin which are confined in the cell [126,127]. Meanwhile, all aquaporins allow 

efficient transport of water. These aquaporins have been recognized in almost all living 

organisms from mammals to plants and in microorganisms. In mammals, almost 13 aquaporins 

have been recognized so far in organs and cell tissues [68]. Six of these can be found in the 

kidney [128]. Aquaporin 1, Aquaporin 2, Aquaporin 3, Aquaporin 4, and Aquaporin Z are some 

of the most extensively studied Aquaporins. Aquaporins 1 to 4 are found in the cell membranes 

in the kidney. Aquaporin 1 assists in water reabsorption; Aquaporin 2 assists in water 

reabsorption in response to antidiuretic hormone; Aquaporin 3 assists in water reabsorption and 

glycerol transport; and Aquaporin 4 assists in water reabsorption but is mainly found in 

basolateral cell membranes.  

 

Fig. 10. A crystallographic representation of 6 transmembrane α-helices aquaporin 1 sequence 

containing amino and carboxylic terminals located on the cell membrane’s cytoplasmic surface. 



 

 

Aquaporins have also been identified in many unicellular organisms. The yeast Saccharomyces 

cerevisiae and Escherichia coli contain water facilitator aquaporins [129]. Aquaporin Z (AqpZ) 

is found in bacteria such as from the cell membrane of E. coli. Successful AqpZ synthesis (up to 

12.2 mg/L) can be carried out by using E. coli BL21(DE3) host strain through the addition of  

0.1 mM isopropyl-b-D-thiogalactoside and a post induction time of 5 h [130]. The 

characterization of this recombinant protein can be done via sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) combined with western blot analysis.  

Plants have about 38 putative aquaporin genes. Examples of aquaporins found in the plasma and 

vacuolar membranes of plants include plasma membrane intrinsic protein, tonoplast intrinsic 

protein, small basic intrinsic protein, X intrinsic protein, and nodulin-26 like intrinsic protein. 

These aquaporins have been extensively studied and detailed information about them can be 

found elsewhere [131–135].   

 

2.4 Fabrication approaches for biomimetic membranes 

The major component of the biomimetic membranes are: (1) Aquaporins; (2) amphilic polymers 

called block copolymers or lipids that incorporate these proteins; and (3) porous support for 

membrane stability. Aquaporin arrays in biomimetic membranes have the potential to provide a 

water flux of around 16000 LMH but this does not seem achievable during large scale operations 

[136]. However, as suggested by Kumar et al., an aquaporin membrane configuration should be 

able to show a flux of 11,000 LMH if it is scaled up [42]. The fabrication procedure of 

biomimetic membranes can be broadly assigned into two categories in accordance with 

membrane structure: 1) membranes with planar biomimetic structures and 2) membranes with 

vesicular biomimetic structures. 

2.4.1 Biomimetic membranes with planar structures 

2.4.1.1 Stability problems with planar biomimetic structures 

A planar structure is formed when the aquaporin-embedded lipid bilayer is deposited onto a solid 

porous support [137–139]. The Langmuir-Blodgett method is the oldest technique for fabrication 

of planar amphiphilic membrane whereby a thin film was first fashioned over an air-liquid 

surface and then transferred to a moving substrate [89,140,141], as shown in Fig. 11. Blodgett 

and Schafer used the same principle, except that the substrate deposition was prepared 

horizontally in their method, as opposed to vertically using the Langmuir-Blodgett method [142]. 

However, this method was not comprehensively studied, as the process involved excessive use of 

the amphiphile (detergent in this case) which disturbed the formed monolayer possibly by 

causing formation of defects during monolayer deposition and possible de-activation of proteins 

at the air-liquid interface. A high ratio of detergent to protein concentration was thought to be 

responsible for the defects. Later, Sun et al. utilized a modified method using a minimal 

detergent to protein concentration with the aid of bio-beads [143]. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Schematic of Langmuir-Blodgett Method. Monolayers of lipids were systematically 

arranged on a vertically moving substrate over an air-liquid interface  [89]. 

Nonetheless, the membrane produced still contained defects, leading to other fabrication 

methods being favored, such as the rupture or fusion of vesicles on porous supports or through 

spin coating [137,138,144]. The solid supports improve the stability of the structures by ensuring 

that they are not hydrated from both sides, as is the case with freestanding vesicles [138]. Vogel 

et al. [145] and Wang et al. [146] developed freestanding lipid membranes but their studies 

reported no data on the permeability or selectivity of the membranes. Meanwhile, these studies 

also investigated the use of membrane supports as a comparative approach. The vesicular rupture 

method is the most widely used method for biomimetic membrane fabrication [142,147]. The 

process is simple and can be easily scaled up without any complicated equipment and has thus 

become quite popular. The process involves three stages: vesicle adsorption to a substrate; 

rupture of vesicles; and spreading to form a bilayer. The process involves electrostatic, steric, 

hydration and Van der Waals forces and double layer interactions [142,148]. The substrate and 

vesicles are generally of opposite charges, which result in the creation of attractive forces that 

enhance vesicle adhesion to the substrate. After adhesion, they form a disk-like shape and then 

when the vesicle concentration over substrate reaches a threshold value they rupture and self-

assemble on the substrate [142]. Fig. 12 shows the pictorial presentation of the process. 

 



 

 

 

 

Fig. 12. Schematic representation of vesicle rupturing and spreading [142]. A: strong vesicle 

adhesion to the substrate; B: Crowing of adhered vesicles on the substrate, with weak adhesion 

between them; C, B, D, E: bilayer rupture and spreading arising from stressed edges of crowded 

vesicles; F: amalgamation of edges ensured by their high energies; G: release of bound water 

and surplus lipid; H: the continuous lipid bilayer formed. A weak adhesion would arise from the 

introduction of another vesicle and rupture would not occur.      

To impart strength to the biological component, a solid support is essential, as has been 

successfully applied for biosensors. However, the water impermeability of many solid supports 

restricts their use in desalination [106,149]. To address this problem, Kaufman et al. fabricated a 

supported lipid bilayer over a commercial nanofiltration membrane [150]. This was the first 

attempt in which aquaporins were incorporated within a planar membrane and the membrane 

was able to withstand a pressure of around 10 bar. The water permeability for this membrane 

was too low but it opened the door for planar biomimetic membrane in desalination. It was also 

observed that appropriate selection of membrane support, deposition method and lipid 

characteristics would help to obtain a biomimetic membrane with better performance. 

Early supported lipid planar membranes still showed fragility due to direct contact between the 

membrane proteins and supports [137]. Aluminum oxide, gold, mica and silica have been tested 

as supports, with gold showing the superior performance [151–155]. Almost none of these initial 

supported lipid planar membranes were tested for desalination and most of them were not even 

embedded with aquaporins because of two reasons. Firstly, the planar membranes were fragile 

and lacked mechanically stability, and thus aquaporin embedding and performance tests in 

desalination environment was challenging. Secondly, there was high probability of defect 

formation when aquaporins were coupled with a rough surface. Subsequently, Kaufman at al. 

prepared a solid supported biomimetic membrane (SBM) over silica through a thread-like 

micelle fusion process instead of vesicles from bolaamphiphile GLH-20 and incorporated 



 

 

spinach aquaporin in it [155]. It was observed that SBM can incorporate aquaporin which can be 

deposited on different surfaces, not including from lipid vesicles, depending on the specific 

requirements. However, although membrane stability was improved, no desalination experiment 

was performed using this strategy to investigate the actual potential. Currently, amphiphilic 

block copolymers are being tested instead of lipids in order to improve membrane stability [138]. 

These block copolymers are large enough to prevent direct contact between the aquaporin 

proteins and solid supports, therefore they can be altered in order to control membrane 

permeability, thickness, and stability [156,157]. In this regard, vesicles of poly(2-

methyloxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyloxazoline) i.e. PMOXA-

PDMS-PMOXA block copolymers have been mostly studied because they have been found to be 

compatible with many aquaporin proteins [137]. A planar biomimetic structure fabricated from 

PMOXA-PDMS-PMOXA block copolymers is shown in Fig. 13. 

 

 

 

Fig. 13. Planar biomimetic structure made from PMOXA-PDMS-PMOXA block copolymers 

[139]. 10 nm-thick PDMS is overlaid on both sides of the 1 mm-long structure by PMOXA. 

 

2.4.1.2 Recent advances towards improving the stability of planar membrane structures 

The recent advances aimed at improving the stability of planar membrane structures include: the 

incorporation of a cushion, the use of pore spanning technique, and the use of polymeric support 

with higher dissociation constant of surface charged groups [74,75,140,146,148,158]. The 

incorporation of a cushion can help to maintain the structural properties of protein and generate a 

high-performance separation improving the mechanical strength or performance of the substrate 



 

 

of the biomimetic membrane [80]. A carboxylated polyethylene glycol polymer is one cushion 

that has been shown to improve membrane flexibility when used over a porous alumina 

substrate, as demonstrated by Wang et al [146]. AqpZ was embedded in 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC) using a lipid to protein molar ratio of 2000:1 and the 

aquaporin-embedded bilayer was ruptured on the cushioned support in such a way that the pores 

of the proteoliposomes (with an average size of 109.8 nm) were suspended on porous alumina 

(with pore sizes less than 100 nm). The biomimetic membrane produced from the cushioned 

support exhibited more flexibity and mechanical stability than that produced from the pristine 

substrate.  

A new design was proposed by Wang et al. to form a planar pore-spanning membrane [75]. A 

pore-spanning membrane is a membrane in which the pores of the support are seamlessly 

covered by the proteoliposomes. Proteoliposomes are liposomes (lipid vesicles) into which 

proteins have been inserted. Liposomes have been produced in the lab from materials including 

DMPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 2-dimyristoyl-sn-glycero-3-

phosphate (DMPA), and 1,2-dimyristoyl-3-trimethylammonium-propane (DMTAP) [73,148]. 

Zhao et al. studied the effect of lipid type and protein-lipid ratio (PLR) on the water permeability 

and salt rejection of AqpZ-embedded liposomes and concluded that DOPC-based 

proteoliposomes are the most effective in terms of NaCl rejection and water permeability [159]. 

However, not all known lipids were tested; the duration of investigation of this comparative 

study cannot be verified; and it was not stated whether the reported results are the stable values.  

A common method for producing liposomes is the film rehydration method, while 

proteoliposomes have been produced using the dialysis method, size exclusion chromatography 

or mixing in organic phase [159–161]. Proteoliposomes are referred to as proteopolymersomes 

when triblock copolymers are used in lieu of liposomes as the vesicle. In the improved work of 

Wang et al. [75], AqpZ were first embedded in PEOXA-PDMS-PEOXA proteopolymersomes 

end functionalized with acrylate triblock copolymers i.e. PMOXA12-PDMS54-PMOXA12. The 

aquaporin-embedded proteopolymersomes were placed over a polycarbonate tracked-etched 

(PCTE) substrate coated with a layer of gold (Fig. 14a and 14b). Pressure assisted adhesion of 

the proteopolymersomes on the cushioned support was carried out. A minimum pressure of 84 

mbar was required to ensure that a cushioned support with a pore size of 100 nm was seamlessly 

covered by the proteopolymersomes. The vesicles were then ruptured by smooth extrusion over 

the substrate (Fig. 14c). The proteopolymersomes were thereafter immobilized through UV 

polymerization and covalent bonds were formed between the methacrylate head groups of the 

triblock copolymer and acrylate residues on the porous PCTE support (Fig. 14d). The 

biomimetic membrane produced showed good performance in a FO investigation with salt flux 

below 1 × 10 − 2 kg/m2h - much lower than that obtained from an efficient polymeric membrane. 

The inspiration for this concept of proteoliposome vesicles was obtained from a patent registered 

by Montemagno et al. [162]. This approach of using cushioned substrates was also adopted by 

Zhong et al. who used cellulose acetate as substrate and functionalized it with methacrylate end 

groups to make it porous. The surface modification of the cellulose acetate was carried out by 

functionalizing or silanizing the polymer substrate with 3-(trimethoxysilyl)propyl methacrylate 

and ethanol. Methacrylate end functionalized poly(2-methyloxazolineb-dimethylsiloxane-b-2-

methyloxazoline), i.e. PMOXA1000-b-PDMS4000-PMOXA1000 (ABA), was used to form the 

triblock copolymer vesicles. AqpZ was embedded in the vesicles using AqpZ:ABA ratios of 

1:200 and 1:50 and the proteopolymersomes obtained were tested for nanofiltration. 



 

 

Nanofiltration membranes prepared from AqpZ:ABA at a ratio of 1:50 showed a remarkable flux 

of 34 LMH, although further improvements were recommended. 

 

 

 

Fig. 14. Fabrication techniques for pore-spanning planar biomimetic membrane [75]. 

The aquaporin-embedded proteopolymersomes were placed over a polycarbonate tracked-etched 

(PCTE) substrate coated with layer of gold (Fig. 14a and 14b). Pressure assisted adhesion of the 

proteopolymersomes on the cushioned support was carried out. A minimum pressure of 84 mbar 

was required to ensure that a cushioned support with a pore size of 100 nm was seamlessly 

covered by the proteopolymersomes. The vesicles were then ruptured by smooth extrusion over 

the substrate (Fig. 14c). The proteopolymersomes were thereafter immobilized through UV 

polymerization and covalent bonds were formed between the methacrylate head groups of the 

triblock copolymer and acrylate residues on the porous PCTE support (Fig. 14d). 

To produce good planar biomimetic membranes, Kaufman et al. [148] proposed to form a dense 

layer over permeable non-porous polymeric NF membranes. The motive behind using polymer-

based NF membranes as the substrates was to impart mechanical strength to the biomimetic 

membranes and to reduce the chance of lipid leakage under pressure-driven flow. Two 

negatively charged NF membranes namely NF-270 (polyamide layer with carboxylic surface 

charges) and NTR-7450 (sulfonated polyethersulfone with sulfonic charges) were used. GLH-20 

bolaamphiphile was used as the lipid as it has two hydrophilic (amine) headgroups that can be 

covalently linked to membrane supports [163], thereby improving their mechanical adhesion to 

the membranes [148]. The adhesion of the lipid to NTR-7450 was greater in comparison to NF-

7450 possibly as a result of the dissociation of the strong sulfonic acid group. Therefore the lipid 



 

 

coverage on the sulfonated support was higher because the double layer interactions which 

influenced the adhesion were improved. AqpZ aquaporins were embedded in the lipid. Spinach 

aquaporin (PM-28) was also used which gave an improved water flux. However, this study was 

only focused on improving the flux and stability of the biomimetic membranes and no significant 

contribution was made towards the production of membranes with high selectivity. 

All techniques discussed above regarding the fabrication of SLB biomimetic membranes involve 

the use of chemical forces. Another approach was presented by Sun et al. [164] in which he 

suggested the use of electrostatic forces instead of chemical forces to form a lipid bilayer. 

Utilization of electrostatic forces has already been employed in various fields to incorporate 

protein, DNA, enzymes, nanoparticles, liposome etc. on a surface [165,166]. The rationale 

behind the electrostatic layer-by-layer (LBL) fabrication approach is to provide stability and 

mechanical strength to a SLB [167]. LBL film is formed by alternatively depositing polycations 

and polyanions onto a charged substrate. The general scheme of the method investigated by Sun 

et al. [164] was to deposit positively charged proteoliposomes (coated with poly-l-lysine PLL) 

onto a negatively charged membrane of polyelectrolyte through electrostatic force. The poly-

lysine is a gentle polyelectrolyte and proteoliposomes are encapsulated into it to induce 

mechanical and chemical stability [164]. AqpZ-incorporated proteoliposomes were stabilized 

with PLL and then deposited on a bilayer of polycation and polyanion. The polycation layer 

contained PAH. A mix of polyacrylic acid PAA and polystyrene sulfonate PSS was used to form 

a polyanion layer. ABM was then fabricated by encapsulating the proteoliposome on the LBL 

matrix. The greatest advantage of this approach is that membrane properties can be controlled as 

required by varying the amount and type of polyelectrolyte and lipid. The aquaporin biomimetic 

membrane (ABM) demonstrated a water permeability of 6 LMH and salt rejection of 95%. 

In order to improve the efficiency of biomimetic membranes produced using the electrostatic 

fabrication method, magnetic forces can be employed to enhance the amount of Aqpz-embedded 

liposomes on the substrate. The whole electrostatic fabrication method is the same except for 

application of magnetic forces at the bottom of the membrane [168]. The function of the 

magnetic forces is to increase the quantity of vesicles deposited on the surface because leading to 

an improvement in membrane permeability [140,168–170]. However, high salt flux through the 

membrane might occur, predicted from the presence of defects around the membrane [168]. 

Following the same approach, Wang et al. [167] fabricated a biomimetic membrane using the 

LBL method and tested its performance in a nanofiltration setup at a pressure of 4 bar for 36 

hours. As can be seen in Fig. 15, a positive layer of polyethyleneimine (PEI) was deposited on a 

porous substrate of hydrolyzed polyacrylonitrile (H-PAN), followed by a negative layer of PSS. 

Thereafter, vesicle rupture method was used to immobilize positively charged DOPC/1,2-

dioleoyl-3-trimethylammoniumpropane (DOPC/DOTAP) proteoliposomes on the anionic layer. 

From the experiments, a linear relationship between flux and applied pressure was observed, 

with no considerable effect on salt rejection. Thus, the attractive force of interaction between the 

cationic lipid mixture bilayer and anionic LbL polyelectrolyte has been able to and can be further 

modified to improve stability of the membrane’s active layer. 



 

 

 

 

Fig. 15. Layer-by-layer aquaporin biomimetic membrane fabrication. PEI was deposited on H-

PAN substrate as a polycation layer [167]. PSS was formed as the polyanion layer to complete 

the LbL membrane. Then, the deposition of positively-charged AqpZ-embedded DOPC/DOTAP 

proteoliposome on the membrane was carried out through vesicle rupture.      

A similar strategy was carried out by Wang et al. [169] with minor modifications. A double-

skinned ABM membrane was fabricated and its performance was evaluated using a FO process. 

Electrostatic LBL method was used to form polycation and polyanion layers. The vesicle rupture 

method was used to deposit and mix DOPC/DOTAP proteoliposomes on the top surface to form 

SLB. The results of the FO test were compared with those of a single-skinned membrane. The 

single-skinned FO membrane had better water permeability in comparison to the double-skinned 

membrane. However, the salt permeability of the double-skinned membrane was also lower 

compared to that of the single-skinned membrane. The second advantage of the double-skinned 

membrane is that it was less susceptible to fouling.  

Ding et al. [171] proposed further modifications to the above method. ABM was fabricated by 

forming an amide bond between the substrate and lipid bilayer. A polydopamine (PDA) layer 

was first deposited on polysulfone (PSF) support, then an amidation reaction was carried out in 

the presence of a catalyst between PDA and amino groups of AqpZ-embedded 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE) bilayer. A water flux of 19.2 LMH was achieved when 

the fabricated membrane was used in the FO process. When positively charged DOTAP was 

blended with the DOPE bilayer, a lower reverse salt flux and at the same time, a higher flux of 

23.1 LMH was reached. 

Lipid mobility is an important performance parameter for aquaporin-based membranes 

[148,150,172]. Monoolein, a relatively simple lipid molecule, has also been suggested to be a 

viable polymorph for the fabrication of biomimetic membranes because of its ability to maintain 

its stability and self-assemble into various crystalline structures under different temperature and 

solvent compositions [173]. The incorporation of monoolein into proteoliposomes in SLBs might 



 

 

improve mobility and reduce inactivity of proteins [174]. Wang et al. [174] reported that lipid 

mobility in AQP1-embedded SLB can be successfully tuned through the addition of monoolein. 

The nanofiltration performance of AQP1-embedded membranes was studied by using 2,000 ppm 

NaCl as the feed solution in a nanofiltration setup at an applied pressure of 4 bar. Monoolein is a 

non-toxic and biocompatible monoglyceride which, when added to a lipid bilayer, can improve 

molecular mobility in a bilayer because it can provide additional free volume through its cis-

double bond [174,175]. Meanwhile, to evaluate the real impact of monoolein integration with 

lipid bilayers on membrane water permeability and salt rejection, further investigations at higher 

applied pressures are required. 

2.4.2 Biomimetic membranes with vesicular structures 

Recently, immobilization of aquaporin-containing vesicles in a dense polymer layer has been 

investigated in order to preserve the original properties of the vesicles and to maintain their 

integrity [167]. UV polymerization, polymer cross-linking and interfacial polymerization, and 

the surface imprinting method are mostly used in this approach to produce defect-free structures 

[73,159,164,167,168,172,176–180]. In this approach, aquaporin-incorporated vesicles can also 

be sealed by a polymeric layer that protects the fragile biological structure and protects it from 

environmental degradation. Zhao et al. [73] used this approach to produce a biomimetic 

membrane by soaking a microporous polysulfone substrate in an aqueous mixture of m-

phenylene-diamine (MPD) and AqpZ-based DOPC proteoliposomes. This substrate was then 

exposed to trimesoylchloride (TMC) so that a cross-linked polyamide layer which has already 

been embedded with the proteoliposomes can be formed. This aquaporin-embedded thin film 

composite membrane produced by interfacial polymerization was used for cross-flow RO 

desalination of feed solution containing 10 mM NaCl. This membrane was able to withstand a 

pressure of up to 10 bar. Performance results from the fabricated membrane were compared with 

those from commercially available RO membranes for brackish water BW30 and sea water 

SW30HR and it was concluded that biomimetic membrane was almost 40% more superior in 

comparison to BW30 and slightly better than SW30HR. The membrane was able to achieve a 

very high water permeability of 4 LMH/bar and comparable NaCl rejection of 97% at an applied 

pressure of 5 bar.  

Zhao et al. [159] has also suggested that an additional polymeric layer can be used to protect 

aquaporin-embedded lipid bilayers. The reduction of pore defects in a biomimetic membrane 

prepared through the incorporation of cholesterol in DOPC bilayer was presented in this work. In 

this case, the advantages and drawbacks of both the proteoliposomes and their polymeric 

‘protector’ would be shared i.e. the water permeability of the ‘protector’ might be less than that 

of the proteoliposomes while the reverse might be the case for their salt rejection capabilities. 

The addition of cholesterol to lipids has also been shown to seal defects and improve water 

permeability [159,181]. A ring-ring stacking might be formed between the rings of cholesterol 

and the aromatic residues on the surface of protein, thereby improving the stability of aquaporins 

in biomimetic membranes [182]. The sealing effect of cholesterol in a lipid bilayer was also 

suggested by other researchers, as cholesterol is an anti-pore former and can regulate the bilayer 

properties through bilayer bending [183,184]. However, more research is needed in fabricating 

biomimetic membranes integrated with cholesterol, as no recent work has been carried in this 

regard for real-life desalination. In general, the incorporation of proteoliposomes in a dense 

polymer matrix can protect the active sites of a biomimetic membrane by isolating them from the 



 

 

external environment: however, the selection of matrix is critical to have efficient performance 

[73,185]. 

As aforementioned, the concept of interfacial polymerization has been shown to produce defect-

free and reproducible large-scale biomimetic membranes. However, the excessive amount of 

chemical usage and gas sweeping in this process can reduce aquaporin activity [172]. To solve 

this problem, cross-linking via other polymers, apart from the well-known cross-linking for thin 

film polyamide fabrication, is a viable approach. PDA has been tested for this purpose. The 

rationale behind using PDA is to improve the affinity of proteoliposomes to the substrate as it is 

a polymer that is biologically compatible and can cling to liposomes through covalent and non-

covalent bonding [186]. Li et al. [172] used polymer crosslinking in order to overcome the 

shortcomings of interfacial polymerization, by minimizing chemical usage and retaining activity 

of special protein pallets. Proteoliposomes encapsulated in a polyelectrolyte were first decorated 

with PDA and then incorporated onto a porous substrate of PAI through polyelectrolyte 

crosslinking. The polyelectrolyte used was polyethylenemine (PEI) because PEI can form an 

efficient selective layer with minimum defects and can withstand high temperature 

[179,187,188]. Fig. 16 clearly illustrates this membrane fabrication mechanism. 

 

  

 

Fig. 16 Incorporation of PDA-coated proteoliposomes on PAI porous substrate via crosslinking 

with branched PEI [172]. 

Wang et al. [180] also prepared AqpZ-embedded polymersomes which were cross-linked with 

disulfide anchors to prevent the leaching of the proteopolymersomes during desalination. The 

polymersomes are ABA triblock copolymer vesicles prepared by blending PMOXA1000–

PDMS4000–PMOXA1000 containing acrylate ends with PMOXA1600–PDMS5500–PMOXA1600 

containing disulfide ends. The proteopolymersomes were then immobilized on a gold-coated 

polycarbonate track-etched support membrane through covalent bonding i.e. through vesicle 

extrusion at a critical pressure of 900 – 925 mbar to ensure disulfide-gold conjugation and good 

vesicle coverage. The structure was then stabilized by the PDA coating layer. The role of the 

PDA layer was to seal the defects between the pore wall and surface of the vesicles since PDA is 

a bio-compatible glue [180,189]. The membrane was tested at different FO conditions, and it 

showed high mechanical robustness with a sufficiently high flux of 17.6 LMH and salt rejection 



 

 

of 91.8% when 6,000 ppm NaCl was used as feed and 0.8 M sucrose was used as the draw 

solute. However, further investigations of this fabrication method were suggested so that the 

long-term performance of the membrane in real-life desalination can be evaluated. 

This method clearly gave a membrane with better performance compared with previous pore-

spanning membrane fabrication techniques and it was observed that vesicle characteristics, 

coverage, and mechanical supports are the important parameters to be studied in order to make 

high-performance biomimetic membranes. Wang and co-authors [190] later carried out 

mathematical modelling of the water transport mechanism through this membrane in order to 

study the effect of vesicles on membrane performance. It was concluded that the size, 

permeability and geometry of vesicles and the concentration of feed solution (and draw solution 

in FO) play an important role on the performance and stability of the biomimetic membrane 

[190]. 

The positive aspect of the polymer crosslinking approach is that it can be optimized easily by 

varying operating conditions such as temperature and type of polyelectrolyte[179]. Sun et al. 

used methacrylate monomers to crosslink [176]. Firstly, porous polyacrylonitrile (PAN) substrate 

was coated with PDA. Amine-functionalized AqpZ proteoliposomes were then prepared and 

stabilized through UV polymerization. The UV illumination prevented the rupture of vesicles to 

planar structures. Without UV polymerization, the vesicles would not be able to tolerate 

hydraulic stresses and thus would only prevent 10% of salt leakage. With the aid of pressure, the 

vesicles were then adsorbed over the coated substrate. The membrane was further cross-linked 

with glutaraldehyde (GA) to improve vesicle stabilization and prevent external interferences. The 

interesting point here is that although GA would stabilize the membrane, cross-linking may 

denature the protein by, if care is not taken. Therefore, research efforts should be directed 

towards alternatives to GA so as to decrease the probability of protein malfunction. The 

fabricated biomimetic membrane with AqpZ-to-lipid weight ratio of 1:100 increased the water 

flux by 65% and improved NaCl and MgCl2 rejections to 66.2% and 88.1%, respectively, when 

compared with the membrane without AqpZ.  

Another method that has been used to produce relatively stable biomimetic membranes is surface 

imprinting technology [90,172,177,191,192]. Xie et al. [177] has used this method to overcome 

membrane fragility by ‘imprinting’ protein vesicles on a porous substrate [177]. This surface 

imprinting technology is not a new method, but has been applied in many fields such as catalysis, 

bio-sensing, drug delivery etc. because it is able to produce chemically, thermally and physically 

strong imprinted polymers [193–195]. The surface imprinting technique involves the coating of a 

dense layer of immobilized proteoliposomes on a porous substrate [172,177]. AqpZ vesicles 

were immobilized on a porous substrate by Xie et al. [177] via covalent bonding and surface 

imprinting polymerization was performed to form a dense protective layer. The top layer 

restricted the flow of solute, permitted the transport of water only and provided stable to fragile 

AqpZ that was able to withstand mechanical and shear stresses during filtration. 

Recently, Li et al. [178] gave a unique modification to the concept of surface imprinting by 

employing a polyethersulfone hollow fiber substrate for the preparation of an ABM. Aquaporin-

embedded proteoliposomes were immobilized on the hollow-fiber substrate by soaking and 

flushing the membrane with MPD solution containing the proteoliposomes. The modified hollow 

fiber membrane was then soaked in trimethylsilyl (TMS) group in order to encapsulate a 

proteoliposome-embedded polyamide layer though non-gas assisted interfacial polymerization. 



 

 

The rationale behind employing a hollow fiber substrate is to avoid a gas sweeping process, 

thermal-driven process for layer deposition and to minimize chemical consumption, which are 

the inherent advantages of the non-gas assisted polymerization [178]. In addition, 

proteoliposome losses and aquaporin malfunction can be circumvented by avoiding gas 

sweeping [172,196]. Easy scale-up for industrial operation is another crucial advantage of this 

method. The mechanical strength and anti-fouling stability were checked and it was found that 

membrane produced by this process has the potential to tolerate the harsh environment created 

by foulants and cleaning chemicals. Moreover, FO and RO tests have revealed that the 

membrane was able to show 200% higher flux performance than a commercial RO membrane 

(BW30) i.e. it showed a flux of 40 LMH. This membrane also showed higher salt rejection than 

BW30. However, it was only tested using a pressure of 5 bar and more work needs to be carried 

out to investigate the performance of the membrane at higher operating pressures. 

 

3 Results from desalination studies using biomimetic membranes 

Different biomimetic membrane strategies have been evaluated by different groups of 

researchers to fulfill the current membrane requirement of the industry. The ideal aquaporin 

biomimetic membrane should allow good water permeability with maximum rejection of solute. 

It should be mechanically stable to withstand the harsh environmental conditions of desalination 

processes and be easy to scale-up. The techniques tested so far are somewhat able to generate 

good performance membranes, but long-term stability is required for practical applications. 

3.1 Reported results from desalination studies on RO/NF processes 

At present, about half of the world’s desalination capacity is dependent on RO [34]. This 

technology is present in water stressed regions due to its simplicity and energy efficiency in 

comparison with thermal desalination. The technological improvements of RO processes are 

continuous, with much research aimed at minimizing due largely to high pressure requirements, 

membrane fouling and scaling issues [11,197]. Aquaporin-based membranes are more permeable 

than commercial RO membranes by two orders of magnitude [174]. Thus, the implementation of 

biomimetic membranes in the RO process could help to attain good water flux using low 

pressure and thus save hundreds of millions of dollars by reducing annual electrical energy 

expenses. On the other hand, NF has been employed for a good number of pre- and post- 

treatment operations in desalination [11,198]. Table 2 shows the recent developments in RO/NF 

technology using biomimetic membranes for desalination. The water permeability and salt 

rejection of biomimetic membranes reported so far for RO desalination are also summarized in 

Table 2. 

 

 

 

 



 

 

 

 

 

Table 2. Performance results reported in RO and NF desalination studies. 

 

Biomimetic membrane 

fabrication strategy 

Water 

permeability 

Salt 

rejection 
Remarks Pressure Reference 

Rupture of triblock 

copolymer (ABA) 

vesicles and UV 

polymerization of 

substrate of cellulose 

acetate (NF) 

34.19 LMH/bar 
32.86% 

NaCl 

Mechanically stable; 

comparable 

performance to 

qualified 

nanofiltration 

membrane 

5 bar [74] 

Vesicles incorporated in 

polymerized PA layer 
2 LMH/ bar 

94% NaCl 

rejection 

High chances of scale 

formation 
50 bar [41] 

Amine functionalized 

proteoliposomes 

vesicles deposited on the 

PDA layer 

3.8 LMH/bar 

66.2% 

NaCl, 

88.1% 

MgCl2 

Chances of protein de-

activity because of the 

use of GA 

5 bar [176] 

AqpZ-implanted 

liposomes on a PDA 

coated microporous 

membrane (NF) 

8.5 LMH (using 

NaCl solution) 

and 8 LMH 

(using MgCl2 

solution) 

66.2% 

NaCl and 

88.1% 

MgCl2 

Properties of 

membrane can be 

controlled according 

to requirement 

5 bar [164] 

Aquaporin-embedded 

through pressure 

assisted sorption on 

gold-coated 

polycarbonate substrates 

4.3 LMH/bar 
65.8% 

NaCl 

Better performance 

than other pore 

spanning membranes. 

1 bar [190] 

Electrostatic layer by 

layer assembly, with 

AqpZ-embedded 

DOPC/DOTAP 

22 LMH 

97% 

MgCl2 and 

75% NaCl 

Excellent separation 

under high pressure 

environment 

4 bar for 

at least 

36 h 

[167] 

AqpZ/ABA on gold 

coated porous alumina 

membrane (NF) 

16.1 LMH/bar 
45.1% 

NaCl 

Good performance but 

some defects were 

found 

5 bar [137] 



 

 

Polymer crosslinking 

using polyamide as 

substrate 

36.6 LMH 
95% 

MgCl2 

Easily scalable; less 

fouling; ability to 

tolerate high 

temperature of 343 K 

for 2 hours 

1 bar [172] 

Thin film composite 

aquaporin biomimetic 

membrane by interfacial 

polymerization 

4 LMH 90% 

Able to withstand 

pressure till 10 bar; 

higher permeability 

than seawater SW30 

and brackish water 

BW30 membrane 

5 bar [73] 

AqpZ embedded 

membrane on cellulose 

acetate using surface 

imprinting technology 

22.9 LMH/bar 

61% 

NaCl, 

75% 

MgCl2 

High strength 

membrane; presence 

of defects in 

membrane decreases 

salt rejection 

5 bar in 

two 

stages 

[177] 

Hollow fiber composite 

ABM 
40 LMH 

97.5% 

NaCl 

Unique design; robust 

and easily scalable; 

might be applied in 

PRO and NF modes; 

good for FO and RO 

processes 

5 bar [178] 

LBL adsorption ABM 6 LMH/bar 

95% 

MgCl2 

(not tested 

for NaCl) 

Easy to scale up 4 bar [164] 

Membrane using 

gramicidin 
8.31 LMH 97% NaCl   [100] 

SLB membrane on NF 

membrane using vesicle 

fusion and Spin coating 

vesicle fusion with the 

aid of pressure 

3.6 LMH/bar 
20% NaCl 

rejection 

Presence of large 

number of defects; 

pressure required to 

deposit vesicles over 

commercial NF 

membrane 

1 bar [199] 

 

3.2 Reported results from desalination studies on FO process  

FO has gained researchers’ attention recently because of its energy efficient behavior (when the 

energy required for the draw solution regeneration step is regulated) and scientists’ work to 

develop high performance membranes suitable for the process [75,168,169,180,200–204]. 



 

 

Moreover, appropriate draw solution and fouling behavior of membranes are also areas of 

interest [200,205]. FO has two solutions that play crucial roles: one is the feed solution and the 

other is the draw solution, which is an osmotic agent that draws fresh water from the feed 

solution through a semi-permeable membrane. The advantage of the FO process, compared with 

RO, is that hydraulic pressure is not the driving force but an osmotic pressure gradient across the 

membrane resulting from the chemical potentials of the feed and draw solutions. The 

performances of various FO desalination studies involving the use of aquaporin biomimetic 

membranes are summarized in Table 3. 

 

Table 3. Performance results reported in FO desalination studies. 

 

Membrane fabrication 

method 

Water 

flux 

Salt 

rejection 
Draw solution Remarks Reference 

Magnetic aided ABM 
21.8 

LMH 

Selectivity 

of 47,987 

0.3M sucrose as 

DS; 200 ppm 

MgCl2 as FS 

Presence of 

minor defects; 

stable membrane; 

salt flux of 2.4 

GMH of MgCl2 

[168] 

Magnetic aided ABM 
83.5 

LMH 
< 47,987 

Ultra-pure water 

as feed; 1.5 M 

MgCl2 as DS 

Vesicle 

embedment was 

enhanced; salt 

flux of ~30 GMH 

of MgCl2 

[168] 

Pressure aided vesicular 

adsorption on gold-coated 

PCTE support with AqpZ-

ABA block copolymer 

17.6 

LMH 

91.8% 

using 6,000 

ppm NaCl 

0.8 M sucrose as 

DS; 6000 ppm 

NaCl FS 

Improved results 

than 

commercially 

available HTI 

membranes 

[180] 

Pressure-assisted vesicle 

adsorption of AqpZ into 

amphiphilic matrix with 

AQPZ:ABA of 1:100 

16.4 

LMH 

98.8% 

NaCl 

0.3 M sucrose 

DS; 200 ppm 

NaCl FS 

Able to retain 

Aquaporin Z 

functionality 

[75] 

AqpZ-incorporated 

membrane on cellulose 

acetate using surface 

imprinting technology 

5.58 

LMH 

50% NaCl 

rejection 

0.3 M sucrose 

DS; 200 ppm 

NaCl FS 

Low salt 

rejection because 

of defects 

[177] 

AqpZ-double skinned 

membrane formed from 

electrostatic LbL method 

13.2 

LMH 

Salt flux of 

3.2 GMH 

2M MgCl2 DS; 

DI water as FS 

Better salt 

rejection and less 

fouling but lower 

water 

permeability than 

single-skinned 

membranes 

[169] 



 

 

Aquaporin-incorporated 

LbL membrane with 

covalent bond between lipid 

bilayer and microporous 

support 

23.1 

LMH 

Salt flux of 

3.1 GMH;  

90% salt 

rejection 

MgCl2 DS 

Large membrane 

area of about 36 

cm2 

[171] 

Aquaporin-based hollow 

fiber composite via 

interfacial polymerization 

55.2 

LMH 

Salt flux of 

4.5 LMH 
0.5 M NaCl 

Higher water 

flux than bare FO 

composite 

membranes 

[178] 

1GMH means g/m2h; DS means draw solute; FS means feed solution 

 

3.3 Performance results for other separation processes 

Aquaporin-based biomimetic membranes possess a huge potential but to date these membranes 

have been mostly studied for desalinating water, although they can also be applied to other 

separation processes and energy generation. Other potential areas of research for these 

aquaporin-based biomimetic membranes include removal of trace pollutants, alcohol recovery, 

recrystallization, and energy production from salinity gradients. 

3.3.1 Trace pollutant removal  

To meet the world’s water demand and bridge the gap between water consumption and 

availability, water reuse is an important factor. The contamination of wastewater with trace 

pollutants is a serious challenge that needs to be tackled for optimum water usage. Membrane-

based removal processes are a remedy that can be adopted to decrease the concentration of these 

pollutants to acceptable limits. Conventional RO and FO membrane technologies have been 

tested for removal of trace contaminants from wastewater [206–211]. The concentrations of 

these trace components are usually very low and removal of such low- concentration organics 

require high pressure when using the RO process which makes it uneconomic to operate in many 

places. As compared to RO, the rejection of small neutral organics by the FO process is found to 

be low [212]. Biomimetic membranes offer a less expensive choice for the removal of trace 

organic contaminants because they can ensure higher levels of fresh water permeability and 

permit low pressure usage. Thus, a unique biomimetic removal mechanism can help to remove 

even small concentrations of organics efficiently. Recently, Madsen et al. [213] studied 

biomimetic membrane performance in a FO test for the removal of trace organics such as 

atrazine, 2,6-dichlorobenzamide and desethyl-desisopropyl-atrazine found in ground water, 

achieving 97% rejection of all trace organics with higher water permeability than that provided 

by a standard cellulose acetate FO membrane. FO has gained huge attention by researchers for 

the removal of these neutral organic pollutants, but this is the first reported use of biomimetic 

membrane in this regard. This research opened the door for biomimetic membranes in the area of 

rejection of trace organic contaminants, thereby providing another huge opportunity for 

biomimetic membranes. 

Another interesting application of biomimetic membranes is in the removal of boron from 

seawater. According to the World Health Organization, the boron concentration in potable water 

should be less than 0.5 mg/L, which is difficult to achieve by current RO approaches [214]. 



 

 

Boron exists mostly as boric acid in water. Conventional RO technology is not able achieve more 

than 50% boron rejection; thus, there is a need to improve this technology so that boron content 

of RO permeates can meet the regulatory standard [215–217]. Biomimetics can play an 

important role in the improvement of this technology because bioinspired membranes have the 

potential to reject everything except water at a high water permeability rate. Recently, a patent 

has been published in this regard, which claimed that 60 - 85% removal of boron is possible via 

FO and 50% ± 8% via RO with the aid of biomimetic membranes [218]. In both FO and RO 

tests, a feed solution comprising of 5 mg/mL of boron in the form of boric acid in tap water was 

used. This patent is also applicable for the removal of other trace components in water, 

especially for the removal of dilute nutrients and arsenic present in agricultural and drinking 

water. 

3.3.2 Alcohol recovery  

Massive generation of biomass from different sources for the production of biofuels and 

biochemicals through fermentation reactions has spurred great research interest [219,220]. These 

fermentation reactions are product-inhibitory and thus continuous removal of the product(s) is 

required so that the reactions can proceed effectively. Moreover, excessive amounts of water in a 

stream make the recovery process difficult and costly. Pervaporation, which is the partial 

vaporization of liquid streams through a semi-permeable membrane, is an attractive technique 

for the removal of these products as it is less energy intensive, simple, easy to be integrate with a 

biochemical reactor and gives no harm to the fermentation environment [221]. Biomimetic 

membranes can also become effective candidates for the recovery of these valuable chemicals 

and can be employed in pervaporation. Ethanol recovery through pervaporation using 

membranes made from di- and tri- block copolymers has been investigated by various 

researchers and the potential of biomimetic membranes in this area has justified its potential 

[222,223]. Thus, the use of aquaporin biomimetic membranes is crucial in this area because more 

positive results will not only strengthen the concept of biomimicry but also result in the 

widespread use of biomimetic membranes in the sustainable biorefinery industry. 

3.3.3 Crystallization  

Crystallization is an important separation method widely employed in the chemical and 

pharmaceutical industries. Conventional crystallization methods such as evaporation, seeding, 

solvent extraction etc. are not able to produce high quality (pure) crystals. Moreover, they are not 

even reproducible because of the non-controlled supersaturation of solution [224]. Membrane-

assisted crystallization has been introduced to create reproducible crystals with appropriate sizes 

and shapes in an energy efficient way without compromising quality [225,226]. The second 

advantage of membrane crystallization is that renewable energy sources can be used to supply 

energy to the process and this can contribute to sustainable development [227]. Biomimetic FO 

membranes have been tested for the crystallization of Na2CO3 from aqueous solution of NaOH in 

the scenario of carbon capture from flue gases [227]. The advantage of using this biomimetic 

membrane was the production of high purity crystals, with minimum energy consumption and 

minimum blockage. Crystals of a purity of 99.94% were obtained and the water permeability of 

the FO process was 46 LMH. Thus, crystallization via biomimetic membrane separation is a 

reasonable alternative to conventional crystallization techniques. There are also other alternatives 

available for carbon capture, such as amine-based adsorbents, but they are associated with high 



 

 

regeneration energy [228,229]. Biomimetic membranes can help to reduce the overall energy 

consumption of a carbon capture system [230]. 

3.3.4 Energy production from salinity gradient power  

Salinity gradient can be used to generate electrical energy due to the difference in salinity in a 

process called Pressure Retarded Osmosis (PRO). In this process, feed water permeates to a 

pressurized high-salinity draw solution from a low salinity feed solution with the aid of its 

osmotic pressure and power is produced by depressurizing the water through a hydro-turbine. 

The global power production of this technology is around 2,000 TWh/yr [231]. A patent which 

shows the potential of biomimetic membranes for energy generation from salinity gradient power 

has been published [232]. Through this invention, several lipid bilayers and block copolymers 

can be used to enhance electric power production from PRO technology. High water 

permeability values of aquaporin-based membranes may lead to a high osmotic pressure driving 

force and this force can be used in electric power generation [232]. Salinity power is an 

environmentally friendly way of generating power and countries such as Japan and Canada have 

engaged “Aquaporin” company (which produces “Aquaporin Inside™” membranes) for the 

production of biomimetic membranes that can be applied for salinity power generation in their 

countries. However, little research has been done in the area of improved salinity power 

utilization via aquaporin biomimetic membranes, but current and recent work has shown the 

potential of these membranes for energy extraction from saline solutions. 

 

4. Current challenges associated with biomimetic membranes and future perspectives 

Taking inspiration from nature to provide high water flux with the aid of natural protein pallets is 

a remarkable innovation in the field of water treatment. The interest in this field is growing and 

the promising results obtained so far shows that the practical application of biomimetic 

membranes for water treatment is feasible. However, this technology still faces some crucial 

challenges that need to be attended to in order to ensure successful widespread 

commercialization. The major challenges include technical difficulties encountered during the 

extraction of aquaporin and production of biomimetic aquaporin membranes, concerns over the 

durability and long-term stability of these membranes during desalination of feed containing high 

salinity, such as seawater, and the need for specially designed cleaning chemicals that are 

different from conventional anti-fouling or anti-scaling chemicals because of the delicate nature 

of biomimetic membranes.  

The up-scaling of biomimetic aquaporin membranes for large-scale seawater desalination is a 

challenge since the aquaporin proteins are not commercially available in large quantities. 

Generally, the production of membrane proteins is a complicated task because very careful 

details are required. Protein generation from parent organisms is significantly dependent on 

intracellular movement, and transportation and modification of existing pathways which is 

complex to manage. If there is over-expression of protein from a living cell membrane, it may 

affect the basic function of the cell membrane and might prove detrimental to the parent 

organism [233]. Meanwhile, for the widespread commercialization of this technology, large 

quantities of aquaporin are required: this is not a trivial task. Ultra-centrifugation and affinity 



 

 

labeling, among others, are the techniques that have been used for the purification of the 

proteins, but both methods are difficult to scale up [120,234,235]. Another challenge faced in the 

upscaling of biomimetic membranes is the nature of the host membrane. The host membrane 

must be hydrophobically compatible with the proteins. This puts a limitation on the thickness of 

the host membrane i.e. the host membrane must not exceed a thickness of only a few nanometers 

so that it can be compatible with an appropriate support material [236]. Keeping these limitations 

in focus and from the production point of view, wide-scale application of aquaporin membrane 

technology requires high permeability, adequate mechanical stability, high selectivity and 

elevated strength in order to withstand design pressure for impactful market applications. One of 

the recent technological advancements aimed at providing solutions to aquaporin design 

limitations is the use of yeast-based systems [237,238]. Substantial increase in the membrane 

density of Aquaporin 1 has been expressed in a yeast host [237]. These expression systems also 

enabled cheap production of significant quantities of the functional protein. However, the 

feasibility of using the synthesized aquaporin for desalination of saline water has not been 

investigated. Another technique might be the use of cell-free expression systems [239,240]. 

These systems exhibit relatively enhanced efficiency since they are designed to remove the toxic 

and detrimental effects of recombinant proteins on the physiology of host cells and can also cater 

for complications in the transportation and translocation of synthesized proteins. The major focus 

of research at this point should be on the identification of specific type of proteins present in 

biological materials that can be easily expressed in large quantities. The discovery and 

incorporation of new proteins in a suitable matrix would also help to improve the membrane 

system and achieve efficiencies close to those of real biological systems. These system 

modifications would also be useful for other water separation processes apart from desalination 

and this approach can help to further strength the biomimetic membrane platform. 

The extended lifetimes of biomimetic membranes are also questionable. Biological membranes 

undergo incessant exchange of proteins and lipids. So, the forecasting of membrane lifespan for 

long-term applications is a challenge. A large amount of work has been done on biomimetic 

membrane fabrication, including patents and pilot or demonstration-scale investigations, but until 

now, no one has studied the lifetime stability of biomimetic membranes because the concept of 

biomimetics for commercial water production and chemical processing is fairly new. Intensive 

work is required in this area in order to analyze the stability of these membranes throughout the 

lifetime of a commercial operation. Doing this would ensure significant market switch from 

conventional to biomimetic membranes. 

Chemical cleaning of biomimetic membranes is another major issue. Organic acids, such as 

EDTA and citric acid, are quite effective for the removal of metal oxides and scaling compounds 

from conventional membranes during membrane cleaning. However, the efficiency of cleaning is 

dependent on cleaning time, hydrodynamic conditions, concentration and temperature. All of 

these parameters and operating conditions would need to be incorporated in an extensive testing 

system for biomimetic membranes. Due to the amphiphilic nature of biomimetic membranes, not 

all commercial detergents can be used. Green chemicals and specially designed detergents, 

which may not be available commercially in bulk amounts, are required in order to preserve the 

biochemical properties of aquaporin-based membranes. The cost associated with the use of 

compatible anti-fouling chemicals need to be investigated and accessed in order to ensure rapid 

industrial scale-up of biomimetic membrane technology.  



 

 

The intrusion of a new process or technology into an established market is always fraught with 

problems. Therefore, there is an immense need to take into account all the risks associated with 

it. The commercial application of biomimetic membrane technology is relatively new and is in 

its cradle stage. Also, since there is no five year reference commercial data (at least), the best 

way to minimize these risks is to carry out extensive testing. To ensure credibility of this new 

technology and acceptance by market operators, irrefutable and comprehensive testing systems 

are required, using optimized membranes. These systems should not only test the membrane 

stability in terms of working under different operating parameters and conditions, such as high 

temperature and pressure, they must also measure the membrane performance after extensive 

exposure to these operating conditions. More efforts should now be directed towards pilot testing 

and full-scale industrial plant operations by using actual process parameters and authentic real-

life feed water in order to demonstrate the efficiency of the technology under real operating 

conditions. 

When considering the introduction of a new membrane technology into an existing market and 

planning its upscale and widespread commercial production, the main parameter to consider is 

that the investment cost must satisfy the revenue and profit margin. In the commercial market of 

desalination, the new product must be profitably advantageous and competent enough to stand its 

ground as compared to the current existing technologies in the market. The fundamental key for 

successful commercialization is that the quality and value of the product is not compromised and 

is at par with the end user's expectations. Hence, there is a great potential for this new technology 

in the water treatment business, because it promises high productivity and high-quality product. 

However, the current challenges still need to be tackled. Currently, there is insufficient 

information regarding the unit cost of water production through biomimetic membranes and thus, 

convincing the market to adapt the novel technology is a challenging task. However, it is 

important to build credibility and integrity for great future prospects. A well sought dialogue and 

meeting with market operators would be significant to address any concerns raised or any 

reservations made regarding the deficiencies of conventional water treatment approaches so that 

works on biomimetic membrane technology would be directed towards filling the gaps.  

Currently, biomimetic membranes are able to hold pressures of 10 bar and above with 

appreciable water flux. However, the technology has mostly been applied successfully for the 

desalination of brackish water, reuse of wastewater and tap water purification. Most applications 

of biomimetic membrane technology for water treatment have been carried out using FO. For 

seawater generally, 50 bar pressure and above are required for RO processes and no biomimetic 

membrane fabricated until now is able to withstand this pressure. However, the performance of 

biomimetic membranes for seawater separation is comparable to that of current RO membranes 

at the laboratory level but stability of these membranes for long-term commercial seawater 

desalination is still a challenge. Certainly, the replacement of conventional membranes with 

biomimetic membranes can help to save money as biomimetic membranes can function in low-

pressure environments. Technological advancements in membrane fabrication methods to ensure 

that biomimetic membranes are applicable for long-term seawater desalination would help to 

save even larger amounts of money.  
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