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Aquaporins: A Multidisciplinary Perspective 
on the Water Channel Proteins

 A B S T R A C T  

Aquaporins are unique water channel proteins located at cell membranes that possess 

high water permeability and high solute rejection. Their primary function is to main-

tain the osmotic balance of the cells via regulating the water transport. However, their 

discovery had also provided the scientists to understand the pathophysiology of some 

diseases. In fact, aquaporins are shown to be strongly related to cancer by taking part 

in several tumor-related processes such as cell migration, cell proliferation and cell 

adhesion. Other than their functions in human body, recently, aquaporins have start-

ed to be used in engineering biomimetic membranes, for different applications such 

as desalination. This review investigates the properties and functions of the aquapo-

rins in a multidisciplinary point of view and demonstrates the recent developments 

in aquaporin-based research.
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INTRODUCTION

Water is essential for all molecular interactions re-
quired for anabolic and catabolic reactions vital to 
sustain life. The first critical paper on explaining the 
mechanism of cellular osmotic balance dates back 
to 1970 [1]. The pioneering studies of the Georghe 
Benga and Peter Agre groups have revealed a 

protein, later named as aquaporin 1 (AQP1) in 
erythrocytes. In 1986, Benga and colleagues from 
Romania, demonstrated for the first time the pres-
ence and location of a water channel by labeling ex-
periments in the human erythrocyte membrane [2]. 
In 1988, Agre et al. from United States of America, 
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first originally named this protein as CHIP 28 (chan-
nel integral membrane protein of molecular weight 
28 kD) [3] with regard to its function in the link-
age of the membrane skeleton to the lipid bilayer 
in RBC, then later in 1992 they reported CHIP as the 
water channel protein in erythrocytes [4]. A year lat-
er, Agre group suggested the name aquaporin-1 in-
stead of CHIP28 [5]. Agre received the Nobel Prize 
in Chemistry in 2003 for the discovery of the water 
channel proteins through the cell membrane [6].
Since then, the research on AQPs has emerged 

and has been adopted by many disciplines, some 
of which are presented in Figure 1. As depicted 
in this figure, the distribution of “Web of Science 
Categories” within the published items on the 
topic “Aquaporin” reveals 13640 records (as of 
05.05.2020), and the top-5 topics are in the order of 
“Neurosciences”, “Biochemistry Molecular Biology”, 
“Clinical Neurology”, “Cell Biology”, and “Physiology” 
which also underlines the importance of these pro-
teins in both research and clinical applications.

Figure 1.  Distribution of top-25 "Web of Science Categories" within the published items related with the term "aquaporin" as of 
05.05.2020

Regulation of the water transport is vital since water 
is the major component of living organisms and it is 
needed for several physiological processes.
In mammalians 13 isoforms of aquaporins (i.e. AQP0-
AQP12) have been discovered to date and they all 
take part in different yet critical functions in diverse 
tissues. The numerous processes include concentra-
tion of urine in the kidney, fluid balance, secretion 
in the secretory glands, hydration of the skin, fertil-
ity in male, etc. As a natural result of the diversity 
of their functions, several research studies involving 
aquaporins have emerged. 
In this context, there is increasing evidence that im-
pairment of AQP function is associated with many 
diseases and pathological conditions and that stud-
ies on its regulation may be promising [7]. AQPs in 

mammals can be grouped into three main families:
• AQPs with water permeability (AQP0, AQP1, AQP2, 
AQP4, AQP5, AQP6, AQP8),
• Aquaglyceroporins (AQP3, AQP7, AQP9, AQP10) 
which are permeable to both water and small mole-
cules such as urea and glycerol.
• Those with suggested permeability to water (AQP 
11, AQP 12) and glycerol (AQP 11).
In addition, it is stated that some of the AQPs are 
permeable to hydrogen peroxide (H2O2) such as 
(AQP1, AQP3, AQP5, AQP8 and AQP9) and/or ammo-
nia such as (AQP1, AQP3, AQP4, AQP6, AQP7, AQP8 
and AQP9) [8].
Although water channel AQPs exhibit H2O2 per-
meability, permeability varies between isoforms; 
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in addition, it is known that some AQPs may allow 
the passage of CO2 (AQP1, AQP4, AQP5), NO (AQP1, 
AQP4) or O2 (AQP1, AQP4) [9]. 

Structure of AQPs

Aquaporins are hydrophobic membrane proteins 
with small sizes. Monomer sizes of the mammalian 
aquaporins are determined to be in the range of 26 
to 34 kDa [10]. Each monomer provides passage for a 
single water molecule. Several structural studies for 
analyzing the features of aquaporins are conduct-
ed via different methods such as epitope tagging, 
mutagenesis, freeze-fracture electron microscopy 
(EM) methods. From the freeze-fracture studies, it 
is shown that they are arranged as tetramers in the 
cell membrane [11]. As confirmed via various stud-
ies and cryo-EM images of mammalian erythrocyte 

AQP1 and X-ray crystal structures of bovine AQP1, it 
has been suggested that aquaporins are in the form 
of an hourglass structure [12]. Each AQP monomer is 
composed from six α-helical domains, two half he-
lices and five loops (Fig. 2) that originate a passage 
together by surrounding an amphipathic pore-like 
region with high selectivity [7, 10]. As shown, car-
boxy- and amino-terminal domains are in the cy-
toplasm. At each monomer, three-amino-acid se-
quence (Asn-Pro-Ala) NPA motifs are present: one in 
the half helices located at the amino-terminal (M3) 
and one in the other half located at the carboxy-ter-
minal (M7) [5]. These motifs contribute to the hydro-
philic part of the amphiphilic pore and by acting as 
H-bond donors/acceptors, they take part in coordi-
nating water/glycerol transport through the aqua-
porin [13].

Figure 2. (a) Schematic representation of the helical domains, half domains and loops of a aquaporin monomer, (b) schemat-
ic representation of aquaporin water channel located in the cell membrane, (c) the aquaporin family in mammals. (This figure 
was drawn by using the image bank of Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons 
Attribution 3.0 Unported License. https://creativecommons.org/licenses/by/3.0/.)
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Expression of AQPs

Aquaporins are expressed in a variety of cells 
that are especially involved in fluid transport at 

plasma membranes such as epithelial cells along with 
the ones that do not possess a direct-function of fluid 
transport such as adipocytes [7]. 
Several AQPs are expressed in the eye including AQP0, 

Figure 3. Distribution of mammalian aquaporins in human body. (This figure was drawn by using the image bank of Servier 
Medical Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License. https://cre-
ativecommons.org/licenses/by/3.0/).

AQP1, AQP3, AQP4 and AQP5 which are expressed in 
the lens, corneal endothelium, conjunctiva, retinal 
cells and lacrimal gland, respectively [7]. In the cen-
tral nervous system (CNS), AQP1 and AQP4 are ex-
pressed in choroid plexus, and astrocytes, respec-
tively. In the submucosal glands of lung, AQP3 is ex-
pressed whereas in airways and alveolar type I cells, 
AQP4 and AQP5 are expressed. In the kidneys, nu-
merous AQPs (2, 3, 4 and 7) are expressed and they 
take part in various functions. For example, AQP2 
is expressed in collecting duct epithelial cells in re-
sponse to presence of vasopressin and supports the 

increase the reabsorption of urine. AQP1, AQP3 and 
AQP9 are expressed in erythrocytes. AQP3, which is 
an aquaglyceroporin, is also expressed in the stra-
tum corneum. Therefore, its deletion in mice caus-
es dysfunctions in several processes such as wound 
healing or skin hydration as a result of inadequate 
amount of glycerol. Another aquaglyceroporin 
AQP7 is expressed in adipocytes which regulates 
glycerol transportation through the cell [14]. The tis-
sue distributions of AQPs and their potential thera-
peutic effects are summarized in Table 1. 
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Table 1. Tissue distribution of AQPs and their potential therapeutic effects (adapted from [7]).

AQP type Tissues expressed in:

Potential therapeutic effects

Activation/
upregulation Inhibition

AQP0 Lens - -
AQP1 Renal tubules and microvessels, choroid plex-

us, ciliary epithelium, corneal endothelium, 
pain-processing C-fibres, vascular endothelium 

tumour vessels and red blood cells

- diuretic, reduced tumour angio-
genesis, reduced ocular pressure 

in glaucoma

AQP2 Renal collecting duct - diuretic

AQP3 Renal collecting duct, epidermis, conjunctiva, 
corneal epithelium, immune cells, intestinal epi-

thelium and red blood cells

enhanced skin hydration, en-
hanced wound healing

diuretic, antitumour effects, 
anti-inflammatory effects

AQP4 Astrocytes, retinal Muller cells, 
lacrimal gland, salivary duct, 

inner ear, olfactory epithelium, gastric parietal 
cells, airways, renal collecting duct, placenta, 

muscle, gut epithelium and glioblastomas

reduced vasogenic: CNS 
oedema

reduced cytotoxic CNS oedema, 
anti-epileptic effects, promotion 
of axonal regeneration, glioblas-

toma therapy

AQP5 Corneal epithelium, sweat glands, lacrimal 
glands, salivary glands, airway submucosal 
glands, alveolar type I cells and epidermis

restoration of salivary and lacri-
mal gland hypofunction

reduced salvation and airway 
mucus secretion

AQP6 Intracellular vesicles in renal collecting duct in-
tercalated cells

- -

AQP7 Fat cells, renal proximal tubule, testis and 
myocardium

anti-obesity effects

AQP8 Intestinal epithelium - -

AQP9 Hepatocytes, erythrocytes and possibly some 
brain cells

- -

AQP10 Intestinal enterochromaffin cells - -

AQP11 Liver, testis and intracellular membranes in renal 
proximal tubule

- -

AQP12 Exocrine pancreas - -

Functions of AQPs 

In mammalians, AQPs participate in many phys-
iological processes where secretion and absorp-
tion functions are required. These tissues include 

glands (salivary/sweat), lung, kidney and intestine 
[15]. Major physiological functions of AQPs related 
to their distribution are presented in Table 2.

Table 2. Major physiological functions of AQPs related to their locations

Location Physiological Function/Outcome

A
qu

ap
or

in
 

w
at

er
 tr

an
sp

or
t f

un
ct

io
n Kidney Urine-concentration function

Epithelial fluid secretion Secretion of saliva, CSF, aqueous humor

Cell migration Angiogenesis, tumor spread, wound healing, glial 
scarring

Brain water transport Brain swelling

Neuroexcitation Neurosensation, seizure termination

A
qu

ag
ly

ce
ro

po
rin

 
gl

yc
er

ol
 

tr
an

sp
or

t f
un

ct
io

n Skin hydration Maintenance of epidermal glycerol

Cell proliferation Tumor cell growth, wound healing

Adipocyte metabolism Limits fat accumulation
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Generally, AQPs maintain water flow through cell 
membranes by means of osmotic gradients occur-
ring due to salt transport. Therefore, they play a vi-
tal role in the whole organism by providing a con-
stant water homeostasis. In addition, they also play 
important roles in other cellular processes such as 
volume regulation, protein expression and cell ad-
hesion [16].  
In kidneys, AQP1, AQP2, AQP3 and AQP4 are the wa-
ter channel proteins which are responsible for wa-
ter absorption and elimination [14, 17]. In a study, 
Förster resonance energy transfer (FRET) measured 
by fluorescence lifetime imaging (FLIM-FRET) tech-
niques has revealed a possible function of AQP1 in 
the CO2 transport and respiration [18]. 
In the central nervous system (CNS) AQP1 is essen-
tial for cerebrospinal fluid production along with the 
AQP4, which is important for edema fluid accumu-
lation and elimination [14]. AQP5 is the one mainly 
found in apical plasma cell membrane of acinar ep-
ithelial cells in the salivary gland, and is responsible 
for osmotic water transport across the cells into the 
sweat duct [19]. 
Although AQPs are found in many tissues such as 
brain and kidney, their presence in erythrocytes is of 
particular importance. Erythrocytes are special cells 
that can reach even very narrow capillaries during 
their 120-day life in the circulation. Membrane flexi-
bility and cellular elasticity, which allows these cells 
to pass easily through very thin capillaries, is criti-
cal to the movement of water into and out of the 
cell [20]. AQP1 is the most common type of water 
channel proteins, which was first shown in the cell 
membrane of erythrocytes in 1985. The first identi-
fied protein among the AQP was named as CHIP28, 
based on the fact that its molecular weight was 28-
kDa, and then named as AQP1 as is used today [3, 
11]. 
In addition to the pre-mentioned functions, recent 
studies report that AQPs also regulate other pro-
cesses such as cell migration, cell proliferation and 
cell adhesion. 

Cell migration 

The unexpected cell migration ability of aquaporins 

was discovered in a study implemented by Loitto et. 
al., at which AQP9 in neutrophils were investigated 
[21]. In addition, it was demonstrated that a wide va-
riety of AQPs including AQP1 and AQP4 which are 
expressed in aortic endothelial cells and astrocytes, 
respectively, assist cell migration in different cell 
types [22]. Although the mechanism is still unclear, 
it was concluded from different studies that AQP fa-
cilitate the migration via a chemotactic stimulus [23, 
24]. It was reported that AQPs polarize at the lead-
ing side of a migrating cells so, it has been suggest-
ed that the presence of AQP enhances formation of 
the lamellipodium [25]. Moreover, it has been pro-
posed that as the cells migrate through a tortuous 
extracellular space, the presence of AQP provide the 
spontaneous and fast changes in the shapes of the 
cells [26]. An “osmotic engine model” mechanism 
has been suggested for aquaporins to facilitate the 
changes in the cell shape. As changes in the cell vol-
ume can be obtained via water flow into and out of 
the cell, the role of AQPs is considered as important 
in cell migration [27].

Cell proliferation

It is known that AQP3 (expressed in the epidermis), 
improves the proliferation rate of basal keratino-
cytes. It has been found that wound healing is re-
duced in AQP3 null mice as a result of decrement 
at glycerol and ATP content in the keratinocytes. 
There is lack of information for the effect of AQP7 
and AQP9 (aquaglyceroporins) on the proliferation.  
Also, there are some evidences that indicate that 
AQP3 and AQP5 play a role in tumor cell prolifer-
ation. However, further studies are still needed 
to gain a deeper understanding on the connec-
tion beneath AQP expression levels and tumor cell 
proliferation. 

Cell adhesion

In the literature, recent studies have shown the rela-
tionship of AQPs, especially AQP0 or AQP4, with the 
cell adhesion. For example, it has been stated that 
AQP0, which is expressed in ocular system, takes 
part in cell-cell adhesion. In a study, implemented 
with AQP0 null mice, it has been demonstrated that 
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the presence of AQP0 is important to maintain the 
essential form of the lens with its integrity and trans-
parency by providing the cell-cell adhesion [14]. 
In another study the role of AQP4 present in L-cells, 
a cell type lacking endogenous adhesion mole-
cules, has been investigated and the presence of 
AQP4 in L-cells, which do not possess any adhesion 
molecules, has been suggested to cause the clus-
tering of the cells, that has been explained through 
the structure of AQP4 which maintains weak inter-
actions with other AQP4 proteins present in plasma 
cell membranes, thus helps to bind adjacent cells to 
one-another [28].
Lately, different studies revealed the possible rela-
tionship between AQPs and cancer [29]. It has been 
suggested that tumor growth and spread may be 
facilitated by the AQP expression in tumor cells and 
surrounding vessel [30, 31].
Recently, Maltaneri et al. have evaluated the rela-
tionship between AQP-1 and erythroid growth fac-
tor erythropoietin (Epo), which is proposed as an an-
giogenesis promoter. This study has shown that Epo 
may induce the expression of AQP1 at mRNA and 
protein levels, and inhibition of AQP1 can lead to 
an impairment in the migration of EA.hy926 endo-
thelial cells exposed to Epo, suggesting a potential 
use of aquaporin-targeting in angiogenesis-relat-
ed diseases [32]. However, more specific target-ori-
ented additional research is warranted to evaluate 
the possible beneficial role(s) of aquaporins in these 
areas. 

AQPs as Biomarkers

In view of their roles in diverse cellular processes, 
various studies have focused on the possible use 
of AQPs as biomarkers. In this context, many stud-
ies have been published, most of which are related 
with cancer. For example, it has been reported that 
in pancreatic ductal adenocarcinoma (PDA) overex-
pression AQP3 at the plasma membrane of ductal 
cells has been reinforced in late and more aggres-
sive PDA stages, while AQP5 expression has been 
related with tumor differentiation, which may be 
of use as a novel marker for PDA aggressiveness 
and intestinal infiltration [33]. Another more recent 

study proposed both AQP1 and AQP3 as diagnos-
tic markers of PDA and a predictive marker of poor 
prognosis in PDA patients, in view of their find-
ings that AQP1 and AQP3 expressions are associat-
ed with the tumorigenesis and progression of PDA. 
The area under the curve values of receiver operat-
ing characteristic for AQP1 and AQP3 have been re-
ported as 0.669 and 0.707, respectively [34]. A mech-
anistic study using large-scale proteomic analysis 
has revealed the significant relationship between 
AQP3 and the activity of mTOR signaling, suggest-
ing that via activation of the mTOR signaling path-
way AQP3 may promote tumor growth of pancreat-
ic cancer cells; therefore this may provide a poten-
tial therapeutic target in the treatment [35].
In cervical cancer, it has been suggested that de-
creased expression of AQP1 correlated with pro-
gressive features in patients, and that AQP1 levels 
may serve as a potential biomarker for the diagno-
sis [36]. Both in prostate cancer cell lines and in be-
nign and malignant human prostate tissue, the ex-
pression pattern, localization and potential clinical 
significance of 13 members of the AQP family have 
been probed, and the expression profile differenc-
es of several AQPs in benign and malignant pros-
tate tissue have been shown. Expressions of AQP3, 
AQP4, AQP5, AQP7 and AQP9 have been confirmed 
using immunofluorescence microscopy; specifical-
ly, AQP3 protein expression heterogeneity in cancer 
specimens has been documented via immunohis-
tochemistry studies, and the correlation between 
AQP3 expression and tumor grade has been under-
lined which may serve as a prognostic marker [37].
AQPs may also serve as viable biomarkers for renal 
diseases. A urine exosome study, in which excretion 
of AQP5 and AQP2 (uAQP5 and uAQP2), in 35 diabet-
ic patients has shown that uAQP5 has been signifi-
cantly increased in patients with diabetic nephrop-
athy. In addition, uAQP5 and the histological class of 
diabetic nephropathy has been found to correlate 
positively. AQP2 has also been shown to reveal com-
parable results. Therefore, uAQP5 and uAQP2 have 
been proposed as noninvasive biomarkers in the di-
agnosis of diabetic nephropathy [38].
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AQPs as Treatment Strategies and Drug Targets

The potential medical applications of AQP inhibitors 
as candidates in treatment of some diseases includ-
ing disorders of central nervous system, eye, lung, 
as well as metabolic diseases and cancer have been 
reviewed previously [39, 40].
For example, AQP1 inhibition has been proposed as 
a novel strategy in anti-cancer therapy in a mouse 
model of melanoma [41]. Similarly, an endometriosis 
model in mice has shown that the silencing of AQP1 
gene may activate the Wnt signaling pathway, that 
inhibit ectopic endometrial cell adhesion and inva-
sion, suppress angiogenesis and promote apopto-
sis. In view of these findings, researchers have sug-
gested that this approach may offer a new target 
that provide an improvement for the survival of pa-
tients with endometriosis [42].
Targeted studies on the potential compounds as 
modulators of expression or function of aqua-
porin/aquaglyceroporin have become an emerg-
ing research area. In this context, several approach-
es have been probed including gold(III) compound 
complexes [43], mercury compounds [44], as well as 
selective and potent isoform-specific aquaglycero-
porin inhibitors [45].
A very recent study has applied a virtual screen-
ing method -molecular docking- to select potential 
compounds that bind to the AQP3, that is overex-
pressed in human skin squamous cell carcinoma, to 
be evaluated for the development of inhibitors to 
alleviate skin tumorigenesis [46].
It has been shown that dexamethasone and am-
broxol can stimulate the mRNA and protein expres-
sion of AQP3 and AQP5 in a human airway epithelial 
cell line (A549 cells) which may imply the potential 
roles of these AQPs in the regulation of airway hy-
persecretion, as a target for treating related diseas-
es [47]. In a more recent study, AQP5 has been de-
tected in cell membrane and cytoplasm in human 
nasal epithelial cells, and methacholine intervention 
has inhibited expression of AQP5 while dexametha-
sone has been shown to increase the protein level 
significantly in a dose-dependent manner [48].
A study has highlighted a functionally critical 

increase in the nt-937 APQ5 promoter methylation 
linked to the binding of the inflammatorily acting 
nuclear transcription factor NF-κB in sepsis non-sur-
vivors, an it has been suggested that altering meth-
ylation at the CpG-site nt-937 in the AQP5 promot-
er may constitute a potential therapeutic target in 
these patients [49].
In the case of metabolic disorders, such as obesity, 
diabetes and liver diseases, Calamita et al. have re-
viewed the possible role of AQPs. In addition, recent 
advances and challenges with respect to pharma-
cological modulation of the expression and func-
tion of AQPs to control and treat metabolic diseas-
es have been discussed in detail [40] The role of and 
emerging points with regard to aquaglyceroporins 
in metabolic syndrome was discussed in a detailed 
review by Da Silva et al. [50]. The possible functions 
of aquaglyceroporins in adipose tissue may also 
provide a relevant field for the design of effective 
therapeutic compounds. It has been proposed that 
impaired glycerol transport through AQP7 has been 
correlated with triglyceride accumulation and obe-
sity onset; moreover, some other isoforms, such as 
AQP3, AQP9, AQP10 and AQP11 have been identi-
fied in human adipocytes, although their involve-
ment in the obesity mechanisms remain to be elu-
cidated [51].
Last but not least, in a recent study, silybin has been 
found to restore the levels of AQP9 and glycerol per-
meability in an experimental hepatoma cell model 
of non-alcoholic fatty liver disease progression, be-
sides other beneficial effects on hepatic steatosis. 
An interesting point underlined by the authors ap-
pears as the inverse association between hepato-
cyte AQP9 levels and autophagy accompanying 
triglyceride accumulation, restored via increased 
AQP9 expression [52].
On the other hand, it has been stated that despite 
considerable efforts to identify small molecule in-
hibitors of aquaporins, the activity of potential in-
hibitors could not be confirmed on re-testing pos-
sibly due to several reasons [53] underlining the im-
portance of detailed studies.
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Industrial and Future Applications of the 

Aquaporins through Biomimicry

Other than their vital functions in cell membrane, 
AQP is expected to be useful in different industri-
al applications via establishing analogy with na-
ture, i.e. through biomimicry. As they are known as 
protein channels facilitating water flow across cell 
membranes as a result of osmotic gradients, they 
can be used in various types of applications [14].
Simulating the function of aquaporins and applying 
it to different applications such as sensing, delivery 
processes and separation, depends mainly on un-
derstanding the dynamics of the transport through 
protein channels in cell membranes [54].
AQPs are in the shape of hourglass and during water 
transportation through the protein channel, each 
water molecule forms hydrogen bond with the in-
ner-wall of the channel and also with an adjacent 
water molecule. Therefore, it is deduced that proton 
transport selectivity of AQPs is mainly controlled by 
the interactions between water molecules-pore and 
also by interactions of water molecules with one an-
other. A channel-mediated transport mechanism is 
dominant in water transport through aquaporins. 
This provides an enhanced and fast water trans-
port (∼108–109 water molecules/s.channel) com-
bined with the rejection of all other solutes such as 
ions and protons [54]. Therefore, the idea of forma-
tion of AQP incorporated artificial membranes has 
emerged especially for desalination and water-pu-
rification applications [55, 56]. If high water perme-
ability and nearly perfect solute rejection can be 
maintained, an effective biomimetic membrane can 
be obtained. In cell membranes, main mechanism 
behind the water transportation is forward osmosis 
(FO) [57]. In humans, kidneys discharge waste and 
control the metabolite level via osmosis. AQPs are 
hydrophobic structures and it is known that they 
are able to self-assemble in phospholipids, so even 
an artificial kidney composed of AQP-incorporated 
biomimetic membrane may be designed if the lip-
ids are chosen properly [58].
The idea of incorporating AQPs into the synthet-
ic membranes was first hypothesized in the study 
by Kumar et al. in 2007, at which it was proposed 

that using AQP-integrated polymeric membranes 
provide high performance in terms of permeabil-
ity [55, 59]. Recently, AQP biomimetic membranes 
are preferred mainly in desalination applications us-
ing mostly Escherichia coli AqpZ. It has been pos-
tulated that permeability of AqpZ integrated bio-
mimetic membranes would be about two orders 
of magnitude higher than the permeability of com-
mercial reverse osmosis membranes [60]. Following 
these reports, various studies have been imple-
mented on development of AQP biomimetic mem-
branes and outstanding desalination performances 
have been obtained [61, 62]. In earlier studies, AQP-
incorporated liposomes (proteoliposomes) or AQP-
incorporated supported lipid bilayer (SLB) mem-
branes were formed via a facile and straightforward 
approach: vesicle rupture method. This method in-
volves collapsing the proteoliposomes directly onto 
surface of a porous substrate, thus forming the skin 
layer [59, 61, 63]. Although this approach had been 
an effective example of biomimicry of the cell mem-
brane and had attracted the attention of several sci-
entists, low stability of the membrane had been a 
serious disadvantage among the preparation of a 
well-functioning biomimetic membrane. As the lip-
id based-skin layer is very thin (i.e. 4-8 nm), forma-
tion of a defect-free selective layer had been a real 
challenge. To overcome this challenge, a new pro-
cedure had been developed for fabrication of sta-
ble and mechanically strong membranes, in which 
AQP-incorporated vesicles were immobilized in 
a dense polymer layer. It was reported that mem-
branes prepared with this method had exhibited 
more resistance to defect formation, thus provid-
ed satisfactory stability with good separation per-
formance [59, 62]. Also, to eliminate the drawbacks 
of SLB biomimetic membranes, an electrostatic lay-
er-by-layer (LbL) assembly method was suggest-
ed as a new procedure for the production of ro-
bust membranes [62, 64]. Recently, in a study im-
plemented by Wang et al., AqpZ-incorporated SLB 
biomimetic membranes was fabricated via a novel 
LbL assembly method and as a result, it was report-
ed that LbL method led to robust membranes with 
excellent separation performances [62]. 
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Nowadays, removal of trace organics (such as pes-
ticides) from water is one of the important proce-
dures, which is still needed to be developed fur-
ther. Existing FO membranes are reported to be in-
effective against small neutral organic pollutants. 
Interestingly, in a study utilized by Madsen et al., a 
newly developed AQP integrated biomimetic mem-
brane was used to test the removal of three selected 
pesticides which are known as important ground-
water pollutants, namely: atrazine, 2,6-dichlor- 
obenzamide (BAM) and desethyl-desisopropyl-atra-
zine (DEIA). It was stated that AQP integrated mem-
branes possessed higher pure water flux than the 
commercial cellulose acetate membrane. Moreover, 
AQP membrane had managed to reject ≥97% of all 
trace organics, which is again a significantly high-
er value than the cellulose acetate membranes. The 
main reason for this difference was reported to be 
due to the difference between the mechanism of re-
jection, i.e. steric hindrance for the cellulose acetate 
membrane which results in a size dependent rejec-
tion vs. diffusion of trace organics for the AQP mem-
brane [65]. 
In another study, the performance of an osmot-
ic membrane bioreactor was analyzed which was 
constructed with a novel biomimetic AQP FO mem-
brane. Removal of 30 types of trace organic contam-
inants including some pharmaceuticals, and pesti-
cides, has been evaluated and the authors have sug-
gested that some compounds such as salicylic acid, 
ketoprofen, naproxen, metronidazole, ibuprofen, 
gemfibrozil, pentachlorophenol, DEET, and ametryn 
could be removed by more than 80% in the biore-
actor; whereas less than 30% removal rates have 
been observed for several other contaminants, in-
cluding clofibric acid, fenoprop, primidone, carba-
mazepine, and atrazine. When compared with con-
ventional cellulose triacetate and polyamide thin-
film composite FO membranes, it has been espe-
cially indicated that AQP-incorporated membrane 
had exhibited lower salt permeability which provid-
ed less salinity build-up in bioreactor during oper-
ation. Therefore, with stable and excellent contam-
inant removal performance and biomimetic AQP 
membranes are appropriate to be also used in such 

applications [66].
Another interesting and innovative approach is us-
ing AQP FO membranes in the algae dewatering 
for production of biofuel. In algal biofuel produc-
tion, harvesting and dewatering steps of algae is a 
very energy consuming process, accepted as the 
major bottleneck limiting the development of mi-
croalgae-based fuel industry [67]. Recently, usage 
of FO membrane separation technology has been 
emerged to reduce the overall cost of energy. In a 
study implemented by Munshi et al., a new AQP in-
corporated polyethersulfone (PES) FO membrane 
was developed and its performance for algae dewa-
tering was investigated for the first time in the liter-
ature [68].
As stated, different studies have been done for fab-
ricating biomimetic FO membranes using AQP. 
However, the performance of these kinds of mem-
branes may decrease since AQPs are of protein 
structures and they can be easily denatured during 
different procedures which involve usage of chemi-
cals such as membrane cleaning. 
Fabrication and application of aquaporin-based 
biomimetic membranes for water treatments have 
been demonstrated [69]. Li et al. have reported that 
a novel AQP-based biomimetic membrane had 
showed a good resistance against the tested chem-
ical agents along with a stable flux and high salt re-
jection [70]. Similarly, AQP-incorporated reverse 
osmosis membrane with enhanced mechanical 
strength has been efficiently applied on a real sea-
water secondary effluent collected from a desalina-
tion plant in Singapore [69].

CONCLUSION

For the last 40 years, discovery of the aquaporins 
has provided significant impact on understanding 
the mechanism that stimulates osmotic balance 
in & out of the cell and also on understanding the 
pathophysiology of some diseases. Moreover, the 
link between the aquaporins and cancer had been 
revealed, proving that aquaporins take part in sev-
eral tumor-related processes. In addition to their 
major roles in cell membrane and medicine-related 
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applications, recently, different applications of AQPs 
are proposed via several studies including prepara-
tion of AQP-incorporated biomimetic membranes 
for water desalination. Owing to their unique struc-
ture providing high water permeability and high sol-
ute rejection, the usage of aquaporins are expected 
to keep its increment with the studies implementing 

multidisciplinary approach and biomimicry.
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