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Abstract: Aquaporins are water channel proteins in cell membrane, highly specific for water
molecules while restricting the passage of contaminants and small molecules, such as urea and
boric acid. Cysteine functional groups were installed on aquaporin Z for covalent attachment to
the polymer membrane matrix so that the proteins could be immobilized to the membranes and
aligned in the direction of the flow. Depth profiling using x-ray photoelectron spectrometer (XPS)
analysis showed the presence of functional groups corresponding to aquaporin Z modified with
cysteine (Aqp-SH). Aqp-SH modified membranes showed a higher salt rejection as compared to
unmodified membranes. For 2 M NaCl and CaCl, solutions, the rejection obtained from Aqp-SH
membranes was 49.3 £ 7.5% and 59.1 =+ 5.1%. On the other hand, the rejections obtained for 2 M
NaCl and CaCl, solutions from unmodified membranes were 0.8 &= 0.4% and 1.3 & 0.2% respectively.
Furthermore, Aqp-SH membranes did not show a significant decrease in salt rejection with increasing
feed concentrations, as was observed with other membranes. Through simulation studies, it was
determined that there was approximately 24% capping of membrane pores by dispersed aquaporins.

Keywords: aquaporins; nanofiltration; immobilization; biomimetic

1. Introduction

A growing research area in water purification is the incorporation of transmembrane water
channel proteins, known as aquaporins in the synthetic membranes owing to the excellent permeability
and selectivity of aquaporins (aqp) towards water molecules [1-6]. These membranes are called
biomimetic membranes because they mimic the function of aquaporins present in lipid bilayer
within cell membranes. In recent years, a number of approaches have been adapted from biological
concepts and principles to develop biomimetic membranes [2,6-27]. However, there are still many
challenges associated with aquaporins based membranes. Generally, aquaporin-based biomimetic
membranes developed to date consist of three building blocks: aquaporins, amphiphilic molecules
in which the aquaporins are embedded in order to simulate the environment of the lipid bilayer in
the cell membranes, and a polymer support structure [22]. These amphiphilic molecules in which
the aquaporins are incorporated can be either lipids or polymers. Due to the superior mechanical
and chemical properties, block copolymers and amphiphilic polymers have been predominantly
investigated for the development of aquaporin-based membranes [2,6,19,22,28-37]. Studies using
lipids as the amphiphilic molecules to support aquaporins have shown that these systems were able to
maintain membrane integrity [7,12-14,18,23,38,39].
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Figure 1. (A) Cys modified aquaporin molecule (Aqp-SH). (B) Chemical attachment of Aqp-SH
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The objective of this study was to covalently attach Cys modified aquaporins (Aqp-SH) to a
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attached aligned aquaporins [40]. Figure 1B provides a schematic of the attachment of Cys modified
aquaporins to the membrane backbone.
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Figure 2. Schematic of Cysteine attachment at the N-terminus of aquaporins using site-directed
mutagenesis. Cysteine groups were added to act as anchors in order to attach Aqp on PBI
membrane surface.
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2.1.4. AquaporinZ Expression and Purification

The constructed plasmid was transformed into Escherichia coli strain C43 (DE3). Single colony
was cultured overnight at 37 °C in 5 mL Luria Broth (LB) medium containing 50 pg/mL kanamycin
(Thermo Fisher Scientific, Waltham, MA, USA). The overnight culture was then inoculated into 300 mL
fresh LB medium with 50 ug/mL kanamycin and shaking at 250 rpm at 37 °C. The cells were induced
with 1 mM Isopropyl 3-D-1-thiogalactopyranoside (IPTG) (Sigma Aldrich, St. Louis, MO, USA) when
the absorbance at 600 nm reached 0.8. After 4 h incubation, the cells were collected by centrifugation
at 8000 g for 10 min.

To purify the protein, cell pellet was re-suspended with 30 mL Phosphate buffered saline (PBS)
buffer (Thermo Fisher Scientific, Waltham, MA, USA) (20 mM NaPOy, 0.3 M NaCl and pH 7.9)
supplied with 0.5 mM protease inhibitor phenylmethylsulfonyl fluoride (PMSF, Sigma Aldrich,
St. Louis, MO, USA) and sonicated for 20 min on an ice-water bath. The cell lysate was clarified
by centrifugation at 15,317 x g, 4 °C for 20 min. Then cell debris was dissolved using 2% Triton in PBS
buffer and incubated with shaking for 2 h at 4 °C to extract membrane protein. The re-suspension was
clarified with centrifugation at 15,317 x g, 4 °C for 20 min and the supernatant was collected. Ni-NTA
agarose beads (Qiagen, Germantown, MD, USA) was mixed with the supernatant for 40 min at 4 °C
with shaking. The resin was then loaded into an empty column, drained, and washed with PBS buffer
supplemented with 0.03% DDM (n-Dodecyl 3-D-maltoside, Sigma Aldrich, St. Louis, MO, USA) and
40 mM imidazole (Sigma Aldrich, St. Louis, MO, USA). Protein was eluted with 500 mM imidazole
and 0.03% DDM in PBS buffer. Imidazole was removed by dialysis against PBS buffer supplemented
with 0.03% DDM overnight.

An inactive mutant Aqp-SH R189A was also expressed, according to previously published
protocol [11], to be used as a negative control to the -Cys modified Aqp. In order to express the
inactive mutant, the arginine (R) residue at position 189 in AqpZ was replaced with alanine (A) using
site-directed mutagenesis. The Arginine constriction region in aquaporins not only provides the
selectivity filter but it also ensures that proton transport is blocked. The replacement of Arginine with
Alanine causes a proton transport through aquaporins [49]. This inactive mutant of aquaporin shows
no selectivity towards water [50]. Hence, it was used to prepare a negative control of the functional
Aqp-SH modified membrane. The protocol used to incorporate Aqp-SH R189A was the same as that
used to incorporate functional Aqp-SH into PBI membranes.

2.2. Methodology

2.2.1. PBI Membranes Casting

PBI membranes were prepared according to previously published studies [40,43]. The dope
solution was diluted to 21% PBI by adding solvent. The non-solvent phase that was used in this
process was water. Flat sheet membranes were prepared using casting knife, or doctor’s blade
(Paul N Gardner Co, U.S. Pat 4869200, Pompano Beach, FL, USA) The membranes were stored in a
50/50 glycerol-DI water solution in order to prevent their drying and collapse of pore structure. The
membranes were kept in the solution at least one day before they were analyzed.

2.2.2. Surface Activation of Membranes

In order to attach Aqp-SH and PVA-alkyl to PBI membranes, membrane surfaces were activated
following previous techniques [40,43], in which 4-chloromethyl benzoic acid (CMBA) purchased
from Sigma-Aldrich (St. Louis, MO, USA) was used in order for functionalization. CMBA added
a carboxylic acid group to the surface of PBI membrane, which could be used as a platform for
subsequent functionalization of the membrane [41,42].
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2.2.3. Preparation of PVA-Alkyl
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2.2.5. Surface Modification of PBI Membrane Using PVA-Alkyl
2.2.5. Surface Modification of PBI Membrane Using PV A-Alkyl

PVA-alkyl was attached to the membrane using carbodiimide chemistry as reported in previous
studigy[QOE}.lkyl was attached to the membrane using carbodiimide chemistry as reported in previous

studies [40].

2.2.6. Membrane Characterization
2.2.6. Membrane Characterization
Dynamic Light Scattering

Dynamicl hggg%fﬁ%r}(r)lﬁn the functional element of biomimetic membranes, producing high quality

proteSisds atjtispbibeédor imtinohilietigpreteinewinotisiovpianet ivmfeaebitisssnprodand g evghigteithy
jproteins fortitkialcBeferdiatinobilinity proteiggegationistate: dofdbdsipistipopertaa jisisval patet éhe
galoteims vothtHyiraroindightastetiepngity detbrmire gheipnestatee Fod thitephobaggregatipsisvas pavtidd
suhitidritesiderdapaititiglhinsturaring AvtdetRaarind shlanstelenn) Axtentiap arggsedution was
taleeieih auglass Kitvsiren50(h plotiolepantiye sizb y sAakaiv @ fraqkshjaadd Paly dispersitynindea fiih
ebthtienlution wieobizingdglasod-quelity pretein gotplss pantlddasied W oféldBvecdeptpdaqualityl
pusdtedis paorsis) inde P ) b1 thddsbluthile thesprietipitateGpodtefnalityupd dteiie S92 pted dindd havk
PDI of 0.08, acceptable quality protein would have PDI of 0.1 to 0.4, while the precipitated protein
would have PDI of 0.4 to 0.9 [19].
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Molecular Weight Cut Off (MWCO)

The MWCO analysis of unmodified PBI, CMBA modified PBI (PBI-CMBA), and PVA-alkyl
modified PBI membranes was conducted using 100 ppm solutions of various molecular weights of
polyethylene glycol (PEG) and sucrose solutions. The total organic carbon (TOC) of both feed and
permeate solutions were measured using Teledyne Tekmar Fusion TOC analyzer (Mason, OH, USA).
The various samples that were used in this study along with their Stokes-Einstein radii are shown in
Table 1. The rejection values of all solutes were used to determine the MWCO of both unmodified and
modified PBI membranes. The molecular weight of solute in feed solution for which the membranes
showed more than 90% rejection was considered the MWCO of the membranes. The apparent solute
rejection R (%) was calculated using Equation (1).

C
R = (1 — p) x 100% 1)
Ct

where C;, and C¢ are solute concentrations in permeate and feed solutions respectively.

Table 1. Neutral solutes used for Molecular Weight Cut Off (MWCO) analysis and their Stokes-Einstein
radii in nm [54-58]. PEG: polyethylene glycol.

Solute Mol. Wt. (gm/mol) Stokes-Einstein Radii (nm)
PEG 200 200 0.41
Sucrose 342.3 0.47
PEG 400 400 0.57
PEG 600 600 0.68
PEG 1000 1000 0.94

Contact Angle Measurements

Contact angle was used as a measure to determine the hydrophilicity of the membrane surface.
A drop shape analyzer—DSA 100 (KRUSS USA, Matthews, NC, USA) was used for contact angle
measurements using sessile drop technique.

Zeta Potential and Surface Charge Analysis

Zeta potential is used to analyze the surface charge of membranes at different pH environments.
It is particularly important to analyze the separation efficiency of membranes based on charge and
also a confirmation test for surface modification [59]. Surface charge was analyzed by measuring the
zeta potential using an Anton Paar SurPASS electrokinetic analyzer (Anton Paar, Ashland, VA, USA)
in surface analysis mode. Before analysis, membranes were rinsed with copious amounts of DI water
to remove any residual solvent or glycerol from the storage solution in the case of PBI membranes.
The KCl electrolyte solution (Sigma Aldrich, St. Louis, MO) used in these measurements had an
ionic strength of 1.0 mM. The pH values for the various readings were adjusted using 0.5 M HCI
(Sigma Aldrich, St. Louis, MO, USA) and 0.5 M NaOH (Sigma Aldrich, St. Louis, MO, USA) solutions
for acid and base titrations.

Elemental Analysis

Membranes modified with Aqp-SH were analyzed for changes in the concentration of sulfur since
unmodified PBI, -COOH modified PBI, and PVA-alkyl modified PBI membranes do not contain any
sulfur present in their structures. Hence, Aqp-SH modified membranes were analyzed for the sulfur
concentration in them as a confirmation for attachment of aquaporins to the membranes. K-Alpha
x-ray photoelectron spectrometer (XPS, Thermo Fisher Scientific, Waltham, MA, USA) was used in
order to analyze the elemental composition along the cross section of both unmodified and Aqp-SH
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modified membranes. Depth profiling was performed using an ion beam to etch layers of membrane
surfaces and elemental composition was measured after each etching cycle. An ion beam of 200 eV
was used to etch the surface. Three etching cycles were performed for 120 s each for elemental analysis
along cross sections of membranes.

Membrane Morphology

To investigate the cross-section of the membrane and measure the thickness of selective layer of
modified membrane, ion beam of the FEI Helios Nanolab Dual beam was used to cut out a small piece
of the membrane. A small deposit of platinum with a thickness of around 60 nm was deposited over
the area in order to protect the underlying surface during the process of cutting of cross-section by ion
beam. A small cross section was cut out and lifted away from the rest of the membrane sample by
welding a small bead of platinum to the platinum layer. This sample was then thinned out with a low
power ion beam until the morphology of the mesoporous layer was visible using STEM mode in the
Dual Beam. This sample was transferred into the JEOL 2010F (Peabody, MA, USA) for TEM imaging
of the cross-section.

Flux Analysis

Flux profiles of PBI, PVA-alkyl modified PBI, inactive Aqp-SH modified PBI, and active Aqp-SH
modified PBI membranes (called just Aqp-SH modified membranes) were obtained using dead end
filtration in an Amicon filtration cell (Amicon Stirred Cell 8010—10 mL, Burlington, MA, USA) under
a constant pressure of 0.48 MPa (4.83 bar) and continuous stirring. Flux values were calculated and
plotted against the total permeate volume. Membrane samples were cut into circular pieces of area
4.1 cm? and supported by a Whatman™ filter paper (125 mmg, Sigma Aldrich, St. Louis, MO, USA).
Each membrane was precompacted with DI water for 1 h until a stable flux was reached.

Precompaction was followed by feed solutions of monovalent and divalent salt solutions in water
under same conditions of pressure and stirring. Salt rejection was evaluated using five solutions of
different concentrations of sodium chloride (NaCl, Sigma Aldrich, St. Louis, MO, USA) and calcium
chloride (CaCl,, Sigma Aldrich, St. Louis, MO, USA) in DI water: 3.4, 10, 20, 35 and 100 mM solutions.
Salt concentrations were measured using conductivity meter. Solute rejections were calculated using
Equation (1).

After each feed water filtration, reverse flow filtration using DI water was performed for 1 h to
remove reversibly-attached foulants that were not adsorbed to the membrane and the filter paper
support was changed. The flux recovery of the membrane was measured afterwards in order to study
the effect of presence of aquaporins on removal of reversible fouling.

In order to analyze linearity of DI water flux through unmodified and Aqp-SH modified PBI
membranes, flux values were measured using DI water as feed solution at four different pressure
values: 1.38,2.76, 4.14, and 5.52 bar.

Unmodified and modified membranes were subjected to dead end flow filtration using 0.5 M,
1M, and 2 M NaCl and CaCl, solutions in order to compare the rejection trends of membranes under
high salt concentration feed solutions. Inductively coupled plasma (ICP) analysis was used to measure
the concentrations of permeates obtained from all membranes.

2.2.7. Estimation of Aquaporin Packing in Membrane Assembly:

Membrane porosity and double layer properties influence ion fluxes through the membrane.

The flux values measured for Aqp-SH modified membranes exhibited weak sensitivity to ionic strength.

These fluxes (j) can be estimated via an ion’s concentration (c) gradient and its diffusion coefficient (D),
as shown in Equation (2):

j=DVc )
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assuming a concentration gradient was imposed perpendicular to a porous film. This concentration
gradient was set by the ion concentrations in reservoirs to either side of the membrane as well as
their separation. By relating the measured flux to the concentration gradient, an effective diffusion
coefficient, De, could be determined. This allowed the inference of relative packing densities of aqp
molecules incorporated in the active layer of membrane. This effective diffusion coefficient would
be generally smaller than the ion’s intrinsic diffusion rate in bulk media, and moreover, it would be
proportional to the ratio of the accessible pores’ surface area to the total surface area, assuming the
channels were perfectly linear and aligned with the concentration gradient, e.g., De = %T:l x D
According to the SEM imaging data of cross-sections of membranes published previously [40], it
was further assumed that the PVA-alkyl and PBI were stacked in layers aligned perpendicular to the
concentration gradient.

Based on these assumptions, a numerical partial differential equation was used to estimate how
ionic fluxes were modulated by aquaporin surface densities, from which aquaporin packing densities
compatible with experimentally-measured flux data could be determined. Namely, finite element
simulations of the steady state Fickian diffusion Equation (3) were performed,

€= v ®)
subject to ¢(L) = 1 mM and ¢(R) = 0 mM, where c is the concentration of the ionic solution, D is the
diffusion coefficient and L, R correspond to the left and right reservoir boundaries. From these
simulations, an effective diffusion coefficient that reflected the impact of the channel geometry
on transport was determined. This proceeded through recognizing the flux was related to the
concentration gradient via Equation (4)

<j>:%/DVcdS )

where A is the surface area of the film and S represents the surface. Flux could be expressed in terms
of concentrations and De was given by Equation (5)

(c(L) — c(R))
(x(L) = x(R))

where c(i) is the concentration at boundary i (left and right) and x(i) is the position of the boundary.
By numerically evaluating <j> at the film boundary, the equation was solved for De based on the

<j>A ~ D, ®)

concentrations imposed at the reservoir boundaries and their separation distance.

These equations were solved on three-dimensional finite element meshes [59,60], based on
potential membrane and aquaporin configurations using the mesh generation tool GMSH [59,61]
(See Figure 4). The meshes consisted of two reservoirs separated by a porous domain representing the
film. Aqgp or aggregates thereof were represented by cylinders of varying radii aligned parallel to the
membrane. In principle, atomistic resolution surface geometries could have been used for the Aqp
molecules [59,60], but since specific knowledge of the membrane structure at the solvent/membrane
interface was not known, a simple cylindrical representation of the protein was used. These equations
were solved, assuming Dirichlet conditions of ¢ = 1.0 M and ¢ = 0.0 M on the left and right reservoir
boundaries [59,60] via the finite element method using FEniCS [59,62]. Thebulk diffusion coefficient
was arbitrarily set to D = 1.0 m?/s, since we present effective diffusion constants that are normalized
with respect to the bulk value. Specifically, the weak form of these equations was solved using a
piecewise linear Galerkin basis with FEniC’s default direct linear solver and parameters. Concentration
fluxes were determined by performing an ‘assemble’ call on an immersed boundary located at the
middle and oriented parallel of the porous film. Details of the numerical procedure follow from
previously published work [59,60]. To capture the behavior of monomeric AqpZ, the flux found
at the boundary of a pore was normalized [59,60]. The packing fraction observed in the boundary
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layer then represented a boundary condition surrounding individual aquaporins. All code written in
SUPPO: ri(ﬁg t@s%w%&&g@}ﬁy available [60]. Simulation input files and generated data are avajlable

upon request.

Feed Nanoporous Dilute

reservoir PBl membrane reservoir

Figure 4. Representative simulation geometry of the membrane occluded by aquaporin (Aqgp)
Biguwer dte R eplesenbatileét suverhasiorccgaamettyl 080 thpmmiaGl antuticiudadubypagusplesnt (Adhe
agghegebesvidar (Xhd Nu@Erervqjr agpteirmd-5id ppssiatlasetlibipr ykirsdesrpofdancleasirig thamigler
reseriaiit (hid NeGhembpaggsagtteesiPackingidenkitydvbysglio dersed hycrhasigggditmeatelativer bich
aftithéeBhemebrbrensuTheeefackingi dardiffusian alde waedbtnideahigynig thera¢ing whe temoérihen BBh
geadbeahel difg thi¢ectévelican d ¥furéacn, trsed asnabtaierd blysintedationgofithectemdyratadn ditfdiéan
algngtite arethisgrematiare, based on numerical simulation of the steady-state diffusion equation on

this geometry.
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not aggregated in the solution and the PDI of aquaporin solution was in the acceptable range [19].
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Table 2. Rejections obtained for unmodified Polybenzimidazole (PBI), 4-chloromethyl benzoic acid
(CMBA) modified PBI (PBI-CMBA) and aquaporin Z modified with cysteine (Aqp-SH) modified PBI

membranes.

Membrane Rejection > 90%
Unmodified PBI 0.94 nm (94.2% + 2.5 %)
PBI-CMBA 0.94 nm (93.0% + 2.4 %)
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Table 2. Rejections obtained for unmodified Polybenzimidazole (PBI), 4-chloromethyl benzoic acid
(CMBA) modified PBI (PBI-CMBA) and aquaporin Z modified with cysteine (Aqp-SH) modified
PBI membranes.

Membrane Rejection > 90%
Unmodified PBI 0.94 nm (94.2% + 2.5 %)
PBI-CMBA 0.94 nm (93.0% =+ 2.4 %)
PVA-alkyl modified PBI 0.68 nm (91.3% £ 1 %)

3.3. Aquaporin Attachment Verification through Elemental Analysis

Depth profiling in XPS analysis was performed for both PBI-COOH and Aqp-SH modified PBI
membranes in order to prove the change in sulfur concentration in the membranes after modification.
Tables 3 and 4 show weight percentage of atoms of carbon, oxygen, nitrogen and sulfur present in the
membrane samples. It can be seen from Table 3 that the amount of sulfur is negligible in PBI-COOH
membrane, which was expected since the structure of -COOH modified PBI [40,43] does not contain
any sulfur. A small amount of sulfur shown in unmodified membrane might be due to impurities
present on the surface and polymer matrix of the membrane. Table 4 shows some amount of sulfur in
Aqp-SH modified membrane. Each aquaporin monomer contained four cysteine groups including the
one attached at the end groups. Considering the tetrameric form of aquaporins, there are 16 sulfur
atoms present in one aquaporin molecule. Hence, for a point scan, the amount of sulfur present at a
level in Aqp-SH modified membranes should be between 0.5% and 1%. Therefore, elemental analysis
of both unmodified and modified PBI membranes showed the presence of sulfur in the Aqp-SH
modified membrane.

Table 3. Elemental composition of elements in PBI-COOH membrane.

Carbon Nitrogen Oxygen Sulfur

Surface 85.22 10.7 4 0.07
Level 1 86.28 10.28 3.39 0.05
Level 2 86.2 10.39 3.33 0.09
Level 3 87.3 10.56 2.11 0.03

Table 4. Elemental composition of elements in Aqp-SH modified PBI membrane.

Carbon Nitrogen Oxygen Sulfur

Surface 92.13 4.07 33 0.5
Level 1 87.18 8.93 341 0.48
Level 2 87.58 8.73 2.99 0.7
Level 3 86.82 8.02 3.05 0.62

3.4. Hydrophobicity

Contact angle was used as a measure of hydrophobicity, and results are shown in Table 5.
CMBA modified membranes were found to be more hydrophilic than PBI membranes [42,43]. This was
most likely due to addition of a -COOH group in the modified molecule and its increased ability
to form hydrogen bonds because of the presence of oxygen with a lone pair. After the addition of
PVA-alkyl to the membranes, the contact angle decreased further showing a significant increase in
the hydrophilicity of the membrane. This was most likely due to high hydrophilicity of PVA. It is
hypothesized that hydrophobic part of PVA-alkyl was reoriented so that the alkyl chains were inside the
membrane matrix whereas PVA was on the outside, thus making the membranes more hydrophilic [61].



Processes 2019, 7, 76 12 of 23

After chemical attachment of Aqp-SH and PVA-alkyl, there was no significant difference in the contact
angle showing that most of the surface of Aqp-SH membrane might be covered with PVA-alkyl,
providing a protection to Aqp-SH. The middle portion of AqpZ is hydrophobic, but the ends are
hydrophilic as these parts are exposed to the cytosol/periplasm. In case of aquaporins aligned to the
feed direction and exposed to the surface, the hydrophilic ends would be facing up, and this would be
responsible for an increase in contact angle if they were exposed on the surface of the membrane [4].

Table 5. Hydrophobicity via contact angle.

Membrane Contact Angle
Unmodified PBI 75° £ 0.55
-COOH modified PBI 70.56° £+ 1.04
PVA-alkyl modified PBI 60.5° +1.44
Aqp-SH modified PBI 57.5° £0.93

3.5. Zeta Potential and Surface Charge Analysis:

Aquaporins have histidine groups present at the pore opening which are positively charged [62].
In order to confirm that the aquaporins were not exposed on the surface of Aqp-SH modified
membranes, zeta potential analysis was carried out of unmodified PBI, PBI-CMBA, and Aqp-SH
modified PBI membranes over a pH range of 2-10 (Figure 7). There were no significant differences
between the surface charge curves of the three membranes, with PBI-CMBA showing a more negative
trend as compared to the others likely due to the additional of functional carboxylic end groups to
the membrane surface. Since Aqp-SH membranes did not show more positive trends, and in fact
showed no significant difference in zeta potential as compared to the unmodified PBI membranes, it is
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3.6. Membrane Morphology

Membranes modified with Aqp-SH-PV A-alkyl showed a selective layer of approximately 50 nm.
JVSVEL, the cross-sectional images (Figure 8) did not provide any visual confirmation of
aporms present in the selective layer of the membrane. A selective layer as thick as 50 nm might
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The incorp8tatiohrofeahapdiiiv of? PA/Aksl kiphandet fiebbtinentb raressushipweded mesiserease in flux
values as Cofltpardd bsPVASIRSH Hiembanddiden Wl aitnd BRGNS HSATHEPHWith inactive
mutant; however, the flux values of Aqp-SH membranes were still lower than those of unmodified PBI
membranes. The addition of PVA-alkyl alone acted to both block pores and increased resistance to
flow, and hence, decreased flux. The addition of functional aquaporins to these membranes provided
them with flow channels, which increased the flux as compared to PVA-alkyl membranes. However,
the flux was not as high as the modified membranes owing likely to the fact that aquaporin coverage
was not complete over the surface of the PVA-alkyl, so there were still regions of minimal or no flow.
Additional experiments were conducted in order to analyze the flux linearity of unmodified and
modified membranes. Fluxes produced by all the membranes increased linearly with increment in
pressure. Also, the incorporation of immobilized aquaporins and dense PVA-alkyl layer on the surface
of PBI membrane did not affect the flux linearity of the membranes (Figure S1).
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With respect to salt rejection (Figure 10), Aqp-SH membranes showed the highest rejections for the
solutions as compared to unmodified PBI and PVA-alkyl modified PBI membranes. Unmodified PBI
membranes showed 19 =+ 2.3% rejection during filtration of the 3.4 mM NaCl solution, and as the NaCl
concentration increased to 100 mM, the rejection decreased to 5.3 + 1.2%. PBI membranes modified
with only PVA-alkyl showed a rejection of 37.24 £ 2.5% for a feed solution of 3.4 mM NaCl solution and
19.53 +£ 3.7% rejection for 100 mM NaCl solution. PBI membranes modified with inactive mutant of
Aqp (Aqp-SH R189A) showed 48.7 £ 3.2% rejection during filtration of the 3.4 mM NaCl solution, and
as the NaCl concentration increased to 100 mM, the rejection decreased to 29.5 & 5.1%. On the other
hand, Aqp-SH membranes showed a significantly higher rejection of 72.15 £ 4.2% for 3.4 mM feed
solution of NaCl and 72.95 % 1.8% for 100 mM NaCl. Similarly, unmodified PBI membranes showed
24.30 £ 1.5% rejection during filtration of the 3.4 mM CaCl, solution, and as the CaCl, concentration
increased to 100 mM, the rejection decreased to 8 £ 1.8%. PVA-alkyl modified PBI membranes showed
41.61 % 4% rejection for 3.4 mM CaCl, and 25.82 £ 4.5% rejection for 100 mM CaCl,. Aqp-SH R189A
modified PBI membranes showed 53.4 + 3.2% rejection for 3.4 mM CaCl, and 33.8 £ 1.6% rejection
for 100 mM CaCly. On the other hand, Aqp-SH membranes showed a rejection of 73.01 £ 3.7% for
3.4 mM feed solution of CaCl, and 72.0.4 + 7.4% for 100 mM CaCl,. To demonstrate the effectiveness
of the functionalizing aquaporins with cysteine end groups (i.e., Aqp-SH), results were compared to
those using the exact same membranes (PVA-alkyl modified PBI membranes) with regular aquaporin
Z (AqpZ) added to them [40]. As non-functionalized AqpZ does not have cysteine groups as anchors
to attach chemically on membrane surface, the non-functionalized AqpZ were added via physical
incorporation into PVA-alkyl, which acted as a surface modification layer on PBI membrane. Results
showed that membranes modified with aquaporins displayed lower flux declines and higher flux
recoveries after reverse flow filtration, along with improved rejection values for both protein and salt
solutions as compared to PBI and PBI-PVA-alkyl membranes. However, there was leakage of ions
between channels as observed by salt rejections decreasing as a function of feed concentration, from
approximately 70% at 10 mM to less than 40% at 100 mM. On the other hand, membranes modified
with functionalized aquaporins (Aqp-SH) showed consistently higher salt rejection values of ~70%
irrespective of feed concentration, along with higher flux recoveries and lower flux declines.

All membranes were then subjected to high concentration feed solutions of NaCl and CaCl,
(Figure 10). Unmodified PBI membranes showed 2.1 & 0.5% rejection during filtration of the 0.5 M
NaCl solution, and as the NaCl concentration increased to 2 M, the rejection decreased to 0.8 & 0.4%.
PBI membranes modified with only PVA-alkyl showed a rejection of 15.21 + 5.1% for a feed solution
of 0.5 M NaCl solution and 2.13 £ 1.7% rejection for 2 M NaCl solution. Aqp-SH R189A modified PBI
membranes showed 26.7 & 2.6% rejection during filtration of the 0.5 M NaCl solution, and as the NaCl
concentration increased to 2 M, the rejection decreased to 12.6 £ 1.5%. On the other hand, Aqp-SH
membranes showed a significantly higher rejection of 62.4 + 5.4% for 0.5 M feed solution of NaCl and
49.3 &+ 7.5% for 2 M NaCl. Similarly, unmodified PBI membranes showed 3.4 £ 0.8% rejection during
filtration of the 0.5 M CaCl, solution, and as the CaCl, concentration increased to 2 M, the rejection
decreased to 1.3 & 0.2%. PVA-alkyl modified PBI membranes showed 17.52 &+ 1.7% rejection for 0.5 M
CaClp and 13.19 £ 5.1% rejection for 2 M CaCl,. Aqp-SH R189A modified PBI membranes showed
28.7 £ 3.2% rejection during filtration of the 0.5 M CaCl, solution, and as the CaCl, concentration
increased to 2 M, the rejection decreased to 16.7 £ 1.0% On the other hand, Aqp-SH membranes
showed a rejection of 67.2 & 3.5% for 0.5 M feed solution of CaCl; and 59.1 & 5.1% for 2 M CaCl,.



Praessgse2@M,9/,7/6< FOR PEER REVIEW 11806224

100 ~~Unmodified PBI, NaCl
solution
=0 -&-Unmodified PBI, CaCl2
solution
——-PVA-alkyl modified PBI, NaCl
solution
—e-PVA-alkyl modified PBI,
CaCl2 solution
-O-Aqp-SH modified PBI, NaCl
solution

-@-Aqp-SH modified PBI, CaCl2
solution

% Rejection

<{IInactive Agp modified
membrane, NaCl solution

-B-Inactive Agp modified
membrane, CaCl2 solution

0.0010 0.0100 0.1000 1.0000 10.0000

Log (concentration)

Figyrsd oReigstigntisadadonredimebinridaand sdaimeriaridadiiatonn.

Plyé rﬁg i“eré‘r?l a“%seé’%%’v%%é‘}%hgeﬁ%% s ion %%‘%3%335881 dﬁ%fdcf?oué‘rr{‘n?géﬁﬁed
a

PP]gfnem I, ne oss ecrea ein M e of membran s an rgg mteéac ons
t mem ran t ecre?se m MW 'A pore s1ze i mbrﬁn )
Wi anes ied w1 ive mutant o % hle eqtio
ran S Mo 1ed W1 1r1act1v I%Btan? F dg l% ]P1er

m erac 1on : H n
ree tlons %X nfﬂff KIB mcelnt1 Ie?]f’eBgI mg% rar.{ets %ovfg\e/grg et%et‘é%ef?erence e een gll
PG re%eslané%} fé?f‘ﬁ?é&&e%o?‘f‘edvtﬁs‘tn‘“s ra%l%asnév}swr?o‘flsl%; %ﬁ‘%‘pte

use in order to Carr sis and S% h ejecti nstu i differ fzer}rl

erer% sam teﬁnvg rfe m_gf 1r &iifrr dou Sl ySIS an sa re%% ion s u e slight
;a?llfferee(rfc%n%e ween §[a t re ect11_)({r1psx almeahfP TOom ng mo iHed iﬂ'%m n& bt d
(m 5 V&?‘%&"FB% ‘;lor‘}ﬁ?% Ao e vhan or?ntftcggé'gn %&?oﬁ“ef“fﬂ?f ﬁali“gnethe s?#%ce o n%’em rane
P‘%ﬁlm esﬁ'renr% e Dbiampranes fo g So&‘%‘@ﬁsp‘ﬁf ﬁ%or%rnae% or Sl s soh?tfor?suvrég%’%lg%er
Bl olemb a‘iae%e?o tﬁésu%%odlfee%%é? RS pmobilized aquapoping on toet}?éefr%nﬁ%%elf%éagiu?gonns
€] Cth]% I;gr%pert%es are in part determined by the electric double layer that arises

mem

on the'm

electr%g;&ﬂ%f%ot%mla e sherged surlpses induenye e dinhe gy s o s paisntbhand i
st puacs o diermined by heattins chasee and e ltensth epertvel o

th e10 ic,stren t of fee s lutlonl creases, reject creases,owing to,a contractio he electri
1 sra €o decay from t f1e surtace area ermlﬁe B ﬂlrles Tface chargeand IGnIc Str I respectrve
er that e hanc sc]F? gﬁ 64,651 and reduces,ion ransgort rates [66]. Ho owev tﬂ
€ 10nic s reng e ol 10 créases, rejection decreases 0 a contraction o Srthe

e‘fec%%ecofﬁgﬂﬂfep rf/“r %dtf %aﬁé‘é]s?rc argé“s EE&‘% f&“z’f%’é’]“ re&“am éicgas“il O aBb SRS 18

olf_l e 10n1c streplg of sajlt sol utlons 1%lar§ e case of unmodified PBI memb ranes an
er, in ifie mem ranes, membrane re]ectlon remain alry
meml:%ranes mo 1f,ge %ttlllr ec rejection was olf etlh ed as tl}e ionic { ng
constant irrespective of the 1on1c s so u 1on igure n e case o0 unmo 1f1ie

oSS Qo lgcreaeéemoafﬁlgg SR 4 Oalecree;%z% ] shates s e%fvfgafi

%%%%%Eafherﬁlﬁﬂlot‘ RE§LR “1% 1%1% t%lc‘}%asedt WIHEROHR B Gd H‘o&%}l’erﬁ%‘eérsaﬁ Y Hhte

Az eﬁgétapc‘fh%s ‘%lﬁht ‘%‘é‘aec Bored P SRS lmtt%ﬁcu%’i‘aslﬁé‘ﬁl Pr OHASINSS3 Same T e%flfm
1rres %ctlve of th 101%(: ﬁtren t}%s of the feed solutions. "J;}’Be reason 1’1’%1 be ecause ct) e .unique
e SHOS imrfobilized aquaporins mi e Unaftec eractions ‘an

C arge in
hour%%ss %‘ag’aer%é%%tc 1;881{1%%“5‘8%““ P?fﬁqsea%}%fh%tereeﬁtt%“?%‘%ﬁa Hes %gfl ?cgﬁée‘itﬁélrteaesSnan%e%
eB“’beS Er%%eé‘ft% e%em Qi &%C%zvs%ts BRFHE R oﬂ% aj orﬁﬁaﬁ‘ér%saéﬁﬁﬁ Selec regs A Bt

WA a‘ﬁ]t < e Sed entities presen %Sfeeaeof[ r&’z&re% M %Eﬁ‘i’es%?%'g W IE%II%“ s
aﬁ%“tpormcinc‘?rebé%s fﬂ‘el%‘ec?%% SHou %51%}}éct%“feakaegrg%%%uﬁéwﬁen ihe overall harriers %%é‘%fg‘y

\fvfatetr Penetrahor)f C(%Hstant reéectlon Qbservecfl h A ified mem nes 1s ot er
ro e fof ion penetration g aporin mo fle methbrane shows a s1%1) icant erence

e%“%svncgn%the eraﬁf%%%gferfgr&%a% i g7 ggree DzihatoreRed iR merewatsn d as%?etsdmcrﬁ%&ed

VP “&%&%"%ﬁerﬁ %;{Rgénlsr%%%t% BiRt ence otgPer and constants reﬁe‘%%%%f’zeﬁe%l salt Soorll%“"tﬁs
1rre%%ec&1ve heir 1 tren%t Howeve ]ﬁe }(I% at a %Rorm 1 not covier ent1 de auh
more wa er c s, increase wa er tlu gh embrane, and 1g

ardaol s mbranss due.to the prepense of detstaent, o VAT SRSOTE. %&owever i tt?‘iy

that aquaporins did not cover entire surface area of the membranes due to the presence of detergent



Processes 2019, 7, 76 18 of 23

might have gone around the aquaporins on the surface, providing a rejection less than the complete
rejection that was expected with aquaporins.

3.8. Estimations of Aquaporin Packing in Membrane Assembly

Although the polymer layers could be resolved via electron microscopy, the distribution of
surface-anchored Aqps were beyond limits of detection. Thus, to investigate the hypothesis that
aquaporin surface deposition was incomplete, a computational model was used to measure ion fluxes
across a membrane with aquaporins aggregates of varying sizes. In principle, complete coverage of
the film surface with aquaporins should reduce electrolyte flux across the membrane to zero while
permitting water flux owing to the high selectivity of aquaporins to water over ions. Although
electrostatic interactions with charged surfaces can strongly influence ion conduction [69], the high ion
concentrations at which the experiments were conducted strongly attenuated such effects.

To rationalize the flux values reported in Figure 9A-D that demonstrated significant variations
in magnitude with respect to polymer membrane configuration, a computational geometry was
developed. The 1 nm diameter pores were consistent with MWCO analysis; the pore spacing accounted
for 28% surface coverage by nanopores. For this modeling, the PVA-alkyl porosity was assumed to
be invariant across the characterized membrane configurations. Since ions do not permeate through
the Aqp pore, the proteins were presumed to comprise a monolayer of cylindrical obstructions that
resist flow through the PBI layer. Here it was assumed that Aqps capped the PBI-pores and the 64%
reduction in flux reported in Figure 9B for PVA-alkyl-only relative to Aqp-SH modified membranes
could be attributed to capping a commensurate percentage of available pores. However, these data are
insufficient to density of the channels on the membrane surface.

Using a computational simulation of electrolyte diffusion through the Aqp-studded membranes
(Figure S2; Table S1), we investigated the extent to which electrolyte fluxes at the membrane were
influenced by the Aqps distribution: either as single proteins distributed uniformly or as aggregates.
Hence, to determine whether the Aqp-SH behave as aggregates or uniformly distributed channels,
we resorted to a three-dimensional, partial differential equation-based model that could account for
a range of possible Aqp-SH distributions and packing densities. The model largely follows from
our implementation described in previous studies [66,70] and we include implementation details in
Methods Section 2.2.7.

Toward this end, the steady state diffusion equation was solved based on varying Aqp aggregate
sizes. Figure 11 shows a disk of increasing radius that occluded the underlying pores as a representation
of Aqp-aggregates of increasing size. In Figure 10, we demonstrate that the model predicted an increase
in effective diffusion rate as the Aqp packing density approached 0, such that the faster diffusion
observed experimentally for the PBI-only case was recovered. In other words, NaCl diffusion was
not impeded by Aqp and diffused at rates typical of a PBI-only membrane. As the Aqp packing
density approached 64%, the effective diffusion constant approached the experimental estimate for the
Agp-modified membranes, which we indicate in Figure 10 by the red vertical line. We additionally
show in Figure 10 (model fit) the change in De with respect to packing density for a single Aqp
monomer, by varying the surface area of the film for a fixed Aqp monomer size 0.4 nm x 0.4 nm.
We simulated the effect of varying the monomeric Aqp packing fraction, by scaling the average
concentration flux at the Aqp over a range of surface areas, as this flux will scale proportional to
the occluded surface area. It was found that the effective diffusion rate scaled comparably to the
aggregates, hence these two cases could not be discriminated based on diffusion alone.

It is important to note that Aqp monomers at a given packing density presented more
exposed surface area compared to an aggregate of comparable density. In light of which, packing
configurations could be discriminated under conditions that manifest strong surface/diffuser
interactions. For instance, in the event that these experiments were performed under low ionic
strength conditions, it was expected that ions could interact with the Aqp surface and thereby influence
diffusion, either through weak electrostatic interactions or high affinity binding [69]. In addition, as
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lower as compared to unmodified PBI membranes. This might be due to aggregation of some of the




Processes 2019, 7, 76 20 of 23

unmodified PBI membranes. This might be due to aggregation of some of the aquaporins added
onto membrane surface. The packing fraction for dispersed aquaporins on membrane surface was
calculated to be ~24%.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2227-9717/7/2/76/s1,
Figure S1: Flux linearity and permeability consistency for unmodified PBI and Aqp-SH modified PBI membranes.
Figure S2: Diffusion cell assembly with 1000 ppm NaCl and DI water in two compartments separated by
membrane. Table S1: Salt concentrations measured every day for all three membranes in diffusion cell assembly.
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