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Abstract: Recent advances in synthetic membranes allow their use in fields as diverse as food and
agriculture, biotechnology, industrial wastewater treatment, and potable water production. Among
the newly developed technologies, nanofiltration and more particularly desalination of seawater is
actively pursued. However, current solid-state membranes performance is limited, which calls for
development of novel membranes offering high permeability (ion and water flux) and ion
differentiation (selectivity), usually considered antagonist features. We report the development of
nanoporous membranes made of solid-state polymer carbonate track-etched (PCTE) films in which
biological ion channels such as Gramicidin A (GA), alpha-hemolysin (a-HL), and outer-membrane
protein F (OmpF) aquaporin are confined and graphene oxide (GO) conjugated cobalt ion selective
binding peptide motifs (Copep) are adsorbed, referring as bioinspired and biomimetic approaches,
respectively. The solid-state nanoporous membranes are attracting widespread attention since they
offer scalability, mechanical robustness, selectivity, controlled pore dimension and shape, for water
sustainability. The ion permeability, ion diffusion coefficient and selective ion recognition are
evaluated via nanofiltration, cell diffusion, and UV-Visible absorption spectroscopy to gain insights
into the role of key performance parameters including effective ion confinement in track-etched
pores, rich surface chemistry, and peptide-induced channel for selective ion transport. These
findings provide new avenues for artificial ion channels by synergistic combination of eco-friendly
material design such as GO enabled by bio-molecular recognition chemistry.

Keywords: bioinspired membranes; graphene oxide; pore channel proteins; peptide; diffusion; ion
selectivity

1. Introduction

Water is the most precious resource for existence of our life (mankind) as well as indispensable
component for food production (agriculture), industrial processes (energy production), and hygiene.
Though more than 70% of the Earth is covered with water (‘blue planet’), with increasing demands
for freshwater and dwindling resources pose a global threat to sustainable development, resulting in
water scarcity [1,2]. Freshwater is a renewable resource, but not always available where it needs to
be and incurs stress across food-energy-water (FEW) nexus [3,4,5]. Thus, it necessitates coordinated
innovative research and development efforts, with re-consideration of energy-efficient water
filtration technologies related to materials that can mitigate environment pollution or address climate
forecast affecting our nation and the world [6,7,8]. Current water purification technologies include
reverse osmosis (RO), nanofiltration (NF), and recently resurged forward osmosis (FO) processes that
utilize membranes to achieve significant removal of contaminants [9,10,11,12,13]. RO is a pressure-
driven process where unwanted impurities is forced through a semi-permeable membrane,
selectively transporting monovalent ions (Na*, K*, CI) and water molecules while rejecting
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multivalent ions, dissolved organic compounds and micro-organisms (e.g., bacteria) [3,14,15,16]. The
membranes used are based on conventional thin film polymer (polyamide; PA, cellulose acetate; CA,
polysulfone; PS), polymeric composites, and ceramics that have salient advantages such as good
separation capability, structural stability (mechanical robustness), anti-biofouling, and wide pH
tolerance [17,18,19]. Membranes that recognize and selectively transport specific molecular and ionic
species are being actively pursued to meet the needs in food processing, treatment of wastewater,
brackish water, chemical, biomedical, and pharmaceutical industries. Specifically, the ability that
differentiates ions yet keeping high permeability is the basis for ion separation [20], biotechnology
[21,22], nanomedicine [23], and water desalination [3,24,25].

Molecular separation and ion rejecting membranes are primarily based on unique pores that
mimic efficient and water selective biological proteins such as Aquaporin-1 (AQP1). The key
structural features that enable efficient transport in AQP1 is its hydrophobic and narrow 0.3 nm
diameter channel, which forces water to translocate in a single-file arrangement. The limited success
of efforts to create scalable AQP-based membranes motivated researchers to develop bioinspired
artificial channels [26]. Similarly, it is well-known that the transport of ions through biological
membranes made of phospholipid bilayers is well controlled through embedded proteins, so-called
naturally occurring biological ion-channels exhibit outstanding permeability and selectivity
properties. Central to the ion channel is selectivity filter ‘nanogate” composed of short or long chain
peptides (polypeptides), responsible for differentiation between ions that can be quickly transferred
in or out of the cell [27,28,29,30]. Unfortunately, this remarkable property of the biological membranes
cannot be easily transferred to abiotic systems and thus there are challenges to overcome this
problem. First, the idea of supporting the biological membrane on nanoporous solid-state material
was proposed [31]. Then, the use of supported synthetic polymer bilayer-like membrane are
investigated [32]. For instance, Kumar et.al., [33] incorporated functional water channel protein
Aquaporin Z in ABA copolymers and demonstrated the stability and functionality of the channel in
the artificial environment. More recently, Gonzalez-Perez et.al., [34] constructed a biomimetic stable
polymer membrane array including ion channel Gramicidin-A (GA). Despite this system of synthetic
protein-polymer membrane turning out to be more stable than biological membranes which is
encouraging for further investigations, it is devoid of mechanical robustness to be utilized for
practical applications.

Synthetic solid-state membranes offer advantages unparalleled to bilayer approaches, including
chemical and mechanical stability, modified surfaces for desired functions, control over pore
dimension and shape [35,36]. Track-etched polymer membranes (PCTE)—polyimide (PI) or
polycarbonate (PC)—with cylindrical nanopores are used as solid support and loading biological
channels has been investigated yet with partial success. Second, building of mechanically stronger
systems with surface functionality accomplished by immobilization of functional ligands mimicking
ion channel properties performed by covalent attachment, hydrophobic interaction and electrostatic
self-assembly of the ligands with active chemical sites on the pristine nanochannel surface have been
explored. Thus, biomimetic approaches that combine bioinspired functional molecules with
modifiable surface on solid supports offer great potential mimicking the functions and principles of
biological ion channels. Additionally, key insights are looking at the individual components and their
interactions to understand the behavior of membranes in the water filtration process. With reasonable
understanding of such complex systems, the next step is to design better membranes and develop
understanding of membrane processes. To this end, graphene oxide, GO (graphene layer with
oxygen/hydroxyl functional groups at basal and edge planes) is an emergent material for solid-state
membrane and selective ion transport through stacked GO layers with holes in the basal plane and
interlayer spacing has been reported [14,37,38,39]. It was first realized by molecular dynamic (MD)
simulations where nanopores were theorized on the graphene monolayer (basal plane) to allow water
to permeate while rejecting or retaining undesired substances proficiently [24,24,40]. Since the oxygen
containing groups (hydroxyl, epoxy, and carboxyl) at basal or edge plane sites offer rich surface
chemistry, GO is a suitable scaffold for equipping functional ligands [41,42]. In general, the chemical
functionality on channel forming pore surface determine the ion selectivity, which depends upon the
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interaction between ligands on channel wall and molecules or solvated ions [43]. Most artificial ion
channels relied on electrostatic [44,45] or size sieving mechanism [46] and for selective transport of
molecules, molecular recognition chemistry has been applied for enantiomeric drugs [20] and
complementary drugs [47]. However, selective ion transport based on recognition chemistry is much
less explored [48,49].

In the present work, we adopted two related approaches namely, preparation of bioinspired
(artificial ion channel proteins) and biomimetic (ion recognizable short chain peptide motifs)
membranes in which corresponding biomolecules are confined within polymer track etched
nanopores (thickness 2 micron and diameter 30 nm) that is conjugated with GO film as selective filter.
Specifically, we report the hybrid bio-membranes with cylindrical nanopores filled with Gramicidin-
A (GA; proteinl), a-Hemolysin (o-HL; protein2) and outer membrane protein F (OmpF; protein3)
verified using vibrational and confocal fluorescence spectroscopy. Then, the effective ion diffusion
coefficient through hybrid membranes is determined by means of diffusion cell measurements of
various mono- and bi-valent electrolytes i.e., Na*, K*, Ca?*, and Mg? chloride solutions. Comparison
of ion diffusion coefficient with protein-free membranes confirms the adsorption of these proteins
within the channels and emphasizes that the diffusion increased significantly when effectively
adsorbed. Briefly, GA is known to allow the transport of Na* and K* but tend to hinder divalent
cations. This ionic artificial channel is the simplest and most studied by physiologists. It is a
polypeptide constituted of 14 hydrophobic amino acids and in polar solvents it acquires B-helical
dimeric double stranded conformation which is responsible for ion channel formation across the lipid
bilayer [32,50]. Likewise, a-HL is expressed as a water-soluble monomer (33.2 kDa), which assembles
to form a membrane-bound heptameric pore that are stable under high salt concentration,
temperature, pH, etc. It is a mushroom-shaped protein, and its” structure is divided into three sub-
domains (cap, rim and stem/transmembrane) resolved by x-ray crystallography (PDB ID: 7AHL) [51].
OmpF is a general outer membrane protein forming porin consisting of 16 antiparallel -strands
forming a barrel and displays eight domains [52]. Thus, porins are B barrel proteins across cell
membrane act as a pore mediating the non-specific diffusion of small solutes, ions, and amino acids
molecules can diffuse. However, unlike other membrane transport proteins, porins are large enough
to allow passive diffusion, i.e., channels that are specific to different types of molecules.

On the other hand, in approach 2, polypeptides biomolecules composed of sequence of amino
acids that have inherent recognition properties [53,54], offer possibility for selective transport
through the channels on which they are adsorbed or anchored. Peptide motifs with specific target
affinity have been identified through extensive search in biopanning technique [55,56,57,58]. The Co?*
ion binding is a sequence of octapeptide: EPGHDAVP (Glu-Pro-Gly-His-Asp-Ala-Val-Pro), named
Copep, (peptidel) has been previously screened [48,59]. Other peptide motifs designed are Napep
(DKEADKEA; Asp-Lys-Glu-Ala-Asp-Lys-Glu-Ala) [peptide2] and RFs sequence RFRFRFRF (Arg-
Phe-Arg-Phe-Arg-Phe-Arg-Phe) [peptide3]. To evaluate selective Co? ion transport, we immobilized
these peptides on GO functionalized solid-state supports. The resulting GO conjugated membranes
with ion recognizable peptides showed remarkable ion diffusion and effective transport of Co?* ions
that was reasonably selective over other transition metal ions as in the biological ion channels.
Therefore, ion recognition capability of various peptide motifs successfully translates into ion
specificity. This study provides novel ways for developing artificial ion channels via synergistic
combination of biomimetic recognition chemistry, with GO as nanoplatform.

2. Experimental Section

2.1. Preparation of Track-Etched Polymer Membrane and Materials Dispersion

Synthesis of bioinspired membranes as in approach 1 begins with surface modification of
commercial polycarbonate track-etched membrane (PCTE) supports from Whatman-Nucleopore
(0.03-micron pore and 47 mm diameter) or from Sterlitech (0.03-micron pore and 43 mm diameter)
and preparation of solutions following the sequence. To make 0.01 M solution of PVP, 278 mg of PVP
polymer was dissolved in 250 mL DI (deionized) water. Then, eight electrolytes of varying
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concentrations were made for diffusion cell tests including 0.5 g/L of NaCl, KCl, CaCl:, and MgCl: as
well as 0.01M and 0.1M concentrations of each CoClz and NiCl: electrolytes. Then, 1.5 uM of GA in
methanol was created. Dilution of 1.5 pM to 20 mL of 100 nM was achieved by adding 18.7 mL of
methanol to 1.3 mL of 1.5 pM GA. Graphene oxide (GO) was prepared following modified
Hummers’ method [14,39]. The hydroxyl, ester, and epoxide groups were converted to carboxylic (-
COOH) group by treating as-prepared GO with appropriate chemicals. To create a GA+GO solution,
16 mL of GO (70 pg/mL in DI) and 16 mL of GA (100 nM in methanol) were stirred together to create
32 mL of GA+GO dispersion. A total of 42 membranes were used, where in 36 were treated with
0.01M PVP that renders them hydrophobic with 6 left as-purchased (pristine). The membranes were
left soaked in PVP for 25 minutes, and afterward the excess PVP solution was removed with a pipette.
Then, 24 of the 36 PVP treated membranes were soaked in ethanol for 15 minutes. The nanopore
diameter equals 30-40 nm and the nanopore density is about 108-10°/cm?.

2.2. Insertion of Artificial Ion Channel Proteins Inside Track-Etched membranes (Approach 1)

This subsection presents a scheme to synthesize bioinspired membranes with various biological
ion channel proteins as solid-state nanopores. Prior to impregnation of nanoporous membranes with
proteins, they were percolated with ethanol and then removed by water percolation as described
above. This process partly degrades the hydrophobic external surface while not damaging the
nanopores apparent from visual or SEM images. After the removal of excess ethanol, 12 membranes
were treated with 100 nM GA in mixed water-ethanol (95/5), 12 membranes were treated with
GA+GO, and left to soak for 3 days (72 hours) at room temperature. After soaking, 6 of the 12 GA-
soaked membranes were given an additional layer of GA, making them double-layered GA
membranes. They were washed and kept in pure water until further experiments. The same
procedure was carried out to prepare membranes with other ion channel proteins.

To observe GA by confocal fluorescence spectroscopy, fluorescent labeling was carried out with
Alexa-fluor 594 succinimidyl-ester (Invitrogen®) in ethanol and the mixture was stirred for an hour
followed by removal of ethanol by evaporation under vacuum. The suspension of proteins obtained
after water addition is filtered on Millipore membrane to remove Alexa-fluor 594 excess. Ultrapure
water from milliQ 18MQ is used throughout this work. Also, the labeled GA protein trapped into
millipore membrane can be retrieved by methanol washing. The UV-Visible spectroscopy yields the
GA labeling ratio of 0.27. As for the confirmation of GA insertion inside the nanopore, either ethanol-
treated or as-purchased PCTE membrane, the labeled solution is poured into a mixed water-methanol
(95/5) solution containing 107 moles per liter of GA and is left for impregnation during 72 h at room
temperature followed by washing.

2.3. Peptide-GO Conjugated Membrane Synthesis (Approach 2)

Firstly, PBS (phosphate buffer solution, pH 7.4) solution was diluted to a 1M concentration from
7M and then 50 mL of 10 mM EDC was created by dissolving 96 mg in 50 mL of 1M PBS buffer, and
2.5 mM NHS was created by dissolving 14 mg in 50 mL of 1M PBS buffer. Then, the 2 g/L. GO solution
in DI was diluted by adding 37.5 mL of DI to 12.5 mL of 2 g/L. GO solution. Therefore, a 0.5 g/L GO
solution in DI was created. NHS solution (25 mL), EDC solution (25 mL), and GO solution (50 mL)
were mixed using a magnetic stirrer for 15 minutes obtaining 100 mL solution. The solution was then
ultrasonicated for 1 hour and stirred again with a magnetic stirrer for 10 minutes. After the GO-
COOH was prepared, solutions of three peptides and two proteins were prepared using 1M PBS
buffer as solvent. They include protein 2 (@-HL) solution adding 40 mL of 1M PBS buffer to the total
amount to obtain 0.378 mM (or 90 uM) solution. Protein 3 (OmpF) was made into a solution by
adding 40 mL of 1 M PBS buffer to the total amount to get 3.8 uM (or 0.9 pM) solution. The same
was done for peptide 1 (Copep), peptide 2 (Napep) and peptide 3 (RFs) to obtain 0.116mM (or 30 pM),
0.1mM (25 pM), and 0.11 mM (22 pM) solutions in 1M PBS buffer respectively. Then, 30 mL (or 6
mL) of the peptide and protein solutions were individually mixed with 10 mL (or 2 mL) of 0.5 g/L (Or
0.1 g/L) GO-COOH, and ultrasonicated for 1 hour. More solutions were prepared as before to create
two sets of membranes for reproducibility.
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MCE (mixed cellulose ester) membranes were placed in individual petri dishes with cut-out
filters and treated with each peptide and protein solution with added GO-COOH prepared above
and left to sit for a day (24 h). Then, the excess solution was removed and left to sit for another day
to dry. The prepared GO or GO-COOH and GO-peptide solutions were vacuum-filtered through
MCE membranes and the loading amount was ~0.1 mg.cm? eventually preparing MCE membranes
for the second approach. Figure 1 shows schematic illustration of the two approaches studied in this
work.

[Approach 1 (Bio-inspired Membrane)|

2(a-Hl): [
22 || taHemolysin) [

CuHiuNOyr et e (@)

|Approach 2 (Bio-mimetic Membrane) |

Short-chain peptides
e a.Co,, (peptide 1)
v EC W et
—_— I — — S5 (EPGHDAVP-FAM}
* Ca
a ’ E=] [Uberm=1l b.Na,, (peptide2)
i s /6\ o
— bioding. [ rocorm \ = @ WD Viap g [ [ T7p FAM
- popde | { A\ {QWDDHW-FAM)
oo~ (e e c.Random,,; (peptide 3)
F =
o - g e g PN Tkt me SAM
[Gocoon]  |membrane

{RFRFRFRF-FAM)

Selective Co?* transport

Figure 1. FE-SEM of pristine (a) polycarbonate track etched (PCTE) and (b) mixed cellulose ester
(MCE) membranes. (c) PCTE treated with PVP (polyvinyl pyrrolidone) and ethanol in which three
different ion channels (GA, o-HL, OmpF) confined are realized—Approach 1 (bioinspired). (d)
Fabrication steps for MCE supported GO-conjugated Copep, Napep and RFs membranes—Approach 2
(biomimetic). Typical conformations of GA and peptidel conjugated GO inside the nanopores are
also shown. (e) A photograph of GO-Copep membrane on MCE support filter. (f) A diagram of ion
diffusion and (g) a commercial diffusion cell used for membrane transport tests showing (1) chloride
electrolyte and (2) pure water compartments.

2.4. Membranes Characterization

The membranes were characterized to reveal surface morphology, microstructure, surface
chemistry, and lattice vibration properties by electron microscopy, confocal fluorescence
spectroscopy and Raman spectroscopy. Field emission scanning electron microscopy (FE-SEM; JEOL
Model JSM-6510LV, MA) images were taken while operating at a primary electron acceleration
voltage of 15 kV at constant current 45 HA in secondary electron imaging mode with a LaBs filament.
Thin films were also created on cleaned SiO:/Si substrates for GO (in DI, 0.5 g/L), GO-COOH (0.1
g/L), GA (1.5 pM in methanol), GA (100 nm in DI)+GO (70 pg/mL in DI), a-Hemolysin (in PBS, 0.756
mM), a-Hemolysin+GO-COOH (90 pM), OmpF+GO-COOH (0.9 puM), Peptide 1+GO-COOH (30
uM), Peptide 2+GO-COOH (25 uM), and Peptide 3+GO-COOH (25 pM). After depositing each of the
samples on individual substrate and left drying for 24h, another layer was added and left for another
1 day. The films were stored in dry cool place and Raman spectra was acquired. They were measured
using a micro-Raman spectrometer (Model InVia Renishaw plc, Hoffman Estates, IL, USA) equipped
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with a laser providing excitation wavelength 633 nm. The scattered light from the sample is collected
in backscattering geometry transmitted and detected by CCD camera. An objective lens of 50x was
used providing a spot size of ~1-2 pm and the laser power on the sample is maintained at <0.5mW
(5%) to avoid local heating effects. Raman spectra ranged from 120 cm™ to 3200 cm™ with spectral
resolution 1 cm™. A UV-Visible spectrophotometer (PerkinElmer 1050) in a range of 200-700 nm was
used to determine the proteins and peptides with and without GO conjugated solutions pre- and
post-diffusion tests.

2.5. Membrane Performance (Ion Transport/Diffusion Tests and UV-Vis Absorption Spectroscopy)

The membranes performance is evaluated in terms of permeability, ion diffusion, selective ion
rejection and using UV-Visible absorption spectroscopy to determine concentration post-diffusion
for complementarity. Ion diffusion tests were undertaken using a commercial Side-Bi-Side Diffusion
Cell (PermGear Inc. Hellertown, PA) with a hole 2.1 cm in diameter on the feed side compartment
(1). The feed solution of the respective electrolyte was inserted using a pipette into chamber 1, and
chamber 2 was filled with RO water permeate (see Figure 1g). Both chambers held up to 10 mL, but
each were filled to about 9 mL. Initially, plain PCTE and MCE membranes were tested with eight
different electrolytes: NaCl (0.5 g/L), KCI (0.5 g/L), CaCl2 (0.5 g/L), MgCl2 (0.5 g/L), CoCl2 (0.01 M and
0.1 M) and NiClz (0.01 M and 0.1 M). Membranes are cut to appropriate sizes, a white O-Ring held
the membrane in place between the two chambers, a metal holder was used to hold the chambers
together and increase the speed of diffusion by stirring. This configuration allowed for the diffusion
of feed into permeation through respective membranes prepared in this study. The initial
concentration of RO water was measured using a conductivity meter, as well as the initial
conductivity of the electrolyte in the feed chamber. Initially, the conductivity in chamber 2 was
measured every 30 minutes during tests, but the increments were decreased to 15 minutes for
efficiency and to increase the number of data points for better statistics. We report effective ion
diffusion coefficient D} ™ through as-purchased and ethanol-treated hybrid nanoporous
membranes eitherimpregnated (or not) with peptides/proteins. D*™ is determined from diffusion
cell experiments albeit indirectly from the ion flux passing through the membranes when placed
between two compartments filled with a given electrolyte and pure water respectively. The quantity
of the ions crossing membrane nanopores by unit time is determined by measuring the evolution of
ionic conductivity ai(ozr)l in pure water compartment (note that the subscript (2) refers to pure water
compartment and (1) to that of chloride electrolytes). Both the compartments are continuously stirred
during the experiment. According to experimental conditions, D}'*™ can be determined following

n
mathematical treatment provided herein. The ionic conductivity in chamber 2 is given by: o) =

on
AcationC c(igimﬁ AanionC éfl)l ons Where 1 is the molar conductivity and C the concentration. It can also be
written from textbook as [60]:
2
C® = 0,0/ 2910 = Dign CDAR/V®. d).t or CP/(CPAR/ VD, dp) = Dign.t (1),

on

where Am is membrane surface area, dm membrane thickness, V @ volume of compartment (2)
and t the time following Fick’s law of diffusion. Thus, the value of Dion is calculated following linear
relationship of concentration in compartment (2) with time (t) of diffusion cell measurements.
Additionally, the relative ion permeability is given by:

Pl5 = Pe™ /DI Pion= Dign X K (2),

on won on

where K is the partition (or distribution) coefficient. The corresponding DZ“* (cm?.s~1) for Na*

(1.50 x 104), K* (1.95 x10), Ca> (7.93 X 10), Mg? (7.05 x 10¢), Co* (7.45 X 10), Ni* (7.59 x 10-
6), and CI- (1.33 x 10+). The value of K can be determined by the shake flask method using two
immiscible solvents [61]. The results showed that the presence of salt changes the partition coefficient
such that it increased with salt concentration. The most common hydrophilic solvent is water (or
phosphate buffer of pH 7.4) and for organic phase is octanol (or ethanol). For instance, the value of
K at water-ethanol (or water-octanol) followed:
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logP =logS, — logS,, (3),

where S is the solubility in octanol (So) and water (Sw). For NaCl, KCl, MgClz, CoClz, and NiCl:
the values result in 2.075 X 1073, 1.279 X 103, 1.365 X 1071,1.590 X 1071, and 1.18 X 107, respectively.

We also report the permeability and salt rejection of the membranes examined by evaluating the
selected mono- and di-valent (NaCl, KCl, CaClz, and MgClz) chloride electrolytes. To minimize the
concentration polarization effect on the retention performance, the feed solution was continuously
stirred at 500 rpm during the dead-end filtration (Model HP4750, Sterlitech Inc., Auburn, WA)
described in detail elsewhere [14]. The retention performance of membranes for the electrolyte ions
were calculated using equation:

R(%) = Z22 X 100(%) = (4).

where Ct feed and Cp, permeate conductivity (or concentration), respectively. They were
measured by ion conductivity meter (Cole-Palmer, Model Oakton CON 450 Meter). Likewise, surface
adsorption is calculated using:

V.Cr—V Cp
Ads. (%) = S8 X 100(%) = (5),

where Vi and V; refer to volume of feed and permeate, respectively.

A UV-Visible spectrophotometer (Perkin-Elmer Model 1050) in 200-700 nm range and
fluorescence spectra were used to determine the respective ion concentration of permeates. The CoCl2
and NiClz permeate samples obtained during diffusion cell tests involving the MCE membranes were
organized following the sequence of measurements. For example, a plain MCE membrane tested with
CoCl2 (0.1 M) would have 10 individual vials of permeation: 10 min, 20 min, 30 min, 40 min, 50 min,
60 min, 70 min, 80 min, 90 min, and the final feed. Small volumes of the sets of samples, as well as
small volumes of GO-COOH (0.1 g/L), GA (100 nM in ethanol/water mix), GA (100 nm in DI)+GO
(70 pg/mL in DI), @-Hemolysin (in PBS, 0.756 mM), OmpF (0.91 mM), a-Hemolysin+tGO-COOH (90
uM), OmpF+GO-COOH (0.9 uM), peptide1+GO-COOH (30 uM), and peptide2+GO-COOH (25 uM)
were placed in a tray with 96 pockets, and labeled accordingly on a matrix. The Absorption was
measured between 230-650 nm and the fluorescence were measured with excitation at 320 nm (or
430 nm) between 350-650 nm (or 480-650 nm) range. All statistical analysis was performed using
Origin software ver. 21b. One-way analysis of variance (ANOVA) was performed for various
comparison. The Levenberg-Marquardt algorithm as least-squares method was used to designate the
statistical significance. Results were displayed as an average of four or five replicates that were
conducted for reproducible results and p value of 0.05.

3. Results and Discussion

3.1. Morphological and other characterization of membranes

A series of field emission scanning electron microscopy (FE SEM) images are shown in Figure 1
revealing surface morphology of as-purchased PCTE (Figure 1a—c), PVP and ethanol treated (Figure
1d), GA impregnated (Figure 1le,f), GO-conjugated GA membrane (Figure 1g), GO-COOH layer
morphology (Figure 1h), as-purchased MCE (Figure 1i,j), GO-conjugated peptide (Figure 1k,l), and
proteins (Figure 1m,n) membranes. The surface modification at the surface and edges of nanopores
in PCTE is apparent at various stages of processing without significant altering the pore structure
and diameter. Likewise, the MCE membranes modified with peptide 1, peptide 2, protein 2 and
protein 3 conjugated with GO present rougher surfaces. The interlayer GO distance increased upon
insertion of peptides and proteins by almost 0.5 nm. Chemical phases of these membranes at various
stages of processing and with different biological molecules were examined by confocal Raman
spectroscopy (see Figure 10). The spectra showed characteristic first-order D (disorder-activated) and
G (graphitic or sp? C) Raman bands associated with GO and GO-COOH besides vibrational bands
assigned to proteins and peptides as labeled. It is well-known that GO has many oxygenated surface
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functional groups including hydroxyl (C-OH), epoxide (C-O-C), and carboxylic (-COOH) groups. It
turns out that after proteins and peptides impregnation, the carbonyl C=O peaks around 1600 cm™
were increased due to amide bonds and carboxylic groups in these biological molecules is the
contributing factor. The presence of bands at lower wavenumbers around 200-600 cm™ and higher
wavenumbers at around 950 cm™, 1246 cm! and 1661 cm! confirm successful functionalization. For
instance, in case of GO-Copep while the bands at 1660 cm™ and 1246 cm™ were assigned to stretching
vibration of C-N and -CO-NH-, respectively, the band at around 900 cm is associated with protein
phosphate group PO+~

We attempted to measure the fluorescence response by confocal fluorescence spectroscopy to
confirm the presence of labelled protein GA [62]. It allows to measure the fluorescence signal through
the thickness of the membrane by steps of 0.2 pum. The fluorescent signal measured on the membrane
surface revealed that the protein concentration is homogeneous throughout the sample. Fluorescence
counts obtained are corrected by acquisition time and excitation power for statistics. Figure 1p reports
the representative fluorescence signal response of the PCTE membrane with GA solution, inside the
membrane, and membrane/solution interface. It is emphasized that the fluorescence intensity is about
three and six times larger than in the solution. The intensity signals clearly point out that the
concentration of GA is alike throughout the thin film thickness and GA is not strongly adsorbed at
the polymer surface. These outcomes unambiguously indicate that GA is confined into the cylindrical
nanopores of the polymer and that the treatment with ethanol increased the quantity of absorbed GA

protein.
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g A 2 :
-
S
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Figure 2. FE-SEM images of (a—g) pristine PCTE treated with PVP and ethanol and impregnated with
ion channel GA as a representative example and GA conjugated with GO. (h) GO nanosheet. (i—n)
pristine MCE membrane support at two magnifications and treated with peptidel, peptide2, proteinl
and protein2 conjugated with GO. Scale bars are shown at the bottom of images. (0) Representative
Raman spectra of membranes conjugated with and without GO showing characteristic vibrational
peaks associated with different chemical bonding and functional groups. (p) Fluorescence signal as a
function of time in labelled GA solution, inside the membrane and at membrane/solution interface.

3.2. lon transport through artificial biological ion channel membranes and mechanistic aspects

Figure 3 shows the measured ionic conductivity evolution with time in compartment (2) during
diffusion cell experiment for electrolytes containing mono- (NaCl, KCl) [Figure 3a,b] and di-valent
(CaClz, MgCl) [Figure 3c,d] cations at concentration 0.5 g.L- for PCTE membranes impregnated with
GA besides as-purchased and PVP/ethanol treated membranes as control. Based on the experimental
conditions employed, the effective ion conductivity and thus diffusion coefficient (D }°™) albeit
indirect corresponding to ion flux through the nanopores of the bioinspired membranes that are
related to the evolution of ionic conductivity measured. Qualitatively, it is apparent that the ion
conductivity is higher for those membranes impregnated with artificial biological ion channel
proteins and equivalent with GO conjugation where the proteins were confined than those of
untreated and unfunctionalized membranes.
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Figure 3. Membrane performance through ion diffusion. (a—d) Representative ion conductivity
variation with time for NaCl, KCl, CaClz, and MgCl: for PCTE-based membranes (approachl) with
GA and GA+GO along with control.

Quantitatively, the ion diffusion and permeability increased significantly by two to three orders
of magnitude for GA and GA+GO treated membranes from untreated and PVP+EtOH treated PCTE
membranes as apparent from Figure 4a,b. We also determined the relative ion permeability Plrjrll
shown in Figure 4b which is enhanced by almost three to four orders of magnitude. The Figure 4c
summarizes the ratio of D™ divided by self-diffusion coefficient of cation in bulk water D 2“* for
the membranes studied. The ratio of D7 °™/D fgﬁk value which is between 3-5 for the untreated
membranes increased to around 13-16 for GA, a-HL, and OmpF impregnated membranes. However,
the ratio is somewhat independent of either the protein ion channel type, the chloride solution, or
concentration. Lastly, no significant ion selectivity is observed between the mono- and divalent
cations except for o-HL which showed marginal selectivity over Na* and Ni* ions. Other inferences
that can be drawn from the experimental observations are: (i) First, the ratio obtained for GA-free
membranes is slightly higher pointing out that the nanopores contribute themselves to an increase of
ion diffusion attributed to effective surface charge density. This effect becomes significant for lower
concentration due to increase of Debye length. This finding agrees with experiments for alkali ion
and chlorine ion diffusion in nanopores and with models based on size exclusion effect [13,14] (ii)
second, when ethanol-treated membrane is impregnated with GA, ion diffusion recovers from the
level measured for the non-impregnated membrane. The primary interpretation of this outcome is
that GA strongly influences the effective ion diffusion when there is a critical loading of proteins
inside the nanopores. The experimental values of diffusion coefficient also implies that proteins do
not impede the ion diffusion. Thus, we can decisively claim that ions diffuse through the proteins
confined nanopores yet without direct interaction. It is consistent with the presumption that proteins
neither improve nor obstruct membrane permeability. Though we have no means to evaluate the
origin of D7 *™ increase since presence of proteins inside the nanopore modify either the intrinsic
ion diffusion due to specific action on mobility or concentration due to its electrostatic interaction
and hence exclusion-enrichment effect (EEE) [63]. One of the easiest ways to discriminate between
these effects would be to measure ion concentration inside the nanopore which is quite challenging
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because of extremely small volume of nanopore compared to compartment (1) electrolyte in diffusion
cell. The other approaches could involve solving the Poisson-Boltzmann equation for protein-
nanopore system. Additionally, the confinement and conformation of these artificial ion channels
forming proteins of nanoscale dimension within the support membrane hydrophobic surface needs
to be elucidated. While confocal fluorescence microscopy/spectroscopy was used experimentally
[49,64], unconstrained molecular dynamics (MD) simulations is also a powerful tool for deeper
insights about the relationship between the structural features of confined proteins and associated
functionality (ion permeability and diffusion) [49]. However, it is admissible that they require precise
description simulating the system which is beyond the scope of this study.
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Figure 4. Permeation tests and properties. (a) Ion diffusion coefficient, Dion (b) ion permeability, Pion,
and relative ion permeability, P} (ratio of permeability through membrane to bulk ion
diffusivity=P[¢™ /D2 (c) Histogram of the ratio between ion diffusion coefficient through the

membrane nanopores D™ and DE“¥ for various electrolyte ions.


https://doi.org/10.20944/preprints202304.0977.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 April 2023

doi:10.20944/preprints202304.0977.v1

12

The relatively higher retention (R, rejection of unwanted ions) and higher adsorption (Ads.)
percentage of monovalent (Na*, K*) and divalent (Ca?*) ions as compared with Mg?" imply that the
protein accommodation inside the nanopores point at not so favorable orientation of GA protein ion
channel (Figure 5a,b). While observing the variation of Dion for all these electrolytes (Figure 4c), it is
also apparent that monovalent (Na*, K*) and divalent (Ca?") ions as compared with Mg? and Ni?* are
higher, which indicates the lack of selectivity. Thus, these experimental results help us to explain that
GA is either double stranded dimer or stable B-helical conformation and why the confined GA (and
other ion channel proteins tested in this study) did not exhibit selectivity. Alternatively, the higher
ion diffusion coefficient for three ions from confined GA protein indicates that they diffuse selectively
these ions compared with Mg?* ions. Interestingly, the relative permeability PLl = D;,, X K, which
is proportional to ion diffusivity weighted with solubility coefficient or partition coefficient, is higher
for CaClz (Figure 4c) than those of other ions supporting minimum surface adsorption. The salt ion
rejection is an important factor for effectiveness of membranes besides principle of confinement in
nanopores for describing the performance of bioinspired nanoporous membranes. The narrow pore
size is a barrier to ions, however, with shorter pore-pore distance allows for smaller transport barrier.
Based on the ion diffusion measurements, it is established that GA and other proteins were confined
into the cylindrical nanopores, and it enhances the ion conductance and relative permeability.
Although the bio-membranes studied in this work did not exhibit outstanding ion selectivity, it opens
a promising field of research in the domain of nano-biofiltration based on differential ion conduction.
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Figure 5. PCTE-based membranes performance using dead-end filtration for NaCl, KCl, CaClz, and
MgCl2 with GAiLayer, GA+GO and GAuzrayers along with control: (a) Retention and (b) Adsorption
percentage.

3.3. Ion transport through GO conjugated ion recognition peptides membranes

For this approach 2, we synthesized functionalized graphene oxide (GO-COOH) and conjugated
with selective ion recognition short chain peptides having specific sequence with strong affinity for
transition metal cobalt and nickel cations. Peptidel (Copep) that has a strong binding affinity for cobalt
ions (Co%), is compared with the peptide2 (Napep) and a random chain peptide3 (RFs). We used mixed
cellulose ester (MCE) support membrane and evaluated their performance besides control. The ion
recognition capability of peptide motifs for Co? identified in a bioplanning method translates into
bioinspired ion selective filters, while for other ions it is not known. For further comparisons, we
tested them with membranes functionalized with proteins2 (a-HL) and protein3 (OmpF). Figure 6a-
6e shows time evolution ion conductance in compartment (2) for KCl and MgCl: of 0.5 g/L and NiClz
and CoClz of 0.1M concentrations besides MCE control. The diffusion for Co? ion was the strongest
with GO-Copep followed by Ni? ion being the highest with GO-Napep peptide. Interestingly, the ion
diffusion for KCl and MgCl> was smaller for all the peptides and proteins. All the membrane
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performance was evaluated for 1.5-2 h after soaking them for 10-12 h to the corresponding aqueous
salt solutions and we did not observe visible salt adsorption on the surface of membranes. More
importantly, only a marginal difference in conductance values was found between different
transition metal ions. We postulate that the recognition of target Co? ions facilitated by the transport
of ions where recognition elements locate when the dissociation constant between peptides and the
ions is not too small. If the binding with targets is stronger, the functional molecules will capture
targets blocking the transport through channel such as in the case of K* and Mg? ions for all the
membranes investigated. In analogy with the approach 1, we quantified the performance of these
membranes in terms of ion diffusion coefficient, permeability and relative ion permeability
summarized in Figure 6f,g, respectively. The ion permeability was calculated through the membranes
from the slope of a concentration-time curve. While these results do not signify the selectivity
between transition metal ions, the results showed strong differences for alkali and alkaline metal ions.
Also, the adsorption tests do not necessarily reflect the ion selectivity of peptidel and peptide2 based
membranes towards Co? and Ni* originated from adsorption efficiency of GO-Copep and GO-Napep,
respectively. We believe that the preferential affinity of Copep and Napep towards Co? and Ni?*
compared with K* and Mg?* significantly contributes to ion selectivity. Alternatively, the binding of
transition metal ions may not be too strong to be captured or trapped but favorable enough to induce
preferential interaction for selective ion transport. To be noted is the relative permeability which is
sufficiently high enough for Co? ion followed by Ni** and the much lower for K* and Mg? ions
showing once again the selectivity towards transition metal ions.

To complement the ion conductivity measurements, UV-vis spectroscopy was carried out to
monitor and to determine the concentration on the pure side of water compartment 2 for 90-120 min.
Figure 7 shows the representative time evolution of absorption (Figure 7a—c,f,g) and fluorescence
(Figure 7d,e) spectra for peptidel, peptide2, protein2, and protein3 with Co? and Ni* ions. The ion
permeability can be calculated from the slope of concentration-time curves shown in Figure 7h,i. The
relative permeability defined though diffusion and solubility coefficient of Co?, Ni%, Mg?* and K*
ions through bare MCE and GO conjugated membranes with both peptides and proteins summarized
in Figure 6g. The degree of ion transport enhancement is defined as the relative permeability of a
specific ion as the ratio of membrane permeability over bulk diffusivity. The faster transport reported
for GO membranes has been attributed to its inherent physical-chemical property briefly described
below [14,20,41]. However, this study focuses on the ion selectivity which is obtained from the ratio
of relative permeability of Co?* ion to that of ions under comparison. In Figure 8a, GO-COOH showed
no sizeable selectivity for Co? over Ni?* and Mg?* ions. The selectivity of ~3 to 4 was attained for Co?*
over Ni** ion for peptidel and peptide2, respectively as summarized in Figure 8a-8b. Interestingly,
Copep (peptidel) did not show clear selectivity for Co? over Ni* ion. The selectivity through artificial
ion channel filters between ions of similar properties (transition metal cations) was about 3. Thus, the
ion selectivity was marginally higher for GO-Copep membranes than those of reported previously
from solid state ion channels [65,66]. The selectivity was also tested with GO-RF8 (peptide3) as
negative control, mimicking the water selective filter in aquaporin, which showed no selectivity for
Mg?* and Ni?* ion over Co?" (Figure 8c) which implies it is rooted in unique functionality of Copep
molecules. Notably, the selectivity over Mg?* and Ni**ion is many times, which is almost twice than
previously reported values for selectivity between cations. The same peptides functionalized on the
larger nanochannels have somewhat lower selectivity and it turns out selectivity for nano-channels
larger than 6 nm completely. It is suggested the novel platform with desirable dimension is
indispensable for mimicking biological attributes to natural ion channels.
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Figure 7. (a) UV-Visible absorption spectra of various components. Time evolution (b, c) absorption
and (d, e) fluorescence spectra of Co? and Ni** ions transported through peptide 1 and peptide 2 along
with (f, g) proteinl and protein2. (h, i) Quantitative determination of (h) Co? and (i) Ni* ion
concentration from absorption spectra.
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and 2. (b) Selectivity of Co? ion over Mg?* over Ni?*" ions depending on peptide 1 and random peptide
(GO-RFb). (c) Effect of nanochannel diameter on Co? ion selectivity over Ni?* and Mg?* from peptidel
(GO-Copep), protein2 (a—HL), and protein3 (OmpkF).

In biology, ion specificity of the transporters is endowed by the specific metal ion binding
affinity to the residue or amino acid sequence in the peptide motifs or protein structure [27,28]. The
coordination chemistry of metal ion-peptides is fundamental to biological discrimination. For
instance, Ni?* and Zn?* ions prefer sulfur ligands, hence they bind to histidine (His, H), and cysteine
(Cys, C) based on acid-base theory [67]. Copep with EPGHDAVP sequence has histidine residue and
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acidic residue (glutamate E and aspartate D) as in most Co? ion binding motifs. Likewise, Napep also
has acidic residue (glutamate E and aspartate D) which also shows affinity for Ni** ion. Apart from
coordination chemistry, geometric components also constitute the recognition. The coordination
geometry is also closely related to the d-block electronic configuration of transition metal. This study
demonstrates encouraging results for selective ion transport by using biomimetic recognition
chemistry and synergistic combination of such chemistry with novel nanomaterials like GO or GO-
COOCOH providing variable hydrophilicity as compared to pristine membranes, potentially reducing
internal electrolyte concentration polarization. Therefore, the addition of a small amount of
nanomaterial significantly improves the physicochemical properties of membranes. In particular, the
carbons in GO nanosheets contain aromatic regions with unoxidized benzene rings and aliphatic
regions with six-membered carbon rings and lateral domains size depends on the degree of
oxidation.Error! Bookmark not defined. [y the size exclusion model, the rejection of ionic species is controlled by
the charge density of the membrane following [68]:

R=1-2=-1— (ﬂ)
Cf |Zi|Cp+X

Zi

7= (),

where Cr and Cp are concentration (ionic conductivity in this study) in the feed and permeate
solutions, X is the membrane charge density, i and j subscripts refer to co- and counter-ions and Z the
ion valency. Computer simulations show that graphene containing oxygenated groups lined
nanopores/nanochannels, can trap K* and Mg? ions under certain electrochemical conditions.
Additionally, it was established from proton exchange membranes (PEM) in fuel cells to ion channels
in biological membranes, that the well-specified control of ionic interactions in confined geometries
influences the ion transport and selectivity profoundly.

4. Conclusions

We explored the feasibility of producing large-area membranes integrating artificial protein ion
channels within a network of relatively aligned nanpores in support membranes and graphene oxide
conjugated bioinspired peptides having specific sequence working as ion selective filters. Biomimetic
approaches are germane to bioinspired functional molecules imitating the function and principle of
biological ion channels. Specifically, we reported the design and development of scalable nanoporous
membranes from (1) solid-state polymer track etched support in which ion channels were confined
(bioinspired; approachl) and (2) mixed cellulose ester network modified with GO conjugated short
chain peptide motifs for ion selectivity (biomimetic; approach2). Ion recognition capability of the
chosen peptide motifs translated into ion specificity for diffusive transport. The experimental
measurements demonstrated that the ion channel proteins are confined within the nanopores,
resulting in the enhancement of ionic permeability and diffusion. For the second approach, peptide
motifs as ion transporters had the capabilities for selective ion recognition via binding affinity
towards transition metal ion. We emphasize the importance of bio-functionalization on solid support
which allows controlled ion transport as in biological ion channels and capable to sustain mechanical
stress during fabrication and monitoring diffusion kinetics with stirring, both attributed to the good
mechanical properties of GO nanosheets. These novel approaches enabled by nanotechnology open
new avenues for developing artificial ion channels via synergistic combination of biomimetic
recognition surface chemistry and functionalized graphene platforms. Fabricating membranes with
nanochannels through these approaches are applicable to other two-dimensional layered
materials such as MoS: nanolayers and a suite of peptide motifs for specific metal ions via
bioplanning method. The latter can provide enormous potential for accelerated discovery and
innovations in the field of water nanofiltration, purification and desalination via ion selectivity
and molecular separation.
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