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Fabrication of Zwitterion TiO, Nanomaterial-Based Nanocomposite
Membranes for Improved Antifouling and Antibacterial Properties
and Hemocompatibility and Reduced Cytotoxicity
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ABSTRACT: Although zwitterion nanomaterials exhibit outstanding
antifouling property, hemocompatibility, and antibacterial activity, their
poor solubility in organic solvents limits their practical applications. In
the present study, natural lysine (amino acids) was surface-grafted onto
one-dimensional (1D) TiO, nanofibers (NFs) through an epoxy ring
opening in which the 3-glycidyloxypropyl (dimethoxy) methyl silane was
used as a coupling agent. Chemical binding and morphological studies,
such as Fourier transform infrared spectroscopy, X-ray photoelectron
spectroscopy, and transmission electron microscopy, were conducted to
confirm the successful grafting of lysine onto the TiO, NFs. The lysine-
grafted TiO, NF-polyethersulfone (PES) membrane induced electrostatic
interactions and increased the surface charges from —28 to 16 mV in (-
potential analysis. The lysine exhibited zwitterion characteristics owing to
the presence of amino (cations) and carboxyl (anions) functional groups. Moreover, the modified TiO,-PES zwitterion membranes
exhibited good water flux performances compared to the pristine membrane. ZT-4 membrane displayed the highest water fluxand
bovine serum albumin (BSA) rejection of 137 + 1.8 L m™> h™" and 94 + 1%, respectively. The cell viability results revealed that the
zwitterion PES membrane had excellent biocompatibility with peripheral blood mononuclear cells. The present work offers a
convenient strategy to improve the hydrophilicity, antifouling property, and hemocompatibility of modified TiO,-PES zwitterion
membranes for their biomedical and blood-contacting applications such as hemodialysis.
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1. INTRODUCTION

Globally, many patients suffer from end-stage renal disease. Of
late, artificial membranes have caught the attention of various
researchers as some of these membranes are being
commercially employed for water filtration and biomedical

requires complex physical/chemical treatments to achieve
active chemical groups. Therefore, it is crucial to devise new
approaches to develop inexpensive, effective, and stable surface
grafting methods for the design of bioactive material interfaces.
Recent advanced developments in chemistry and material

applications.' > However, there are several problems asso-
ciated with the synthesis of artificial membranes for biomedical
applications, such as (1) nonspecific proteins that affect the
water flux and membrane lifetime; (2) thrombus formation
and blood component initiation;* (3) bacterial infections,
which affect the membrane matrix owing to the establishment
of bacterial biofilms;> and (4) cytotoxicity, where foreign
materials are in contact with the blood, resulting in harmful
effects.’ To address all of these issues, researchers have
adopted several modified approaches to enhance the
antifouling, hemocompatibility, and antibacterial activity by
minimizing the cytotoxicity.

A few methods, such as physical blending, chemical grafting,
surface plasma treatment, and layer-by-layer (LbL) assembly,
have been adopted to design specific functional biointerfaces.”
Among these methods, surface grafting is a promising
technique that endows materials with specific biofunctionality
and biocompatibility. However, surface chemical grafting

© 2021 The Authors. Published by
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science have resulted in several artificial polymers for use in
hemodialysis.”~'® Polyethersulfone (PES) is a promising
membrane material because of its superior chemical, thermal,
and hydrolytic stability, together with better mechanical and
membrane formation.” However, the hydrophobic properties
of PES and membrane fouling are prevalent, leading to flux
drop during real feed operation.'' Moreover, when PES is
employed as a hemodialysis membrane, it can affect protein
adsorption, thrombus formation, platelet adhesion, and
bacterial infections, which may be harmful to patients.'?
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Figure 1. Schematic illustration of the fabrication of a zwitterion TiO, NF.

To resolve the abovementioned complications through the
application of modified PES membranes for hemodialysis,
several methods have been used to improve the antifouling and
bactericidal activities and hemocompatibility with reduced
cytotoxicity.>~'* Poly(ethylene glycol) (PEG) and polyglycol
(PG) are widely used in earlier research studies as benchmark
biocompatible and antifouling modifiers in medical applica-
tions,lé_20 It is believed that PEG and PG chains could not
provide steric repulsion to the approaching biomacromolecules
but could bind a mass of water through hydrogen bonding,
generating a “barrier” to resist the adsorption/adhesion of
biomacromolecules,”’ ™ and thus providing excellent anti-
biofouling ability to the substrates. During the past two
decades, zwitterion materials have attracted considerable
attention and have been generally viewed as a new class of
antifouling material. The unique zwitterion structures,
simultaneously possessing cationic and anionic residues yet
overall electrically neutral, could stabilize/maintain the native
conformation of proteins’* and inhibit nonspecific protein
adsorption. Among several products of nanotechnology, TiO,
nanofibers have shown unique combinations in terms of high
specific surface area, flexibility, and porous structure.”>~’
Larger specific surface area and higher porosity contribute to
an increase of hydrophilicity, water flux, antifouling, and
photocatalytic reaction sites, simultaneously promoting
efficiency of electron—hole pair separation. Negatively or
positively charged functional groups were grafted onto
nanomaterials to improve their compatibilities with the
polymer matrix and, consequently, improve permeability and
salt rejection. The zwitterion amino acids that lysine are
popularly selected for generating low-fouling zwitterion
bonds.”® The specific combination of negative and positive
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charges in lysine groups in the polymer chain has shown
significant resistance to fouling by bacteria, mammalian cells,
human blood serum, and certain proteins.zg_31 In addition,
due to the particle surface being covered with reactive active
sites, TiO, nanoparticles are ideal carriers of functional
materials, but agglomeration is a major factor limiting their
application. Zwitterion nanoparticles can be prepared through
surface modification, which will overcome the problems with
application such as the agglomeration of nanomaterials and
insolubility of zwitterion materials in organic solvents.
Therefore, in this study, zwitterion TiO, including amine
and carboxylic groups have received much greater attention for
biomedical applications due to their biomimetic nature, long-
term stability, excellent hydrophilicity, effectiveness in resisting
nonprotein fouling, and thrombosis. It has been hypothesized
that zwitterion materials with both positively and negatively
charged moieties could form a hydration layer via electrostatic
interaction and a hydrogen bond, leading to excellent
antifouling property and biocompatibility. Despite the high
density of ion pairs attached to the PES polymer chain, the
overall charge of zwitterion nanomaterials is neutral under
normal conditions.

In the present study, bioinspired lysine (amino acid), with 3-
glycidyloxypropyl (dimethoxy) methyl silane (GPMS, KHS60)
as a coupling agent, was used for the uniform surface grafting
of one-dimensional (1D) TiO, NFs containing —NH;* and
—COO™ functional groups, thus exhibiting zwitterion proper-
ties. The lysine used to modify the 1D TiO, nanofibers (NFs)
to make zwitterion brushes on the surface was prepared by
blending the PES membrane with an innovative additive of
zwitterion TiO, nanomaterials. The water permeability and the
bovine serum albumin (BSA) protein antifouling property
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Table 1. Composition, Surface Roughness, and Thermal Stability of Pristine PES and Zwitterion PES Membranes

membrane description PES (wt %) zwitterion TiO, (wt %) NMP (wt
7T-1 17.5 0 82.5
7T-2 179 0.4 82.5
7T-3 16.9 0.6 82.5
7T-4 16.3 1.2 82.5

%)

average roughness (nm) RMS roughness (nm) T, (°C) weight loss (%)

73.85 97.34 534 33
81.07 102.17 538 36
90.40 110.83 544 39
146.82 202.12 583 44

were studied. The blood compatibility (protein adsorption and
platelet adhesion) and cytocompatibility were also inves-
tigated. This work demonstrates the importance of using a
bioinspired surface-grafted zwitterion PES membrane to
develop a gentle and novel strategy to improve the antifouling
and antibacterial activities and hemocompatibility and reduce
the cytotoxicity for biomedical applications.

2. EXPERIMENTAL SECTION

2.1. Chemicals. PES was obtained as a polymer from
Sigma-Aldrich, India. Titanium butoxide (TNBT), poly-
(vinylpyrrolidone) (PVP), acetic acid, hydrochloric acid
(HCI), and N-methyl-2-pyrrolidone (NMP) were purchased
from Merck, India. Lysine, (3-glycidyloxypropyl) trimethox-
ysilane GPMS, bovine serum albumin (BSA), thiazole orange
(TO), and propidium iodide (PI) were procured from Sigma-
Aldrich, India.

2.2. Synthesis of Zwitterion 1D TiO, NFs. The
electrospinning technique was adopted for the synthesis of
1D TiO, NFs. First, 1.5 g of TNBT was added to 10 mL of
acetic acid and the mixture was stirred vigorously for 10 h.
Then, 3 g of PVP polymer was mixed with the above solution.
The prepared mixture was transferred to a 10 mL syringe. The
distance between the syringe needle and the collector was 10
cm under an applied voltage of 18 kV and a flow rate of 1 mL
h™!. The resultant 1D TiO, NFs were collected on the
collector and sintered at 250 °C for 6 h. One gram (1 g) of the
as-prepared 1D TiO, NFs was dispersed in 40 mL of an
ethanol aqueous solution under ultrasonication for 30 min to
thoroughly disperse the TiO, nanomaterial. Then, 0.3 mL of
GPMS, KH560, and 1 mL of HCI were added to the aqueous
solution under magnetic stirring at 60 °C for 6 h. Thereafter,
lysine (S mL) was added to the 1D TiO, nanomaterial solution
under magnetic stirring for 4 h. The attained product was
centrifuged and dried at 60 °C for 12 h. Based on a previous
work and the literature, the concentration of zwitterion TiO,
was chosen. Figure 1 shows the zwitterion modification
method of the TiO, nanomaterials. The coupling agent
GPMS, KHS560, was added to the TiO, nanomaterials under
acidic conditions to produce the intermediate with epoxy.
Through the ring-opening reaction between the NH; group of
lysine and the epoxy groups on the TiO, surface, lysine with
NH; and —COOH groups was grafted onto TiO, nanoma-
terials to obtain zwitterion nanomaterials with lysine.

2.3. Preparation of Membranes. Pristine PES and
modified membranes were fabricated in a coagulation bath
by the phase inversion method. Varying concentrations of
zwitterion TiO, were added to the NMP solvent to prepare a
homogenous mixture under ultrasonication treatment for 1 h.
After sonication, the PES polymer was added to the above
mixture under stirring for 24 h. The resultant homogenous
dope solution was allowed to stand for S h with slow mixing.
The dope solution was then spread onto a cleaned glass plate
using 250 pm thin-film applicators. After 30 s of exposure, the
glass plate was dipped in a coagulation bath of deionized water
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at room temperature for 12 h to separate the remaining
solvent. The compositions of the membranes are described in
Table 1.

2.4. Chemical Compositions and TEM Analysis of
Zwitterion TiO,. The surface functional groups of TiO,,
zwitterion TiO,, and the membranes were characterized using
a Shimadzu FTIR-ATIR spectrophotometer in the range of
3800—550 cm™. The surface modification of the zwitterion
TiO, was also characterized by X-ray photoelectron spectros-
copy (XPS; PHI-5000 III, FEI Inc.). Modified zwitterion TiO,
was characterized using a transmission electron microscope
(FEI Technai, F20 USA).

2.5. Membrane Characterization. The surface hydro-
philicities of the membranes were evaluated using dynamic
water contact angle measurements (AST Products, Inc.,
Billerica, MA). Membrane roughness was analyzed by atomic
force microscopy (AFM) (NT-MDT modular AFM, NTE-
GRA Prima, Ireland). Pore-size distribution was measured
using a Micromeritics Gemini V and the Brunauer—Emmett—
Teller (BET) method. The thermal properties of the prepared
membranes were determined using thermal gravimetric
analysis (TGA, model TGA 4000, Perkin Elmer). The
membrane surface charge was characterized by {-potentials
(Surpass Anton Paar, Austria). Each sample was cut to a size of
1 X 2 cm?, and the membrane samples were positioned in an
adjustable gap cell. A sodium chloride (NaCl) solution (1
mmol L™!) was used as the electrolyte to determine the ¢-
potentials, which were measured at pH values of 2—10. A
hydrochloric acid (HCI) solution (0.05 mol L™') and a sodium
hydroxide (NaOH) solution (0.05 mol L™") were used to
adjust the pH. The membrane morphologies were recorded
using a JOEL JMS-6400 field emission scanning electron
microscope (FESEM). The elemental mapping compositions
were studied using energy-dispersive X-ray analysis.

2.6. Filtration Tests. All filtration tests were performed
using a dead-end ultrafiltration module with a membrane area
of 3.7 cm? under a membrane pressure of 2 bar. Water flux (L
m~> h™" bar™') and BSA rejection (%) values were measured
to calculate the membrane rejection performance. Flux (J) and
BSA removal (R) were determined using the following
respective equations

v
A Xt

o
)

where A (m?) is the effective area, V (L) is the volume, and t
(h) is the collecting time. C; and C, are the initial and final
BSA concentrations, respectively.

2.7. Antifouling Studies and Leaching Tests. Protein
antifouling is an important factor for blood-contacting
materials in the design of hemocompatibility studies. To
study the antifouling performance, the following steps were
conducted using dead-end ultrafiltration (UF Model cell

J= (1)

CP
1— —2| % 100%
Cf
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Figure 2. XPS spectroscopy for zwitterion TiO, NFs. (a) Wide-scan spectra. (b) N 1s spectra. (c) C 1s spectra. (d, ) TEM images of zwitterion

TiO, NFs.

XFUF076, Millipore). A membrane area of 3.7 cm’ was
condensed to 0.2 MPa with distilled water for 40 min. To
decrease the pressure at 0.1 MPa, the water flux of the
membrane was determined as J,; (L m™ h). Subsequently, the
0.8 mg mL™' BSA feed solution was displaced and relative
fluxes were also measured at the same pressure. After 120 min
of BSA filtration, the flux and concentration were evaluated
using UV—vis spectroscopy (Schimadzu-1700) at 280 nm. The
water flux of the cleaned membrane was denoted J,, (L m™>
h). Antifouling was calculated as per the following equation

S

wl

FRR(%):[ ] X 100

(3)

where J,; and J,, are the BSA fluxes before and after each
protein solution, respectively.

For the leaching test, membrane samples with dimensions of
2 X 2 cm”® were sonicated in distilled water for 30 min. The
leaching of TiO, nanoparticles into the solution was evaluated
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using inductively coupled plasma optical emission spectrom-
etry (ICP-MS, Agilent, model 7500).>>

2.8. Biocompatibility Studies. 2.8.1. Protein Adsorption.
Fluorescein isothiocyanate (FITC-BSA) (50 mg L7') was
dissolved in phosphate-buffered saline (PBS) solution, and the
solution was sealed with aluminum foil. The prepared
membranes were cut into 3 X 3 cm® pieces, and each sample
was rinsed in PBS. The prepared membrane samples were
dipped in FITC-BSA PBS solution and kept in a dark room at
100 rpm for 10 h. Later, the membrane samples were gently
rinsed with PBS solution to remove the loosely attached
proteins, followed by immobilization of the proteins using
glutaraldehyde. The amount of FITC-BSA adsorbed on the
membrane samples was observed using fluorescence micros-
copy (Olympus BX61TRF).

2.8.2. Platelet Adhesion. The prepared membranes were
evaluated for plate adhesion on their surfaces. In brief, the
membrane samples were cut into 2 X 2 cm® sections after
cleaning with PBS (pH 7.4) and placed in a 12-well plate. PRP

https://doi.org/10.1021/acsomega.1c02151
ACS Omega 2021, 6, 20279—-20291


https://pubs.acs.org/doi/10.1021/acsomega.1c02151?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02151?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02151?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c02151?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02151?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(200 uL) was dropped onto a specific membrane and
preserved at 37 °C for 1 h. Later, the membranes were
cleaned three times in PBS (pH 7.4), and the platelets
observed on the membrane surface were stabilized with 1 wt %
glutaraldehyde in PBS at 3 °C for 10 h. Lastly, the platelet-
adhered membrane samples were rinsed with DI water and
dried with serial concentrations of ethanol/water solutions (10,
30, 50, 70, 90, and 100 vol %). The membrane samples were
examined for platelet morphological variations using FESEM
analysis.

2.9. Cytotoxicity Studies. The cytotoxic effects of the
prepared membranes were studied using peripheral blood
mononuclear cells (PBMCs) obtained from human blood. The
membrane samples (1 X 1 cm*) were placed in 24-well plates
with 200 uL of PBMCs and preserved at 37 °C for 4 h. The
dead and live cells were classified using TO and PI dye. The
cells were then suspended by adding 500 uL of PBS and
evaluated by flow cytometry (BD FACScalibur).*?

2.10. Antibacterial Activity. The antibacterial activities of
the membranes were investigated using Escherichia coli and
Staphylococcus aureus at initial concentrations of 10° CFU
mL ™" using the zone inhibition method. The membranes were
tested three times every 12 h to carry out the cycling inhibition
measurements, and a camera was used to analyze the zone of
inhibition. The killing ratios of bacteria in aqueous solutions
were investigated by dipping 2 X 2 cm’ membranes into
bacterial suspensions. Bacterial culturing was performed for 12
h at 37 °C in a shaking incubator and observed for the
inhibition zone.

3. RESULTS AND DISCUSSION

3.1. Characterization of Zwitterion TiO, NFs. Figure S1
shows the Fourier transform infrared (FTIR) spectra of TiO,
and the zwitterion TiO,. The TiO, spectrum shows adsorption
peaks at 3400 and 1638 cm™, corresponding to the hydroxyl
group (—OH) stretching vibrations. The wide peak at S00—
600 cm™' can be attributed to Ti—O-Ti-bond stretching
vibrations. After modification of the TiO, NFs with lysine
(amino acid), adsorption peaks appeared at 3085, 1620, and
1513 cm™!, indicating the presence of —NH;* and —COOH"~
groups. At high wavelengths between 2782 and 3085 cm™, the
spectrum exhibits a N—H stretching adsorption band. The
sharp peak at 1113 cm™ is associated with C—O stretching
vibrations. Moreover, the peaks at 1236, 1306, and 1361 cm™’
represent the stretching vibrations of the —OH and —COO~
groups, corresponding to the carboxyl group of lysine. Hence,
it was confirmed that lysine with —NH;* and —COOH"
groups was successfully grafted onto the TiO, surface. Figure
2a shows the XPS wide-scan spectrum of lysine surface grafting
of TiO,. The zwitterion TiO, was composed of four elements:
Ti, C, O, and N. The N and C peaks corresponding to lysine
confirmed the surface grafting of lysine onto TiO,. The
individual N 1s spectra shown in Figure 2b indicate high-
resolution peaks corresponding to —NH** group formation.
The peaks at 400.2 and 400.8 eV correspond to —NH>" and
—NH?, respectively, a dissociated form of lysine. Figure 2c
shows the high resolution of the C 1s region with three
different spectra. The binding energy of 288.8 eV is assigned to
the carboxyl functional group (COO™), whereas that of 286.7
eV indicates a tertiary carbon, which was connected to the
amino functional group, and the lowest binding energy of
285.4 eV was assigned to the carbon methyl group. The
intensities of the three peaks are in accordance with the C 1s

spectra of lysine.”**> These —NH>* and —COO~ groups were
present on the surface of TiO, and exhibited a zwitterion
charge. TEM images of the zwitterion TiO, NFs are displayed
in Figure 2d,e. The TEM images show that the TiO, NFs had
a 1D structure with an average diameter of 100—120 nm.

3.2. Membrane Characterization. 3.2.1. FTIR and
Contact Angle Studies. Figure S2 displays the FTIR analysis
of the membranes. In comparison with the ZT-1 membrane
sample, a slight hump at ~1628 cm™ is seen for the ZT-2, ZT-
3, and ZT-4 membranes. This might be ascribed to the
presence of a N—H bending vibration, confirming the presence
of surface-grafted lysine in the zwitterion PES membranes. In
comparison with the ZT-1 membrane, a new peak at 1306
cm™ is seen for the ZT-2, ZT-3, and ZT-4 membranes. This
peak represents stretching vibrations of —COO™ groups
corresponding to the carboxyl group of lysine. Hence, the
zwitterion PES membranes exhibited the presence of func-
tional groups, thereby establishing that the zwitterion property
with hydrophilic surfaces would prevent both platelet adhesion
and protein adsorption, which could provide a biointerface
with promising antifouling properties.”* " Static contact angle
analysis was performed to estimate the wettability of the
membranes. The sessile drop method is the most versatile
technique to evaluate the hydrophilicity of membranes, as
shown in Figure S3. The hydrophilicity of the ZT-1 membrane
was 75 + 1° which showed that the water had a low
interaction on the membrane surface. The ZT-2, ZT-3, and
ZT-4 membranes displayed enhanced hydrophilicity, with
contact angles of 61 + 3, 53 + 2, and 50 =+ 1°, respectively,
corresponding to the zwitterion TiO, NF contents of 0.4, 0.6,
and 1.2 wt %, respectively. The zwitterion membranes
containing lysine on the TiO, NFs enhanced their hydro-
philicity. Because the presence of both anionic and cationic
groups can bind large amounts of free water, good hydro-
philicity was evident. During the development of the zwitterion
properties in the membranes, most of the hydrophilic
zwitterion TiO, NFs were disposed to transfer toward the
top layer to decrease the interfacial energy, thus decreasing the
water contact angle.

3.2.2. Surface Topography and BET Analysis. The surface
roughness parameters were studied using AFM. Figure 4d
shows the three-dimensional (3D) images of the prepared
membranes at a scan size of 5 X 5 ym? The membrane surface
roughness was increased by the addition of zwitterion TiO,, as
illustrated in Table 1. The uniform dispersion of zwitterion
TiO, in the PES matrix, as represented by a peak-and-valley-
type morphology, was visualized as dark and bright regions,
respectively. The average surface roughness values drastically
increased from 73.85, 81.07, 90.40, and 146.82 nm for the ZT-
1, ZT-2, ZT-3, and ZT-4 membranes, respectively. In the case
of the ZT-2, ZT-3, and ZT-4 membranes, the zwitterion TiO,
interacted with the amine and carboxylic groups, and therefore,
increased surface roughness induced by hydrogen bonding was
observed. As the loading increased from 0.4 to 1.2 wt% of
zwitterion nanomaterial, the average surface roughness of the
membrane increased significantly from 73.85 to 146.82 nm.
This behavior can be explained by the interaction between the
nanoparticles and the functional groups such as amine and
carboxylic functional groups. The enhancement of surface
roughness increases on the ZT-4 membrane could be due to
the formation of zwitterion on TiO, nanoparticles through
interfacial reaction. Therefore, increase in surface roughness
due to induced hydrogen bonding has been observed in
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Figure 3. (a) Nitrogen adsorption and desorption isotherms and pore-size distribution of the (a, a;) ZT-1 and (b, b;) ZT-4 membranes. (b)

Thermal stability and (c) ¢-potential analyses of membranes.

modified ZT-2, ZT-3, and ZT-4 membranes. N, adsorption
and desorption studies were carried out to analyze the specific
surface area, the Barrett—Joyner—Halenda (BJH) adsorption
criteria, and the pore volumes of the pristine PES and
zwitterion membranes. The nitrogen adsorption—desorption
isotherms yielded an observable hysteresis loop that
exemplified a mesoporous structure, and the corresponding
pore-size distributions of the ZT-1 and ZT-4 membranes are
shown in Figure 3a. The specific BET surface areas and pore-
size distributions of the ZT-1 and ZT-4 membranes were
8.8756 and 7.4562 m’ g~' and 9.8628 and 7.0894 nm,
respectively. Figure 3a;,b, represents the pore-size distribution
of the PES and zwitterion-modified PES membranes, and the
average pore size was in the range of 14—20 nm. With the
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addition of zwitterion TiO, in the PES matrix, the pore-size
distribution gradually increased. An identical distribution of
the mesoporous structure was clearly observed in the SEM
images and should favor the permeability studies.

3.2.3. Thermogravimetric and ({-Potential Analyses.
Figure 3b shows the thermal behavior of the PES and
zwitterion-modified PES membranes, and the decomposition
values are shown in Table 1. When the PES membrane was
investigated by thermogravimetric analysis from 30 to 900 °C,
the membranes exhibited three major weight losses. The
primary weight loss over 100 °C can be attributed to the
evaporation of water and solvent. The secondary weight loss
over 150—450 °C could be ascribed to the decomposition of
amine and carboxylic groups. At the third weight loss stage, the
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increased thermal decomposition temperature for the ZT-2,
ZT-3, and ZT-4 zwitterion membranes might be related to the
incorporation of zwitterion TiO, into the PES membrane.
Therefore, lysine and zwitterion TiO, delayed the degradation
of the PES main polymer chains, leading to improved thermal
stability. Surface charge is an essential criterion for evaluating
the performance of the prepared pristine PES and zwitterion
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PES membranes. As shown in Figure 3c, the surface charge of
the ZT-1 pristine PES membrane was mainly negative (—28
mV) in the pH range of 2—10. The increased surface charge
density of the ZT-4 membrane was owing to the addition of
zwitterion TiO, NFs in the range of pH 3—10 at 16 mV. A
possible explanation for the increasing charge despite the
electrically neutral lysine could be attributed to the formation
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of zwitterion brushes owing to surface grafting onto TiO,.
These zwitterion brushes were available to cover the TiO,
surface and led to the formation of a neutral charge density.
The overall surface charge results of the zwitterion PES
membranes were owing to the inclusive neutral charge
densities that could be tuned by the addition of zwitterion
TiO, in the PES matrix solution.

3.2.4. Membrane Morphology. The top-surface and cross-
sectional morphologies of the PES and zwitterion-modified
PES membrane morphologies were studied using FESEM, and
the results are shown in Figure 4. The top surface of the ZT-1
membrane was smooth, with no pore formation or particles.
However, the top surfaces of the ZT-2, ZT-3, and ZT-4
membranes showed gradual increases in pore size compared to
that observed with the addition of zwitterion TiO,. In addition,
zwitterion TiO, produced no cracks on the top surfaces of the
membranes, indicating that the membranes were not brittle in
nature and were stable following the addition of zwitterion
nanocomposite fillers. Figure 4a clearly reveals the distribution
of nanocomposite fillers in the ZT-2, ZT-3, and ZT-4
membranes and the corresponding increases in membrane
pore size. The cross-sectional FESEM images of the
membranes are shown in Figure 4b; the membrane surfaces
are smooth, which varied because of the different amounts of
zwitterion TiO, loaded. Furthermore, no further agglomer-
ation was observed owing to the addition of surface zwitterion
TiO,. On addition of TiO, nanofibers in the PES matrix, a
significant difference in pore formation among ZT-2, ZT-3,
and ZT-4 membranes was observed in the surface morphology
of the membrane by FESEM analysis (Figure 4) as compared
to the pristine ZT-1 membrane. This finding indicates that the
lysine grafted on TiO, acted as a pore-forming additive in the
preparation of the PES matrix and increased the pore structure
on the membrane surface due to the presence of amine and
carboxylic groups. In addition, the lysine grafted on TiO, can
also act as a pore-forming additive in the preparation of PES
membranes. The elemental distribution was analyzed using
EDS, and the results are shown in Figure 4c. The EDS results
revealed that zwitterion 1D TiO, NFs were present in the PES
polymer matrix. The zwitterion 1D TiO, NF nanoparticles
blended into the PES matrix, enhancing the membrane
properties such as thermal stability, contact angle, antifouling,
and biocompatibility and reduced the cytotoxicity.

3.3. Flux, Antifouling Studies, and Leaching Test.
Zwitterion membranes are hydrophilic, which would generally
affect protein adsorption on membranes, and are crucial to the
antifouling property and protein filtration studies. Flux and
BSA rejection analyses results for the prepared membranes are
displayed in Figure Sa. The flux of the ZT-1 membrane was 56
+ 1.4 L m™ h™". The zwitterion property and high porosity
played an important role in increasing the water flux of the ZT-
4 membrane, which was 137 + 1.8 L m™> h™!. The ZT-4
membrane flux was thus 3 times higher than that of the ZT-1
membrane. As shown in Figure Sa, the PES membrane
displayed a lower BSA rejection of up to 54 =+ 2%. BSA
rejection increased gradually up to 94 + 1% for the ZT-4
membrane. It is interesting to note that the rejection increased
with increasing loading of the zwitterion TiO, in the PES
matrix. Moreover, the relative flux percentage was also higher
for the ZT-4 membrane. Membrane pore size is one of the
main factors for BSA rejection. The maximum BSA rejection
was due to the following reasons. Firstly, the surface of the
membrane is more hydrophilic due to the existence of the

zwitterion lysine. The interactions with amine and carboxyl
groups in lysine and water molecules form a thin hydration
layer between the BSA foulants and the membrane surface.’
This hydration layer increases the permeability of the
membranes as well as obstructs the contact between BSA
and the membrane surfaces. Second, BSA is negatively charged
at pH 7.4,"" while the zwitterion-modified membrane is also
neutrally charged because of the existence of amine and
carboxyl groups. Thus, electrostatic repulsion between
neutrally charged membrane surfaces and BSA molecules
also impeded the attachment of BSA to the membrane
surface.”’ From Figure Sb, it can be seen that the rate of
decrease of the final water flux was also minimal for the ZT-4
membrane owing to the zwitterion TiO, increasing the
hydrophilic properties of the membrane surfaces. Zwitterion
TiO, contained —NH;" and —COO~ groups on the surfaces,
and thus, the zwitterion PES membranes were resistant to the
adsorption of BSA molecules on their surfaces. Thus, the
present study clearly shows that the surface functionality of the
PES membrane improved with the addition of zwitterion TiO,,
which is a key requirement for hemocompatibility.

A comparison of different ultrafiltration membranes
established for water flux and BSA protein rejection is
summarized in Table 2. However, the newly synthesized

Table 2. Comparison of Pure Water Flux and Protein
Rejection of Membranes in the Literature

pure water flux protein
membrane (Lm>2h™) rejection ref
sulfonated polyaniline PVDF 160 90% BSA 42
membrane
PVDF/Cu,0/GO 206.45 80.73% 43
BSA
TZ-PAN 242.1 80.1% BSA 44
PVDF/PVDE-g-PACMO 198 90% BSA 45
PVA/PAN 290 95% BSA 46

137 £ 1.8 94 + 1% this

BSA work

zwitterion TiO, PES

zwitterion TiO, nanomaterial enabled a fouling-resistant
zwitterion-modified PES membrane that not only generated
water flux but also delivered better BSA protein rejection
compared to some reported ultrafiltration membranes. More-
over, the protein rejection rate (94 + 1%) and water flux (137
+ 1.8) values were higher than those of ultrafiltration
membranes. For example, functionalization of polyacrylonitrile
with tetrazole displayed a BSA rejection of 80.1% and a flux of
242.1 L m™> h™" bar™".* The higher removal of the zwitterion
TiO, PES membranes should be ascribed to electrostatic
repulsion between the membrane surface and BSA.

Leaching tests were performed to measure the stability of
the prepared TiO, PES membranes. The incorporated
zwitterion TiO, amounts were 0.4, 0.6, and 1.2 wt % for
ZT-2, ZT-3, and ZT-4, respectively. After 10 days, a small
quantity of the zwitterion TiO, leached, leaving 99% of the
PES polymer matrix (Figure 6). The results of this filtration
experiment suggest that the antibacterial properties and
antifouling properties of the zwitterion TiO, PES membrane
can be stable over a long separation process.

3.4. BSA Adsorption. To examine the protein resistance of
the zwitterion membranes, they were mixed in fluorescein-
labeled BSA protein solution (BSA-FITC). Figure Sc shows
the fluorescent images of the membranes. The ZT-1
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Figure 6. Leaching test for the prepared ZT-2, ZT-3, and ZT-4
membranes.

membrane shows a uniform and intense fluorescence, denoting
that a significant volume of BSA proteins adsorbed onto the
membrane surface because of the interactions between the
benzene rings of PES and BSA. BSA adsorption gradually
decreased with the addition of zwitterion TiO, to the PES
membranes. The ZT-1 membrane showed a higher amount of
BSA solution covering the surface of the membrane (Figure
5d), with a relative fluorescent intensity of ~92.2 + 3%,
whereas the modified ZT-2, ZT-3, and ZT-4 membranes
showed decreased fluorescent intensities of 73.2 + 4, 52.2 + 1,
and 25.8 + 3%, respectively. It was confirmed that the
hydrophilic zwitterion TiO, was extremely hydrated because of

the zwitterion —NH;* and —COO~ functional groups
developing a dense hydration layer. Thus, the hydration layers
resisted protein adsorption on the zwitterion membrane
surfaces. The nonpolar amino acid lysine, which was surface-
grafted onto TiO, and incorporated into the PES membranes,
exhibited excellent performance by suppressing the BSA
protein owing to the formation of zwitterion membrane
surfaces. It is well understood that zwitterion membranes form
hydration layers via electrostatic interactions and hydrogen
bonds. Hence, the membranes allowed a significant amount of
water on their surfaces, which is a prominent repulsive force to
the protein.””** Otherwise, the enhanced protein adsorption
resistance might be ascribed to the zwitterion structure
formation.*’

3.5. Platelet Adhesion. The adhesion of platelets to the
membrane surface of biomaterials is another parameter for
evaluating the hemocompatibility. When a foreign material
comes into direct contact with the blood, adsorption of blood
proteins, platelet adhesion, and platelet activation occur
immediately, leading to thrombus formation.”””>* Platelet
adhesion assays are commonly used to evaluate the blood
contact materials used in prepared membranes. Platelet
adhesion on the membrane is categorized into five stages:
discoid, dentric, spread/dentric, spreading, and fully spread-
ing.53"54 When an unsuitable material interacts with the blood,
the platelets are inclined to spread through the membrane
surfaces. Figure 7 shows the typical FESEM images of platelets
adhered onto the membrane surface. For the PES (Z-1)
membrane, the adhering platelets were flattened, and
irregularly shaped pseudopodia were observed, indicating
thrombus formation, which is a life-threatening phenomenon

Figure 7. FESEM images of the surface platelets adhered onto membranes.
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Figure 8. Flow cytometry analysis carried out in PBMCs for pristine PES and zwitterion PES membranes. Mean + SD of three independent

experiments, with each experiment conducted in triplicate.

in patients. After the addition of zwitterion TiO, into the PES
Z-2, 7-3, and Z-4 membranes, the number of adherent
platelets significantly decreased. These results show that the
lysine-grafted TiO, exhibited zwitterion properties and
effectively decreased the adherent platelets. It also maintained
a rounded morphology, with no formation of pseudopodia or
deformation, which was mainly affected by electrostatic
interactions.

3.6. Cytotoxicity Studies. In biomedical applications, the
intended tool should be used in nontoxic and pure forms. Flow
cytometry analysis is an appropriate method to evaluate the
percentage of live and dead cells. Figure 8 shows the flow
cytometry analysis using PBMCs to study the cytotoxicity
effects of the membranes. The prepared membranes were
treated with PBMC, and after 4 h incubation, the membranes
did not exhibit harmful effects on cell viability. The cell
populations in different quadrants were analyzed using
apoptosis analysis. The upper-right quadrant (QS), upper-left
quadrant (Q4), lower-right quadrant (Q3), and lower-left
quadrant (Q2) indicate the dead cells, late apoptotic cells, early
apoptotic cells, and live cells, respectively. Intercalating agents
such as fluorescent PI and TO dyes were used as DNA stains
to evaluate the cell viabilities of the dead and live cell
representatives. To analyze the number of live and dead cells,
PBMCs were treated with the pristine and modified
membranes. For the ZT-1 membrane, 98.1% live cells were
present as compared to the control cells. For the ZT-2-, ZT-3-,
and ZT-4-modified zwitterion membranes with the addition of
1D TiO, NFs, 97.4, 95.1, and 94.1% live cells were present,
respectively. Blood interaction with an external material
normally results in thrombosis formation. Initially, the ZT-1
membrane was obviously not cytotoxic, consistent with the
hydrophobic PES polymer and the low porous formation that
increased cell entrapment, related to the earlier observation of
increased compatibility between PBMCs. However, zwitterion
modification of the ZT-2, ZT-3, and ZT-4 membranes led to

drastic changes. In terms of platelet adhesion, SEM images of
the modified membranes showed some platelets on the
membrane surface. But PBMC cell adhesion was minimal,
with a plateau corresponding to a 96.17% reduction in cell
adhesion compared to the ZT-1 membrane. Both the modified
and unmodified membranes had less toxicity against PBMCs
after 4 h of incubation. Hence, the proposed zwitterion PES
membranes could have promising biomedical applications.
3.7. Antibacterial Activity. For investigations of anti-
bacterial activity, Gram-negative E. coli and Gram-positive S.
aureus were preferred. Moreover, E. coli and S. aureus are the
most common causes of bloodstream infections in humans
owing to clinical treatment.”® The pristine PES and zwitterion
PES membranes were evaluated for their inhibitory activities
against E. coli and S. aureus. Figure 9a,c shows that the ZT-1
membrane showed almost no zone inhibition ability. This is
because the zwitterion nanomaterial is absent in the ZT-1
membrane. However, because of the addition of zwitterion 1D
TiO, NFs, the ZT-4 membrane showed significant inhibition
effects against E. coli and S. aureus, as clearly displayed in
Figure 9b,d, respectively. The size of the inhibition zone
against E. coli for the ZT-4 membrane was 4.8 + S mm, and the
size of the inhibition zone against S. aureus for the ZT-4
membrane was 2.6 &+ 2 mm. The zwitterion ZT-4 membrane
comprises both positively and negatively charged (—NH," and
—COOH"™) groups, which was clearly confirmed in the
membrane {-potential studies. Antimicrobial attachment on
the membrane surface was prevented owing to the
bacteriostatic effect (charge-based interactions). First, the
NH;" cations on the surface membrane repelled Gram-positive
S. aureus. The positively charged membrane surface damaged
S. aureus by affecting its metabolic functions. Second, the
—COOH™ anions on the membrane surface repelled Gram-
negative E. coli, in which the negatively charged surface
damaged the membrane surface of the bacteria, again by
affecting their metabolic functions. These results clearly
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Figure 9. Antibacterial activities of ZT-1 and ZT-4 membranes.

demonstrated that the zwitterion TiO, PES membranes
offered antimicrobial properties against E. coli and S. aureus.

4. CONCLUSIONS

In this study, the zwitterion TiO, nanomaterial incorporated in
the PES matrix was successfully fabricated through the phase
inversion method. The analysis results of ATR-FTIR and XPS
confirmed that the zwitterion lysine had been successfully
grafted on the TiO, nanomaterials. The zwitterion TiO, NFs
were found to be uniformly distributed in the PES matrix, as
observed in the SEM images. The contact angle, surface
roughness, surface charge, and thermal stability of the
zwitterion membranes all significantly increased by the
addition of zwitterion TiO, NFs. Moreover, the antifouling
properties and BSA rejection of zwitterion membranes
improved significantly owing to the surfaces grafted with
charged lysine amino acids having —NH;* and —COO
functional groups. More importantly, as-prepared zwitterion
brushes are demonstrated to have ultralow biofouling and
extreme blood compatibility realized by systematic protein
adsorption and platelet adhesion. Furthermore, the functional
groups of the zwitterion brushes are tunable for the desired
performance. This facile, versatile, and universal surface
modification strategy is expected to be widely applicable in
various advanced biomaterials and devices.
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