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Multi-walled carbon nanotubes (MWCNTSs) have displayed great potential as catalyst carriers due to their
nanoscale structure and large specific surface area. However, their hydrophobicity and poor dispersibility
in water restrict their applications in aqueous environments. Herein, the dispersibility of MWCNTs was
significantly enhanced with a chimeric protein MPKE which consisted of a zwitterionic peptide unit and
a mussel adhesive protein unit. The MPKE could be easily attached to MWCNTs (MPKE-MWCNTSs) by a
simple stirring process due to the versatile adhesion ability of mussel adhesive unit. As expected, the
MPKE-MWCNTSs displayed outstanding dispersibility in water (>7 months), as well as in alkaline solutions
(pH = 12) and organic solvents (DMSO and ethanol) due to the hydrophilicity of the zwitterionic peptide
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unit. Moreover, the MPKE-MWCNTs were used as silver nanoparticle carriers for the reduction of 4-
nitrophenol in wastewater, with the normalized rate constant k.o, up to 32.9 s7t mmol™t. Meanwhile,
they also exhibited excellent biocompatibility and antibacterial activity, which were favorable for
wastewater treatment. This work provides a facile strategy for MWCNT modification, functionalization
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1. Introduction

Multi-walled carbon nanotubes (MWCNTs) have been considered as
promising vehicles for metal nanoparticles, drugs, DNA aptamers,
peptides and proteins.”™ Due to their nanostructure, large specific
surface area, electrical conductivity, etc., MWCNTs have shown great
potential in biosensors, drug delivery, catalytic reactions, wastewater
treatment, etc.”® However, the hydrophobicity of carbon materials
makes them tend to agglomerate, significantly restricting their
applications. For example, the poor dispersibility of MWCNTSs can
reduce the efficiency of the loaded catalysts.” In addition, the
aggregation of MWCNTSs significantly affects their mechanical and
electronic properties.’® Besides, a considerable number of studies
have shown that MWCNTs exhibit cytotoxicity and genotoxicity.""*>

To date, great efforts have been made to improve the
dispersibility of MWCNTs (Table 1), including mechanical
grinding, ultrasonication, chemical modification, etc."*'*
Mechanical grinding and ultrasonication are easy to operate
but with short-term dispersion stability. For instance, MWCNTs
maintained stable dispersibility for only 7 days after acid
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and applications in agueous environments.

treatment and ball milling."® The dispersibility of MWCNTs
was stabilized in Milli-Q water for only 24 hours via high energy
ultrasonication.” In contrast, the chemical modification strat-
egy endows MWCNTs with long-term dispersibility. For exam-
ple, hyperbranched polylysine was used to modify MWCNTs
through Michael addition, endowing MWCNTs with excellent
dispersibility in an aqueous environment for 20 days.'® A novel
star-like surfactant was designed to modify MWCNTs via hydro-
phobic polypropylene glycol backbones, endowing MWCNTs
with good dispersibility in water for more than 30 days."” These
methods could efficiently enhance the dispersibility of
MWCNTs in aqueous solutions and expand their applications.
However, there are still some limitations, including strict
reaction conditions, complex preparation processes, utilization
of contaminated reagents.'® Therefore, developing a facile
method to improve the dispersibility and biocompatibility of
MWCNTs is significant.

Recently, peptide-engineered nanomaterials have attracted
significant attention. By tailoring the amino acid sequences of
peptides, peptide-functionalized nanomaterials can achieve
improved homogeneous stability, biocompatibility, bioactivity
and target binding capacity, thus advancing their applications
in various fields.'®° Particularly, due to the excellent hydro-
philicity and biocompatibility, zwitterionic peptides have
shown great potential for modification of nanomaterials. It is
because their positive and negative groups can form a strong
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Table 1 Summary of methods to enhance the dispersibility of CNTs
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Dispersion pH  Other

Materials Methods of improving dispersibility stability range solvents Ref.
MWCNTSs Zwitterionic peptide containing protein; agitation 7 Months  1-12 DMSO, This
Ethanol work
MWCNTSs Acid/alkaline treatment; ball milling 1Month — — 13
MWCNTSs Ultrasound-assisted acid etching and y-irradiation Several - — 33
weeks
MWCNTSs Acid/alkaline treatment; high energy ultrasonication 24 Hours —  — 15
MWCNTs Hyperbranched polylysine (HBPL); Michael addition 20 Days 3-11 — 16
MWCNTs Novel surfactant with a star-like molecular structure and terminated sulfonate; ultrasonication 30 Days - - 17
MWCNTs 4,4'-Di (n-tetradecyl) diphenylmethane disulfate salt (DSDM); ultrasonication 5 Months —  — 34
MWCNTs/ The BHT oxidation in THF; solvent exchange with THF-stabilized CNT dispersion 6 Weeks —  THF 35
SWCNTs
MWCNTs 1,3,6,8-Tetra(oct-1-yn-1-yl) pyrene (TOPy) and 1,3,6,8-tetra(dodec-1-yn-1-yl) pyrene (TDPy); A few days —  THF 36
ultrasonication
MWCNTs Shellac (SL) bio-resin; magnetic stirring 14 Days - - 37
MWCNTSs S-Layer proteins, 0.1% Triton X 100; ultrasonication 6 Months — — 38

hydration layer via electrostatic interactions. Zwitterionic pep-
tides have been applied in the modification of various materi-
als, such as gold surfaces, conducting polymers, glass, mica
and polytetrafluoroethylene (PTFE).>'">* Zwitterionic polymers
were also utilized to modify carbon nanotubes for enhancing
their hydrophilicity, such as poly(carboxybetaine methacrylate)
(PCBMA) and poly(sulfobetaine methacrylate) (PSBMA).>>2° It
is noteworthy that the modification methods of most peptides
or polymers commonly require elaborate design, which
depends on the nanomaterial substrates. In nature, marine
organisms such as mussels, tube worms or barnacles can
secrete adhesive proteins to adhere onto various substrates. It
has been reported that mussel adhesive proteins (MAPs) were
able to form various interactions with the substrates, including
hydrogen bonds, metal-coordination, n-m/n-cation interactions,
etc.’”?® Due to their versatile adhesion ability, MAPs have

MWCNTs

Agitation

—_—
Ag*

® NO;

been considered as an adhesion platform for material
functionalization.

In this work, we propose a facile method to enhance the
dispersibility and biocompatibility of MWCNTs with a MPKE
protein which consists of a zwitterionic peptide unit and a
mussel-inspired adhesive protein unit (Fig. 1). The zwitterionic
peptide unit contains 20 pairs of alternating lysine and gluta-
mic acid (KE) peptides and the mussel-inspired adhesive pro-
tein unit contains 44 Dopa residues.”**® MPKE can firmly
modify MWCNTs due to the adhesion ability of Dopa
residues.®® In addition, the zwitterionic peptides endowed
MPKE-MWCNTs with enhanced dispersibility and biocompat-
ibility. Then, the MPKE-MWCNTs were used as carriers to load
silver nanoparticles (AgNPs) for reduction of 4-nitrophenol
(4-NP) and antibacterial activity in wastewater treatment. The
fabricated AgNPs@MPKE-MWCNTs exhibited high catalytic
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Fig. 1 Schematic representation of the modification process of MWCNTs by MPKE and in situ loading of AQNPs onto MPKE-MWCNTs for reduction of

4-NP in wastewater.
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efficiency with a normalized rate constant (ko) of 32.9 s™*
mmol ™, which is beneficial for the wastewater treatment.**

2. Materials and methods
2.1 Materials

Short hydroxyl functionalized multi-walled carbon nanotubes
(MWCNTs, 30-50 nm outer diameter and 0.5-2 pm length) were
provided by Chengdu Organic Chemicals Co., Ltd. Yeast extract
and tryptone were obtained from OXOID Co., Ltd. The BCA
protein assay kit was purchased from Cwbio. Nitrotetrazolium
blue chloride (NBT) was purchased from Heowns Co., Ltd.
Imidazole, Na,HPO,, NaH,PO, and NaCl were obtained from
Sangon Biotech Co., Ltd. Phosphate buffer saline (PBS), Iso-
propyl-B-p-thiogalactopyranoside (IPTG), kanamycin, chloram-
phenicol, dialysis bag MD25 (3500 MWCO) and sheep red blood
cells (RBCs) were purchased from Solarbio Science & Technol-
ogy Co., Ltd. The live/dead staining kit was purchased from
Thermo Fisher Scientific.

2.2 Production of the MPKE protein

MPKE was produced as previously reported.* Briefly, E. coli was
cultured with IPTG to induce MPKE proteins. After collecting
bacteria through centrifugation, the precipitates were resus-
pended in the binding buffer (20 mM sodium phosphate, 0.5 M
NaCl and 20 mM imidazole, pH 7.0) and crushed by ultrasoni-
cation. The supernatants were filtered using a 0.22 um poly-
ethersulfone membrane and then purified by Ni-affinity
chromatography using the AKTA Pure L1 chromatography
system. The target protein was eluted by elution buffer
(20 mM sodium phosphate, 0.5 M NaCl and 500 mM imidazole,
pH 7.0). Then, it was desalted by ultrafiltration and stored at
4 °C. All samples were analysed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). And the NBT
staining kit was employed to determine the Dopa group.

2.3 Preparation process of MPKE-MWCNTSs

MPKE was dissolved in water solutions with 5% (v/v) acetic
acid. Afterward, MWCNTs were added to the above solutions
and the final concentrations of MPKE and MWCNTs were 0.5
and 0.3 mg mL ™", respectively. After stirring at room tempera-
ture overnight, the samples were collected by centrifugation
and washed with pure water three times. Then, the samples
were stored at 4 °C for further research.

2.4 Characterization of the MPKE-MWCNTSs

The microscopic morphology of samples was observed using a
TEM (JEM-F200, JEOL) at an accelerating voltage of 200 kV.
Besides, Fourier transform infra-red (FTIR) spectra were
obtained using an ALPHA II (BRUKER, Germany) with a scan
range of 400 to 4000 cm~'. The water contact angle test was
conducted to characterize the hydrophilicity of the samples.
The contact angle (0s) was measured using an optical 0 meter
(JC2000DM, Powereach). The volume of water was 5 pL and five
parallel tests were conducted to determine the average contact
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angle. In addition, the samples were dissolved in water solu-
tions and the absorbance was measured using a microplate
reader (Infinite M200 Pro, Tecan). The size distribution and the
zeta potential of samples were measured using a dynamic light
scattering nanoparticle analyzer (ZS90, Malvern). The disper-
sion stability experiment was conducted via ultrasonication.
The MPKE-MWCNT dispersion was treated by 100 W ultraso-
nication for 30 min. Then, the photographs and absorbance
were recorded to determine the dispersibility of MPKE-
MWCNTs.

2.5 Antifouling assay

The FITC-BSA kit was employed to measure the protein adsorp-
tion. 500 pL of the samples were mixed with 1 mL of FITC-BSA
solution (0.1 mg mL ") and stirred overnight away from light
(37 °C, 300 rpm). Afterward, the samples were washed with PBS
solutions three times to remove the excessive FITC-BSA and
observed using a fluorescence microscope (Nikon Eclipse Ti-S).
The fluorescence intensity was analysed using Image]J software.

2.6 Hemolysis assay

The sheep RBCs were washed using PBS solutions three times
before use and collected by centrifugation. Then, 200 pL of
fresh RBCs were added to 800 pL of the sample solutions and
incubated at 37 °C for 1 h. Equal amounts of RBCs were added
to 800 pL of pure water or 0.9% NaCl as the negative control
(100% hemolysis rate) and positive control (0% hemolysis rate),
respectively. The samples were centrifuged at 1000 rpm for
10 min and 100 pL of the supernatant was added to a 96-well
microplate. The absorbance at 541 nm was measured using a
multifunctional microplate reader. The hemolysis rate (HR)
was calculated by the following formula:

HR = (AS — AN)/(AP — AN)

where AS, AP, and AN are the absorbance of the detected
samples, positive control, and negative control, respectively.

2.7 Cytotoxicity assay

The cytotoxicity assay was performed on NIH/3T3 cells using a
previous method,** with minor modifications. NIH/3T3 cells
were seeded at a density of 6 x 10° cells per well onto 96-well
plates and cultured in DMEM medium with 10% FBS overnight
for attachment. Afterward, the cells were further cultured in
DMEM medium containing 10% FBS and 40 pg mL ™" MPKE-
MWOCNTs for 24 h. The Calcein AM/PI reagent mixture solution
was added to the above solutions and stained away from light at
37 °C for 30 min. The live and dead cells were observed and
counted using an inverted microscope.

2.8 Preparation and characterization of AgNPs@MPKE-
MWCNTs

MWCNTs, MPKE and AgNO; were mixed with final concentra-
tions of 0.3, 0.5 and 0.3 mg mL ' respectively. Then, the
mixture was stirred at room temperature overnight and further
exposed to UV irradiation (365 nm) for 4 h to reduce and load
AgNPs onto MPKE-MWCNTs. The samples were collected by
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centrifugation (12 000 rpm, 2 min, 4 °C) and washed using pure
water three times.

The microscopic morphology of the samples was observed
using a SEM (Apreo S LoVac, FEI Co, Ltd) with an accelerating
voltage of 5 kV and a TEM (JEM-2100F, JEOL) with an accel-
erating voltage of 200 kV. The elemental composition of the
samples was obtained by Energy dispersive spectroscopy
(Octane Elect EDS System, EDAX). The UV-Vis spectrum was
obtained using a microplate reader (Infinite M200 Pro, Tecan).
The AgNP loading capacity was measured using an IPC-OES
(Agilent 7700X & Agilent 7800, Agilent Technologies, Inc.)

2.9 Reduction of 4-NP by AgNPs@MPKE-MWCNTSs

A typical method for the reduction of 4-NP by NaBH, was used
to measure the catalytic efficiency of AgNPs@MPKE-
MWCNTs.*® 4-NP solution (10 mM, 600 pL), cold NaBH,
solution (0.5 M, 800 pL) and deionized water (2.6 mL) were
mixed. Then, AgNPs@MPKE-MWCNT solution (0.3 mg mL ™",
200 pL) was added to the above solution. The UV-vis spectrum
ranging from 300 to 600 nm of the mixture was recorded at a
determined time interval.

The kinetic parameters of the reaction satisfy the following
pseudo first-order kinetic reaction equation:*°

In (Cy/Cy) = In (AJAo) = kappt

where C, and C; represent the concentration of 4-NP at the
initial time and at time ¢ respectively. In this experiment, the
C/C, ratio could be directly given by the ratio of respective
absorbance A¢/A, at 400 nm. k,pp, is the apparent first-order rate
constant (s~ '), which can be normalized by the AgNP amount to
obtain kper (s~* mmol ).

2.10 Antibacterial activity assays

The antibacterial activity of the AgNPs@MPKE-MWCNTs was
characterized by an inhibition zone method. The sample discs
(diameter = 1 cm) were cocultured with Gram-negative E. coli
and Gram-positive S. aureus on solid medium. Bacteriostatic
circles were observed and measured after incubation at 37 °C
overnight.

E. coli or S. aureus (ODggo = 1.0, 5 pL) cells were seeded in
3 mL of liquid LB medium containing 25 pug mL ' AgNPs@
MPKE-MWCNTs. The absorbance of the culture medium at
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600 nm was measured to determine the growth rate curves of the
cells. The cocultured cells were fixed with glutaraldehyde and dried
with ethanol. Then the bacterial morphology was observed by SEM
(Apreo S LoVac, FEI Co, Ltd).

3. Results and discussion
3.1 Preparation and characterization of MPKE-MWCNTs

MPKE was produced by E. coli BL21(DE3) cells, which were
constructed in our previous work.>> SDS-PAGE analysis indi-
cated that the molecular weight was consistent with the theo-
retical value, and NBT staining confirmed the presence of Dopa
residues (Fig. S1, ESIf). These results demonstrated the suc-
cessful expression of the MPKE protein. Then, MPKE modified
MWCNTs were prepared by simple mixing and stirring. As
shown in Fig. 2A, the diameter of pristine MWCNTs was
39 nm and that of modified MWCNTSs was 56 nm, indicating
the existence of MPKE coating. The FTIR spectra confirmed the
presence of the amide I group of MPKE at 1640 cm ™' and the
formation of hydrogen bonds between MPKE and MWCNTs at
3430 cm " (Fig. 2B).” These results indicated that MPKE could
be coated on MWCNTs via hydrogen bonds. Moreover, the
change of surface hydrophilicity was confirmed by measuring
the contact angle. As shown in Fig. 2C, the MWCNTs were
hydrophobic with a water contact angle of 139.1°, consistent
with previous reports.*® After modification, the water contact
angle decreased to 9.9°. These results demonstrated that the
MPKE could be easily anchored onto MWCNTs and improved
their hydrophilicity.

3.2 Dispersion stability of MPKE-MWCNTSs

Long-term dispersion stability of carbon nanomaterials is
critical to their applications in aqueous environments. As
shown in Fig. 3A, pristine MWCNTs exhibited poor dispersi-
bility, which gathered and precipitated within 1 hour. In stark
contrast, MPKE-MWCNTs maintained excellent dispersibility
for more than 7 months in an aqueous environment without
visible aggregation (Table 1). The supernatant absorbance of
the samples showed 78.3% retention of their initial ones after
being stored for 7 months (Fig. 3B), demonstrating long-term
dispersibility in water. Meanwhile, the dynamic light scattering
(DLS) test was used to measure the particle size and zeta
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Fig. 2 Characterization of MPKE-MWCNTs. (A) TEM images of MWCNTs and MPKE-MWCNTs. (B) FTIR spectra of MWCNTs, MPKE and MPKE-MWCNTs.
(C) Water contact angle of MWCNTs and MPKE-MWCNTSs. ***Significance at p <0.001 level, n = 3.
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Fig. 3 Dispersion stability of MPKE-MWCNTs. (A) Images of MWCNTSs or
MPKE-MWCNTSs dispersed in water for different periods. (B) The normal-
ized retention rate of MPKE-MWCNTSs dispersed in water for different
periods. (C) Particle size and (D) zeta potential of MPKE-MWCNTSs dis-
persed in water for different periods. (h: hour and d: day).

potential of MPKE-MWCNTs, which also exhibited insignificant
change (Fig. 3C and D). Besides, after ultrasonication treat-
ment, the MPKE-MWCNTs could still retain 90% of dispersi-
bility compared to the untreated samples, indicating the strong
attachment of MPKE onto MWCNTs (Fig. S2, ESIt). Moreover,
even in alkaline solutions (pH = 12) and organic solvents
(DMSO and ethanol) (Fig. S3, ESIf), the MPKE-MWCNTs also
showed excellent dispersibility. The improved dispersity were
mainly attributed to the hydrophilic zwitterionic peptides of
MPKE, which could expose to the surface of MPKE-MWCNTSs
and generate a hydration layer.*®

3.3 Biocompatibility tests

Pristine MWCNTs can lead to potential health and safety
problems. For instance, MWCNTS can cause a significant shape
change of erythrocytes and even hemolysis at high
concentrations.”’ Besides, MWCNTs may induce oxidative
stress in mitochondria.*> Therefore, it is significant to evaluate
the biocompatibility of modified MWCNTSs. As shown in Fig. 4A
and D, compared to the control samples, the MWCNT group
showed significantly lower cell viability. However, no signifi-
cant difference in cell viability could be observed between the
control group and the MPKE-MWCNT group. In addition, the
MPKE-MWCNTs also displayed excellent hemocompatibility
with only 0.045% hemolysis rate (Fig. 4C and D), which was
significantly lower than the clinical limitation (5% hemolysis
rate). Furthermore, the anti-protein adsorption performance
was measured using the FITC-BSA kit. As shown in Fig. 4B
and E, the MPKE-MWCNTs showed excellent anti-protein
absorption performance with a fluorescence intensity of only
0.13, while that of MWCNTs was 8.24. These results verified
that MPKE-MWCNTs possessed excellent biocompatibility.

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Biocompatibility tests. (A) Fluorescence images of live/dead
stained NIH/3T3 cells. (B) Fluorescence images of FITC-BSA adhesion.
(C) Hemolysis assay of MWCNTs (sample C), MPKE-MWCNTSs (sample E)
with water and 0.9% NaCl as the positive (sample +) and negative (sample —)
controls, respectively. (D) Quantification of the hemolysis ratio and cell
viability. (E) Quantification of FITC-BSA fluorescence intensity. *** Signifi-
cance at p <0.001 level, n = 3.

3.4 AgNP loading and catalytic reduction of 4-NP

Because of their large specific surface area, MWCNTs were
usually used as carriers of catalysts, such as Pa, Pd, Au, and
Ag.**™*% Herein, we prepared AgNPs@MPKE-MWCNTs via
in situ redox reactions and investigated their application for
reduction of 4-NP in wastewater. UV-Vis spectra were used to
confirm the generation of AgNPs. As shown in Fig. 5A,
AgNPs@MPKE-MWCNTs exhibited an absorption peak at
around 425 nm due to the plasmon resonance of AgNPs."” As
shown in Fig. S4 and S5A (ESIt), AgNPs with a particle size of
5-13 nm were generated on MPKE-MWCNTs, which was smal-
ler than that of AgNPs in previous reports (Table 2). Besides, the
TEM images showed clear lattice fringes with a 0.237 nm
interplanar distance, corresponding to the (111) plane of silver
nanoparticles.’*®® From EDS tests, it could be seen that the
generated AgNPs were uniformly distributed onto MPKE-
MWCNTs (Fig. 5B and Fig. S5B, ESIf). According to the ICP-
OES tests, the content of Ag of AgNPS@MPKE-MWCNTSs was
20.2 wt%. Compared with other AgNPs in Table 2, the
AgNPs@MPKE-MWCNTs exhibited outstanding catalytic effi-
ciency. In these studies, the reduction of 4-NP was used as a
model reaction for determining the catalytic activity and waste-
water treatment potential of AgNPS@MPKE-MWCNTSs. The UV-
vis absorption maximum of the mixture of 4-NP and NaBH, was
at 400 nm. After the addition of AgNPs@MPKE-MWCNTs, the
reaction mixture gradually graded from yellow to colourless. In
the meantime, the absorbance at 400 nm of the mixture
decreased with the reaction time (Fig. 5C). Next, the reaction
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Fig. 5 The AgNP loading and catalytic activity of MPKE-MWCNTSs. (A) UV-Vis spectra of MPKE-MWCNTs, AgNPs, (MPKE-MWCNT + AgNOs) and
AgNPs@MPKE-MWCNTSs. (B) EDS signals of AgNPs@MPKE-MWCNTs mapping the C, N, O and Ag elements at the surface, scale bar = 2 pm. (C) UV-Vis
spectra of 4-NP during the reduction process by AgNPs@MPKE-MWCNTs. (D) In((C//Co) — t diagram of the reduction of 4-NP catalyzed by

AgNPs@MPKE-MWCNTs.

Table 2 Summary of AgNPs for reduction of 4-NP

Catalyst name Catalyst used (mmol) app (57 Knor (57" mmol ™) Particle size (nm) Ref.
AgNPs@MPKE-MWCNTs 1.41 x 107* 4.62 x 107° 32.9 5-13 This work
AgNPs 9.26 x 107° 2.84 x 1073 0.307 ~8 48
Ag@RF@Fe;0, 3.82 x 107° 3.78 x 10?2 9.90 — 49
Ag/ALO; 3.50 x 103 — — <20 50
Ag/ZnO 5.55 x 107* 3.97 x 1073 7.15 35-40 51
Ag/Zn0/CaCO; 8.11 x 10 * 7.78 x 1073 9.59 — 52
Ag/TP 5.5 x 1072 5.27 x 107° 0.0958 57-85 53
Ag@NFC 1.85 x 107" 4.66 x 107> 21.6 <30 54
Ag/PAM/PPy/GO 1.59 x 107° 3.38 x 1072 21.3 — 55
RGO-Ag 1.11 x 10> 3.03 x 107° 27.3 — 56
GO-PNVP-Ag 4.63 x 1073 1.90 x 1072 4.10 — 57
Ag—1GO 1.48 x 107> 4.40 x 1072 2.97 — 58

kinetics were investigated (Fig. 5D) and compared with those in
other studies. It could be seen that AgNPs@MPKE-MWCNTSs
exhibited higher catalytic activity and k., (normalized rate
constant) could reach 32.9 s~" mmol . It was possibly because
of the excellent dispersibility of MPKE-MWCNTs as well as the
smaller particle size of the loaded AgNPs, which led to a larger
specific surface area and more exposed atoms on the surface as
potential catalytic points.®*

3.5 Antibacterial performance of AgNPs@MPKE-MWCNTSs

The number of bacteria is one of the water quality detection
indicators and a large number of bacteria can cause disease or

2666 | J Mater. Chem. B, 2022, 10, 2661-2669

form biofilms to affect the stability of water equipment.®***

Previous studies have demonstrated that AgNPs exhibited slow
but long-term antibacterial performance with no harmful by-
products at low concentrations.®® Herein, E. coli and S. aureus
were used as model Gram-negative and positive bacteria
respectively to evaluate the antibacterial performance of
AgNPs@MPKE-MWCNTs. As shown in Fig. 6A, the control
samples showed no bacteriostatic circles, whereas
AgNPs@MPKE-MWCNTs exhibited obvious bacteriostatic cir-
cles and the diameters for E. coli and S. aureus were 1.83 and
1.45 cm, respectively. This result demonstrated the antibacter-
ial activity of AgNPs@MPKE-MWCNTs. Besides, the SEM

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Antibacterial analysis. (A) Bacteriostatic circle images of the blank substrate, MWCNTs, MPKE-MWCNTs, AgNPs@MPKE-MWCNTSs. (B) SEM image
of E. coli and S. aureus incubated with MPKE-MWCNTs and AgNPs@MPKE-MWCNTs, scale bar = 1.5 um. Growth curves of (C) E. coli and (D) S. aureus
incubated with medium (Control), MWCNTs, MPKE-MWCNTs, AgNPs@MPKE-MWCNTs.

images indicated that the bacteria incubated with AgNPs@
MPKE-MWCNTs had collapsed surfaces and inclusions out-
flowing (Fig. 6B), which may be ascribed to the damage effects
of AgNPs on the biomolecules and cell membranes.®
Moreover, growth curves of bacteria were also measured.
Fig. 6C and D showed the growth curves of E. coli and S. aureus
respectively. AgNPs@MPKE-MWCNTs could completely inhibit
the growth of both Gram-negative and positive bacteria. The
antibacterial mechanisms may be attributed to the multifunc-
tional capability of AgNPs, including DNA degradation, protein
oxidation, ROS production, lipid peroxidation, ATP consump-
tion, biomolecular destruction and membrane interaction.®>®¢
Besides, due to the smaller nanoparticle size (5-13 nm), the
AgNPs@MPKE-MWCNTSs may enter cells more easily to kill the
bacteria.®”®® It should be noted that AgNPs@MPKE-MWCNT
samples still exhibited efficient bacteriostatic function after
2 months of storage (Fig. S6, ESI}). Therefore, these results
demonstrated that the AgNPs@MPKE-MWCNTs displayed anti-
bacterial activity, which is important to wastewater treatment.

4. Conclusions

In this work, a novel modification strategy was developed to
improve the dispersibility of MWCNTSs with excellent biocom-
patibility. With the adhesion of Dopa units, MPKE could simply

This journal is © The Royal Society of Chemistry 2022

and firmly modify MWCNTSs. As for the zwitterionic peptide
unit, the formed hydration layer endows MPKE-MWCNTs with
outstanding hydrophilicity. Therefore, the MPKE-MWCNTSs
exhibited long-term dispersion stability for at least 7 months
and could also be stabilized in other environments, including
alkaline solution, DMSO and ethanol. In addition, compared
with pristine MWCNTs, MPKE-MWCNTSs possessed excellent
biocompatibility. Furthermore, MPKE-MWCNTs could be
applied as catalyst carriers of AgNPs for reduction of 4-NP
in wastewater with a high catalytic activity (knor
32.9 s7' mmol ") and bacterial inhibition. The feasible and
effective modification of MPKE promotes the application of
MWCNTSs in aqueous environments.
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