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Peptide-based artificial enzymes exhibit structure and catalytic mechanisms comparable to natural
enzymes but they suffer from limited reusability due to their existence in homogenous solutions.
Immobilization of self-assembling peptides on the surface of nanoparticles can be used to overcome
limitations associated with artificial enzymes. A high, local density of peptides can be obtained on nano-
particles to exert cooperative or synergistic effects, resulting in an accelerated rate of reaction, distinct
catalytic properties, and excellent biocompatibility. In this work, we have immobilized a branched, self-
assembled, and nanofibrous catalytic peptide, (Ci,-SHD),KK(Alloc)-NH,, onto thiolated ceria nano-
particles to generate a heterogeneous catalyst with an enhanced number of catalytic sites. This artificial
enzyme mimics the activities of esterase, phosphatase, and haloperoxidase enzymes and the catalytic
efficiency remains nearly unaltered when reused. The enzyme-mimicking property is investigated for pes-
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ticide detection, bone regeneration, and antibiofouling applications. Overall, this work presents a facile
approach to develop a multifunctional heterogeneous biocatalyst that addresses the challenges associ-
ated with unstable peptide-based homogeneous catalysts and, thus, shows a strong potential for indus-
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Introduction

Biocatalysis refers to the use of natural catalysts, such as
enzymes or whole cells, to perform chemical transformations.”
These catalysts accelerate the rate of chemical reactions by pro-
viding an alternative pathway with lower activation energy,
allowing reactions to occur under milder conditions. Enzymes
are proteins that act as highly efficient biocatalysts in living
organisms.” They possess specific active sites that can bind to
substrates and facilitate their conversion into products.
Enzymes are incredibly selective, often catalyzing specific reac-
tions and producing specific products, which makes them
valuable tools in industries.® Biocatalysis offers several advan-
tages over traditional chemical catalysis. Enzymes exhibit high
selectivity, which minimizes the formation of by-products* and
they work under mild conditions, including lower tempera-
tures and pressures, which can reduce energy consumption
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and production costs. Enzymes are also more environment
friendly as they avoid the use of toxic or hazardous chemicals,
and they find application in a wide range of industries, includ-
ing pharmaceuticals, agriculture, food and beverage, biofuels,
and manufacturing.>® Examples of biocatalytic reactions
include the production of antibiotics, synthesis of fine chemi-
cals, degradation of environmental pollutants, and conversion
of biomass into biofuels. Overall, biocatalysis harnesses the
power of biological catalysts to enable more sustainable and
efficient chemical processes, with significant potential for
advancing industries and reducing environmental impact.
While biocatalysis offers numerous benefits, there are also
several challenges associated with the use of biocatalysts. The
lack of availability of these enzymes in large quantity is the
major concern for the industrial use.” Some enzymes may be
derived from rare or difficult-to-cultivate organisms, making
them less accessible, which significantly increases their costs.
Many biocatalysts, especially enzymes, can be sensitive to
environmental conditions, such as temperature and pH.® They
may undergo denaturation or loss of activity over time, which
reduces their stability and shelf-life. There are issues related to
the use of enzymes in the development of heterogeneous
catalysts.”'® The enzymes are attached to solid surfaces either
through adsorption or covalent bonding. Adsorption-based
immobilizations invariably result in a loss of adsorbed pro-
teins during the course of subsequent cycles, whereas the
covalent linkages generated through chemical processes may

Nanoscale, 2024, 16, 16887-16899 | 16887


http://rsc.li/nanoscale
http://orcid.org/0000-0003-1625-8156
https://doi.org/10.1039/d4nr02672a
https://doi.org/10.1039/d4nr02672a
https://doi.org/10.1039/d4nr02672a
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr02672a&domain=pdf&date_stamp=2024-09-13
https://doi.org/10.1039/d4nr02672a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016036

Published on 16 2024. Downloaded on 04.12.2025 9:33:28.

Paper

cause the connected enzyme to become denatured.'* As a
result, it is increasingly difficult to reuse catalysts and the cost-
effectiveness of process is also reduced. Artificial enzymes or
compounds mimicking enzymes can be used to surmount
these challenges."'*'* An enzyme’s catalytic activity comes
from supramolecular interactions that form a three-dimen-
sional structure within the protein molecule. The correct
spatial arrangement of amino acids inside these structures
produces catalytic pockets needed to bind to a particular sub-
strate and carry out chemical reactions.’® The minimalistic
approach to develop artificial biocatalysts with same catalytic
efficiency, stereoselectivity, and specificity as enzymes is to
imitate their catalytic sites by incorporating amino acids found
in catalytic pockets.

Self-assembling peptides can act as biocatalysts by organiz-
ing into well-defined structures or scaffolds that provide an
environment for catalytic reactions to occur.”>'® These pep-
tides have the unique ability to spontaneously form ordered
structures through non-covalent interactions. The self-assem-
bling peptides can be designed to incorporate catalytic resi-
dues or functional groups within their sequence, allowing
them to perform specific enzymatic reactions. The catalytic
activity of self-assembling peptides can be influenced by
factors such as the peptide sequence, secondary structure, and
the microenvironment created by the self-assembled struc-
ture."” Proline-containing peptides, for instance, are known to
catalyze Mannich, Michael, aldol, and acyl transfer
processes.'®'® In a similar way, ester hydrolysis reactions are
known to be catalyzed by histidine (His).?>*! For the regener-
ation of hydrolase and esterase activities, a variety of His-con-
taining hydrogels and nanofibrils have been developed.
Similarly, hydrogel-trapped hemin chloride has been found to
have peroxidase-like activity.?” In this regard, hydrolytic
enzymes, such as lipase and a-chymotrypsin, have drawn a lot
of attention due to their prevalence in living things and
growing economic significance.>® Therefore, much effort has
been made to develop artificial esterase and phosphatase.>*

Several design techniques have been used to generate
peptide-based artificial enzymes. For instance, Korendovych
et al. developed a set of heptapeptides that formed f-sheets,
and by self-assembling these peptides, they obtained a Zn(u)-
coordinated structure,”® which mimicked the catalytic center
of natural carbonic anhydrase and demonstrated catalytic
activity towards carbonic anhydrase substrates. Numata et al.
developed an enzyme-like catalyst by incorporating the conven-
tional serine-protease catalytic triad to peptides that can self-
assemble into fibrils and resemble amyloids.*® The formation
of p-sheet backbone was essential to imitate the protease
binding site. Gulseren et al. reported esterase-mimicking cata-
lytic nano-system with essential residues, Ser, His, and Asp in
the peptide sequence.>” Mikolajczak et al. developed peptide-
gold nanoparticle conjugates as sequential cascade catalyst for
the hydrolysis followed by the hydrogenation reaction.>®
Dowari et al. reported the immobilization of peptide amphi-
phile containing Asp(Ser)His triad on silica surface for hydro-
lase-mimicking properties.>® Reja et al. developed nanotubes
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from self-assembled lipidated short peptide (C;,-FFVK) for
aldolase-mimicking properties.®® Overall, self-assembling
peptide provide a versatile platform for creating functional
materials with catalytic capabilities and expanding the scope
of biocatalysis beyond traditional enzymes.

There has been a lot of reports available in literature, where
self-assembled peptides have been extensively explored to
develop artificial enzymes. The major limitation associated
with such system is that they are in homogenous solution with
reaction mixture and cannot be removed once the reaction is
over. Unbranched, linear peptides reported so far can only
expose their single binding pocket to the substrate, which
limits the rate of reaction. Additionally, there are very few
reports on the use of artificial enzymes exhibiting multiple
catalytic activities simultaneously. Developing multifunctional
peptide catalysts that can perform diverse reactions or exhibit
additive/synergistic effects has the potential to open new possi-
bilities in biocatalysis.

The main aim of this work was to develop multifunctional,
heterogenous catalyst with esterase, phosphatase, and haloper-
oxidase-mimicking activities and use them for pesticide detec-
tion (organophosphorus and carbamate), bone regeneration,
and anti-biofouling applications. In this work, we have
immobilized self-assembled, nanofibrous catalytic peptide on
ceria nanoparticles and evaluated their potential to act as a
biocatalyst. Ceria nanoparticles (CeNP) were fabricated using
hydrothermal method and thiolated (TC) using (3-mercapto-
propyl)trimethoxysilane, which was further conjugated to
peptide amphiphile (PA) by “thiol-ene” reaction, thus,
forming thioether bonds. The branched peptide amphiphile
contains catalytic triad ‘Ser-His-Asp,” which is also present in
the active site of serine protease.®® These residues work
together to perform various hydrolytic reactions by facilitating
binding to the substrate and catalysis. This peptide was
immobilized on thiolated ceria nanoparticle surface to gene-
rate a heterogenous catalyst (TCP) with a greater number of
catalytic sites. CeNPs were selected due to their haloperoxi-
dase-mimicking properties, which involves catalyzing the oxi-
dation of halide ions by hydrogen peroxide.** Peptide conju-
gated ceria nanoparticles were thoroughly characterized and
they were found to mimic esterase, phosphatase, and haloper-
oxidase enzymes. This enzyme-mimicking activities were used
to elucidate their role in pesticide detection, bone regener-
ation, and anti-biofouling material preparation.

Experimental
Materials and methods

All solvents and chemicals were of high analytical quality and
utilized without further purification unless otherwise stated.
Rink amide AM resins (0.80 mmol g~* loading) was procured
from Novabiochem. Fmoc-protected amino acids, such as
Fmoc-Lys(Alloc)-OH, Fmoc-Lys(Fmoc)-OH, Fmoc-His(trt)-OH,
Fmoc-Ser(trt)-OH, Fmoc-Asp(OtBu)-OH were purchased from
BLD Pharm. The 1-[bis(dimethylamino)methylene]-1H-1,2,3-
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triazolo[4,5-b]  pyridinium 3-oxide hexafluorophosphate
(HATU), trifluoroacetic acid (TFA), N,N-diisopropylethylamine
(DIEA), triisopropyl silane (TIS), lauric acid, 5,5-dithiobis-2-
nitrobenzoic acid (DTNB), and 3-mercaptopropyl trimethoxysi-
lane (MPTMS) were bought from TCI Chemicals. Dimethyl
sulfoxide (DMSO) and HPLC grade solvents, such as aceto-
nitrile, methanol, and isopropyl alcohol were purchased from
Merck and used for reverse phase high-pressure liquid chrom-
atography (RP-HPLC). Piperidine, N,N dimethyl formamide
(DMF), and dichloromethane (DCM) were bought from
Spectrochem and Rankem Laboratories. p-Nitrophenyl phos-
phate (pNPP) and p-nitrophenyl acetate (pNPA) were procured
from Sisco Research Laboratories Pvt. Ltd (SRL). Cerium
nitrate hexahydrate 99.9% AR and Irgacure 2959 were pur-
chased from Loba Chemie and Sigma Aldrich. All pesticides
(azamethiphos, profenofos, and carbendazim) were procured
from Sigma-Aldrich. PolyPrep chromatography columns from
Bio-Rad were used for solid-phase peptide synthesis (SPPS).
Deionized water (DI, 18.2 MQ cm) was obtained from a Milli-Q
system and used in all experiments. MC3T3-E1 cells
(CRL-2593, Subclone-4) were purchased from ATCC. Minimum
Essential Medium alpha (MEM-a), 0.25% trypsin/EDTA, pen-
strep, SYBR™ Green Master Mix, and trizol were purchased
from Thermo Fisher Scientific. The iScript cDNA synthesis kit
was bought from Bio-Rad. The 3-(4,5-dimethylthiazol)-2,5-
diphenyltetrazolium bromide (MTT reagent), ascorbic acid,
and fetal bovine serum (FBS) were procured from HiMedia.
E. coli (MTCC 1687) was purchased from CSIR- IMTECH,
Chandigarh. For antibacterial studies, Luria broth (Himedia)
was used as culture media.

Synthesis of branched peptide amphiphile (PA) and
characterization

The self-assembled, branched peptide amphiphile was syn-
thesized using standard Fmoc-based SPPS method. Rink
amide AM resin was employed as a solid support. The amino
acids were coupled using a mixture of HATU (2.85 equiv.), and
DIEA (5.7 equiv.) and 20% piperidine in DMF (3 mL) were
used to deprotect Fmoc group. The synthesized peptide was
cleaved from resin by using a cocktail comprising of 3 mL of
95% TFA, 2.5% TIS, and 2.5% water (v/v). Subsequently, the
amide terminated peptide/PA (C;,-SHD),KK(Alloc)-NH, was
cleaved, and precipitated from 30 mL of cold diethyl ether,
which was followed by centrifugation and drying under
vacuum. The purity of these peptides was determined using a
RP-HPLC equipped with Xbridge BEH C;g column (250 x
4.6 mm, 5 pm) and a gradient flow of acetonitrile/water for
35 min with 0.1% TFA as a mobile phase at a flow rate of 1 mL
min~". The peptides were further characterized by mass (XEVO
G2-XS QTOF) and 'H NMR (JEOL JNM-ECS, 400 MHz) analysis.

Secondary structure of peptide

The secondary structure of peptide was determined by circular
dichroism (CD) and Thioflavin T (ThT) assay. CD analysis was
performed on a CD spectrometer (JASCO J-1500) using a
quartz cuvette with a 0.1 cm path length. In order to induce

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

the formation of secondary structures, peptide solutions were
prepared in DI water and incubated at room temperature for
five days prior to investigation. Spectra of peptides were
recorded at a concentration of 0.5 mM in the region of
195-350 nm at a continuous scanning rate of 200 nm min .
Fluorescence spectra was used to analyze the binding of pep-
tides with ThT according to a previously described method.*?
The fluorescence was recorded using a Tecan multimode
microplate reader at an excitation wavelength of 440 nm. ThT

solution without peptides was used as a blank.

Preparation of cerium oxide nanoparticles (CeNPs)

A conventional hydrothermal technique was used for the
preparation of CeNPs.>* A 60 mL of 4 M NaOH was used to
make a suspension of 0.4 g of cerium nitrate hexahydrate
(1 mmol) followed by stirring for 30 min. The mixture was
transferred to a 100 mL Teflon-lined stainless-steel autoclave
and incubated for 24 h at 100 °C. After centrifuging, the CeNPs
were washed with water and ethanol, and dried at 70 °C to get
a distinctive dark yellow powder.

Thiol functionalization of CeNPs (TC)

The surface of CeNP was activated by dehydrating the sample
at 80 °C overnight. Around 75 mg of CeNPs were dispersed in
15 mL of toluene in a round bottom flask and ultrasonicated
for 30 min.* To this suspension, MPTMS (0.6 mL) was added,
and the suspension was refluxed at 110 °C overnight followed
by centrifugation. The resulting thiol functionalized ceria
nanoparticles (TC) were washed with toluene and ethanol and
air-dried at 50 °C overnight.

Conjugation of peptide to TC (TCP)

The branched peptide amphiphile was conjugated to thiol
functionalized ceria via thiol-ene reaction.’*** The 20 mg of
TC was dispersed in 1 mL of methanol and sonicated for
15 min, followed by the addition of 2 mM, 5 mL solution of
PA. Radical initiator (Irgacure 2959, 0.2 equiv., 2.81 mg) was
added to the mixture and suspension was exposed to UV light
(365 nm) with stirring at room temperature for 1 h. The
peptide-functionalized ceria nanoparticles (TCPs) were centri-
fuged at 6000 rpm, washed thoroughly with methanol, and
finally dried overnight at 50 °C.

Characterization

All materials (CeNPs, TCs, and TCPs) were characterized as
follows:

Chemical properties. Crystallinity of materials were deter-
mined by PXRD using Rigaku Miniflex diffractometer in the
range of 10-80 with Cu Ka (4 = 0.154 nm) radiation. EDX
(Bruker Splash 6130) and XPS (Thermo Fisher Scientific,
K-alpha) analysis were performed to confirm the elemental dis-
tribution and electronic state of elements. Thermogravimetric
analysis (TA Instruments, USA, SDT-650) was done under N,
flow (100 mL min™") from 40-800 °C at a ramp of 10 °C min~"
to validate the thiol modification on the surface of CeNPs and
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the conjugation of peptide amphiphile on thiolated ceria
surface.

Physical properties. Particle size distribution was measured
on a DLS Microtrac/Nanotrac Flex instrument. Surface charge
was determined by measuring the zeta potential on Particle
Metrix zetasizer. Field emission scanning electron microscope
(FESEM) was used to study the morphological characteristics
of nanomaterials by employing the drop-casting method on
silicon wafer followed by drying and platinum sputtering.
Using N, adsorption analysis (Quantachrome), surface area
and pore size were determined. Samples were degassed at
120 °C prior to the examination. Using a Quantachrome
device, the surface area was calculated using the Brunauer-
Emmett-Teller (BET) method.

Thiol group quantification

Ellman’s assay was used to quantify the functionalization of
CeNPs with thiol group.’®* Working solution of DTNB
(Ellman’s reagent) was prepared by dissolving 4 mg of DTNB
and 20.5 g of sodium acetate in 5 mL of DI water. About 50 pL
of this Ellman’s reagent was mixed with 2.5 mL of tris buffer
(1 M, pH: 8) to make blank solution. Samples were suspended
in tris buffer and 250 pL of each sample (1 mg mL™') was
added to blank solution and incubated for 15 min at room
temperature. The absorbance was measured at 412 nm, and
the quantity of surface thiol group was determined by dividing
absorbance by the extinction co-efficient of the reagent (13 600
M 'em™).

Hydrolase-mimicking activity

The esterase-mimicking activity was measured using p-nitro
phenyl acetate (pNPA) as a substrate.”® All nanomaterials
(CeNP, TC, TCP, and PA) were dispersed in 20 mM phosphate
buffer of pH 7 at a concentration of 1 mg mL™". The suspen-
sion was thoroughly vortexed and sonicated for 10 min to get a
homogeneous suspension. The catalytic suspension (100 pL)
was added into the well of a 96-well plate, followed by the
addition of 6 pL of pNPA solution (12.5 mM in ACN). The
absorbance was measured at 405 nm, every 15 min for
150 min. Catalyst without pNPA was considered as the refer-
ence and its absorbance was recorded simultaneously. The
absorbance value of reference was subtracted from that of
sample to eliminate the contribution of catalyst. Absorbance
of substrate without catalyst was observed to check their self-
hydrolysis potential and these values were also subtracted to
obtain the values exclusively from catalysis. The calibration
curve of p-nitrophenol (pNP) was used to determine the
amount of pNP formed and the rate of hydrolysis was calcu-
lated using the extinction coefficient of pNP, which is 13 014
M~' em™". The phosphatase-mimicking activity was measured
using p-nitro phenyl phosphate (pNPP) as a substrate and its
working solution was prepared (12.5 mM) in 25 mM tris buffer
of pH 8. The experiment was performed in a similar way as
mentioned above. In order to calculate kinetic parameters,
PNPA or pNPP concentrations between 0.5 and 10 mM were
used and the data was fitted to Michaelis—-Menten equation.
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Catalytic rate constant of biocatalyst (k.. was obtained from
linear Lineweaver-Burk plots.

Reusability of catalyst

We used a different method to test the reusability of catalyst
because the 96-well plate was not suitable for it. In this
instance, catalysts were suspended (1 mg mL™") in 940 pL of
20 mM phosphate buffer, pH 7 using the same procedure as
previously described. Substrate (60 pL of 12.5 mM solution of
PNPA and pNPP in ACN or Tris buffer) was added to this sus-
pension, and the sample was agitated on a mechanical shaker
for 45 min. The sample was immediately centrifuged, super-
natant was transferred to cuvette, and solution’s absorbance
was measured at 405 nm. The absorbances of catalyst (same
concentrations as used for samples and similar treatment but
without adding the substrate) or the substrate (same concen-
trations as used for samples) were recorded at 405 nm and
subtracted from data obtained for samples in order to remove
any absorbance that might come from catalyst or substrate.
The entire process was carried out five times. PNP’s calibration
curve was used to quantify PNP formed in each case. The cata-
lysts were cleaned five times with water and ACN, and vacuum-
dried at 50 °C for 12 h after each cycle. The dried catalyst was
used in additional cycles using the same procedure. In order
to confirm the morphology and structure of recycled TCP,
FT-IR and FESEM studies were performed after fifth cycle.

Haloperoxidase-mimicking activity

The haloperoxidase-mimicking potential of catalyst was inves-
tigated by a protocol reported earlier with little modifi-
cations.*® Phenol red (0.6 mg, 50 pM) and ammonium
bromide (0.1 mg, 25 uM) were dissolved in water, which was
followed by the addition of H,O, (1 pL, 300 pM). The pH of
solution was maintained between 5 and 6 and each sample
(1 mg mL™") was incubated with reactant solution for 5 h at
room temperature and absorbance was recorded in the range
of 400-600 nm using a UV-Vis spectrophotometer.

Acetylcholine esterase (AChE)-mimicking activity

Stock solutions of acetylthiocholine and DTNB (40 mg,
100 mM) were prepared in 1 mL DMSO. About 1 mg of each
material (CeNP, TC, TCP, and PA) were suspended in 1 mL of
PBS, and 10 pL of DTNB and acetylthiocholine were added to
the suspension of catalysts. The absorbance data was collected
at 405 nm, every 15 min for 150 min. The rate of reaction was
obtained by using the molar extinction coefficient of 13 600
M tem™.

Detection of pesticides

Pesticides, such as organophosphorus (OP) and carbamates,
can be detected by nanocatalysts using colorimetric assay.
Stock solution of acetylthiocholine and DTNB were prepared
as mentioned above and 10 pL of both solutions were added to
the suspension of CeNP, TC, TCP, and PA (1 mg mL ™). To this
control solution, 10 mM (10 pL) of pesticide (azamethiphos,
profenofos, or carbendazim) was added and incubated at
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37 °C for 15 min followed by the measurement of absorbance
at 405 nm.

In vitro biomineralization

The capability of catalyst to imitate alkaline phosphatase (ALP)
enzyme was assessed by Ca®>" mineralization study.>*' Wells
of a 24-well plate were coated with 1 mg mL™" suspension of
materials (CeNP, TC, TCP, and PA) and dried over night at
37 °C. An osteogenic solution was prepared containing 15 mM
of B-glycerophosphate as a source of Pi and 20 mM of CaCl, as
a source of Ca®" in Tris-HCI buffer (25 mM, pH 7.4). About
800 puL of this solution was added into each well and incubated
at 37 °C for 7 days. Every day, osteogenic solution was replen-
ished with fresh osteogenic solution. At 7™ day, wells were
washed after removing the solution with distilled water and
allowed to air dry. The mineralized calcium developed due to
the ALP-mimicking activity was further measured by using
0.1% alizarin red S staining. After staining, the excess dye was
removed and wells were washed with DI water and 10% cetyl-
pyridinium chloride was added to dissolve calcium-bound dye.
Finally, absorbance was measured at 562 nm to quantify the
mineralized calcium using a Tecan multimode microplate
reader. Wells containing only osteogenic solution without any
sample were treated as a control.

Cell culture study

The MC3T3-E1, passage 5-6 were cultured in MEM-a, sup-
plemented with 10% FBS and 1% Pen-Strep antibiotic solution
at 37 °C with 5% CO, in a humidified atmosphere. For experi-
ments involving long term cell culture studies, medium was
changed every 72 h and cells were harvested using a solution
of trypsin-EDTA at around 70-80% confluency. The cells were
further redispersed in complete media and seeded in dishes
or cell culture plates to conduct various cell culture studies.
Osteogenic media (OM) composed of complete MEM-a con-
taining 100 nM dexamethasone, 50 ug mL ™" ascorbic acid, and
10 mM f-glycerophosphate disodium salt hydrate was con-
sidered as a positive control, while complete MEM-a without
sample was treated as a negative control.

Cytocompatibility study. The cytocompatible nature of nano-
materials (CeNP, TC, TCP, and PA) was evaluated via MTT
assay as per protocols reported earlier.*> Pre-osteoblast cells
were seeded with a cell density of 1 x 10° cells into a 96 well
plate (100 pL per well) and after an incubation for 24 h, media
was replaced with the suspension of nanomaterials in varying
amounts (50, 100, 300, and 500 pg). After 2, 7, and 14 days of
incubation, treated cells were incubated with 20 pL of MTT
solution (5 mg mL™" in PBS) for 3.5 h to evaluate their cyto-
compatibility. The absorbance of solubilized formazan in
DMSO was measured at 595 nm, which is directly correlated to
the cellular viability. The experiment was performed in tripli-
cate and data were presented as mean + SD.

Alkaline phosphatase (ALP) activity. In vitro ALP activity was
estimated following the protocol described earlier in literature
with little modifications.>®** Cells with a density of 1 x 10>
cells per mL were cultured in a 48-well plate for 24 h. After
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aspirating the media, cells were treated with a suspension of
nanomaterials (50, 100, 300, and 500 pg) in complete MEM-a
and incubated for 7 days. The cell media was replenished with
nanoparticle suspension every 72 h. Media was removed at day
7 and cells were washed with DPBS, which was followed by
lysis of cells with 200 pL of 0.2% Triton X for 30 min in order
to rupture the cell membrane and release ALP molecules.
Subsequently, 200 pL of p-nitrophenyl phosphate (pNPP) solu-
tion was added to each well containing cell lysates and incu-
bated at 37 °C for another 90 min in dark. The final absor-
bance was measured at 405 nm using a plate reader.

Calcium deposition assay. The ALP activity was further con-
firmed by calcium deposition study on MC-3T3 cells by ali-
zarin red S staining. The media was replaced with the suspen-
sion of nanomaterials and osteogenic media every 72 h. On
day 7 of cell culturing, cells were washed with DPBS and fixed
with 4% paraformaldehyde solution for 10 min at 4 °C.
Followed by washing with DI water, fixed cells were stained
with 500 pL of alizarin red S solution (40 mM, pH = 4.1-4.3)
for 1 h in dark. After staining, cells were washed with DI water
to remove the excess dye, and cells were visualized under an
inverted microscope to observe red crystals. To further quan-
tify the total amount of calcium deposited in mineralized
cells, 200 pL of 10% cetylpyridyl chloride solution was added
to each well and incubated for 30 min in dark condition, and
100 pL of dissolved crystals was transferred to 96-well plate
and absorbance was measured at 562 nm.

Study of osteogenic markers. To assess the impact of nano-
materials on osteogenic differentiation, MC3T3-E1 cells were
used to measure the mRNA expression of markers related to
osteogenesis, such as alkaline phosphatase (ALP), runt-related
transcription factor 2 (RUNX2), osteocalcin (OCN), and osteo-
pontin (OPN). Cells were seeded at a density of 1 x 10 cells
per mL in a 6-well plate and cultivated for a duration of 24 h.
After removing media, 1 mL of fresh media containing 300 pg
of nanomaterial was added. Every 72 h, medium was changed,
and on days 7 and 14, total cellular RNA was extracted by lysis
in TRIzol and then subjected to cDNA synthesis. Quantitative
real-time polymerase chain reaction was used to measure the
expression of particular genes (qQRT-PCR). The f-actin gene was
utilized as a housekeeping gene to standardize expression
levels.

Anti-biofouling activity

The anti-biofouling property of nanomaterials was evaluated
using bacteria E. coli. Suspension (300 pL) of nanomaterials
(1 mg mL™") were casted on 24-well plates and air dried for
24 h.*** Meanwhile, E. coli was grown till mid-log phase in
Luria broth (LB) media overnight and optical density was
adjusted to 0.1 at 600 nm. Samples were incubated with
500 pL of bacterial suspension, 4.4 mM NH,Br, and 0.42 mM
H,0, for 24 h at 37 °C inside an incubator. Wells containing
bacterial suspension, NH,Br, and H,0, without samples were
considered as controls. After 24 h of incubation, suspension
was removed and wells were gently washed with distilled water
to remove the weakly attached bacteria. Next, the biofilm was
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air-dried and stained with crystal violet (0.1%) for 15 min and
washed again with DI water to remove excess dye. Finally, 33%
acetic acid solution was added to dissolve crystal violet bound
to biofilm and absorbance was measured at 590 nm to quan-
tify biofilm formation.

Statistical analysis

The studies were performed in triplicates and presented as
average values and standard deviations from the mean value.
The data were analyzed using Student’s t-test. *p value < 0.05
was considered significant, whereas ns represents non-signifi-
cant difference.

Results and discussion

The aim of this work was to develop multifunctional, artificial
enzyme to mimic esterase, phosphatase, and haloperoxidase
activity for pesticide detection, bone regeneration, and anti-
biofouling material application. In order to achieve this goal,
we have synthesized self-assembled, branched peptide amphi-
phile (PA) containing the catalytic triad (Ser: S; His: H; and
Asp: D) present in serine protease enzyme. Histidine acts as a
base to abstract proton from the side chain of serine and
nucleophilic oxygen of serine attacks carbonyl carbon of a sub-
strate to form a covalent bond during catalysis. The negatively
charged Asp stabilizes the positive charge that forms on His
residue through hydrogen bonding and helps in the orien-
tation of substrate within the active site. These three amino
acid residues together create a microenvironment within
enzyme’s active site that promotes specific chemical reactions,
thus, making peptide-based artificial enzymes capable of cata-
lyzing various biochemical transformations.>” Immobilization
of peptide on the surface of thiol-modified ceria nanoparticles
(TC) helped us in developing a recyclable, heterogenous bioca-
talyst. The self-assembled peptide rendered the hydrolase-
mimicking activity, whereas CeNPs imparted the haloperoxi-
dase-mimicking activity. Ceria nanoparticles undergo revers-
ible oxidation and reduction reactions, and shuttle between
Ce* and Ce*" oxidation states. This redox cycling property
allows ceria nanoparticles to act as catalysts for the oxidation
of halide ions by hydrogen peroxide. The multifunctional,
enzyme mimic was explored for pesticide detection, bone
regeneration, and antibiofouling applications (Scheme 1).

Design, synthesis, and characterization of PA

We have rationally designed the self-assembled, peptide
amphiphile (PA) by incorporating a catalytic triad (S, H, and D)
to mimic the catalytic site of serine protease, which belongs to
the class of hydrolase enzyme (Fig. 1A). The branched peptide
was synthesized in order to provide two catalytic sites in a
single molecule. Based on literature review, we hypothesized
that participating amino acids from nearby peptides will work
together to increase the activity of peptide in its self-assembled
state and local substrate concentration will be higher at the
surface of aggregates. Therefore, we incorporated hydrophobic
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Fig. 1 (A) Structure of self-assembled, branched peptide amphiphile
(PA). (B) ThT assay. (C—F) FESEM images of: (C) PA, (D) CeNP, (E) TC, and
(F) TCP. Scale bar: (C) 1 pm, and (D-F) 100 nm.

chain (Cj,) at the N-terminus of peptide to make it amphiphi-
lic. As our aim was to conjugate the peptide to nanoparticle by
thiol-ene reaction, we did not deprotect the Alloc-protecting
group in peptide sequence.

Fmoc-based SPPS technique was used to synthesize peptide
and rink amide resin was used as a solid support to generate
carboxamide group at C-terminus. The peptide was character-
ized by RP-HPLC, '"H NMR, and mass spectrometry. The
RP-HPLC showed that peptide is 90-95% pure and retention
time was 4.6 min (Fig. S1). The MW derived from the mass
spectrum matched to its theoretical value (Fig. S21). The 'H
NMR spectrum of peptide along with assigned peaks is
included in the ESI (Fig. S31). The secondary structure of self-
assembled peptide was investigated by CD spectroscopy and
ThT assay. Negative peaks around 200 and 215 nm indicated
the formation of a-helical morphology of peptide (Fig. S41).
ThT assay demonstrated the enhancement of fluorescence
intensity in the range of 490-500 nm, thereby implying the
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binding of ThT to the hydrophobic region of peptide (Fig. 1B).
Unbound ThT without any sample was considered as a control.
FT-IR spectra further indicated the presence of a-helical struc-
ture as it showed characteristic peak at 1673 cm™" (Fig. S5%).
The nanoscale architecture of self-assembled peptide was eval-
uated by FESEM investigations. The microscopic image
suggested the formation of long nanofibers by peptide in its
self-assembled form (Fig. 1C). The width of nanofibers was cal-
culated by Image] software and was found to be below 20 nm,
which can be attributed to long hydrophobic carbon chain
attached at the N-terminus of peptide.

Preparation and functionalization of CeNPs

CeNPs were fabricated using hydrothermal method by hydro-
lyzing a ceria precursor, cerium nitrate hexahydrate, in a basic
environment. The surface was modified post synthesis using
MPTMS to obtain thiol modified ceria nanoparticles (TCs).
The thiol grafting on surface was quantified by Ellman’s assay,
which suggested a 1306.88 pmol g~ of thiol density. The
nanoparticles were characterized by XRD, TGA, BET, elemental
mapping, and XPS. The morphology and size of nanoparticles
were confirmed by FESEM and DLS, as discussed below.

Conjugation of peptide amphiphile to ceria

Our objective was to develop a multifunctional peptide-based
catalyst in which the hydrolase-mimicking PA was immobilized
on a ceria surface to produce a heterogeneous catalyst.
Immobilization on solid surface is expected to maintain its
catalytic efficiency. The assembly of catalytic peptides on a
solid surface increases the peptide catalyst’s robustness and re-
usability features in an integrated manner. With this aim, the
PA was conjugated on the surface of thiolated ceria (TC) via
thiol-ene click reaction. The successful grafting was confirmed
by Ellman’s assay, which showed that free thiol density on
ceria surface has reduced after conjugation to the peptide.

Characterization

All nanomaterials (CeNP, TC, and TCP) were characterized by
PXRD, TGA, elemental mapping, FESEM, and DLS. FESEM
images revealed that CeNPs have a spherical morphology and
grafting of thiol groups and peptide on the surface of CeNPs
did not change its morphology (Fig. 1D-F). It is interesting to
note that the conjugation of branched PA on the surface of
CeNPs reduced their aggregation, thus, increasing their stabi-
lity. The size of nanoparticles increased a little after
functionalization. The particle size distribution is evident
from DLS study. The size of CeNPs, TC, and TCP were found to
be 41.6, 49.7, and 54.3 nm (Fig. S6%). Zeta potential of nano-
particles was also investigated to measure their surface charge
and found to be 0.5, —1.5, and 5.9 mV for CeNP, TC, and TCP.
It was observed that zeta potential becomes more negative
after thiolation of CeNPs and it increased after conjugation to
peptide. XRD patterns of materials were investigated to deter-
mine their crystal structure (Fig. 2A). CeNPs showed character-
istic sharp peaks at 28.38, 32.82, 47.16, and 56.1° corres-
ponding to 111, 200, 220, and 311 planes.”” This data
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Fig. 2 Characterization of nanoparticles: (A) PXRD patterns, (B) TGA
study, (C) derivative of thermogravimetry (DTG) curve, and (D) N,
adsorption/desorption isotherm.

suggested that CeNPs have a fluorite-type crystalline nature as
per JCPDS file no. 34-0394.*° Neither surface modification
with thiol groups nor the integration of peptide on it changed
the PXRD patten or induced any new peak. However, the inten-
sity of peaks was significantly reduced. This data suggests that
crystallinity decreased after modification of ceria surface.

Successful grafting of thiol group and PA on ceria surface
was further confirmed by TGA. The percentage mass loss was
observed from TGA curve (Fig. 2B), whereas derivative thermo-
gravimetry curve (DTG) demonstrated the rate of material
weight change upon heating (Fig. 2C). The weight loss at
100 °C signified the loss of adsorbed water molecules from
nanomaterials. The weight loss from 250-400 °C in DTG curve
was due to the loss of organic moiety from ceria surface.>® The
NPs obtained at different stages were also investigated for pore
size measurements and surface area using Brunauer-Emmett-
Teller (BET) method. The pore size parameters and specific
surface area are tabulated in Table S1 (ESI).} The BET surface
area analysis revealed type IV isotherm, which indicated meso-
porous structures for all NPs (Fig. 2D). The BET surface area of
CeNP was found to be 1120 m” g™, which sharply decreased
to 105 m*> ¢ " and 76 m® g™ after thiol-functionalization (TC)
and subsequent peptide conjugation (TCP). This considerable
reduction in surface area implies that surface functions are
blocking pores. All data confirm the functionalization of CeNP
with thiol (-SH) and PA. EDX spectra and elemental mapping
helped in understanding the elemental distribution of all NPs
(Fig. 3A and S71%). It was observed from the elemental mapping
that CeNP surfaces were functionalized with thiol and PA.

The oxidation state of components of nanocomposite was
revealed by XPS spectra (Fig. 3B-G). High-resolution Ce 3D
spectrum of TCP showed spin-orbit coupling peaks corres-
ponding to Ce 3d;/, and Ce 3ds/,. The peaks designated at II
(884.9 eV), IV (898.0 eV), and VI (903.0 eV) corresponds to Ce**
oxidation state, whereas peaks at I (882.1 eV), III (888.5 eV), V
(900.6 eV), VII (907.0 eV), and VIII (916.3 eV) corresponds to
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Ce*" oxidation state.*® The ratio of Ce*" to Ce*" was calculated
as 0.57 (Table S2, ESI). The oxygen vacancy in material was
assessed using the expression Ce*/(Ce®* + Ce*") x 100, and
found to be 37%. TCPs with 37% oxygen vacancy can demon-
strate efficient catalytic activity, as this activity is enhanced by
oxygen vacancy.

Catalytic activity

The individual and cooperative role of amino acids in catalytic
pockets of enzymes are best understood using peptide nano
catalysts, which are simple to synthesize and modify. His resi-
dues can be used to create PA nano catalysts with catalytic
domains. Here, we developed branched, amphiphilic peptide
with two catalytic domains, composed of Ser-His-Asp. The
artificial enzyme can undergo self-assembly to mimic the
folding mechanism of natural enzyme. Accordingly, we inte-
grated a catalytic peptide on the surface of CeNPs to evaluate
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their multiple enzyme-mimicking properties. The esterase-
mimicking activity was assessed using pNPA as a substrate,
which upon hydrolysis generates yellow colored product, pNP
(Amax = 405 nm). Autohydrolysis of pNPA was considered as a
blank and its absorbance value was subtracted from that of
final absorbance (Fig. 4A). The PA exhibited maximum absor-
bance, which signifies highest amount of p-NP production due
to the hydrolysis of substrate by esterase-mimicking enzyme.
The activity was reduced when PA was conjugated to ceria NP
surface but it was better than CeNPs and TCs. The overall vel-
ocity was also determined and it was found to be 0.57, 0.64,
0.82, and 1.42 pM min~" for CeNP, TC, TCP, and PA (Fig. 4B).
The esterase-mimicking activity was comparable to catalyst
reported by Gulseren et al.*”

The phosphatase-mimicking activity was determined using
PNPP as a substrate. It was fascinating to note that CeNPs
exhibited the highest rate of hydrolysis of phosphoester bond
(Fig. 4E). This dephosphorylation by CeNPs was attributed to
the Lewis acidity of metal, which facilitates the interaction
with negatively charged phosphate moiety. It results in a series
of phenomenon like, Lewis acid activation and nucleophilic
attack, followed by the removal of phosphate group. In particu-
lar, Ce*" tend to exhibit higher catalytic reaction than Ce*" due
to its oxygen vacancy and better efficacy in attracting
electron.”””*° After the functionalization of CeNPs with thiol
and PA, the phosphoesterase-mimicking activity was reduced.
The overall velocity of TCP was better than PA (Fig. 4F). Herein,
the catalytic activity of peptide conjugated ceria nanoparticles
(TCP) toward pNPA and pNPP was assessed. The initial hydro-
lysis rates V-pNPA for the substrate pNPA are shown as a func-
tion of pNPA concentration (0.5-10 mM) in Fig. 4C and V-
PNPP was measured at different concentrations (0.5-10 mM)
of pNPP (Fig. 4G). The reactions followed conventional
Michaelis-Menten model, confirming that TCP exhibited cata-
Iytic behavior. An enzyme’s catalytic rate constant (k) rep-
resents the highest quantity of substrate molecules trans-
formed into product for each active site in a unit of time. This
value indicates the rate at which an enzyme-substrate complex
proceeds with its forward process. The k.,, was measured
based on linear Lineweaver-Burk plot and it was calculated as
0.041 min™" and 0.01 min~" for TCP to catalyse pNPA and
PNPP (Fig. 4D and H). A comprehensive parameter to assess
an enzyme’s capacity to catalyse a particular substrate is its
catalytic efficiency (kea/Km). The catalytic activity of TCP
toward pNPA and pNPP was examined in this study and calcu-
lated as 0.0160 pM ™" min™" and 0.0082 pM ™" min~". This data
validates the superior esterase-like activity of TCP compared to
its phosphatase-mimicking property.

A catalyst’s recyclability is one of main issues for the indus-
trial use. We carried out a single batch of catalysis followed by
the removal of catalyst by filtration, washing, and drying in
order to determine whether the heterogenous catalyst (TCP)
can be recycled after each usage. The catalyst was reused for
subsequent batch after drying. The same procedure was
carried out five times (Fig. S8f), and no significant loss of
activity was observed even during the fifth cycle. This demon-
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strates that catalyst can be recycled using a simple and afford-
able process. The catalyst retained its morphology and struc-
ture after fifth cycle, as evident from FESEM and FT-IR analysis
(Fig. S9, ESI).

A class of peroxidase enzyme called haloperoxidase cata-
lyzes the oxidation of halides.*®> The material’s haloperoxidase-
like activity was assessed utilizing the phenol red bromination
assay. In the presence of halide ions and peroxide, phenol red
can be brominated to generate bromophenol blue using a cata-
lyst that resembles haloperoxidase. A successful reaction is
indicated by a drop in absorbance intensity of phenol red (Aax
=432 nm) and a corresponding increase in absorbance inten-
sity of bromophenol blue (4.« = 590 nm). It can be observed
from Fig. 5A that CeNPs exhibited highest haloperoxidase-
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Fig. 5 (A) UV-Vis spectra of haloperoxidase-like activity of CeNP, TC,
and TCP, (B) comparison of catalytic activity of nanomaterials using
acetylcholine as the substrate, and (C) response of nanomaterials
towards the detection of pesticides. Data are presented as mean + SD, n
= 3 and ns indicate non-significant difference.
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mimicking activity with a shift of wavelength from 430 to
590 nm and absorbance was highest at 590 nm among other
nanomaterials. TCP also exhibited significant potential in bro-
mination of phenol red while showing haloperoxidase-mimick-
ing activity.

Applications

The heterogenous biocatalyst, developed in this work was
explored for several applications.
Acetylcholinesterase-mimicking activity.
Acetylcholinesterase is an enzyme found on postsynaptic mem-
brane and at neuromuscular junction.?® Its primary function
is to hydrolyze acetylcholine into choline and acetate. The
breakdown of acetylcholine by acetylcholinesterase allows for
precise control over nerve impulses, preventing overstimula-
tion or prolonged activation of postsynaptic receptors. By clear-
ing acetylcholine from synapse, acetylcholinesterase prepares
postsynaptic neuron for subsequent signals, ensuring efficient
synaptic communication. The two main types of pesticides
that have been frequently used in agricultural are organopho-
sphates (OPs) and carbamates, which irreversibly inhibit AChE
and pose a serious threat to human nervous, respiratory, and
cardiovascular systems. Therefore, it is highly desirable to
identify OPs and carbamates selectively.”* In order to estimate
the AChE-mimicking property of catalyst, we carried out experi-
ment on acetylthiocholine, which is an analogue of acetyl-
choline and can produce thiocholine upon hydrolysis by AChE.
The generated thiocholine can be estimated by colorimetric
method using Ellman’s reagent (Fig. 5B). PA displayed highest
efficiency in hydrolysis of acetylthiocholine followed by TCP.
CeNP and TC exhibited very less activity, which suggests the
importance of catalytic triad in the artificial enzyme. It is
evident from Fig. 5C that carbendazim, an acetylcholine ester-
ase inhibitor, inhibited TCP the most, which reduced absor-
bance of thiocholine. After confirming the acetylcholine ester-
ase (AChE)-mimicking potential of catalyst, it was investigated
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for pesticide (organophosphorus and carbamate) detection.
The mechanism of pesticide detection has been elucidated in
Fig. 510 (ESI).{

Alkaline-phosphatase mimicking activity. Alkaline phospha-
tase (ALP) is an enzyme, which hydrolyses phosphoester bond
found in various tissues throughout the body, including the
liver, bone, intestines, and placenta.>**"> It plays an impor-
tant role in biological processes, such as energy production,
signal transduction, bone formation, and gene maintenance.
It is particularly important in bone formation and mineraliz-
ation. ALP is produced by osteoblasts, which are responsible
for building and maintaining bone. Alkaline phosphatase cata-
lyzes the removal of phosphate groups from various molecules,
thus, allowing the deposition of calcium and phosphate ions
to form hydroxyapatite, the mineralized matrix of bone.
Therefore, we assessed the potential of our catalyst to imitate
ALP to further use it for bone tissue regeneration applications.

We evaluated the cell viability of mesenchymal stem cells
(MC3T3-E1) at different concentrations of nanomaterials (50,
100, 300 and 500 pg mL™"). It was evident from the data shown
in Fig. 6A that CeNPs exhibited toxicity at higher concen-
trations, whereas PA helped in the proliferation of cells at
increased concentration. Surface modification of CeNPs with
thiol and PA decreased its toxicity and enhanced the cell viabi-
lity. The same trend was observed in long-term cell viability
analysis, where toxicity increased with increase in the concen-
tration of nanomaterials but it was masked after conjugating
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the peptide (Fig. S11%). As far as ALP assay was concerned,
CeNPs exhibited highest ALP activity on MSCs at 300 ug mL ™"
concentration, which can be attributed to their inherent phos-
phatase-mimicking properties owing to their reversible Ce®"/
Ce' redox pair and oxygen vacancy in the outer shel
(Fig. 6B). Modification of their surface with thiol and peptide
interferes with their oxidation state and deteriorate their ALP-
mimicking potential.

Considering the phosphatase like catalytic behavior of
nanomaterials, we anticipated that they will have a great poten-
tial in stimulating osteogenic activity of natural ALP. In order
to verify this, 24-well plates were coated with nanomaterials
and incubated with osteogenic solution containing
B-glycerophosphate and CacCl, for 7 days. Alizarin red S stain-
ing was carried out to quantify the amount of calcium depo-
sition on the surface of well. As shown in Fig. 6C, the de-
posited calcium on the surface of well coated with nano-
material was higher compared to the control (osteogenic
media without any sample), thus, confirming the ALP-like cata-
Iytic property of nanomaterials, which accelerated the hydro-
lysis of p-glycerophosphate. The phosphatase-mimicking
activity was again evaluated on MC3T3-E1 cells and similar
trend was observed where TCP allowed a significant calcium
deposition (Fig. 6D). Controls used were cells treated with
complete media and those treated with osteogenic media
(OM). Inverted microscopy revealed red-stained calcium
nodules representing the extracellular calcium accumulation
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(Fig. 6E). The results are comparable to earlier reports by
Wang and coworkers and Gulseren et al.*' Understanding the
expression of genes that regulate bone tissue regeneration is
essential for developing therapies and interventions to
enhance bone healing in various clinical contexts, including
fractures, bone defects, and osteoporosis. Therefore, we
studied the expression of genes (ALP, OPN, OCN, and RUNX2)
in the presence of CeNP, TC, TCP, and PA on MC3TC-E1 cell
lines for 7 and 14 days by RTPCR. We observed that TCP was
able to upregulate expressions of ALP, OPN, OCN, and RUNX2
by 5, 7, 8, and 16-fold (Fig. S12%). The data was also compared
to positive control (OM). The results suggest that this material
holds significant potential for advancing bone regeneration
therapies.

Finally, the haloperoxidase-like activity of nanomaterials
was exploited for the development of anti-biofouling
materials.>® The non-specific surface adherence of microorgan-
isms is known as biofouling, which can harm materials’ per-
formance and decrease its effectiveness by causing corrosion
on metallic surfaces and bacterial infections on surgically
implanted medical equipment.’**** Haloperoxidase can cata-
lyze the oxidation of halides with hydrogen peroxide to gene-
rate hypohalous acids, such as HOBr, which is known to
disrupt the quorum sensing of microorganisms, thus inhibit-
ing biofilm formation, the initial step for biofouling of a
surface. We determined the inhibition of biofilm formation by
crystal violet staining method (Fig. 7) and heterogenous cata-
lyst (TCP) demonstrated around 80% anti-biofouling activity.
Therefore, the material can be a good candidate for integration
on the surface of implant or as a coating material to prevent
the adhesion of bacteria.

Conclusions

In summary, we have developed self-assembling, branched
peptide amphiphile containing catalytic triad, ‘Ser-His-Asp’,

This journal is © The Royal Society of Chemistry 2024
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to mimic the active site of serine protease, which can effec-
tively bind with esters and hydrolyze the bond. This hydrolase
mimetic catalyst was immobilized on the surface of ceria nano-
particles using thiol-ene click reaction, which exhibits halo-
peroxidase-mimicking properties due to their reversible
change between two oxidation states, Ce**/Ce”*. The nanofi-
brous morphology of self-assembling peptide was not retained
upon conjugation with ceria nanoparticles and the heteroge-
nous catalyst adopted a spherical shape, with a diameter of
54.3 nm. Integration of peptide on nanoparticle surface mini-
mized the aggregation of nanoparticles and made the catalyst
recyclable without the loss of activity. The peptide-based nano-
material showed multifunctional catalytic activity by mimick-
ing the esterase, phosphatase, and haloperoxidase enzymes.
The enzyme mimicking potential of biocatalyst was further
explored for various applications. The acetylcholinesterase
(AChE)-mimicking property was used for the detection of pesti-
cides, like organophosphates and carbamates. Alkaline phos-
phatase (ALP)-like activity was exploited to develop material for
bone regeneration and anti-biofouling applications. Thus, the
catalyst created in this work can be quite valuable for indus-
trial applications. Overall, this work showcases the benefits of
developing multifunctional heterogenous biocatalyst to reduce
the problem of instability associated with peptide-based hom-
ogenous catalyst. We also exploited the potential enzyme-
mimicking role of catalyst in different fields of human welfare.
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