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ABSTRACT: A significant development in the synthesis strategies
of metal-peptide composites and their applications in biomedical
and bio-catalysis has been reported. However, the random
aggregation of gold nanoparticles provides the opportunity to
find alternative fabrication strategies of gold-peptide composite
nanomaterials. In this study, we used a facile strategy to synthesize
the gold nanoparticles via a green and simple approach where they
show self-alignment on the assembled nanofibers of ultrashort
oligopeptides as a composite material. A photochemical reduction
method is used, which does not require any external chemical
reagents for the reduction of gold ions, and resultantly makes the
gold nanoparticles of size ca. 5 nm under mild UV light exposure. The specific arrangement of gold nanoparticles on the peptide
nanofibers may indicate the electrostatic interactions of two components and the interactions with the amino group of the peptide
building block. Furthermore, the gold-peptide nanoparticle composites show the ability as a catalyst to degradation of environmental
pollutant p-nitrophenol to p-aminophenol, and the reaction rate constant for catalysis is calculated as 0.057 min−1 at a 50-fold dilute
sample of 2 mg/mL and 0.72 mM gold concentration in the composites. This colloidal strategy would help researchers to fabricate
the metalized bioorganic composites for various biomedical and bio-catalysis applications.

■ INTRODUCTION
The development of simple strategies to make biocomposites
at the nano- to micro-scale is rapidly increasing in the fields of
biomedicine and catalysis for the degradation of pollutants.1,2

Biocomposites are usually defined as materials where biological
building blocks play a crucial role in the synthesis and remain a
part of materials because of certain interactions. Recently,
metal, especially gold and silver, composites with peptides and
proteins where they act as stabilizing and reducing agents have
been developed.3,4 The applications of gold nanoparticles
depend on their size, shape, and composition as well as their
arrangement and self-organization.5,6 However, the preparation
of gold nanoparticles with defined dimensions and controlled
size and morphology and their random aggregation and
compromised biocompatibility have remained to be significant
challenges.7 To address these challenges, one strategy is to use
microorganisms like bacteria and algae and those from plant
extracts for the formation of gold nanoparticles, which could
potentially tackle the biocompatibility concerns of gold
nanoparticles.8 This provides a solution for problems that
arise from the toxicity of reducing and stabilizing agents but
the aggregation and controlled formation of gold nanoparticles
remain to be a challenging task.
Other than the microbe-based synthesis of metal nanoma-

terials, self-assembly, a natural and spontaneous process, is a
promising bottom-up approach. It depends on the noncovalent
interactions (electrostatic interactions, hydrogen bonding, pi−

pi stacking, and cation−pi interactions) between the
components and these interactions can be controlled by
various factors like the inclusion of functional groups, pH,
solvents, and temperature.9−11 Recently, self-assembling
biomolecules, such as peptides, proteins, and oligonucleotides,
have gained enormous attention in creating metallic composite
nanoparticles because of their biocompatibility and phys-
icochemical advantages.4,12−14 Therefore, self-assembling
building blocks like amyloid-like peptides,15 surfactant-like
peptides,16 and peptide amphiphiles17 have the potential to
tune the physicochemical properties of metals and ability to
control the size in a complexation process. In this strategy,
peptide building blocks act not only as reducing and stabilizing
agents for gold nanoparticles but also as a template for the
synthesis of gold nanoparticles in a composite material. These
peptide building blocks have versatile physical properties to
control the aggregation of metallic nanoparticles because of
their distinctive self-assembling and recognition capabilities.18
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Contrary to the self-assembly approach for the formation of
gold-peptide composites, generally, the metal nanoparticles
have been prepared using different methods, for example, sol−
gel, hydrothermal, and precipitation methods where the metal
salt is mixed with some reducing agents like hydrazine, sodium
citrate, sulfonic acid, and borohydrides, which could have
somehow compromised the biocompatibility and could lead to
severe detrimental side effects for environmental pollution.19

Other than this, often, the size and aggregation cannot be
controlled because of the lack of chemical and physical
interactions and the undetermined effects of reducing agents.
This leads us to use the photochemical reduction methods
with the help of ultrashort peptides and mild UV light. The
photochemical reduction of metal ions using peptide building
blocks is an interesting approach to fabricate metal-based
composite nanomaterials. Ultrashort amphiphilic peptides, a
class of peptides containing three to seven amino acids, can
self-assemble into a well-defined nanofibrous network,
mimicking the native extracellular matrix.20,21 Such kinds of
short peptides have been used in many applications in
medicine and tissue engineering, such as bioprinting,22,23

drug delivery,24 engineered tissue models,25,26 and wound
healing,27 which reveal the biocompatibility of peptides. In our
previous works, we have reported the photochemical synthesis
of size-controlled biocompatible silver nanoparticles in the
absence of any chemical reducing agents for antibacterial
applications.28,29 However, to see the versatility of this
photochemical synthesis of metal-peptide nanoparticle compo-
sites, we used the tetramer peptide (IVFK) and gold metal salt
for the reduction of small molecule pollutants. Interestingly,
this ultrashort peptide not only reduces the gold salt into
nanoparticles but provides a template of nanofibers for the
organization of gold nanoparticles. Small molecule organic
pollutants cause severe environmental and health concerns in
recent days, and metal nanoparticles including the gold one
have shown great efficiency in the degradation of different
hazardous molecules.30−36 Rather than using the inorganic
reagents in the synthesis of gold nanoparticles, we proposed a
green and biological, simple, and mechanistically under-
standable approach for the catalytic reduction of pollutants.
Herein, we report a simple strategy using an ultrashort

peptide that generates gold-peptide nanoparticle (GPNP)
composites without any reducing agents through a photo-
chemical reduction mechanism. The gold nanoparticles are
arranged on peptide nanofibers through the multitude of
noncovalent interactions and possible interactions with the
amino group of the lysine amino acid in the sequence. The
photoionization activity of the peptide is due to the UV light
exposure of the aromatic residue, which allows the reduction of
gold ions. Interestingly, the peptide acts as a reducing, capping,
and stabilizing agent at the same time. The arrangements of
nanoparticles over the peptide nanofibers are presented in
Scheme 1, which are confirmed by different characterizations.
The crystallinity of the generated gold nanoparticles was then
investigated by high-resolution transmission electron micros-
copy (HR-TEM) and X-ray diffraction (XRD), which
demonstrate that gold nanoparticles are face-centered cubic
in nature. The d-spacing was consistent in both techniques.
The gold nanoparticles are well-aligned over the peptide
nanofibers due to electrostatic interactions and certain binding
with the amine group of the peptide, which is divulged from
previous Fourier transmission infrared (FTIR) and X-ray
photoelectron spectroscopy (XPS) studies. Finally, we show

the promising catalytic activity of gold-peptide composite
nanomaterials as catalysts for the reduction of small molecule
pollutants p-nitrophenol to the least toxic compound p-
aminophenol in a very short time (less than 2 min) at high
concentrations. The reaction rate constant for catalysis is 0.057
min−1 at a 50-fold dilute sample of 2 mg/mL and 0.72 mM
gold concentration in the composites. These selective bio-
mineralized peptide composites via a green synthetic approach
will lead to new directions for biomedical and green catalytic
applications.

■ RESULTS AND DISCUSSION
Preparation of Gold-Peptide Nanoparticle Compo-

sites. The functional groups amine and thiol as interacting
sites have been reported, which can support polymers and
carbon nanotubes to bind with gold nanoparticles.37,38 A bio-
inspired tetramer oligopeptide Ac-IVFK-NH2-based alternative
pathway is proposed to fabricate colloidal composite nano-
particles by triggering the biomineralization process. The
peptide was designed with the amidated C-terminus and
acetylated N-terminus to avoid electrostatic repulsion among
the molecules in their assembled state. The short peptide
sequence has hydrophobic and hydrophilic amino acids, and
there are equilibria between polar and nonpolar characters,
which make it water-soluble even at a very high concentration
of 100 mg mL−1. The natural and spontaneous process of self-
assembly in peptides and proteins is ubiquitous and depends
on the physical properties of building blocks to construct the
supramolecular nanostructures.39 These physical noncovalent
interactions, such as van der Waal forces, hydrogen bonding,
π−π stacking, and electrostatic forces, play a decisive and
fundamental role in supramolecular chemistry for the
diversification of nanomaterials.11 In light of supramolecular
chemistry, attractive and repulsive electrostatic forces can tune
the self-assembly of short peptides on the demand of the
application.40 For example, Xing et al. reported an injectable
collagen-gold hybrid hydrogel constructed through electro-
static attraction for combined antitumor therapy.41 The role of
hexamer oligomer peptide hydrogels in reducing the silver ions
to form silver nanoparticles with the assistance of UV light was
also reported.28 However, the relatively small oligopeptide is
not explored for the synthesis of gold-peptide nanoparticle
composites, and focus was diverted to gold nanoparticles as
they have been used in many applications with promising
results.
Lyophilized peptide Ac-IVFK-NH2 (2 mg/mL, 1.83 mM)

was dissolved in Milli-Q water in three glass vials and mixed
with HAuCl4 solutions of concentrations of 0.18, 0.36, and
0.72 mM. All three samples were then exposed to UV light for
30 min for in situ synthesis and fabrication of the gold
nanoparticles on the peptide nanofibers, without the addition

Scheme 1. Chemical Structure of the Tetramer Peptide and
Fabrication of GPNP Composites with UV (254 nm) Light
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of toxic reducing and capping reagents. We used the peptide in
a bit low concentration because of its strong self-assembling
propensity to form the self-supporting hydrogels at 4 mg/mL
or higher concentrations immediately, and it was not
convenient to characterize the gold nanoparticle-embedded
hydrogel with traditional and commonly used techniques, such
as UV−Vis spectroscopy. However, after photochemical
reduction by UV exposure, the peptide hydrogel at high
concentrations changed its transparent color to reddish,
confirming the formation of gold nanoparticles, which are
most probably trapped within the interstices of nanofibers.
Inspired by the sophisticated approach of self-assembly,
electrostatic complexation between the positively charged

tetrapeptide motif and negatively charged [AuCl4]
− ions,

which were produced under UV light, was subsequently
converted into GPNP composites. The formation of GPNP
composites was confirmed by UV−Vis spectroscopy, as shown
in Figure 1a, showing the appearance of a relatively broad
surface plasmonic resonance (SPR) absorption peak of gold
nanoparticles at 530 nm.42 The intensity of the absorption
peak increases with increasing concentrations of the HAuCl4
precursor, and the change in the color of the peptide and gold
salt mixture from transparent to reddish also reveals the
formation of gold nanoparticles with a bottom-up self-
assembling approach, as illustrated in Figure 1b. The GPNP
composites were also shown to be stable for up to 14 days

Figure 1. UV−Vis spectra and pictures after UV light exposure at different gold concentrations. (a) Absorption spectra of GPNP composite
suspension composed of 1.83 mM IVFK peptide and gold salt at various concentrations of 0.18, 0.36, and 0.72 mM. (b) Pictorial representation of
color changing of the same concentrations of GPNPs used in (a) after UV irradiation at 254 nm wavelength.

Figure 2. Morphology characterization of GPNP composites. (a) Transmission electron microscope image indicating the formation and self-
arrangement of gold nanoparticles around the nanofibers. (b) TEM size distribution of GPNPs. (c) EDS spectrum confirming the presence of gold
elements on the surface of the nanoparticle. (d) TEM image to show the nanofibers with and without gold nanoparticles. (e) Dark mode TEM
image indicating the alignment of gold nanoparticles over the peptide nanofibers. (f) Self-organization presented by an atomic force microscope
image (AFM).
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(Figure S1). Furthermore, a concentration of 0.72 mM gold
salt in water, as a control, was treated by UV light at 254 nm
for 30 min and then analyzed by UV−Vis spectroscopy and
there was no classical peak for the gold nanoparticles that
appeared. The graphical representation shows the importance
of peptides as reducing agents to address the absence of
reducing/capping agents, as given in Figure S2a,b. From a
mechanistic point of view, here, UV light assisted the
photochemical reduction process to form nanoparticles over
the nanofibers of the peptide. In another study, Bent and
Hayon systematically investigated the ejection of a hydrated
electron (e−aq) from the aromatic ring of a phenylalanine
residue during the photoionization process.43 This hydrated
electron is believed to play an important role in reducing the
gold ions to gold nanoparticles, and the presence of
phenylalanine in IVFK critically helps the reduction process.
However, the mechanism of the reduction process requires
further investigation to gain greater insights from a broad
perspective.
Characterization of GPNP Composites. Generally, the

metal incorporation in a biomolecular assembled material in
different morphologies can be investigated by transmission
electron microscopy (TEM). We used TEM to see the
formation of gold nanoparticles and self-organize over the
peptide nanofibers, as demonstrated in Figure 2a. The average
size of gold nanoparticles distributed on the peptide nanofibers
was approximately 5.16 nm, as given in Figure 2b.
Furthermore, energy-dispersive X-ray spectroscopy (EDS)
analysis confirms the presence of a gold element in GPNP
composites, as can be seen in Figure 2c. The size distribution
and arrangements of the gold nanoparticles could be due to
promising biomineralization of peptides where the formation
process can be in kinetic control and metal nucleation.44,45 In
darkfield TEM, some peptide nanofibers have not shown the
gold nanoparticles over the surface of nanofibers, which is
attributed to the weak molecular interactions of the two
components in the assembled composites. However, it also
depends on the concentration of gold salt used for the
synthesis of the composites and it would be possible to obtain
densely populated and fully covered nanofibrous composites;
we intentionally use the low concentration of components, as
shown in Figure 2c,d. Additionally, we used atomic force
microscopy (AFM), which also identified the gold nano-
particles (Figure 2e). The size is also consistent with TEM, and
most importantly, it showed the arrangement of gold
nanoparticles similar to that given in the TEM images in
Figure 2d.
The amine group of the side chain of the lysine residue has

previously been reported as the reduction and nucleation sites
of the template-directed biomineralization reaction under
acidic conditions.44 In a similar way, we did not use any
base or buffer but the pH was around 6.0 but not too acidic,
which also confirms the amine role of the lysine residue for
reduction along with phenylalanine. More importantly, the
lysine residue helps the nucleation and arrangement of gold
nanoparticles through noncovalent interactions. Furthermore,
the crystalline nature of gold nanoparticles was investigated by
selected area electron diffraction (SAED) and HR-TEM, which
identified the face-centered cubic (fcc) structure with the
majority of the d-spacing value of 2.3 Å from the (111) plane,
as shown in Figure 3a,b. To validate the crystalline nature of
gold nanoparticles in a bulk quantity of composites, X-ray
powder diffraction (XRD) was used. The XRD spectrum of

GPNP powder is in excellent agreement with the crystal
database (COD: 1100138) of gold nanoparticles, as demon-
strated in Figure 3d.46

To determine the specific interaction between the peptide
and gold nanoparticles to better understand the arrangement
of gold nanoparticles over nanofibers, FTIR and XPS analyses
were carried out. The tetramer peptide is positively charged
because the lysine residue and in situ gold nanoparticles are
negatively charged, as shown by the zeta potential in Figure S3.
This explains the electrostatic interaction between the two
components. Furthermore, the FTIR spectra of GPNP
composites confirm the interaction between the peptide
template and gold after UV irradiation, as it can be seen
from the blue shift of the amide A region (3275 to 3273 cm−1)
in −NH stretching vibration mode of the peptide. The NH
bending mode (out of plane) in the amide II region (1548 to
1544 cm−1) is also blue-shifted, as shown in Figure 4a. Other
characteristic peaks that remain unchanged could be due to the
low concentration of gold nanoparticles being used in the
sample. These shifts in NH vibrations support the hypothesis
of interactions between the lysine amino acid and gold
nanoparticles for their alignment on the peptide nano-
templates. Furthermore, the XPS spectra were recorded to
analyze the elemental composition of GPNP composites. The
peaks of the survey spectrum at 531.8, 398.3, and 284.8 eV,
resulting from the peptide template, confirmed the presence of
oxygen, nitrogen, and carbon, respectively, as shown in Figure
S4. The high-resolution XPS spectrum of Au 4f7/2 shows three
peaks at 83.8, 85.2, and 85.9 eV, which are attributed to the
binding energies of Au(0), Au(I), and Au(III), respectively.47

This suggests that metallic gold is dominant in GPNPs over
other oxidation states. The high-resolution spectrum of N 1s of
GPNPs was then compared to Ac-IVFK-NH2 to determine the
interaction between the gold and amine group of a lysine
residue. Deconvolution of the N 1s spectrum of peptide
powder shows two distinct peaks of N1 at 399.7 eV and N2 at
401.5 eV, which are attributed to the amide bond48 and
protonated amine of lysine,49 respectively, as given in Figure
4c. In GPNP composites, the N2 peak shifted to a lower

Figure 3. Crystallinity investigation by HR-TEM and XRD. (a) HR-
TEM image of nanoparticles, (b) HR-TEM lattice fringe image of
GPNPs showing the (111) plane with the lattice distance 0.23 nm, (c)
selected area electron diffraction pattern to represent the lattices, and
(d) XRD pattern of GPNPs.
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binding energy (401.1 eV), which might be due to the
coordination between gold and amine groups, as shown in
Figure 4d.29,50 This result implies that Ac-IVFK-NH2 can be
used as both reducing and capping agents for gold nanoparticle

formation through a simplistic facile strategy of photochemical
reduction.

Catalytic Activity of GPNP Composites. The catalytic
activity of GPNP composites was investigated for the reduction

Figure 4. FTIR and XPS for binding studies. (a) Fourier transmission infrared FTIR spectra and high-resolution XPS and deconvolution of (b)
Au4f@GPNP, (c) N1s@IVFK, and (d) N1s@GPNP.

Figure 5. Catalytic activity of GPNPs for the reduction of p-nitrophenol. (a) Chemical structure of p-nitrophenol and p-aminophenol. (b) Catalytic
reduction of p-nitrophenol into p-aminophenol in the presence of 2 mg/mL peptides and 0.72 mM GPNP composites (50× diluted). (c)
Absorbance of p-nitrophenol at 400 nm as a function of time. (d) Reaction rate constant for catalysis.
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of small organic molecule pollutant p-nitrophenol into p-
aminophenol under ambient conditions, as given in Figure 5a.
The reaction conditions, for example, the pH and concen-
tration, of the components of materials affect the rate of
reaction, as reported by Chen and Li. They used metallic
nanoparticles to reduce p-nitrophenol in the presence of
sodium borohydride (NaBH4) at a lower pH; the catalytic
reduction occurred within 2 min.51 On the first attempt, the
tetrapeptide along with NaBH4 was used to reduce p-
nitrophenol to p-aminophenol; however, after 2 h, the presence
of p-aminophenol was not observed by UV−Vis spectropho-
tometry, as shown in Figure S5. The experiment was then
repeated by introducing GPNP composites as catalysts to a
mixture of p-nitrophenol and NaBH4, and the formation of p-
aminophenol was detected simultaneously at around 400 nm,
as given in Figure 5b, indicating the catalytic activity of GPNP
composites. We calculated the rate of reaction by using the
gold-peptide composites as catalysts for the reduction of small
molecule pollutant p-nitrophenol to p-aminophenol and the
rate constant for catalysis is 0.057 min−1 at a 50-fold dilute
sample of 2 mg/mL and 0.72 mM gold concentration in the
composites. However, the rate of reaction was dependent on
the concentration of peptide-gold nanocomposites because
when we used them without dilution, then the conversion of
the organic pollutant was completed in less than 2 min, as
demonstrated in Figure S6. This catalytic reduction of p-
nitrophenol to p-aminophenol is in good agreement with the
previously reported literature.

■ CONCLUSIONS

In summary, we introduce a facile strategy to fabricate GPNP
hybrids composites via self-assembly of ultrashort peptide Ac-
IVFK-NH2 and gold salt with the help of UV without any
additional capping and reducing agents through a photo-
chemical reduction approach. The phenylalanine and lysine
amino acids in the sequence play a role in the formation of
gold nanoparticles, while the lysine amino acid is mainly
responsible to hold the nanoparticles on the peptide
nanofibers. This attachment of gold nanoparticles is due to
noncovalent interactions between two components as revealed
by FTIR and XPS results. The crystallinity of nanoparticles was
investigated by HR-TEM, SAED, and XRD, which demon-
strate that GPNPs are face-centered cubic in nature and the d-
spacing is consistent in all techniques. Furthermore, gold-
peptide composites have shown a promising fast reduction of
small molecule pollutant p-nitrophenol to p-aminophenol, and
the reaction rate constant for catalysis is 0.057 min−1 at a 50-
fold dilute sample of 2 mg/mL and 0.72 mM gold
concentration in the composites. However, the rate of reaction
was dependent on the concentration of peptide-gold nano-
composites because when we used them without dilution, then
the conversion of the organic pollutant was completed in 2
min. These peptide-metal hybrid composites via a green
synthetic approach will pave the way for new approaches in
biocatalysis and environmental applications.

■ EXPERIMENTAL SECTION

Materials. The tetrapeptide Ac-IVFK-NH2 was synthesized
in the laboratory using the previously reported method.23,52

HAuCl4, p-nitrophenol, and sodium borohydride were
purchased from Sigma Aldrich. Water of pH 6.8 with resistivity

18.2 Ω from the Milli-Q water system was used. All chemicals
were used as received, unless otherwise stated here.

Gold-Peptide Nanoparticle (GPNP) Formation. Two
milligrams of purified peptide was dissolved in Milli-Q water
under vortex until complete dissolution. This peptide solution
was then homogeneously mixed with 0.18, 0.36, and 0.72 mM
HAuCl4 solution. The sample mixtures were vortexed for 1
min, and the samples were exposed to UV light using a UVP
CL-1000s UV Crosslinker at 254 nm wavelength with an
intensity of 2.4 W/cm2 for 30 min. The stability of the GPNP
suspension was observed for up to 14 days.

UV−Vis Spectroscopy. The formation of gold nano-
particles was characterized by ultraviolet−visible spectroscopy
(Perkin Elmer UV/Vis/NIR Spectrometer Lambda 1050)
using a wavelength window of 200−800 nm in 10 mm-thick
quartz cuvettes.

Transmission Electron Microscopy (TEM). Transmis-
sion electron microscopy analysis was carried out using an FEI
Titan G2 80-300 CT, fitted with a 300 kV emission gun. A 2
μL sample solution was dropped onto a carbon-coated copper
grid (EMS CF300-Cu) without any additional staining reagent.
The TEM grids were then dried under vacuum overnight
before imaging. The SAED pattern and EDS were taken with
the same instrument. The average diameter of a GPNP was
measured from 5014 NPs using ImageJ and Origin software.

Atomic Force Microscopy (AFM). Atomic force micro-
scope (AFM) characterization of sample morphology was
carried out on a freshly cleaved mica substrate. The viscous
peptide solution (5 μL) was dropcast on mica and then blotted
with filter paper after 2 min. The samples were dried under a
low vacuum overnight. The AFM images were taken on a
Dimension Icon SPM Vecco using a tapping mode under
ambient conditions. Scans were rastered using silicon-coated
aluminum probes (Asylum research AC240TS-R3) with a tip
radius of 9 ± 2 nm and 70 kHz resonant frequency.

Zeta Potential Measurements. The zeta potential of
gold-peptide nanoparticle composites was measured using the
Zetasizer Nano series HT Malvern at 25 °C.

Fourier Transform Infrared (FTIR). The measurements
were taken using a Thermo Scientific FTIR-ATR iS10. A
background scan was measured before the sample. The
spectrum was collected in a range of 500−4000 cm−1, with a
1 cm−1 interval. Both background and sample measurements
were taken as an average over 10 scans.

X-ray Powder Diffraction (XRD). The crystal structure of
the samples was determined using a Bruker D2 Phaser X-ray
diffractometer. The lyophilized peptide-gold powders were
scanned in a range of 2θ = 10−90° with a step size of
0.02036°. The result was then compared to a gold reference
with a face-centered cubic structure (COD 1100138).46

X-ray Photoelectron Spectroscopy (XPS). The gold
nanoparticles were lyophilized to form dry powder for XPS
analysis. The XPS experiments were performed on a Kratos
Axis Ultra DLD instrument equipped with a monochromatic
Al Kα X-ray source (hν = 1486.6 eV) operated at a power of
150 W under UHV conditions with ∼10−9 mbar. All spectra
were recorded in hybrid mode using electrostatic and magnetic
lenses and an aperture slot of 300 μm × 700 μm. The survey
and high-resolution spectra were acquired at fixed analyzer pass
energies of 160 and 20 eV, respectively. The samples were
mounted in floating mode to avoid differential charging. The
peak fitting was performed using CasaXPS version 2.3.15 with
Shirley background subtraction and the standard 70%
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Gaussian/30% Lorentzian line (GL30). No preliminary
smoothing was conducted during analysis.
Catalytic Performance of Gold-Peptide Nanoparticles

(GPNPs). The catalytic reduction of p-nitrophenol to p-
aminophenol by GPNP composites was conducted in a
solution containing 100 μL of 0.1 mM aqueous p-nitrophenol,
100 μL of 50-fold dilute GPNP composite from the initial
stock concentration of 2 mg/mL peptide and 0.72 mM gold
concentration, and 100 μL of 0.1 M aqueous NaBH4, which
was freshly prepared under ambient conditions. As a control,
the reduction of p-nitrophenol was also conducted using a high
concentration of GPNPs (2 mg/mL IVFK and 0.72 mM gold
concentration) with the same ratio of p-nitrophenol and
NaBH4. Catalytic performance was carried out inside a UV−
Vis spectroscope (Perkin Elmer UV/Vis/NIR Spectrometer
Lambda 1050) to monitor the concentration change of the
reactant (i.e., p-nitrophenol) and the product (i.e., p-amino-
phenol).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c05546.

GPNP stability over 14 days (Figure S1); photochemical
reduction of HAuCl4 in the absence of the IVFK peptide
(Figure S2); zeta potential of GPNPs (Figure S3); XPS
survey spectra (Figure S4); catalytic activity without
GPNP composites (Figure S5); and catalytic conversion
of 4-nitrophenol at a high concentration of gold-peptide
nanoparticle composites (Figure S6) (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Charlotte A. E. Hauser − Laboratory for Nanomedicine,
Division of Biological & Environmental Science &
Engineering (BESE), King Abdullah University of Science
and Technology (KAUST), Thuwal 23955-6900, Saudi
Arabia; Computational Bioscience Research Center (CBRC),
KAUST, Thuwal 23955-6900, Saudi Arabia; orcid.org/
0000-0001-8251-7246; Email: charlotte.hauser@
kaust.edu.sa

Authors
Manzar Abbas − Laboratory for Nanomedicine, Division of
Biological & Environmental Science & Engineering (BESE),
King Abdullah University of Science and Technology
(KAUST), Thuwal 23955-6900, Saudi Arabia; Present
Address: Institute for Molecules and Materials, Radboud
University, 6525 AJ Nijmegen, The Netherlands (M.A.);
orcid.org/0000-0001-8474-8742

Hepi Hari Susapto − Laboratory for Nanomedicine, Division
of Biological & Environmental Science & Engineering
(BESE), King Abdullah University of Science and Technology
(KAUST), Thuwal 23955-6900, Saudi Arabia;
orcid.org/0000-0003-3161-995X

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c05546

Author Contributions
‡M.A. and H.H.S. contributed equally to this work. C.A.E.H.
developed the concept of ultrashort peptide self-assembly. All
authors have approved the final version of the manuscript.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors thank the King Abdullah University of Science
and Technology for financial support for this work. The
authors acknowledge Mohamed Nejib from KAUST Core
Labs for his help in recording the XPS spectra.

■ REFERENCES
(1) Stephanopoulos, N.; Ortony, J. H.; Stupp, S. I. Self-Assembly for
the Synthesis of Functional Biomaterials. Acta Mater. 2013, 61, 912−
930.
(2) Sakiyama-Elbert, S. E.; Hubbell, J. A. Functional Biomaterials:
Design of Novel Biomaterials. Ann. Rev. Mater. Res. 2001, 31, 183−
201.
(3) Yu, X.; Wang, Z.; Su, Z.; Wei, G. Design, Fabrication, and
Biomedical Applications of Bioinspired Peptide−Inorganic Nanoma-
terial Hybrids. J. Mater. Chem. B 2017, 5, 1130−1142.
(4) Abbas, M.; Atiq, A.; Xing, R.; Yan, X. Silver-Incorporating
Peptide and Protein Supramolecular Nanomaterials for Biomedical
Applications. J. Mater. Chem. B 2021, 9, 4444−4458.
(5) Abdelrahman, A. I.; Mohammad, A. M.; Okajima, T.; Ohsaka, T.
Fabrication and Electrochemical Application of Three-Dimensional
Gold Nanoparticles: Self-assembly. J. Phys. Chem. B 2006, 110, 2798−
2803.
(6) Beloglazkina, E. K.; Majouga, A. G.; Romashkina, R. B.; Zyk, N.
V.; Zefirov, N. S. Gold Nanoparticles Modified with Coordination
Compounds of Metals: Synthesis and Application. Rus. Chem. Rev.
2012, 81, 65−90.
(7) Srinath, B. S.; Namratha, K.; Byrappa, K. Eco-Friendly Synthesis
of Gold Nanoparticles by Bacillus subtilis and Their Environmental
Applications. Adv. Sci. Lett. 2018, 24, 5942−5946.
(8) Khalil, A. T.; Ovais, M.; Iqbal, J.; Ali, A.; Ayaz, M.; Abbas, M.;
Ahmad, I.; Devkota, H. P. Microbes-Mediated Synthesis Strategies of
Metal Nanoparticles and Their Potential Role in Cancer Therapeu-
t ics . Semin. Cancer Biol . 2021 , DOI: 10.1016/j .sem-
cancer.2021.06.006.
(9) Qian, Y. X.; Wang, W. Z.; Wang, Z. H.; Jia, X. Q.; Han, Q. J.;
Rostami, I.; Wang, Y. H.; Hu, Z. Y. pH-Triggered Peptide Self-
Assembly for Targeting Imaging and Therapy toward Angiogenesis
with Enhanced Signals. ACS Appl. Mater. Interfaces 2018, 10, 7871−
7881.
(10) Zhao, Y. R.; Yang, W.; Chen, C. X.; Wang, J. Q.; Zhang, L. M.;
Xu, H. Rational Design and Self-Assembly of Short Amphiphilic
Peptides and Applications. Curr. Opin. Colloid Interface Sci. 2018, 35,
112−123.
(11) Zhao, X. B.; Pan, F.; Xu, H.; Yaseen, M.; Shan, H. H.; Hauser,
C. A. E.; Zhang, S. G.; Lu, J. R. Molecular Self-Assembly and
Applications of Designer Peptide Amphiphiles. Chem. Soc. Rev. 2010,
39, 3480−3498.
(12) Banerjee, J.; Azevedo, H. S. Crafting of Functional Biomaterials
by Directed Molecular Self-Assembly of Triple Helical Peptide
Building Blocks. Interface Focus 2017, 7, 20160138.
(13) Kogan, M. J.; Olmedo, I.; Hosta, L.; Guerrero, A. R.; Cruz, L. J.;
Albericio, F. Peptides and metallic nanoparticles for biomedical
applications. Nanomedicine 2007, 2, 287−306.
(14) Sedlak, R. H.; Hnilova, M.; Gachelet, E.; Przybyla, L.; Dranow,
D.; Gonen, T.; Sarikaya, M.; Tamerler, C.; Traxler, B. An Engineered
DNA-Binding Protein Self-assembles Metallic Nanostructures. Chem-
BioChem 2010, 11, 2108−2112.
(15) Acar, H.; Genc, R.; Urel, M.; Erkal, T. S.; Dana, A.; Guler, M.
O. Self-Assembled Peptide Nanofiber Templated One-Dimensional
Gold Nanostructures Exhibiting Resistive Switching. Langmuir 2012,
28, 16347−16354.
(16) Dou, Y.; Xu, H.; Hao, J. Self-Assembly and Accurate
Preparation of Au Nanoparticles in the Aqueous Solution of a

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05546
ACS Omega 2022, 7, 2082−2090

2088

https://pubs.acs.org/doi/10.1021/acsomega.1c05546?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c05546/suppl_file/ao1c05546_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charlotte+A.+E.+Hauser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8251-7246
https://orcid.org/0000-0001-8251-7246
mailto:charlotte.hauser@kaust.edu.sa
mailto:charlotte.hauser@kaust.edu.sa
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manzar+Abbas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8474-8742
https://orcid.org/0000-0001-8474-8742
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hepi+Hari+Susapto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3161-995X
https://orcid.org/0000-0003-3161-995X
https://pubs.acs.org/doi/10.1021/acsomega.1c05546?ref=pdf
https://doi.org/10.1016/j.actamat.2012.10.046
https://doi.org/10.1016/j.actamat.2012.10.046
https://doi.org/10.1146/annurev.matsci.31.1.183
https://doi.org/10.1146/annurev.matsci.31.1.183
https://doi.org/10.1039/C6TB02659A
https://doi.org/10.1039/C6TB02659A
https://doi.org/10.1039/C6TB02659A
https://doi.org/10.1039/D1TB00025J
https://doi.org/10.1039/D1TB00025J
https://doi.org/10.1039/D1TB00025J
https://doi.org/10.1021/jp056238x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp056238x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1070/rc2012v081n01abeh004158
https://doi.org/10.1070/rc2012v081n01abeh004158
https://doi.org/10.1166/asl.2018.12224
https://doi.org/10.1166/asl.2018.12224
https://doi.org/10.1166/asl.2018.12224
https://doi.org/10.1016/j.semcancer.2021.06.006
https://doi.org/10.1016/j.semcancer.2021.06.006
https://doi.org/10.1016/j.semcancer.2021.06.006
https://doi.org/10.1016/j.semcancer.2021.06.006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.semcancer.2021.06.006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b00583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b00583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b00583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cocis.2018.02.009
https://doi.org/10.1016/j.cocis.2018.02.009
https://doi.org/10.1039/b915923c
https://doi.org/10.1039/b915923c
https://doi.org/10.1098/rsfs.2016.0138
https://doi.org/10.1098/rsfs.2016.0138
https://doi.org/10.1098/rsfs.2016.0138
https://doi.org/10.2217/17435889.2.3.287
https://doi.org/10.2217/17435889.2.3.287
https://doi.org/10.1002/cbic.201000407
https://doi.org/10.1002/cbic.201000407
https://doi.org/10.1021/la3035215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la3035215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3SM50444A
https://doi.org/10.1039/C3SM50444A
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Peptide A6D and a Zwitterionic C14DMAO. Soft Matter 2013, 9,
5572−5580.
(17) Hwang, L.; Chen, C.-L.; Rosi, N. L. Preparation of 1-D
Nanoparticle Superstructures with Tailorable Thicknesses Using
Gold-Binding Peptide Conjugates. Chem. Commun. 2011, 47, 185−
187.
(18) Chen, C.-L.; Rosi, N. L. Peptide-Based Methods for the
Preparation of Nanostructured Inorganic Materials. Angew. Chem., Int.
Ed. 2010, 49, 1924−1942.
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