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This study demonstrates the beneficial role of di-tryptophan containing short peptide amphiphiles (sPA) for the synthesis
and stabilization of AgNPs in the presence of sunlight followed by garlanding of AgNPs along the fibrous network of sPA.

Such hybrid structures were precisely and selectively moulded into Nanowreath kind of morphology due to

thermoplasmonic effect of AgNPs and can be used for the several bio-nanotechnological applications.

Biomolecule assisted synthesis of novel nanoparticles and their
organization highly depends upon the specific functional group.l'3
These functional groups are responsible to nucleate and to help in
the directional growth of nanoparticles and also to facilitate the
organization of presynthesized nanomaterials.*® The specific
functional group present on biological building blocks such as
peptides and proteins, promotes and helps to precise and localized
deposition of the selective metal (ions) nanoparticles upon the
desired supramolecular architectures.”* Innovative bio-derived
nanomaterials have received tremendous attention owing to their

13-20
and showed

21,22

optoelectronic or thermoplasmonic properties
diverse applications from biotechnology to optoelectronics.
Fabrications of numerous nanostructures from peptide and peptide
based conjugates are essential due to their ease of synthesis,

biocompatibility, specific recognition simple
23-28

molecular and

chemical and biological modifications. Different class of
peptides viz; amphiphilic, aromatic rich and surfactant have already
been used for nanofabrication and showed exciting potential
applications for nanotechnolo,cgy.zg'33 Unique and special features of
amphiphilic peptides provide flexible templates for metal
nanomaterials and therefore potential biological candidate for the
and

growth constructing metal
34-37

nanostructures.

based fascinating hybrid

Peptides containing aromatic amino acids and their conjugates
are well known to self-assemble into distinct and ordered structures
and can be used for medical, biomedical and nanosciences
applications.38'40 Tryptophan is the only one aromatic amino acid
than

photochemical

other tyrosine that and

properties

have unique photophysical
therefore tryptophan containing
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conjugates are primarily used by researcher as an efficient probes
to unravel biotechnological problems.39 Alternatively engineering
various classes of nanomaterials with the help of tryptophan rich
aromatic conjugates have now become very dynamic, emergent

40-45
and

interested area of research in nanotechnology too.
Tryptophan based short peptide amphiphiles, a special class of
peptide conjugates, can also be exploited for the formation of
biologically active metal-hybrid nanostructures.*®¥’

reported that defined nanostructures of tryptophan-based peptide

Literature

amphiphiles can simply be modulated by changing the physical and
chemical parameters. These nanostructures were further used as a
template for the fabrication and encapsulation
nanoparticles, primarily gold and silver nanoparticles.47 The gold

of metal

and silver nanoparticles were obtained by simply incubating the
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Figure 1. Fluorescence quenching of sPA 1 and 2 (10‘5 M) by AgNOs; solution
in methanol/water (1:1). The concentration of Ag(l) was in the range of (0.5
mM — 5.0 mM). Florescence intensity measured at E., = 358 nm, after
excitation at E, = 280 nm and corresponding possible mechanism of
fluorescence quenching of 1 and 2 by AgNPs.

solution of these peptide conjugates and respective metal salt
followed by a short exposure to sunlight. The loading density of
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insitu synthesized nanoparticles was also controlled by changing the
parameters such as pH48, temperature49 and solvents.”® These
hybrids showed great potential for the various biomedical
applications and hence can act as theranostic agents.

Silver nanoparticles, have attracted great attention of Chemists,
Physicists and Biologists owing to their interesting optoelectronic
and bio-medicinal properties.s’l'53 They have also been studied as
biomarkers and sensors"**®> and are most extensively used NPs in
the range of products and processes due to their wide range of
biological properties and relatively low manufacturing cost.>*™®
They have a broad range of applications in industries and consumer
goods such as medical devices, fabrics, drinking water filters, food

59-62 .
Silver

sprays, toys, containers, and electrical goods.
nanoparticles have also been used as matrix for the laser
desorption ionization mass spectrometry of peptides.63 However
some scientists have also studied the behaviour of AgNPs in the
environment and their effects on aquatic and sedimentary
organisms.m'67

Based on our growing interest in peptide self assembly and its
possible application4°'47, recently we have reported the defined
nanostructures of tryptophan-based short peptide amphiphiles
(sPA) 1 and 2 (Fig. 1).47 The self assembled structures of these
conjugates worked as a template for the synthesis of AuNPs in the
presence of sunlight and during this process the morphological
transition from fiber to vesicles were also observed first time.*” ®
Therefore the compound 1 and 2 are of particular interest and can
also be used for nanofabrication of other biologically relevant metal
nanoparticles for bionanotechnology application. In the milieu of
above findings and inspiration from our previous work,”” we are
interested to synthesize AgNPs with the help of 1 and 2 which
reduces the Ag(l) ions to Ag(0) at pH 7.0 in the presence of sunlight
and worked as capping/stabilizing agents for AgNPs(Fig. 1; Right).

During this process the formed AgNPs were decorated along
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Figure 2. UV-Vis spectra of conjugate 2 in the (A) presence of
increasing Ag(l) ions(1.0 mM — 6.0 mM) depicts the interaction and
complex formation mainly between Trp(A.,s 280 nm) side cahin and
Ag(l). (B) After the complex formation followed by brief exposure of
sunlight formation of AgNPs were seen which were further confirmed
by corresponding (B) SPR bands.

250 300

the fibrous network of sPA 1 and 2. Such kind of synthesis and
biofabrication of AgNPs with sPA is of great interest owing to
their biocompatibility and ease of functionality.

Intrinsic florescence nature of tryptophan is well known
property among other biological molecules which can be use
for biomolecular recognitions and have great advantage in

2| J. Name., 2012, 00, 1-3

biology.ﬁg'71 Since sPA 1 and 2 has ditryptophan residues in its

hydrophobic core therefore we started to check the
interaction of 1 and 2 with Ag(l) ions with the help of
fluorescence titration measurements. Interestingly we found
that upon increasing concentration of Ag(l) ions to the solution
of sPA, quench the Trp fluorescence several folds lower as
compared to neat sPA solution, perhaps due to the FRET effect
or e transfer mechanism from Trp residue to Ag(l) lons, clearly
reveals that Ag(l) ions interact with sPA and the probable site
of interaction is Trp-Trp residue (Fig. 1). This observation was
further confirmed by UV-Vis titration experiments where the
absorption at 280 nm was enhanced upon the addition of the
increasing concentration of Ag(l) ion solution (Fig. 2 and ESI).
As our previous report illustrated that brief exposure of
sunlight will lead to the gold nanoparticles formation.*’
Therefore we wish to check the effect of sunlight in the sPA-
Ag(l) complex solution and surprisingly we also found that
upon exposure of sunlight the solution turns into yellowish
orange color. The colour change is in accordance with the
plasmonic characteristic of silver nanoparticles confirmed by
SPR band which is centred between 400-500 nm reveals the
formation of AgNPs (Fig. 2B and ESI) and supported by
proposed mechanism (Fig. 1).

In our previous reports we found that the sunlight mediated
reductions of Au(lll) ions by sPA usually carried out by free radical
mechanism® therefore to investigate whether photochemical
reduction of Ag(l) ions by sPA would also occur in the presence of
TEMPO, a free radical quenching agent. Indeed, in the presence of
TEMPO we have not observed any color change in the solution,
suggesting the involvement of free radical during this reduction
process. Mixture of AgNOj; solution and sPA have at pH 7.0 set aside
for 1h at three different temperatures (45, 55 and 60°C) and also
we did not observe any changes in the color of reaction mixture
which further confirms the crucial role of sunlight in the formation
of AgNPs.

v
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Figure 3. 'H NMR titration spectra of sPA 2 in DMSO-d;s in the presence of
increasing amount of AgNO; solution.

To check the structural changes in sPA 1 and 2 in the
presence of AgNPs we have recorded 'H NMR spectra after the
addition of Ag(l) ions in DMSO-ds. The compounds were
dissolved in DMSO-d; and mixed with the aqueous solution of
AgNO; and the NMR tubes were set aside for 10-15 minute in

This journal is © The Royal Society of Chemistry 20xx
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sunlight. We have observed the changes in aromatic protons
signals after incremental addition of Ag(l) ion solution
(highlighted in Fig. 3). Our observation reveals that during this
process the Trp-Trp group interacts more efficiently therefore
we are only interested to check the aromatic region in 'H NMR
spectra (Fig. 3 and ESI). The peak at 10.7 ppm (doublet)
corresponds to the indolic protons and the multiplet peaks
between 6.9-8.3 ppm corresponds aromatic and amide-
protons in the molecule. The comparison with the NMR
spectrum (green trace) of neat sPA and the NMR spectra after
the addition of Ag(l) ions in the compound showed few extra
signals in aromatic protons and slightly up field shift of other
key protons were observed. This observation supports that
sPA also undergoes changes during the interaction and
reduction of Ag(l) ions and perhaps few oxidised products also
formed during this process.

The synthesis of nanoparticles of controlled size and shape
with the help of small peptides is highly demanded. We wish
to check the effects of these nanoparticles on the molecular
and supramolecular ensembles by spectroscopic and
microscopic techniques. We have previously reported that the
observed quenching attributed to an electrostatic interaction
between metal ions and sPA which leads to energy transfer
from Trp residue to metal ions.”** It is clear that the designed
molecule(s) contain long chain fatty acid and ditryptophan as a
strong hydrophobic group in the middle region however the
terminal group has the little variation (Fig. 1) and it is more
hydrophilic in nature compare to former two. Such special

N

Figure 4. (A, C) TEM micrographs of 1 and 2 respectively before
addition of AgNO; and (B, D) corresponding TEM micrographs after
addition of AgNO; followed by 10-15 min sunlight exposure and
showing the formation and decoration of AgNPs along the sPA’s fiber
network. Scale bar 200 nm

class of design allowed us to check the self assembly in the
presence and absence of both aqueous and non aqueous
media. sPA 1 and 2 are well known to rapidly self assemble
into fibers which is confirm by TEM micrographs (Fig. 4). Upon
addition of AgNOj; solution followed by 10-15 minute sunlight

This journal is © The Royal Society of Chemistry 20xx

exposure TEM observations reveal that formation of
homogeneously decorated AgNPs along the fibrous network of
1 and 2 (Fig. 4B and C). Observations also reveal that the
AgNPs started to aggregate along the nanofibers of 1 and
confirms that the morphology of fibers was intact during
AgNPs formation. When concentrations of both Ag(l) ions and
1 were increased, the entangled and stacking nature between
layers of fibers were noticed and more numbers of
nanoparticles were attached to the nanofibers leading to a
fibrous network decorated by AgNPs, were obtained (Fig. 4B
and D). The TEM micrograph of sPA with AgNPs showed that
the sophisticated hybrid structures of AgNPs-sPA were
immobilized over the nanofiber, which functioned as a
template and perhaps driving the nanoparticles to assemble
along the nanofibers. Further we wish to check the sizes of
synthesized AgNPs on the template of sPA 1 and 2 and found
the sizes of nanoparticles were slightly different in each case.
The particles size distribution (PSD) studies and subsequently
Gaussian fitting reveals that silver nanoparticles attained
maximum size in the range of 11-14 nm with the fibrous
network of 1 and 15-20 nm with 2 (Fig. 5). PSD also revealed
that the sPA 2 produced well defined nanoparticles as
compared to sPA 1. The particle size distribution analysis also
well corresponds with SPR bands of sPA 1 and 2.
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Figure 5. Particle size distribution of compound 1 and 2 conjugated
with AgNPs in 50% methanol-water.

To achieve the precise deposition of AgNPs on the sPA
fibers we have now taken sPA 2 as a representative molecule.
The dilute solution of AgNO3 (0.1 mM) was added to the 1 mM
solution of sPA 2 followed by the brief exposure of the
sunlight. The solution turn into light orange color and 1 plL
aliquots of this solution was transferred onto carbon coated
grid and the sample was analyzed by TEM. Interestingly we
have found the precise deposition of AgNPs along the single
fiber of sPA (Fig. 6A and B). Further the TEM analysis showed
that monodispersed distorted spherical particles along the
fiber axis (Fig. 6B and C). The selected area diffraction patterns
(SADPs) illustrate the number of strong Bragg reflections which

J. Name., 2013, 00, 1-3 | 3
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corresponds to the (111), (200), (220) and (311) and reflections
of FCC silver’*"* (Fig. 6D). The diffractions pattern also reveals
the spurious diffractions owing to other
crystallographic impurities.

The high-resolution micrograph distinctly showed the
lattice fringes where d, the distance between two lattice
fringes, is 0.27 nm (Fig. 6E and F) typically observed for the
crystallinity of AgNPs. This experiment suggests that the
controlled deposition of AgNPs over the fiber of sPA and the
crystalline nature of the AgNPs can lead to the useful
nanodevices which could show the potential application in

absence of

biomedical and nanotechnological field. Further the less or
non-toxic concentration of metal nanoparticles such as silver
owing to their plasmonic nature is also useful for imaging and
developing bionanoprobes. The photodynamic properties of
silver nanoparticles can be useful for imaging and targeted
tumour destruction without damaging the surrounding healthy

tissues thus, can be used for nanoparticle based theranostic
agents.

Figure 6. TEM image depicts (A and B) precise deposition of silver
nanoparticles over the sPA fiber, (C) showing the distorted spherical
silver nanoparticles, (D) Selected area diffraction patterns (SADPs), of
silver nanoparticles confirmed the crystallinity and reflections are
correspond to FCC crystal structure of silver, which is further
supported by high-resolution TEM images (E and F) which distinctly

4| J. Name., 2012, 00, 1-3
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showed the lattice fringes (d =0.27 nm) of AgNPs.

The conformational changes in 1 and 2 in the presence and
absence of AgNPs were determined by circular dichroism (CD)
study.75 The peptide containing indolic side chain has typical
CcD spectrum%’m’77 which can show little deviation in ellipticity
values due to the changes in conformation of peptide and
other physical parameters. The CD spectra of sPA 1 and 2 show
two extremum bands at 233 nm, 210 nm at far UV-region, and
one negative extremum band at 225 nm (Fig. 7).
Conformational changes were observed in the presence of
AgNPs owing to the changes in the conformational state of sPA
near the boundary surface of nanoparticles. CD spectra reveal
that the variations in conformational changes after the
conjugation of AgNPs with sPA help to determine the
properties of biomolecule as well as optical and electrical
properties of nanoparticles for biotechnological applications.
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Figure 7. CD spectra of compound 1 and 2 conjugated with AgNPs in 50%
methanol-water.

To understand the formations of AgNPs embedded sPA fiber, a
schematic proposed mechanistic model depicts the formation
of fibrous morphology which upon addition of AgNO; followed
by sunlight irradiation showed decoration of AgNPs along with
fibrous network’® (ESI). The designed sPA molecules, typically
consists of key structural features namely the long alkyl tail as
a hydrophobic domain, a short aromatic dipeptide sequence
capable of forming hydrophobic m-mt interaction and linear
amino acids which can fit into both hydrophilic or hydrophobic
environments due to its minimal side chain effect and for the
design of water-responsive nanostructures. It can be predicted
that the hydrophobic alkyl tail specifically presents inside (ESI)
the self-assembled nanostructures in agueous methanol and
enables the engineering of micelles The
aromatic dipeptide sequence adjacent to the hydrophobic
segment have propensity to form intermolecular hydrophobic

like networks.

T-Tt interactions and capable to stabilize these interaction and

This journal is © The Royal Society of Chemistry 20xx
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promotes the fabrication of the unique 1D self-assembled
nanostructures. The selection of linear amino acids such as Gly and
B-Ala which is known for their trivial hydrophilicity incorporated
into the design immediately after the aromatic peptide sequence in
such a way that it should not interfere with the self-assembly of sPA
but will simply increase the non covalent interactions and will
further help to entangle into 3D networks followed by stabilization
of 3D nanostructures. The self assembly of AgNPs-sPA arises mainly
from three major energy contributions; electrostatic interactions,
hydrophobic m-mt interactions and hydrogen bonding. Hence a
delicate balance of each of these energy contributions will finally
lead to AgNPs embedded nanofibriller assemblies (Fig. S3).

Next to check the stability of these sPA-AgNPs hybrids we have
performed the analysis.79'81 The TGA
thermogram of sPA 1 and 2 in the presence of AgNPs showed ~ 2-
15% weight loss between room temperature and ~280 °C (ESI). This
may be attributed to the loss of methanol and water from the
confines of soft fibrous structures. The TGA thermogram of the sPA
1-AgNPs hybrids initially showed a certain amount of weight
decrease above 50 °C (ESI), presumably from the evaporation of

thermogravimetric

water/methanol molecules that interact with the lumen of sPA 1-
AgNPs hybrids. A major decrease in weight was observed only
above 290 °C for sPA 1-AgNPs and 300 °C for sPA 2- AgNPs due to
the degradation of sPA fibers only. However the further weight loss
of the sPA1-AgNPs and sPA 2-AgNPs peptide hybrids was observed
at 330 °C and 345 °C respectively (ESI) and it is due to the
detachment of AgNPs followed by degradation of hybrids. The
derivative thermogram clearly demonstrated a similar degradation
pattern, but showed sPA 2-AgNPs hybrids were more stable as
compared to sPA 1-AgNPs.

To find out any changes of mechanical properties before and
after AgNPs formation, we also performed rheological experiments.
Interestingly we observed some changes in the mechanical
properties of sSPA-AgNPs hybrids and sPA alone by rheological
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Figure 8. Depicts that the higher values (Pa) for the sPA as compare to sPA-
AgNPs. The decreased value of storage and loss moduli for the sPA-AgNPs
hybrids compare to the sPA alone suggesting that the silver nanoparticles
are interfering and weakening the non covalent interactions between the
molecules(units) of sPA hence reduce the stability of sPA fibrous network.
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82-84
measurements

(Fig. 8 and ESI). The rheological study suggested
that the values of storage modulus at lower frequencies for sPA-
AgNPs decreases. This decreased value of storage modulus for the
sPA-AgNPs hybrids as compared to the sPA alone is perhaps due to
the AgNPs are interfering and weakening the non covalent
interactions between the units of sPA hence reduce the stability of
sPA fibrous network. This observation corresponded well with the
concentration dependent TEM observations (ESI) where the
destruction of fibrous network in the presence of high
concentration of Ag(l) clearly seen (ESI). Also at higher frequencies
the higher values of G” as compared to G’ suggested about the
viscous liquid like properties of sPA and sPA-AgNPs hybrids (ESI).
The mechanical strength of sPA-AgNPs hybrids is less but more

stable than sPA alone. This can be further confirmed from the graph

between angular frequency, ® and the storage (G') and loss (G")
moduli where the storage and loss moduli of sPA-AgNPs hybrids are
less as compared to moduli of sPA alone (Fig. 8).

Figure 9. TOP: AFM Images of sPA-AgNPs hybrids depict effect of plasmonic
heating. The sPA-AgNPs hybrids fibers are transforming their shape into
nanowreath. Bottom: TEM micrograph also depicts the self-coiling of AgNPs
loaded fibers during this plasmonic heating process without the use of any
template or other additives which resulted in the formation of nanowreath
or loop kind structures.

J. Name., 2013, 00, 1-3 | 5
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Although our experimental observations reveal that sPA-
AgNPs conjugates have less mechanical strength but they are
more stable as compared to sPA alone, supported by TGA
analysis and therefore can play vital role in several
biotechnological applications. In our previous reported work we
have shown the effect of plasmonic heating of AuNPs on
AuNPs-peptide hybrids, therefore we are curious to know the
effect of plasmonic heating on these hybrids too. It is now clear
that during the formation of AgNPs, silver nanoparticles are
embedded along the sPA fiber which is confirmed by TEM
observations. As our objective was to check the effect of
plasmonic heating on these hybrid structures; we have set aside
the AgNPs-sPA solution more than 15 min (which was the
sufficient time for the AgNPs preparation) under sunlight. This
exposed solution was then examined under the atomic force
microscope. The aliquots of over exposed solution were
transferred over the freshly cleaved mica surfaces and images
were taken under AFM. We assumed that the effect of heating
will be more for the AgNPs-sPA compared to normal sPA
fibers.

Interestingly we

that interconnected fibrous

morphology of AgNPs-sPA hybrids were converted into

found

circular form and looks like nanowreath® kind of assembly.
Due to thermal effect of sunlight suggesting that the sPA
molecules are dehydrated at the point where AgNPs are
attached and their structure is broken/mould from this specific
point, to form a more stable molecular unit hence lead stable
nanowreath kind of morphology (Fig. 9C and D). These
observations are well corresponded with TEM results (Fig. 9E
and F). From this observation we have introduced a model
based on AgNPs photocatalyzed effect on sPA-AgNPs hybrids
(Fig. 10). Subsequently, hydrophobic forces may also drive the
self-assembly into unique circularly arranged form (Fig. 10).
These results are significant because they demonstrate
that short peptide amphiphile can be used to template the
self-assembly of hierarchical networks of inorganic materials.
More broadly, the technique used here represents a simple
and eco-effective route to control the soft structure by directly

6| J. Name., 2012, 00, 1-3

using sunlight. Based on the proposed mechanism (Fig. 9), now
we wish to check the time dependent effect of sunlight on
these sPA-AgNPs hybrids using AFM as powerful technique. As
mentioned in our previous report the sPA 1 and 2 are well

Figure 11. Time dependent AFM investigation of transforming fiber
into nanowreath in the presence of sunlight. (A) Micrograph clearly
depicts fibrous morphology of sPA in aqueous methanol solution, (B)
the amphiphilic fiber intertwined during the formation of silver
nanoparticles, (C) which can be clearly seen in a zoomed view, (D)
after 10 min exposure of sunlight perhaps these structures began to
organized and (E) the precise and uniform organizations of these
aggregates lead to a string of beads kind of morphology (F and G) after
15 min. Upon 20 min of exposure the bead string get converted into
nanowreath kind of self-assembly (H). The micrograph (1) shows that it
also possible that the two or more nanowreaths can blend gradually

lead to large nanowreath upon prolonged exposure.

known to form fiber in agueous methanol which is confirmed
by TEM (Fig. 4A and C). We have found the dense fibriller
structure under atomic force microscope (Fig. 11A), which get
intertwined during the formation of silver nanoparticles and
converted into entangled network kind of morphology (Fig.
11B and C). Further for 15 minute exposure of sunlight these
entangled aggregates
followed by the nucleation and started to organize into small
circle (Fig. 11D). We assumed that this phase where the pre-
organization of aggregates were seen is a nucleation phase for

structure converted into random

next step in which the energy of the system is maximum and
therefore not the stable and final saturated state can be
achieved. When we exposed the same solution for another 20
minute, interestingly we found that all the aggregates which
we have seen in previous steps, uniformly organised which
lead to a string of beads kind of morphology (Fig. 11E). The
uniform organizations of aggregates were clearly visible and

This journal is © The Royal Society of Chemistry 20xx

Page 6 of 10



Page 7 of 10

Nanoscale

can be seen in 3D AFM micrographs (Fig. 11F and G). Upon 25
min of sunlight exposure the string of uniform aggregates gets
converted into nanowreath kind of structures (Fig. 11H). We
have also found that two or more nanowreaths can blend
gradually and lead to larger nanowreath upon prolonged
exposure (Fig. 11 1).

At this stage get insight
thermoplasmonic based morphological transformation from
normal fiber to nanowreath like assembly we have used TEM
technique. Interestingly time dependent TEM observation also
reveals transition from fiber to nanowreath and corresponded
well with AFM observations. The formation of silver
nanoparticles started at 10 min exposure of sunlight and finally
upon 15-20 min these hybrid structures get converted into
nanowreaths (Fig. 12) and during this process the AgNPs were
embedded along the sPA fiber in circular manner.

to more into these

Figure 12. Time dependent TEM investigation of transforming fiber
into nanowreath in the presence of sunlight after 20 min exposure of
sunlight.

In order to interpret the obtained metal-hybrid based
nanowreath kind of assembly obtained by TEM we have further
used one common single image analysis technique that is
suggested in the Matlab®.**® In a nanowreath the AgNPs are
embedded to sPA fiber, resulted in nanowreath morphology,
which was obtained by thermoplasmonic effect of AgNPs. To
check whether the obtained metal-hybrid based morphology
was due to the above said effect or just due the organization of
AgNPs only,®® we have processed this image with image
processing tool box in Matlab (Fig. 13). Our observation
reveals that after the processing of image the nanoparticles
embedded fiber was clearly visible (Fig. 13B) which was not
visible before processing (Fig. 13A). In the final processed
image only fiber was clearly observed after the complete
subtraction of background and  nanoparticles (Fig.
130). This observation further confirmed that the
nanoparticles are embedded over the fibrous morphology and
moulded into circular shape due to thermoplasmonic effect of
nanoparticles. Further the presence of moulded fiber can be
confirmed through covariance matrix, a statistical analysis, of
images shown in Fig. 13 (bottom). Images in Fig. 13, reveal the
plot of covariance matrix for unprocessed, intermediate and

This journal is © The Royal Society of Chemistry 20xx

final processed TEM images respectively. Covariance matrix
confirmed the correlation between the elements present at the
pixels in images. The large value of covariance implies a strong
correlation while smaller one shows a weak correlation. It can
be observed in Fig. 13 that the correlation is in increasing order
as we move from Fig. 13A” to Fig. 13C’. Further, in the figure
the value of covariance is shown by colors. The blue color
represents the smallest one while red shows the largest one. It
can be seen that the presence of green color is increasing

nearby the diagonal which confirms the larger

Figure 13. Processed TEM image by image processing tool box in
Matlab. Top: (A) depicts the TEM image which is a combination of
fiber and nanoparticles where fiber is not visible, (B) Intermediate
processed image, subtraction of background only, fiber is visible now
and (C) final processed image; subtraction of background and
nanoparticles both, clearly depict the fiber was molded by
thermopasmonic effect of nanoparticles. Bottom: corresponding
covariance matrix plot of (A-A’) unprocessed image, (B-B’)
intermediate processed image and (C-C’) final processed Image.
Covariance matrix shows the correlation between the elements present
at the pixels in images, the blue color represents the smallest one while
red shows the largest one.

correlation between the objects present at that location in
corresponding image. The larger value of covariance showed
the presence of single type of species in the image, since similar
objects have strong correlation than different types of objects.
Hence increasing order of correlation reflects the presence of
one kind of object in the final processed image in (Fig. 13C").
Further Fig. 13A’ the covariance has smaller values, which
showed the presence of both fiber and nano particle as there is
no correlation between the morphology of these objects. In
addition to this Fig. 13B' reflects the covariance has large and
small both type of values at various locations, which confirmed
that image processing tool has improved the locations of
strongly objects
intermediate processed image. They are independent objects

correlated and weakly correlated in
hence they must reflects in the TEM images independently as
shown in Fig. 13B'".

In another control experiment, the pre-synthesized AgNPs
(15-20 nm) using sodium citrate method, were mixed with sPA
2 (1 mM, 50% aqueous—methanol). TEM micrographs revealed

that the fibrous morphology accumulated and get converted into

J. Name., 2013, 00, 1-3 | 7
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a discrete fractal-kind of structures which also support the

probable role of AgNPs in self-assembly (Fig. 13).

Figure 13: Depicts the role of presynthesized AgNPs. (A) TEM image
after the addition of presynthesized AgNPs at 0 min, (B) after 5 min
and (C) after 10 min shows fractal kind of morphology. Micrograph (D)
also reveals that fcc nature of AgNPs.

Conclusions

Thus, we have demonstrated a simple technique for the
synthesis of AgNPs with the help of small peptide amphiphiles
in the presence of sunlight. The AgNPs were homogeneously
decorated along the fibrous network which serve as a scaffold
and investigated by various spectroscopic and microscopic
techniques. Interestingly our results highlight these AgNPs
embedded sPA fibers were moulded by simple plasmonic
heating based experiments and resulted in circularly arranged
morphology which resembles with nanowreath.®" To the best
of our knowledge and literature survey such kind of metal-
hybrid  structure were observed first time. The
thermoplasmonic effect of biologically relevant metal showed
great importance to mould/bend the peptide based soft
nanostructures and can be used for several biomedical
applications90 such as diagnostic agents and treatments of
various ailments, hence can work as theranostic agents too.
These reported results could be of great interest owing to the
thermoplasmonic effect of silver nanoparticles which
transform the short peptide amphiphile fiber to AgNPs
garlanded nanowreath assembly,91 a unique peptide-metal
based assembly and can show the potential application in the
field of nanotechnology.

Experimental section
Methanol, Water, AgNO; purchased from
Spectrochem, Mumbai, India, and used without further purification.

General- were

8| J. Name., 2012, 00, 1-3

Atomic Force Microscopy (AFM) — Neat and co-incubated solution
of sPA with AgNPs was imaged with an atomic force microscope.
The samples were placed on freshly cleaved muscovite mica
surfaces followed by imaging with an atomic force microscope
(INNOVA, ICON
Instrument Center (SIC)-Dr. Harisingh Gour Central University,
Sagar-M.P.) operating under the acoustic AC mode (AAC or tapping
mode), with the aid of a cantilever (NSC 12(c) from MikroMasch,
Silicon Nitride Tip) by NanoDrive™ version 8 software. The force

analytical equipment, Bruker, Sophisticated

constant was 2.0 N/m, while the resonant frequency was ~290 kHz.
The images were taken in air at room temperature, with the scan
speed of 1.5-2.0 lines/sec. The data analysis was done using of
nanoscope analysis software. The sample-coated substrates were
dried at dust free space under 60W lamp for 6h followed by high
vacuum drying and subsequently examined under AFM.
Transmission Electron Microscopy (TEM) — The samples were
placed on a 400 mesh carbon coated copper grid. After 1 minute,
excess fluid was removed and the grid was/wasn’t negatively
stained with 2% uranyl acetate solution. Excess stain was removed
from the grid and the samples were viewed using a FEI Technai 20 U
Twin Transmission Electron Microscope, operating at 80 kV. The
microscope is a STEM and is also equipped with a EDS detector,
HAADF detector and Gatan digital imaging system.

Fluorescence studies- Fluorescence spectra were recorded on
varian luminescence cary eclipsed and CARY win 100 Bio UV-Vis
spectrophotometer with a 10 mm quartz cell at 25 + 0.1 oC. The
solutions of sPA and Ag(l) salt were prepared separately in
CH;0H/H,0 (50:50). Deionized water and methanol (HPLC grade)
were used in these studies. The solution containing sPA (10'5 M)
and different concentrations of silver salt in different ratios were
prepared and recorded their fluorescence spectra in fresh as well as
in aged conditions. All fluorescence scans were saved as ACSII files
and further processed in Excel™ to produce all graphs shown.
Circular Dichroism spectroscopy- All CD experimnt were carried out
at room temperature. Spectra were collected at final concentration
for each at 100 uM of sPA 1 and 2 alone and with in situ prepared
silver nanoparticle, on JASCO J-815 CD SPECTROMETER by using
quartz cuvette with a path length of 1mm. CD spectra were
collected between 195 nm to 270 nm and each spectrum were the
average of 5 scans. To avoid any instrumental baseline drift
between any measurements, the background value was substracted
for each individual sample measurement with 50% methanol-water.
Preparation of AgNPs: To the freshly prepared solution of
compound 1 and 2 (ImM, 1mL) in methanol water (1: 1), 50uL,
AgNO; added from the stock solution of AgNO; (10'3 M) was added
separately and the mixture was kept in sunlight for 10-15 minute. A
characteristics colour of silver nanoparticle was appeared with an
appropriate SPR band at ~450 nm and confirmed the formation of
AgNPs.

Purification of silver nanoparticle colloid: Purification of silver
nanoparticle colloid done by using centrifugation method before
using it for the imaging/analysis. After the formation of AgNPs-
Peptide hybrids the solution was centrifuged at 12,000g for 30
minutes followed by removal of the supernatant and washing with

This journal is © The Royal Society of Chemistry 20xx
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methanol. The residue/pallets were re-dissolved in the 50%
aqueous methanol in the appropriate volume of solvent. The colloid
solution was stable for several days.

Rheometry: Rheological assays were performed on a 50 mm
parallel plate Modular Compact Rheometer, MCR 502 by Anton
Paar. Samples were dissolved in 50% methanol-water at a final
concentration of 4 mM and sonicated for 15 minutes, one day
before analysis. A volume of 3 mL of sample was loaded on the
lower plate, and the upper plate was set to a gap size between 0.4
and 0.45 mm. Dynamic frequency sweep tests were performed in a
range of frequencies from 100 to 0.1 rad/s. Solution of silver ions
with optimum concentration was added to sPA followed by 15 min
sunlight exposure. The characteristic color change of silver
nanoparticles was appeared and this solution was used for the
rheology.

Image Processing by MATLAB: Image background was estimated by
using morphological operation function. This estimated background
was subtracted from the main image. The image contrast was
improved and then grayscale image was changed into binary image
for further processing. The function “graythresh” was used to
compute an appropriate threshold to use to convert the grayscale
image to binary. Further, background noise was removed with
function “bwareaopen” and obtained the final processed image.
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