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Abstract
In this work, we report the formation of well-defined silver nanodendrites via
biomineralization under mild conditions in a single step, in the presence of the plant
phytohormone chicoric acid (CA), a well-known HIV-I integrase inhibitor. CA played a dual
role as reductant as well as directed the growth of the nanodendrites, which were found to
grow primarily in the [111] and [200] directions. In addition to the formation of highly
ordered hierarchical structures, the formed Ag nanodendrites were found to exhibit
luminescence, as observed by confocal microscopy. This study not only demonstrates a new
method for the preparation of luminescent silver nanodendrites using a simple,
environmentally friendly biological method, but also indicates the ability of CA, a potent
HIV-integrase inhibitor, to interact with silver ions which may shed light on its potential for
additional biomedical and biosensor applications.

S Online supplementary data available from stacks.iop.org/Nano/23/294011/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

The design and fabrication of nanostructures with tunable
dimensions has attracted much interest due to their wide
range of applications in the development of nanoelectronic
devices, sensors, solar cells, biomedical and imaging
processes [1–5]. In particular, the design of inorganic
nanostructures with shape-controlled morphologies has
gained tremendous momentum due to their ensuing effects on
the optical, electrical and magnetic properties [6]. Multiple-
branched hierarchical nanostructures have been fabricated due
to their host of applications in photovoltaics, nanoelectronics
and biosensor devices [7, 8]. For example, Y-junction
carbon nanotrees, WO3 nanoforests [9, 10], FeCl3–S [11],
GaP, Nb2O5, alumina and ZnO/CuO hierarchical nanotrees

3 Present address: Department of Chemistry, Northwestern University,
2145 Sheridan Road, Evanston, IL 60208, USA.
4 Present address: Queensboro Community College, 222–5 56th Avenue,
Bayside, NY 11364, USA.

have been prepared [12–15]. However, in most cases, the
synthesis of such organized nanotrees and nanodendritic
structures require the use of high temperatures and
relatively harsh reaction conditions. Commonly utilized
approaches include hydrothermal synthesis, chemical vapor
deposition, photolithography-assisted wafer scale fabrication,
liquid phase reduction, solvothermal and electrochemical
methods [16–19]. However, the preparation of such intricate
branched structures via environmentally friendly biomimetic
means is relatively less common. Over the past decade,
biomimetic methods for the growth of morphology-controlled
nanocrystals have been gaining popularity due to the
molecular recognition ability of the biomolecules [20].
Efforts have been focused on using viruses, fungi, plants
and peptides devised from combinatorial phage libraries
as well as various oligonucleotides [21–24]. Recently
dendritic gold, silver, palladium and platinum nanostructures
with controlled morphologies were synthesized using a
variety of mild synthetic methods [25]. For example,
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polymers such as poly(vinyl pyrrolidine) (PVP) have been
utilized as capping agents as well as a template to
facilitate the growth of dendritic structures [26]. LiFePO4
nanodendrites have been synthesized in ethyleneglycol/water
in the presence of a sodium dodecyl benzene sulfonic
acid surfactant [27]. Additionally, morphology-controlled
Pd–Pt bimetallic nanodendrites consisting of an array of
Pt branches formed on Pd cores were synthesized using
L-ascorbic acid in the presence of Pd nanocrystal seeds
under aqueous conditions [28]. In particular, silver dendritic
nanostructures have been prepared in the presence of
tetrathiafulvalene, ascorbic acid, ethylene diamine tetraacetate
or via UV irradiation [29]. Template-free approaches to
form Ag dendritic structures using zinc microparticles as a
heterogeneous reducing agent have also been utilized [30]. In
related work, Ding and co-workers synthesized Ag dendritic
structures by replacement reaction in the presence of zinc
plates [31]. Such dendritic structures with trunks, hierarchical
branches and leaflets have intricate structural characteristics
and, therefore, are touted to be highly favored structures for
the preparation of advanced nanodevices [32]. It is therefore
necessary to devise methods to create such hierarchical
structures via simple, economical means for large scale
applications.

In this work, we have fabricated highly ordered
dendritic Ag nanostructures by mild biomimetic means
in the presence of CA, also known as dicaffeoyltartaric
acid, a well-known plant phytohormone with several
medicinal properties including its utility as a potent
HIV-integrase inhibitor [33]. Our method provides a facile
single-step approach for preparing complex dendritic silver
nanostructures at room temperature by integrating both the
chelating and mineralization ability of CA which leads to
the formation of supramolecular complexes that direct the
formation of Ag nanodendrites. Further, this work may shed
light into the metal chelating abilities of a potent biomolecule
such as CA.

2. Experimental section

2.1. Materials

Chicoric acid (CA) was purchased from Sigma Aldrich
and silver nitrate was purchased from Fisher Scientific.
All materials were utilized as received. All solutions were
prepared in double-distilled water, purified by a Milli-Q
system.

2.2. Methods

Formation of the Ag dendrites in the presence of CA: varying
concentrations of silver nitrate (0.5–5 mM) were added to
an aqueous solution of CA (1 mM) in order to examine its
effect on the formation of Ag nanoparticles. AgNO3 (99%)
was added drop-wise to an aqueous solution of CA until
the desired concentration was reached. The nanoparticles and
dendritic structures were allowed to grow at room temperature
and the formation of the nanostructures was examined over

Scheme 1. Biomimetic growth of silver nanodendrites in the
presence of chicoric acid over a period of three weeks. (a) Chemical
structure of chicoric acid. (b) Growth of Ag nanoparticles on CA
assemblies. (c) Formation of branched structures after one week. (c)
Ag dendritic structures after three weeks of growth. The inset shows
the confocal image of the Ag dendrites.

time by fluorescence excitation and emission spectroscopy.
The morphologies of the nanostructures formed were probed
by transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). The samples were centrifuged
and washed twice with double-distilled water before analyses.

3. Results and discussion

In general, plant polyphenols are abundantly present in
food sources such as berries, herbs and certain vegetables
and have excellent antioxidant properties which help in
minimizing free radical damage biologically [34]. From a
materials standpoint, the presence of the phenolic hydroxyl
groups aids in chelating with metal ions and in some
cases result in their reduction, forming corresponding metal
nanoparticles either by a hydrogen transfer or electron transfer
mechanism [35–37]. The chemical structure of CA is shown
in scheme 1. As shown, CA contains two phenolic hydroxyl
groups in addition to two carboxyl groups. We hypothesized
that, due to its characteristic functional groups, CA may
potentially serve as a prime molecule to aid in the reduction of
silver ions and assist in the directed formation of hierarchical
nanostructures. Scheme 1 illustrates the step-by-step process
involved in the formation of the dendritic structures. In order
to explore the potential of CA to aid in the formation of
Ag nanoparticles biomimetically, an aqueous solution of CA
was treated with silver nitrate at room temperature. As shown
in figure 1, initially spherical Ag nanoparticles are formed.
The formation of Ag nanoparticles in the presence of CA
most likely occurs due to the two-electron oxidation of the
hydroxyl groups of the phenol ring system of CA, leading
to the formation of a quinoid-containing keto–enol system
as seen in other plant phenols [38]. Further, CA appears
to play a dual role: (a) complex with silver ions, followed
by nucleation of Ag nanoparticles; and (b) to direct the
formation of the hierarchical Ag dendrites by controlling the

2



Nanotechnology 23 (2012) 294011 S N Barnaby et al

Figure 1. Supramolecular assemblies of spherical Ag nanoparticles
bound to CA assemblies after one day of growth.

orientation of specific crystal lattices, as well as corresponding
surface energies. In the past, crystal growth in a particular
axis has been shown to be controlled by peptides, surfactants
or DNA [39]. In the presence of the phytohormone CA,
we observed that initially spherical Ag nanoparticles which
grow along the surface of the CA assemblies are formed
and the interactions with CA promote further reduction of
silver ions at the interface between CA and silver ions. The
formation of CA networks is attributed to hydrogen-bonding
interactions between the carboxyl and hydroxyl groups as
well as coordination with silver ions. The formation of
such fibrillar networks of biomolecules in the presence
of metal ions have been reported in chemically modified
single-stranded DNA, which displayed altered structures upon

binding to metal ions (Zn2+ or Fe2+) [40]. Additionally,
several peptide sequences have shown unique conformational
changes upon binding with metal ions. For example, addition
of Zn2+ ions or Cu2+ ions have been shown to modulate
the assembly kinetics of various segments of beta-amyloid
peptides [41, 42]. Plant-based polyphenolic molecules such as
theaflavin have also been found to self-associate and complex
with caffeine forming dimers by stacking interactions [43].

The proposed multi-step mechanism involved in the
formation of the dendrites is explained as follows. The first
step involves the coordination of the Ag+ ions with the
hydroxyl and carboxyl groups of CA followed by reduction
of the ions, leading to the formation of the initial spherical
silver nanoparticles on the formed CA assemblies. A proposed
model showing the binding of the Ag ions to CA molecules is
shown in (figure 2), indicating each layer of CA is coordinated
via the carboxyl groups as well as –OH groups, leading
to the formation of supramolecular complexes of CA with
silver ions. The Ag+ ions continue to diffuse into the CA
assemblies and are reduced to form silver nanoparticles. As
the growth continues, the nanocrystals continue to come
together and grow in size, due to nucleation and growth
on preformed silver nanocrystals (figures 3(a) and (b)),
which results in the lowering of surface energy. Interfaces
between the nanocrystals are seen (figure 3(c)) which over
time disappear and eventually develop into the trunk of the
dendritic nanostructures (figure 3(d)). As the nanocrystals are
continuously reduced, they attach to the sides of the trunk
and continue to grow in size, forming anisotropic nanocrystals
showing a blend of fractal and dendritic character along with
smaller aggregates which tend to attach to the tips leading
to the formation of the branches and leaves (figure 3(e)).

Figure 2. Proposed mechanism for the coordination of silver ions with CA. Three different layers are shown (represented in blue, green
and red).
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Figure 3. Growth of silver nanodendrites over time. (a) Growth after two days showing spherical nanoparticles on CA assemblies.
(b) Growth after 4–5 days showing the nanoparticles coming together. (c) Integration of the nanoparticles. The area within the square shows
the interfaces formed between the nanoparticles; the arrows indicate edge defects. (d) Growth after one week showing the trunk and
formation of branches. (e) After 10–12 days showing the growth of leaves and branches. (f) Ag dendrites formed after 17 days.

Ultimately hierarchical dendritic structures are formed over
a period of three weeks (figure 3(f)). It is well known that
growth rates of anisotropic nanocrystals are dependent on
the surface energies of the crystallographic planes [44]. In
our case, hexagonal silver nanocrystals forming the leaves
continue to grow on the preformed silver nuclei, leading to the
preferential crystal growth along [111] and [200] directions
as shown in the SAED (figure 4(a)). The formation of the
dendritic nanocrystal structures appears to be due to the lower
surface energy along the [111] and [200] crystal growth axes.
Figure 4(b) shows the HRTEM image of the Ag nanoleaves
and the lattice fringes were measured to be 0.204 nm, which
is in agreement with the {111} lattice spacing of the fcc
crystal. Edge dislocations formed at the assembling interfaces
are also observed (figure S1, supplementary data available
at stacks.iop.org/Nano/23/294011/mmedia) and allow for
specific oriented attachment [45]. In addition to dislocations,
defects such as twining and stacking are observed in the
nanocrystals forming the hierarchical structures where the
hexagonal leaflets gradually form long fern leaflet structures
(figure S2, supplementary data available at stacks.iop.org/
Nano/23/294011/mmedia). As the process continues, over
time (four weeks) intricate fern-like structures are observed
as shown in figure 5 and figure (S3, supplementary data
available at stacks.iop.org/Nano/23/294011/mmedia). Thus,
large dendritic hyper-branched microstructures are ultimately
formed over longer periods of time (figure 6) partly due to
overlap of the branches and aggregation behavior. In general,

Figure 4. SAED pattern showing the growth of the hexagonal
nanocrystals in [111] and [200] directions. (b) HRTEM image of Ag
nanoleaves in the [111] and [200] directions. d = 0.204 nm.

the growth was found to be dependent on the concentration of
silver ions as well as CA, where the optimum ratio was found
to be a 1:2 ratio of CA to Ag ions. At lower concentrations,
the formation of dendrites was not observed, while at very
high concentrations, mostly aggregates were observed (figure
S4, supplementary data available at stacks.iop.org/Nano/23/
294011/mmedia). The optimum concentration of silver ions
was found to be in the range of 1.5–2 mM.

FTIR spectroscopy (figure 7) was employed in order
to confirm the binding interactions of CA with Ag ions.
The spectrum of the CA monomer shows C=O stretching
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Figure 5. Formation of Ag microferns after four weeks of growth.

peaks at 1724 and 1697 cm−1, with a split at 1653 cm−1.
These peaks are assigned to hydrogen-bonded C=O peaks and
non-hydrogen-bonded peaks, respectively. The formation of
the Ag dendrites causes a shift, to 1704 and 1690 cm−1, with
a short shoulder at 1652 cm−1, due to disruption in hydrogen-
bonding interactions compared to the monomer. This indicates
that the carboxyl group is involved in coordination with
the silver ions. In previous work, a similar splitting of
the carboxyl band was observed when bromoisobutyric acid
(BPA) complexes with ZnO were formed due to bridging of
the carboxylate bidentate ligands [46]. An additional peak

Figure 6. SEM image showing multiple hyper-branched Ag
micro-dendrite structures, after three months of growth.

at 1557 cm−1 is observed which is assigned to quinoid
stretching vibration [47]. In the case of the CA monomer,
a broad hydroxyl peak was seen at 3474 cm−1, while upon
formation of Ag dendritic structures the peak was significantly
diminished and shifted to 3465 cm−1, which is indicative
that the hydroxyl groups are also involved in coordination
with Ag ions. Similar results have been reported in other
work, where it has been shown that, upon complexation of
catechol with metal oxides, there was a decrease in the –OH
peak intensity, indicating that complexation occurs with the
phenolic groups [48].

Figure 7. Comparison of FTIR spectra of (a) CA and (b) Ag nanodendrites formed in the presence CA.
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Figure 8. Excitation (a) and emission (b) spectra at different periods of growth of Ag nanodendrites. (c) Fluorescence confocal microscopy
image after five days. (d) Fluorescence confocal microscopy image after three weeks of growth.

Silver nanoparticles are often utilized as nanomarkers
in imaging [49a]. For example, Ag nanoparticles have been
utilized in stabilizing the fluorescence signal of organic
fluorophores by suppressing Cy5 photoinduced blinking and
photobleaching [49b]. In another study, luminescent silver
dendritic structures were used for the separation and detection
of DNA [50]. To determine the luminescence properties
of the formed silver dendritic structures, we conducted
spectroscopic analyses. As shown in figure 8(a), the excitation
spectra initially show a short peak at 410 nm. Over time
a redshift and additional peaks at 450, 481 and 492 nm
were observed as the growth of the dendrites progressed
due to excitation of localized surface plasmon resonances
(LSPR). Similar redshifts were also observed in the UV–vis
spectra (figure S5, supplementary data available at stacks.

iop.org/Nano/23/294011/mmedia) due to LSPR [51]. This
observation is in accordance with the Mie theory [52].
In general, for larger metal nanoparticles, the plasmon
resonances depend mainly on their sizes and higher-order
modes become more significant as the sizes of the particles
grow. As shown in the absorption and excitation spectra, these
higher-order modes peak at lower energies [53] and thus the
plasmon band redshifts with increasing particle size.

The fluorescence spectra initially (figure 8(b)) show a
lambda max at 560 nm. As the growth progressed there was a
gradual decrease in the intensity at 560 nm and the appearance
of a new peak at 570 nm due to the formation of the dendritic
structures was observed. Confocal microscopy conducted
shows that the silver dendrites were luminescent. Figure 8(c)
shows the fluorescence confocal image obtained after five
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days of growth, showing the Ag nanoparticles coming
together, while figure 8(d) (after three weeks of growth) shows
the structure of an entire nanodendritic structure exhibiting
luminescence.

4. Conclusions

In summary, dendritic structures of silver were formed
biomimetically in the presence of the plant phytohormone
CA in a single step. We believe that examining the
interactions of CA with metal ions may shed light into the
mechanistic implications involved in the metal ion binding
properties of the biomolecule. CA played a vital role in
promoting the growth of the hierarchical nanostructures
by reducing silver ions as well as controlling the growth
of the structures along the [111] and [200] crystal axes.
The luminescent Ag dendrites illustrate the possibility of
incorporating functional elements for photonics applications
as well as for imaging, sensors or SERS applications. Such
control of morphology suggests the tremendous potential for
utilization in nanoscale devices and systems. In addition,
such luminescent ordered nanostructures can be potentially
integrated within microfluidic channels and applied in
high-throughput biosensors.
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