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Cucurbita pepo L. presents a nonedible biomass potentially valuable for the synthesis of gold nanoparticles
(AuNPs). Searching environmental conditions which can affect AuNPs’ yield and structure, extracts were
obtained from plants treated with excess metal ions in the culture medium. AuNPs one-pot synthesis was
conducted at 40°C for 30 min with diluted HAuCl4. Shoot extracts yielded a high number of spherical
nanoparticles with lower size than AuNPs obtained from root extracts. Interestingly, root extracts from plants
grown in the presence of Cu(Il), Ag(I), or Au(IIl) gave nanoparticles with treatment-dependent shape, whereas
using shoot extracts this phenomenon was not observed. This result could be attributed to metal-imposed specific
changes in the cell antioxidant pool. Total polyphenol concentration in the extracts was correlated with the
differences obtained in nanoparticle production. Atomic clusters from the metal accumulated in the plant, acting
as specific nucleation seeds, could contribute to the synthesis of differently shaped nanoparticles.

Keywords: nanoparticles; gold; Green Chemistry; Cucurbita pepo; plant extracts; metals

1. Introduction

Since engineered nanomaterials have moved beyond
laboratory settings to the “real world,” more than a
thousand of nanotechnology-based products are cur-
rently on the market (www.nanotechproject.org, 41,
42). Along with the interest in their applications, the
assessment of potential health and environmental
impact of these materials is of equal concern (39).

In the context of nanoparticle synthesis, the so-
called Green Chemistry is attracting increasing interest
as an emerging technology aimed at reducing or
eliminating the use of hazardous substances during
large-scale production (/1, 12), since, if nanotechnol-
ogy is to realize its full promise and potential, it is
essential that these next-generation nanomaterials be
produced by a route benign to human health and the
environment (4). Green technology is still at an early
stage of development, though it is expected to be
widely applied and distributed.

A successful method for the generation of metal
nanoparticles with different size and shapes is the
bottom-up approach (27). If this methodology is
carried out by conventional chemistry, it often requires

the use of aggressive reducing agents, such as sodium
borohydride or hydrazine and may additionally involve
a toxic organic solvent, such as chloroform or toluene
(41). The stabilizing compounds, named capping
agents, are usually less dangerous, but, on the whole,
the economic and environmental sustainability of these
chemicals is strongly questionable. In this context,
Dahl et al. established the three main criteria for a
green nanoparticle synthesis: the choice of an envir-
onmentally compatible solvent, an eco-friendly redu-
cing agent, and a non-hazardous capping agent (5).
Therefore, more cost-effective and environment-
friendly alternatives to the conventional existing meth-
ods for metal nanoparticle synthesis are needed to be
developed following such criteria.

Naturally occurring biodegradable substances can
be used as reducing and stabilizing agents to obtain
finely dispersed metals or metal oxides. A number of
different plant-derived products have already been
tested; for example, polyphenol rich plant extracts
from tea and coffee were employed in the synthesis of
silver and palladium nanoparticles (32), agricultural
residual waste (red grape pomace from winery) in the
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synthesis of various metal nanoparticles, such as Au,
Ag, Pd, and Pt (3), and the remnant water collected
from soaked Bengal gram in the synthesis of gold
nanoparticles (AuNPs; 73).

Therefore, plant extracts represent a promising
route for the hydrotropic synthesis of nanoparticles,
being rich in molecules potentially able to act simulta-
neously as reducing and capping agents. Among these
compounds, a prominent role has been attributed to
phytochemicals, like vitamins, small peptides, and
polyphenols, due to their well-established antioxidant
activity (8, 14, 34), and to the abundance of chemical
groups which can bind the particle surface, thus
providing stabilization with reduced toxicity (23, 30,
38). Extracts also present the advantage of avoiding the
preparation and maintenance of cultures (24), which
simplifies the synthesis and recovery of nanomaterials.

Gold at the nanoscale has exceptional properties
of fundamental interest for research, and it is used in
many applications, such as optoelectronic devices,
catalysis, biomedicine, including DNA labeling and
drug delivery, cell imaging, immunostaining, and
biosensors (2). One of the most promising applica-
tions of AulNPs is in the environment monitoring and
cleanup. In fact, AuNPs can be used in the in situ
sensing of pollutants, that is, for example, in the
construction of sensors for the detection of heavy
metals (26) and in the development of assay for TNT
(15). In addition, since AuNPs are able to actively
catalyze a wide range of reactions with potential
applications in the control of pollution, such as CO
oxidation (/6), water gas shift reaction (27), and
selective oxidation of hydrocarbons (20), they can be
used for the removal of contaminants from different
environmental matrices (40).

Therefore, the request of a large-scale manufac-
turing of AuNPs for their diverse applications, joined
to the increasing use of gold-based nanotechnologies
in environmental remediation, gives raise to the
stringent necessity of developing a totally safe route
for their production. To date, some information about
the processes occurring in AuNP green synthesis is
available (31, 33, 37); however, obtaining nanoparti-
cles with precise control over size distribution, shape
selectivity, and stability remains a challenge (4).

This work is aimed at shedding new light on the
potential of plant extracts in the green synthesis of
AuNPs. The plant chosen for this study was Cucur-
bita pepo L., a species widely exploited in agricultural
practices, whose nonedible biomass still has to find a
suitable process of recycling. Abiding by the princi-
ples of sustainable chemistry, a completely aqueous
route at mild temperature (40°C) was devised for
AuNPs preparation.

The distinctive potentialities of extracts from roots
and shoots of this species in the production of AuNPs
were assessed. To our knowledge, this is the first
report in which the addition of different metals in the
culture medium has been proposed as a strategy to
influence the size, shape, and structural organization
of the obtained nanoparticles. Specifically, plant
samples were exposed to Au(IIl), the same metal
used for the nanoparticle synthesis, to Ag(I), an
element with physicochemical characteristics similar
to gold, and to Cu(Il), an element with redox
properties well-known to induce oxidative stress in
plants (28), which is also widely used in phytosanitary
practices to prevent fungal infection. Furthermore,
Ag(l) and Cu(Il) have already been demonstrated to
have an effect on AuNPs synthesis in planta (I). The
obtained results were promising and opened new
routes toward size/shape selectivity in the bio-based
synthesis of AuNPs.

2. Materials and methods

2.1. Plant material and experimental conditions

Seeds of Cucurbita pepo L. (var. Faenza) were sown in
peat soil, and after two weeks seedlings were trans-
ferred to hydroponic culture, in 1-1 polyethylene pots
(three plants per pot) containing a modified half-
strength Hoagland’s solution composed of 3 mM
KNO;, 2 mM Ca(NOs);, 1 mM NH4H,PO,4, 0.50
mM MgSO4, 20 uM Fe(Na)-EDTA, 1 uM KCI,
25 uM H3BOj3, 2 uM MnSOy, 2 uM ZnSOy, 0.1 uM
CuSOy, and 0.1 pM (NH4)sM070,4 in milli-Q water
buffered with 2 mM 2-morpholinoethanesulfonic acid,
pH 5.5, adjusted with KOH (/9). Nutrient solutions
were renewed weekly and plants were grown in a
growth chamber (24/16°C day/night; light intensity
75 uEm~2 s, 12 h d°!; relative humidity 60—65%).

Twenty-four hours before harvesting, plants were
transferred to hydroponic cultures containing the
nutrient background solution described above and
a concentration of 100 uM HAuCl,, Ag(NOs), and
CuSOy.

2.2. Determination of metal concentration

Metal concentrations were determined by digesting
oven-dried plant material in a 5-2 (v/v) mixture of
HNO; (Romil, 69%) and HCIO,4 (Applichem, 70%) in
25 ml beakers at 120-200°C, after which the volume
was adjusted to 10 ml with milli-Q water. Metal was
determined using inductively coupled plasma optical
emission spectroscopy (Optima 2000, PerkinElmer,
Waltham, Massachusetts, USA).
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2.3. Preparation of plant extracts

Plants were washed three times with distilled water,
blotted dry, and separated into roots and shoots. Plant
material was ground in 3 ml g™ fresh weight of distilled
water and filtered with Miracloth (Calbiochem).

2.4. Total polyphenols

Total polyphenols were spectrophotometrically deter-
mined with the F-C method using chlorogenic acid as
reference standard, according to a procedure
described elsewhere in detail (9). Briefly, the extract
(50 and 150 pL for shoot and root extracts, respect-
ively) was mixed with 200 pL of F-C reagent; after
3 min, 400 pL of a supersaturated sodium carbonate
solution was added, and the obtained mixture was
made up to 10 mL with milli-Q water. After dark
incubation for 1 h, the spectrophotometric determi-
nation was carried out at 4 = 740 nm.

2.5. Preparation of AuNPs

A total 3 ml of extract was diluted with 3 ml of milli-
Q grade water and equilibrated at 40°C before adding
0.5 ml of HAuCly stock solution (0.5% w/w in water)
dropwise and under stirring. The Au(III) concentra-
tion in the reaction vessel was thus 1.1 x 10~ M. The
solution color slowly changed from pale green
(shoots) or brownish (roots) to red/purple, indicating
that 5-10 min were necessary for the reaction to take
place. For the reference samples, 0.15 ml of HCI
0.1 M diluted to 0.5 mL were used instead of HAuCl,.

The heating and stirring were arrested after 30
min, and all samples were stocked in the dark at room
temperature.

2.6. UV-vis spectroscopy

UV-vis spectra were recorded with a Perkin Elmer
lambda 35 spectrophotometer. Samples were put in
quartz cuvettes with a 1 cm path length and diluted
with milli-Q water when the optical density was too
high (i.e. when the absorbance in the range 500-600
nm was > 3.0). The scan rate was 60 nm/min.

2.7. Electron microscopy

Transmission electron microscopy (TEM) analyses
were carried out on a TEM CM 12 PHILIPS,
equipped with an OLYMPUS Megaview G2 camera,
with an accelerating voltage of 80 keV. Samples for
TEM analysis were prepared by suspending in water
and deposing a drop of the obtained suspension on a
Carbon Cu grid, followed by solvent evaporation.
The samples with high amount of organic matrix were

performed with a different procedure: the grid was
laid down on the surface of a drop of suspension for
I min, and then, after solvent evaporation, it was
introduced into the TEM.

2.8. Dynamic Light Scattering

The mean size of nanoparticles in water was deter-
mined by Photon Correlation Spectroscopy, better
known as dynamic light scattering (DLS), by using a
Zetasizer Nano S (Malvern Instruments Ltd., UK),
equipped with a 4 mW He-Ne, laser (632.8 nm), and
back scatter detection. The manufacturer’s software
was used for data analysis. The particle size distri-
bution and polydispersity index were obtained by the
intensity distribution algorithm.

3. Results and discussion

3.1. Metal accumulation

Table 1 reports Ag, Au, and Cu concentration in the
different samples. In untreated plants, Ag and Au
concentrations were below the detection limit, in
agreement with their absence in the nutrient solution,
whereas Cu was represented in physiological amounts
(<30 pg g7', as the limits estimated by 21), as it is a
well-known micronutrient for plants (28). As a gen-
eral finding of all treatments, metal accumulated in
root was much higher than that in shoot. However,
within the same plant organ, different patterns of
metal accumulation were observed, depending on the
metal considered. More in detail, in roots, Au and Cu
reached remarkable levels of accumulation with
respect to Ag. In shoots, Ag was totally excluded,
whereas Au and Cu reached levels higher than the
untreated plants. These differences could be attributed
to a diverse mobility of metals inside the plant, due to
element-specific affinity toward the plant homeostatic
network for metal uptake and translocation.

Table 1. Metal concentration in metal-treated and un-
treated Cucurbita pepo plants.

Plant organ and Ag Au Cu
treatment gg) (eggh  (weggh
Untreated root bdl bdl 12.1 £ 0.8
Untreated shoot bdl bdl 1.0 £ 0.2
Metal-treated root 77 4 2697 £ 123 2315+ 97
Metal-treated shoot bdl 1.6 £ 0.2 5009

Note: In untreated samples, the concentrations of all the metals were
determined, whereas in treated samples only the concentration of the
metal of the relative treatment was determined. Values are means of
six replicates £ SD.

bdl, below detection limit.
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Since treated plants accumulated different
amounts of elements according to the considered
organ and the metal used, different responses to
counteract their toxicity might have been generated.
For example, in such condition, plants are known to
produce metal chelating compounds for their detoxi-
fication and antioxidant compounds to preserve the
cell redox status, threatened by the presence of the
metals themselves (18, 29).

3.2. Polyphenol concentration

In our experimental conditions, total polyphenol
concentration varied markedly depending on the
organ and the treatment considered as reported in
Figure 1. In shoots, a metal-imposed increase in
polyphenols was generally observed, probably as a
consequence of a still active plant response to coun-
teract the metal toxic effects. In such organs, the
metal concentration was extremely low with respect to
roots; thus, shoots could have preserved their ability
to synthesize phenols as detoxification strategy to-
ward such a stress. Similar results for a differentially
metal-induced phenol production in root and shoot
were observed for the response of Nicotiana langs-
dorffii plants to chromium (7) and of a mangrove
species to manganese or lead (43). In fact, phenols are
commonly involved in the defense strategy toward
different abiotic stresses, including those related to
heavy metal exposure (10, 25), due to both their redox
and metal-chelating properties. Furthermore, pheno-
lics have been recently identified to impart Au(III)
tolerance in cowpea through the generation of AuNPs
ex planta, i.e. in the culture medium (36).

3.3. Nanoparticle production and characterization

The systems and procedures studied in this work
enabled to obtain a variety of AuNPs, which differed
in number, size, and shape, depending on the starting
material. The synthesis yield of nanoparticles strongly
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Figure 2. Absorption spectrum from shoot extract of
untreated Cucurbita pepo L. recorded 2 h after reaction
with HAuCly (red line) and with HCI (black line) in the
same experimental conditions. The plasmon peak of AuNPs
is located at ~570 nm. Its shape and position were unaltered
72 h after the synthesis (yellow line).

depended on the plant organ and the metal to which
the plants were exposed during growth, before being
collected for extraction.

The presence of nanoparticles was assessed in the
extracts from both untreated and metal-treated plants
to which HAuCl, was added at 40°C for 30 min,
owing to the presence of a characteristic surface
plasmon resonance peak of AulNPs in the range
500-600 nm. This range is particularly suited to study
the absorption spectra of plant extracts, since it is the
only region of the visible spectrum free from chloro-
phyll signals. Figure 2 shows the absorption spectrum
of AuNPs obtained from the shoot extract of
untreated plants in comparison with the spectrum of
its reference sample. This latter sample was obtained
by reaction of the same shoot extract with a diluted
HCI solution under the same experimental conditions
of temperature and reaction time, to mimic the
reaction environment and avoid possible effects of

(B)

¥t

Total Polyphenols
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"
3

Untreated Cu Ag Au

[=]

Figure 1. Mean concentrations (n = 3) of total polyphenols (mg chlorogenic acid eq. kg™! d.w.) in shoots (A) and roots (B) of
metal-treated and untreated Cucurbita pepo L. Error bars represent the ranges of the obtained values.
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Figure 3. Absorption spectra of root extracts from Cucurbita pepo L. from roots of plants grown in the absence of metal ions
(A) and in the presence of Au(IIl) 100 u M (B), as described in the text.

pH variations. In both spectra, the peak at about 680
nm was attributed to the contribution of chlorophyll,
and therefore it was not analyzed further. In both
spectra, the peaks in the ranges 400-530 nm and 600—
750 nm were due to plant pigments (e.g. chlorophylls),
which are subject to time-dependent degradation,
whereas the plasmon peak at ~570 nm was stable
over days, as shown by the spectra recorded at
different time interval after the synthesis (Figure 2).

Figure 3 shows the time evolution of the AuNP
plasmon resonance peak for untreated and gold-
treated Cucurbita pepo L. roots. The wavelength value
of the maximum is known to depend on size and
shape of AuNPs, while peak intensity and line width
are primarily related to the concentration and poly-
dispersity of nanoparticles (6). Extracts from control
roots produced more nanoparticles and in less time
than metal-treated plants. This result was inferred
from the comparison of the plasmon peak intensity
(see Figure 3 as an example) of many replicates and
TEM images.

As shown by the comparison of Figures 2 and 3A,
in samples obtained from Cucurbita pepo roots, the
absorption band was broader (from about 500 to 700
nm) than for shoot extracts, indicating in the former
case a wider distribution in the size and shape of
AuNPs. The temporal evolution of the plasmon peak
consisted of an intensity increase and a small shift to
higher wavelengths from the freshly synthesized
samples throughout the following 2-3 days. After
this time interval, no further appreciable aging effect
was observed (Figure 3).

Similar aging behavior on the plasmon resonance
peak was obtained from shoot extracts, even though
in this case the interpretation of visible spectra
was less straightforward, due to the crowding by the

peaks of colored pigments in this region. It is also
to be noted that metal clusters different from the
ones formed by gold atoms were not detected in
samples obtained from plants exposed to heavy
metals, indicating that they were absent, or small, or
diluted enough to escape detection in our experi-
mental conditions.

The size and morphology of nanoparticles were
investigated by TEM.

Figure 4 shows the TEM images taken from
Cucurbita pepo L. root extracts of untreated (A),
Ag-treated (B), Au-treated (C), and Cu-treated (D)
samples. The most abundant and smaller AuNPs were
obtained by reducing HAuCl, with the extracts from
untreated and Ag-treated samples. Root extracts from
untreated plants produced almost exclusively globular
AuNPs (Figure 4A), while Ag-treated specimens gave
also some triangular AuNPs (Figure 4B). Extracts
from plants treated with Cu(Il) and Au(III) showed a
marked tendency to produce larger and fewer AuNPs.
In particular, sharp-edged particles (polygons) were
found to be a characteristic of nanoparticles obtained
from Au(II)-treated plants (Figure 4C), while in the
case of Cu, the ion pretreatment also allowed forming
fractal like structures, known as “raspberry” nano-
particles (Figure 4D). These latter structures were not
detected in other samples. It has been shown that in
the case of bottom-up preparation, anisotropic nano-
particles or particles with nonglobular structure (e.g.
plates) can result from seed-mediated growth (35).
Other possible sources of anisotropy are capping
agents which selectively bind to specific crystal
faces (17). The experiments carried out in this work
were more in line with the former hypothesis, since
the presence of metal ions in the culture medium
strongly favored the formation of anisotropic shapes.



Downloaded by [Universita Degli Studi di Firenze] at 00:42 10 April 2015

44 C. Gonnelli et al.

Figure 4. TEM images obtained from Cucurbita pepo L. root extracts of (A) untreated sample, (B) Ag-treated sample,
(C) Au-treated sample, and (D) Cu-treated sample. All bars scale 20 nm.

Although grains formed by reduced metal ions
could not be directly evidenced by TEM or UV-vis
spectroscopy, it is possible that in planta produced
metal seeds were too small to be detected by these
techniques.

DLS indicated that particle distributions with
different mean size existed in solution. As an example,
the intensity-averaged particle size distribution in the
sample obtained from Cu(Il)-treated roots (the TEM
image of which is shown in Figure 4D) is reported in
Figure 5. No particles with diameter as large as 600—
800 nm were observed in TEM micrographs; there-
fore, the larger scattering objects detected in solution

Size Distribution by Intensity

N
X

1000 10000

-

Size (d.nm)

0.1 1 10

Figure 5. Size distribution obtained by DLS measurements.
Peak 1 (7%) is centered at 93 nm and peak 2 (93%) is
centered at 627 nm. Smaller particles do not contribute
significantly to the scattered intensity.

were due to clustering of smaller particles mediated by
the capping agents in the organic matrix.

In general, DLS data were not easily obtainable,
due to the high quantity of organic material covering
and stabilizing the AuNPs, which rendered the solu-
tion optically turbid.

Samples from shoot extracts presented a high
amount of organic matrix, which formed a sort of
thick gel entrapping the nanoparticles, as exemplified
by the TEM image reported in Figure 6A, which
shows nanoparticles synthesized by Au-treated shoot
extracts. However, AuNPs were unambiguously
detected in all the samples, owing to the high contrast
provided in TEM by gold with respect to the
embedding organic matrix. A general finding was
that a greater number of AuNPs was produced from
shoots with respect to the corresponding root samples
and that less shape differentiation occurred. This is
illustrated, for instance, by the comparison between
Figure 6A and 6B which were taken from different
organs of the same plant. Indeed, as reported above,
the roots of Au- and Cu-treated plants exhibited
lower polyphenol concentrations than untreated and
Ag-treated samples, probably due to their very high
metal accumulation that could have determined the
oxidations of these compounds. Therefore, the higher
yield of small-size¢ AuNPs obtained with untreated
and Ag-treated root extracts seems to be related with
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Figure 6. TEM image of a large area in the sample obtained from (A) shoot extract of Au-treated Cucurbita pepo L.,
evidencing the gel-like matrix which encapsulate AuNPs (bar scale 1000 nm) and (B) root extract of the same sample (bar scale

1000 nm).

the total polyphenol concentration. Shoot extracts
showed higher polyphenol concentration than root
extracts, thus concurring to explain the differences
in the Au reductive process that determined the
above-mentioned diversity in the formation of Au-
NPs between these two organs.

In summary, differences reported in phenol con-
centration might be one of the causes of the different
reducing properties shown by the extracts in Au-NPs
production. Furthermore, also the possible presence
of metal clusters in the samples, formed in planta as a
consequence of the treatment and the relative metal
accumulation, could play a role by acting as nucle-
ation grains for the synthesis of nanoparticles with
different shapes.

4. Conclusions

This work demonstrates that a bio-catalyzed synthesis
of AulNPs can be effectively performed by Cucurbita
pepo extracts, prepared through a completely green
hydrotropic route.

The nanoparticle yield was plant organ-dependent,
in that root and especially shoot extracts from un-
treated plants produced a large number of small
spheroidal particles. Root extracts from plants pre-
treated with metal ions, i.e. Ag(I), Au(Ill), and Cu(Il),
gave larger particles, showing an interesting treatment-
dependent shape. Specifically, exposure to Ag ions
induced abundant production of sharp-edged triangles,
while in the presence of Cu ions larger polygons were
formed. Both these shapes were found when extracts
from plants treated with Au were used for AuNP
preparation. Finally, extracts from Cu-treated plants
were used also gave fractal-like nanoparticles (“rasp-
berries”). These results were attributed to a different
concentration of polyphenols in the extracts and,

possibly, to metal clusters preformed in planta, which
acted as nucleation seeds.

Our findings may open an interesting field of
research to obtain nanoparticles with desired size and
shape using Green Chemistry.
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