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Environmentally friendly methods for silver nanoparticles
(AgNPs) synthesis without the use of hazardous chemicals have
recently drawn attention. In this work, AgNPs have been
synthesized by microwave irradiation using only honey sol-
utions or aqueous fresh pink radish extracts. The concentrations
of honey, radish extract, AgNO3 and pH were varied. AgNPs
presented mean sizes between 7.0 and 12.8 nm and were stable
up to 120 days. The AgNPs were employed as co-catalyst
(TiO2@AgNPs) to increase the hydrogen photogeneration under

UV-vis and only visible light irradiation, when compared to
pristine TiO2 NPs. The prepared photocatalyst also showed
hydrogen generation under visible light. Additionally, AgNPs
were used to assemble a nanoplasmonic biosensor for the
biodetection of extremely low concentrations of streptavidin,
owing to its specific binding to biotin. It is shown here that
green AgNPs are versatile nanomaterials, thus being potential
candidates for hydrogen photogeneration and biosensing
applications.

Introduction

Noble metal nanoparticles (NMNPs) are extensively used in
various applications, such as sensors, catalysis, photocatalysis,
and medicine, due to their exceptional optical, thermal, and
electrical properties. In particular, silver nanoparticles (AgNPs)
have become one of the most employed and versatile materials
among NMNPs because of their unique physical and chemical
properties. As a consequence, there is an important demand to
develop environment-friendly techniques with non-toxic chem-
icals for AgNP synthesis. The increasing demand for green
synthesis and production of NPs was evidenced by the merging
of new cost-effective and eco-friendly techniques. These

methodologies are trying to integrate green chemistry princi-
ples and NPs production for specific applications, such as in the
textile industry due to the well know antimicrobial activity of
the AgNPs.

Many distinct types of extracts and synthetic methods can
be found for AgNPs preparation.[1] For example, AgNPs of about
65 nm in size were prepared using corn starch as stabilizer and
reducing agent and sodium citrate as an additional reducing
agent.[2] Finally, the NPs were loaded with Isoorientin (Iso), a
natural flavonoid, showing high stability in the simulated
gastrointestinal digestion and low in vitro citotoxicity . Other
nanostructured materials were also prepared using different
aqueous extracts, such as Rosa santana petals,[3]Moringa oleifera
seed,[4]Chara Algae[5] and several more.[6,7] Biological synthesis is
also a methodology employed for the NMNPs,[8] but it is often
time-consuming and require sterilized conditions. On the other
hand, green synthesis methodologies can overcome those
drawbacks.

The variable chemical composition and antioxidant proper-
ties of some foods have also been under investigation for the
syntheses of NMNPs. Natural honey, probably one of the oldest
sweet food sources, is an excellent medium for NMNPs
preparation. Honey is rich in carbohydrates (80–85%) contain-
ing mainly glucose and fructose, water (15–17%), proteins,
amino acids, enzymes, antioxidants, vitamins, and important
minerals (K and Mg).[9] The natural honey composition depends
on the plant and bee species, climate, and vegetation. Probably
the first syntheses of NMNPs using honey as reducing and
capping agent was reported more than a decade ago.[10] That
work, carried out at room temperature, showed the viability of
the biosynthesis of gold nanoparticles (AuNPs) together with an
increase in productivity compared to other biosynthesis routes
already reported at that time.
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Several reports have been published in the following years
using honey as the main green medium for NMNPs preparation.
For example, AuNPs were obtained by hydrolytic polycondensa-
tion of tetraethoxysilane in aqueous solutions of honey
containing HAuCl4 and HCl as acid catalyst.[11] Spherical particles
of about 7 nm in diameter were formed in the regions of the
organosilicon sol, but outside the sol the NPs size increased up
to 40–50 nm. Kumar et al. demonstrated that AgNPs can also be
obtained from a sunlight-induced green synthesis
methodology.[12] By using 3% honey aqueous solution and
0.1 molL� 1 AgNO3, it was possible to prepare AgNPs between
2–4 nm and 20–30 nm in size. The NPs presented, according to
the authors, excellent antimicrobial activity against E. coli,
Klebsiella and S. aureus. Spherical copper NPs (CuNPs) of
3.68 nm in size were prepared by ultrasonic irradiation with a
10% w/v concentration of honey added into the copper nitrate
solution containing ascorbic acid (1 molL� 1).[13] The CuNPs
presented antibacterial activity against gram-positive and gram-
negative bacteria (Enterococcus faecalisand Escherichia coli
respectively). Nickel NPs between 28–31 nm in diameter were
prepared using honey as bio-supported reducing agent.[14] The
study involved changes in pH, temperature, concentration of
honey as reducing agent and the results were compared with a
predictive mathematical methodology.

Another eco-friendly method for obtaining AgNPs is by
using radish, which is a root vegetable from the Cruciferaceae
family. Radish has high antioxidant properties that are attrib-
uted to its main phenolic components, sinapic acid esters, and
flavonoids, making it an interesting food to explore.[15] Radish is
an important vegetable crop worldwide and its properties have
already been reported to some extent.[16–18] In South America
radish has received recently some interest concerning its
phytochemical composition where 8 radish varieties and their
antioxidant properties were investigated.[19] The physicochem-
ical properties of red radish and its antioxidant capacity of fresh
leaves and roots were also objects of study.[20]

AgNPs stand out due to their potential to be applied in
different fields and their excellent properties. For instance, their
optical property, in addition to the redox capacity and surface
area, improve their performance as catalysts, co-catalysts, or
photocatalysts. Their well-known optical behavior is associated
with the localized surface plasmon resonance (LSPR) that arises
from the collective oscillation of the metallic particle’s electrons
with the incident electromagnetic radiation.[21] This phenomen-
on is very sensitive to the environment, for example, when the
refractive index near the NMNPs surface changes by the
adsorption of molecules.[22] The resulting larger charge separa-
tion and a weaker restoring force lead to a red shift in the
plasmonic band, which is the base for their application in
nanoplasmonic biosensing .[23] Green synthesized NMNPs have
been used as nanoplasmonic sensor in phase configuration for
different analytes, for instance, AgNPs have been employed in
the determination of copper, mercury, zinc, and lead.[24,25]

AgNPs have many potential biomedical applications due to
their low cytotoxicity and effective antibacterial and antimicro-
bial activities. Typical applications of green AgNPs synthesis
usually involve testing those actions.[26] Studying green AgNPs

in other important fields, such as photocatalysis, hydrogen
photogeneration, or sensors, is also highly relevant. A few works
have been reported in the fields of preparation of
biosensors[27,28] or photocatalysis for degradation of dyes using
green AgNPs as co-catalysts.[27,29–31] Despite a green method for
the fabrication of NMNPs being vital, to the best of our
knowledge, there are almost no studies using only aqueous
radish extract as both reducing and stabilizing species for the
synthesis of AgNPs. While in the case of natural honey there are
only a few reports on its use for the fabrication of AgNPs using
microwave-assisted (MW) methodologies.

The AgNPs prepared using honey were impregnated onto
TiO2 NPs and were employed as co-catalyst for the photo-
generation of hydrogen in the photo-reform of methanol.
Hydrogen evolved steadily under UV-Vis and only visible light
irradiation at room temperature. The AgNPs synthesized with
radish extract were used for the assemble a nanoplasmonic
biosensor chip to evaluate the potential of detecting bio-
markers using the interaction between biotin and streptavidin
as a model system. The AgNPs were also prepared using
extracts from the skin and even from rotten radish. UV-vis
spectroscopy, transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), and Fourier transform infra-
red spectroscopy (FTIR) were used for the AgNPs character-
ization.

Results and Discussion

Green AgNPs characterization

Eco-friendly syntheses of AgNPs were conducted using honey
solutions or radish extract and the following synthesis parame-
ters were varied: honey solution and extract concentrations,
AgNO3 concentration, and pH. The change in the color of the
reaction mixture after 30 seconds of microwave irradiation from
yellow-yellowish brown to deep brown was a clear indication of
the AgNPs formation. The images of the as synthesized AgNPs
for honey and radish extract evidenced their efficient formation
(see Figures S1–S3 and Figures S4–S5, respectively). The forma-
tion of AgNPs was further confirmed by its SPR effect,[32] which
results in the characteristic absorption band in the 400–500 nm
region. The wavelength at the maximum absorption (λmax) and
the Full Width at Half Maximum (FWHM) of the SPR band can
be associated with the mean size and size distribution of the
NPs, respectively. Therefore, the UV-Vis spectra data provides
important insights into the effect of synthesis parameters.

Sharp and intense SPR bands centered at ~410 nm (Fig-
ure 1a) were obtained when the honey concentration was
0.6 gmL� 1 or higher. Moreover, there was almost no change in
the λmax and FWHM when the concentration of honey further
increased (see Table S1). These results could be associated with
the presence of a dense medium at higher honey concen-
trations, containing sufficiently reducing and stabilizing agents,
which avoided AgNPs aggregation or etching.[32] At lower honey
solution concentrations the NPs are not sufficiently covered
with the stabilizing molecules leading to the coalescence and
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heterogeneous distribution of sizes, as suggested by their larger
FWHM (Table S1). Slight pH variations of the honey solutions
were also observed, becoming more acidic as the honey
concentration increased (Table S2). Figure 1c shows that when
the concentration of honey is constant (0.6 mmolL� 1), the
intensity of the SPR band increased alongside the increase in
the AgNO3 concentration. Almost no change was observed on
the λmax and FWHM (Table S1), demonstrating that the obtained
NPs have similar mean sizes and size distributions even with
different AgNO3 concentrations.

The dependence of the AgNPs optical properties on the
synthesis pH was studied in some detail (see also Table S1 and
Figure S3). The UV-Vis spectra show sharp and intense absorp-
tion bands centered at 410–414 nm with FWHM of 78 nm and
82 nm for the acidic and alkaline mediums, respectively. In the
synthesis of Ag and AuNPs by electron irradiation, the authors
inferred that the mechanism of formation of the NPs was
originated by the formation of electrons and hydrogen atoms
that can act as reducing agents for converting metal ions to
lower valence atoms or even neutral ones.[33] The proton-rich
medium may contribute to improving the nucleation step
during the formation of the AgNPs, once they function as
additional reducing reactants in the medium. The high irradi-
ation conditions of microwave excitation may lead to similar
results. Differently, the hydroxyl groups can improve the
reaction rate by oxidizing the silver atoms forming Ag2O or

Ag(OH)x species with increasing NaOH concentration, as
previously evidenced by XAFS and XANES analysis.[34] Again, the
formation of reactive species from the extract might be induced
with microwave irradiation (Figure S6). At pH 7.0 there was a
dampening in the absorbance, presenting a broader SPR band
(FWHM=102 nm). This behavior is an indicator of a coalescent
growth mechanism, where smaller particles aggregate to
produce larger particles, resulting in the reduction of the total
number of particles within the solution.

Radish extract was also used for the AgNPs preparation and
the dependence of the nanoparticle growth on the chemical
composition of the extract was investigated. The effect of radish
extract and AgNO3 concentrations (Figure 1b and Figure 1d)
demonstrated an optimum synthesis condition, blue-shifted
plasmon band, and lower FWHM using 3 mmolL� 1 of AgNO3

and 0.5 gmL� 1 radish extract (see Table S3). The method for
synthesizing AgNPs was applied to both fresh and rotten
radishes, including their skins (see Figure S7). This shows that
food scraps such as the radish skin or rotten radish can be
reused for the AgNPs preparation.

When the radish extract and AgNO3 concentrations were
higher, a well-noticed dampening in the intensity was observed.
In Figure 1b, one can also notice an apparent red shift in the
SPR bands (Table S3). These results may indicate a smaller
number of nanoparticles in suspension, larger diameter and size
distribution, characteristics of the coalescence. Previous works
have shown typical bell-shaped curves of dose-response data
for SPR maximum as a function of the extract concentration.[8,35]

For example, in the biosyntheses of AgNPs using Artemisia
absinthium aqueous extract, the authors hypothesized that the
obtained results indicated that the reaction of the silver ions
with unknown plant biomolecules may involve protein catalysts
and plant metabolites.[8] Those species may stimulate the AgNPs
stabilization at lower extract concentrations but inhibit the
AgNPs formation at higher concentrations.

The formation of AgNPs in radish extract solution was
favored at higher pHs (see Figure 1f). Optimum conditions were
achieved at pH 11.4, with a blue-shifted SPR band almost two-
fold sharper than the other syntheses (see Table S3), revealing
particles with smaller mean size and narrower size distribution.
As discussed before, the hydroxyl groups can improve the
reaction rate by forming reactive species, such as Ag2O and
others from the extract. Indeed, UV-Vis spectra presented in
Figure S8 evidence those reactions after the irradiation of the
extract at pH 11.4, leading to an intense absorption band
centered at 274 nm, which disappears when the AgNPs are
formed. These absorption bands can be associated with
electronic transitions of carbonyls, flavonoids, aromatics and
carboxylic compounds present in the honey and radish
extracts.[36]

ATR-FTIR spectroscopy analyses after microwave irradiation
on honey and radish-dried extracts without and with AgNPs
were performed to identify the main functional groups and
possible chemical changes. The ATR-FTIR spectra of honey and
radish samples at different pHs are shown in Figure 2a and
Figure 2b, respectively. Honey’s spectra displayed a character-
istic pattern of carbohydrates with peaks ranging from 1500 to

Figure 1. UV-Vis spectra of AgNPs prepared under various synthesis param-
eters using: aqueous honey solutions (a), (c) and (e); and aqueous radish
extract solutions (b), (d) and (f). Microwave irradiating time: 30 seconds
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800 cm� 1, addressing to CO, C� OH, O� CH, and C� CH stretching
vibrations[37] (Table S4). These FTIR patterns were expected since
honey composition is constituted of 80–85% of carbohydrates,
mainly from glucose and fructose.[9] The band at 3280 cm� 1 was
attributed to O� H stretching, possibly from water/sugar mole-
cules, while 2928 and 2883 cm� 1 peaks may be related to � CH2

stretching and rocking, respectively, from cellulose and lipids
present in honey. Water also presented the symmetrical
bending band at 1642 cm � 1.[37] The FTIR spectra of the AgNPs
exhibited similar band positions as that of pure honey (See
Figure S9). It suggests that during the AgNPs synthesis there
were no significant chemical changes, possibly due to the low
concentration of Ag+ (i. e., 3 mmolL� 1). Slight shifts to greater
wavenumbers of the band at ~1020 cm� 1, attributed to ν(CO)+
ν(C� C) of carbohydrates, were observed when the pH of the
honey solution was increased from 3.8 to 10. These shifts can
be assigned to changes in gluconic acid molecules present in
honey, as well as structural changes in fructose.

It is well known that sugars, like glucose, can act as reducing
agents to produce AgNPs. Philip et al. found that fructose can
act as a strong reducing agent.[10] One hypothesis is that
reducing sugars (i. e. glucose, fructose) are responsible for the
reduction of Ag+ cations, while stabilization may occur through
sugars, as well as proteins, interaction with the AgNPs surface.
Peaks related to amino acids (i. e., N� H) were not detected in
honey samples; even though references indicate their
presence.[38] Band overlapping could be responsible for the
absence of their characteristic vibrations. Moreover, it indicates
that the protein content in honey is low, matching the previous
report of honey protein content (0.1–0.4%).[9] However, it has
been stated that molecules such as carboxylates and amino
acids present in honey may play an important role in AgNPs
stabilization.[38]

The presence of water, carbohydrates, proteins, lipids as
well as aromatic compounds have been previously identified in
radish.[39] For the radish samples (Figure 2b), the peak located at

3270 cm� 1 is attributed to OH stretching of water/alcohol
groups in carbohydrates or carboxylic acids, and N� H stretching
of proteins[40] (Table S5). The 2932 and 2889 cm� 1 vibrations
indicate the presence of v(C� H) of lipids, while 1663 cm� 1 may
be due to δ(OH)+v(C=O)+v(C� N) of proteins+aromatic ring
vibrations.[39] In radish-dried extract at alkaline pH the peak
attributed to δ(NH)+δ(CN) of amide of proteins appeared at
1586 cm� 1, while at neutral pH there was a shift to 1576 cm� 1.
Besides that, no expressive changes were seen on the vibra-
tional spectra after AgNPs formation and at different pH
(Figure S10).

TEM images of AgNPs synthesized using honey (Fig-
ure 3a,c,e) or radish extract (Figure 3b,d,f) show that all
syntheses led to NPs with mean sizes smaller than 13 nm. The
results of the obtained AgNPs employing honey solutions at
different pHs demonstrated that there are no meaningful
changes in the mean size between the samples, however, more
aggregates were present at pH 7.0. Additional information
regarding the crystal phase of the AgNPs was obtained by Fast
Fourier Transform High-Resolution Transmission Electron Micro-
scopy (FFT-HRTEM). The Figure 4 image shows that the NPs
presented a face centered cubic (fcc) silver crystal structure.
When the syntheses were carried out at pHs of 3.8 and 10.0 the
same fcc crystal structure was obtained (Figures S11–12). The
pH plays an important role in the formation and stabilization of
the NPs synthesized with radish (compare Figure 3d and
Figure 3f). The synthesis performed at pH 6.8 (Figure 3d)
presented more agglomerated NPs, with a broader size
distribution, where bigger particles can be observed. When the
pH was raised to 11.4, well-distributed NPs were obtained, with
a narrower size distribution and almost half in size. By varying
the AgNO3 concentration (Figure 3b and Figure 3d), no signifi-
cant changes in the mean size and size distributions were
observed.

The stability of the AgNPs plays an important role in their
application. Therefore, a series of runs were carried out to test

Figure 2. ATR-FTIR spectra of (a) honey dried solutions at pHs: (i) 3.8, (ii) 7, and (iii) 10 and AgNPs synthesized with honey at pHs: (iv) 3.8, (v) 7, (vi) 10; (b)
radish dried extracts at pHs: (i) 6.5 and (ii) 11 and AgNPs synthesized with radish extract at pHs: (iii) 6.5 and (iv) 11.
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their aging. The results showed high stability of the prepared
AgNPs using honey (Figure 5a) and radish extract (Figure 5b).
When radish extract was used, aggregation of NPs or
dissolution of silver ions seems not to affect to a great extent
the optical properties of the AgNPs SPR band. The λmax of

absorption remained constant after 120 days of aging and the
intensity decreased by about 5% in the same period. When
honey was used for the AgNPs synthesis the optical SPR
changes are evident (see Figure 5a). The λmax of absorption
remained constant in a similar behavior observed when radish
extract was employed, but the intensity decreased by about 8%
in the first week and 53.2% after 120 days.

In a typical investigation of photocatalytic hydrogen
generation, the time evolution profiles correspond to several
hours and the tests for reusability generally run for tens of
hours. Additionally, when AgNPs are used as co-catalyst in
hydrogen photocatalytic evolution experiments, a calcination
step at 400 °C is previously carried out, thus the long-term
stability of the AgNPs is not too crucial for the photocatalytic
tests. For that reason, the AgNPs synthesized using honey were
employed in the photocatalytic study of hydrogen evolution
and the biosensor was built using AgNPs synthesized in radish
extract medium. In this last case, a highly stable optical signal is
required to avoid false positives during biodetection of
extremely low concentrations of streptavidin and the AgNPs
synthesized with radish were more appropriate.

To better understand the chemical states and stability of
the AgNPs after microwave irradiation when honey was used
for the synthesis, XPS analyses were carried out. Molecules such
as carboxylates and amino acids are present in honey and they

Figure 3. TEM images of AgNPs synthesized from honey or radish extract. [Honey]=0.6 gmL� 1, [AgNO3]=3 mmolL� 1 at pHs: (a) 3.8, (c) 7.0 and (e) 10.0.
[Radish extract]=0.5 gmL� 1: (b) [AgNO3]=3 mmolL� 1 and pH 6.8, (d) [AgNO3]=4.5 mmolL� 1 and pH 6.8, (f) [AgNO3]=4.5 mmolL� 1 and pH 11.4.

Figure 4. Typical FFT-HRTEM of AgNPs synthesized using [honey] -
=0.6 gmL� 1, [AgNO3]=3 mmolL� 1 and pH 7.
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probably play an important role in AgNPs stabilization. The XPS
survey spectrum of AgNPs did not show, as expected, the
presence of silver (See Figure S13). The signals of C 1s, O 1s,
and N 1s with relative concentrations of 83.6%, 15.4%, and
1.0% respectively are the main signals of the spectrum.
Therefore, a series of XPS spectra were recorded after successive
Ar+ sputtering of the sample and the results are shown in
Figure 6. After 10 min of sputtering two prominent peaks

assigned to Ag 3d3/2 and Ag 3d5/2 levels appeared. The binding
energy of Ag 3d core levels shifted towards higher binding
energy values to that of the Ag metallic state and they are seen
in Figure 6 (labels b and d). The calibration was carefully carried
out after deconvolution of the C 1s signal for each sputtering
series. In all the cases shown in Figure 6, the C� C/C� H signal at
285.0 eV was used as a reference. When the sputtering time
increased from 10 min to 60 min two additional signals merged
continually with the increase in sputtering time. These second
XPS signals were already present at 10 min of sputtering but
with a very low count rate (see Figure 6 bottom). The Ag 3d5/2
(368.5 eV) and Ag 3d3/2 (374.5 eV) signals, label a and c in
Figure 6 respectively, may be assigned to Ag (0), with a splitting
of 6.0 eV.[41] The Ag 3d5/2 binding energies of metallic silver and
its oxides have been investigated in detail in the past and the
dispersion or even superposition of biding energies reveal that
their assignments are not trivial. Ferraria, A. M. et al. have
reinvestigated the XPS signals of Ag and its salts including
Auger spectroscopy data of Ag MNN signals in a very thorough
work.[42] They found that the Ag 3d5/2 was reported from 367.9
to 368.4 eV (Δ=0.5 eV) for metal Ag; from 367.6 to 368.5 eV
(Δ=0.9 eV) for Ag2O and from 367.3 to 368.1 eV (Δ=0.8 eV) for
AgO. The maximum difference in the binding energies of the
above numbers, independent of the oxidation state of the
silver, is 1.2 eV. Additional works have also reported results
within the energy range of 1.2 eV.[43–48] Ferraria, A. M. et al.
concluded that Ag(0) can be distinguished from oxidized Ag
species mainly through the Auger parameters. They also
reported that the Ag(I) 3d in AgO has about 0.4 eV lower
binding energy than the Ag(I) 3d in Ag2O. Nevertheless, all the
above reports, the energy difference of the Ag 3d5/2 signals a–b
in Figure 6 is 2 eV (a: 368.5�0.1 eV; b: 370.5�0.2 eV). Similarly,
the difference of the Ag 3d3/2 signals c–d in Figure 6 is 1.9 eV (c:
374.6�0.1 eV; d: 376.50�0.2 eV). A difference of about 2 eV
between the Ag 3d duplets means that only different oxidations
states cannot explain the results presented in Figure 6. More-
over, the FWHM of the Ag 3d signals deconvoluted in Figure 6
are between 1.4 eV and below 1.8 eV. The XPS system does not
have a monochromator and the addition of new synthetic
signals in the data treatment would produce artificial artifacts.

Systematic works have also been reported on AgNPs XPS
data aiming to identify the contribution of size and chemical
effects from the measured binding energies of the Ag core
electrons. For instance, Shin, H. S et al. have prepared AgNPs by
γ-radiation in an aqueous solution of AgNO3, isopropanol, and
polyvinyl pyrrolidone.[43] The average diameters of the as-
prepared AgNPs were 12.1 nm and 19.6 nm when the NPs were
prepared from 0.01 and 0.5 molL� 1 AgNO3 solutions, respec-
tively. The formation of NPs between 3 and 6 nm in diameter
were also abundant. The Ag 3d5/2 signals of the AgNPs core
electrons were found to increase with the decrease in the
nanoparticle size. Additionally, the binding energy shifted to
lower energies from 1.4 eV to 0.5 eV before and after sputtering
respectively. Lopez-Salido L. et. al. studied the growth of noble
metal NPs on mildly sputtered and non-sputtered highly
ordered pyrolytic graphite or WSe2 surfaces.[49] AgNPs were
grown by evaporating a silver rod under UHV conditions and

Figure 5. Aging of AgNPs synthesized using: (a) [honey]=0.6 gmL� 1,
[AgNO3]=3 mmolL� 1 and pH 3.8; (b) [radish]=0.5 gmL� 1, [AgNO3] -
=4.5 mmolL� 1 and pH 6.8.

Figure 6. XPS spectra for the Ag 3d regions after sputtering of AgNPs
synthesized using [honey]=0.6 g mL� 1, [AgNO3]=6 mmol L� 1 and pH 3.8.
The sputtering time is informed in the figure. Labels: a-d see text for details.
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the diameter and high of the NPs were precisely measured by
scanning tunnelling microscopy (STM). XPS results showed that
the Ag3d states converged to the bulk properties at much
larger particles size than 6 nm in diameter and 5 nm in height.
The authors attributed that phenomenon to either inefficient
final state screening, difference in particle geometry or both
effects together. In addition, the XPS signal was strongly
depended on the interaction Ag-oxide metal substrate. The
results presented in Figure 6 can be interpreted taking into
account the presence of different AgNPs sizes contributions. In
the present work, the size of the prepared AgNPs ranged from
less than 6 nm to more than 15 nm (see Figure 3 a, c and d).
The sputtering conditions of the present work were much more
aggressive in energy, time, and current than the study carried
out by Lopez-Salido L. et. al.[49] Therefore, it is hypothesized that
the strong sputtering conditions used here quickly eliminated
the main proteins capping agents of the AgNPs together with
the smaller NPs. However, a probable diffusion of the smaller
stabilized AgNPs during solvent evaporation for the preparation
of the samples for XPS analyses cannot be ruled out.

Green AgNPs applications: hydrogen photogeneration and
nanoplasmonic biosensing

Pristine TiO2 NPs synthesized by a microwave-assisted method-
ology using Titanium (IV) bis (ammonium lactato) dihydroxide
solution as the titanium precursor, were impregnated with
AgNPs prepared using honey solutions as stabilizing and
reducing medium. The optical properties of TiO2 NPs and
TiO2@AgNPs were investigated using DRS UV-Vis (Figure S14a).
The impregnation of AgNPs as co-catalyst led to almost no
apparent change in the bandgap, of about 3.15 eV, compared
to pristine TiO2 NPs. By taking a closer look at the 1.55-3.2 eV
region, an absorption band can be observed (Figure S14b),
which is attributed to the presence of AgNPs on the surface of
the TiO2 NPs. Figure 7a shows a typical hydrogen evolution on

pristine TiO2 NPs and TiO2@AgNPs under UV-vis and only visible
light irradiation (� 400 nm). Hydrogen generation evolves
steadily under UV-vis and also under only visible light
irradiation (Figure 7a). The rate of hydrogen generation on
TiO2@AgNPs photocatalyst under visible light is much lower
than UV-vis illumination, but shows the potential of the
photocatalyst to be active also under visible light irradiation. On
the contrary, TiO2 NPs did not show any activity under visible
light irradiation. TiO2@AgNPs hydrogen evolution rate under
UV-vis irradiation was 3.5 x greater than pristine TiO2 NPs,
showing again the high potential of the prepared green
TiO2@AgNPs photocatalyst for solar to hydrogen conversion.
Additionally, the TiO2@AgNPs showed excellent recycling prop-
erties that led to a constant generation of hydrogen in three
consecutive photocatalytic cycles (see Figure 7b).

To get insight into the photocatalyst surface modifications
due to the presence of the reactive medium, Ag 3d XPS spectra
were obtained before and after photolysis for the TiO2@AgNPs
(Figure S15). Fresh TiO2@AgNPs spectrum demonstrated that
the Ag species corresponded to an oxidized phase (AgO or
Ag2O), with Ag 3d5/2 and Ag 3d3/2 peaks binding energies of
367.9 eV and 373.8 eV, respectively. After three runs of
photolysis, slight shifts of the Ag 3d5/2 and Ag 3d3/2 peaks were
observed, to 367.4 eV and 373.3 eV, respectively (Figure S15).
Due to the energy resolution of the XPS equipment, it is not
possible to infer that the Ag species became more oxidized
after UV-vis irradiation. In all the cases, the XPS spectra had the
Ag 3d doublet splitting of ~5.9 eV.

The plasmonic sensing ability from AgNPs films obtained
with radish extracts was first tested by monitoring the
plasmonic band (inset in Figure 8a) when immersing the films
in glucose solutions with different concentrations (refractive
index ranging from ~1.335 to ~1.348). The SPR band red-shifted
by about 3 nm, resulting in a bulk sensitivity of about 201 nm
RIU� 1 (RIU: refractive index unit) which is ca. 30% higher than
the LSPR sensitivities from AgNPs synthesized with conven-
tional methods in films (see Table S6).

Figure 7. (a) Hydrogen photogeneration experiments under UV-vis and visible radiation using the pristine TiO2 and TiO2@AgNPs. (b) Recycling of TiO2@AgNPs
photocatalyst under UV-Vis irradiation during 3 cycles. In all cases methanol was used as sacrificial agent (methanol/water ~1/8 v/v) and the AgNPs were
synthesized using [honey]=0.6 gmL� 1, [AgNO3]=6 mmolL� 1 and pH 3.8.
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Nanoplasmonic biosensors were assembled using AgNPs
functionalized with biotin for biorecognition of streptavidin in
PBS solution. Biotin participates in a wide range of metabolic
processes where it attaches covalently to proteins, nucleic acids,
or other molecules. Streptavidin is a tetrameric protein that also
links to antibodies, inhibitors, and nucleic acids with minimal
impact on its biological activity. The biotin–streptavidin system
has a high affinity constant (K~1013 molL� 1), turning out to be
an appropriate receptor-analyte model to demonstrate the
biosensor performance.[50,51] Figure 8b shows the results of
protein binding experiments. The wavelength red shifts (Δλ)
were calculated using the LSPR absorption band of 11-
mercaptoundecanoic acid (MUA) as reference and plotted in
the inset of Figure 8b. The total surface assembly MUA-biotin-
streptavidin (0.125 mgmL� 1) corresponded to a Δλ of about
12 nm, resulting from the increase in the localized refractive
index near the AgNPs surface with the molecular bindings.
Therefore, green AgNPs can be applied as substrates for
plasmonic biosensing. Through their functionalization with the
biorecognition element (in this case biotin), the analyte
(streptavidin) could be detected. The same setup may be
employed for different types of biodetection, such as antibody-
antigen, enzyme-protein, etc.

In conventional synthesized methods of AgNPs films shifts
of about 7 nm were observed (streptavidin 50 μgmL� 1), lower
than the present method. The wavelength red shifts (Δλ) were

calculated using the SPR absorption band of MUA as reference
(inset of Figure 8b). The total surface assembly (MUA-biotin-
streptavidin) corresponded to a Δλ of about 12 nm showing a
small increase in the surface-average refractive index at or near
the AgNPs surface; but enough to detect analyte binding at
very low concentrations.

Conclusions

This work shows a new and affordable method for AgNPs
synthesis using natural extracts from food (honey and radish)
and a green heating source (microwave irradiation). This
method is eco-friendly and non-toxic. The methodology
employed here also showed that AgNPs could be formed by
microwave irradiation of extracts obtained from the skin or
rotten radish. The investigation unveiled a strong dependence
on nucleation, stabilization, and therefore on the growth and
coalescence mechanism with the chemical composition of the
natural extract used during the synthesis. As result, the
concentrations of silver precursor and natural extract, in
addition to pH had different impacts on the growth mechanism
of the nanoparticles. In general, AgNPs with mean diameters
smaller than 13 nm were obtained. The AgNPs presented high
stability as the λmax of absorption remained constant after
120 days of aging (for both extracts). However, when honey
was used as medium for the synthesis the λmax of absorption
also remained constant, but the intensity decreased along the
aging days.

The prepared green AgNPs were impregnated onto TiO2

NPs (TiO2@AgNPs) and used for hydrogen generation in the
photo-reform of methanol at room temperature. The hydrogen
evolution was stable, even under only visible light irradiation,
and showed excellent recycling properties. In a second
application, it was assembled a chip with a film of the AgNPs,
presenting a LSPR sensitivity of 201 nm RIU� 1. Finally, the AgNPs
chip was applied as a nanoplasmonic biosensor to estimate the
potential of detecting biomarkers using biotin and streptavidin
as a model system. The surface assembly was enough to detect
analyte binding at extremely low concentrations with a total
redshift (Δλ) of about 12 nm. This work highlights that the
green synthesis of AgNPs using microwave irradiation and only
honey or radish extracts as reducing and stabilizing agents
provides environmentally friendly approaches at low cost and
scalable for the synthesis of silver nanoparticles.

Experimental Section

Materials

Honey and fresh pink radish (Raphanus sativus) were obtained from
local customers (Porto Alegre, RS – Brazil). Silver nitrate (AgNO3)
was purchased from Plat LAB, Brazil. Titanium (IV) bis (ammonium
lactate) dihydroxide solution (TALH), 50 wt.% in H2O, ammonium
hydroxide, sodium hydroxide (NaOH), 3-mercaptopropyl trimeth-
oxysilane (MPTMS), D-(+)-glucose, 11-mercaptoundecanoic acid
(MUA), N-ethyl-N-(3-dietilaminepropyl carbodiimide) (EDC), N-hy-

Figure 8. (a) Sensitivity of AgNPs nanoplasmonic multilayer film for biosens-
ing using glucose solutions; (b) SPR shift for AgNPs functionalization with
11-mercaptoundecanoic acid (MUA), followed by the adsorption of biotin
and streptavidin.
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droxisuccinimide (NHS), biotin, dimethyl sulfoxide (DMSO), and
streptavidin p.a. were acquired from Sigma-Aldrich. Sulfuric acid
(H2SO4) was purchased from Vetec Química Fina Ltda. Hydrogen
peroxide (H2O2), ethanol, methanol, and nitric acid (HNO3) were
obtained from Casa da Química. 0.1 molL� 1(pH 7) phosphate buffer
solution (PBS) was prepared using sodium phosphate monobasic
monohydrate (NaH2PO4) and sodium phosphate dibasic (Na2HPO4)
both acquired from Sigma-Aldrich.

Preparation of honey solutions

Aqueous honey solutions were prepared by mixing different
concentrations of honey with ultrapure water (milli-Q®). The
concentration of these solutions varied between 0.1 and 1.0 gmL� 1-
weight of honey (g) per mL of ultrapure water. The mixtures were
sonicated for 30 minutes prior to the AgNPs syntheses.

Preparation of radish extract solutions

For the preparation of aqueous radish extract solutions, the
vegetable (Raphanus sativus) was washed with tap water, peeled,
washed with deionized water, and finally dried with filter paper.
Radish roots or their peel were blended in a Philips kitchen blender
(600 W) with ultrapure water until homogenization. Radish root
extract concentrations varied between 0.25 and 2 gmL� 1 – weight
of radish root (g) per mL of ultrapure water. Finally, the obtained
mixtures were vacuum filtered, using G2 and G4 sintered glass
filters, and the filtered solutions were used.

Synthesis of Silver nanoparticles

Silver nanoparticles (AgNPs) syntheses were conducted using
aqueous honey or radish extract solutions (final volume of 30 mL)
and AgNO3 as the silver precursor (0.50 molL� 1). The desired
volume of the AgNO3 solution was added to the honey/radish
extract solutions using a micropipette, under vigorous stirring, and
introduced to a homemade Teflon reactor. The final AgNPs were
obtained after irradiating the sample for 30 seconds at maximum
power in a commercial Panasonic Microwave oven (1600 W). The
optical properties were investigated by changing the synthesis
conditions (concentration of honey/radish extract solutions; AgNO3

concentration; and pH (modified with NaOH or HNO3).

Impregnation of TiO2 NPs with AgNPs.

TiO2 nanoparticles (TiO2 NPs) were impregnated with AgNPs
synthesized using a honey solution ([honey]=0.6 gmL� 1; [AgNO3]=
6 mmolL� 1; pH 3.8. Before the impregnation, the AgNPs were
centrifuged at 14,000 rpm for 10 min and only the supernatant was
used forward. The impregnation procedure was done by a modified
wet impregnation method, consisting of the dispersion of the TiO2

NPs into ultrapure water, by stirring and sonication during 1 hour,
followed by the addition of the colloidal AgNPs. The mixture was
stirred and sonicated for 1 hour and rested overnight aiming for
the adsorption equilibrium of the AgNPs onto the TiO2 NPs surface.
The supernatant was removed, and the precipitate was oven-dried
at 80 °C for 12 h. Finally, it was calcined at 400 °C for 3 h, with a
heating rate of 5 °C per minute. Pristine TiO2 NPs were also
synthesized by a MW assisted methodology, using an aqueous
ammoniacal solution and TALH as the titanium precursor. Briefly,
5 mL of TALH was mixed with 45 mL of 0.1 molL� 1 of NH3 and
irradiated for 15 min at 160 °C using a Microwave Digestion System
MARS 6 (CEM Corporation). The detailed procedure is reported on a
previous work of our research group.[52]

Photocatalytic measurements

Hydrogen photogeneration experiments were performed using a
Teflon reactor of (24.16�0.01) mL, with a quartz window of
2.54 cm in diameter. Methanol was used as sacrificial agent with a
methanol/water solution proportion of ~1/8 v/v. Photogeneration
experiments were carried out by the dispersion of the photocatalyst
(1 mgmL� 1) in the methanol/water solution, followed by its
sonication during 30 minutes. The reactor was deaerated with
nitrogen for 30 minutes prior to irradiation. A high-pressure Xe/Hg
lamp (350 W, Scientech) was used for the photolysis, allowing the
irradiation of the samples under a wide spectral range. Visible light
experiments were performed using a Long Wave Pass Filter,
25.4 mm, 400�5 nm cut-on (� 1200 nm) from Newport. Gas
chromatography (Shimatzsu GC-2010) was used to evaluate the
photocatalytic activity, using a molecular sieve 5 A packed column,
following a procedure previously reported.[53,54]

Preparation of nanoplasmonic biosensors

The following cleaning and adsorption methodologies were
adapted from previous works. Microscopy glass slides, with 2 cm2 of
area (2.5 cm x 0.8 cm), were cleaned by its sequential submersion
on ethanol, acetone, deionised water, and piranha solution (H2O2/
H2SO4 1/3 in volume), respectively, and finally washed with
deionised water. Next, the slides were immersed in an ethanol
solution of MPTMS (10 mmolL� 1) for 24 h, maintaining at 60 °C for
the first 2 h and at room temperature for 22 h. To remove any
excess of MPTMS, the slides were washed with ethanol and
deionised water. A 2 h curing process at 120 °C was done to
improve AgNPs adsorption, followed by the immersion of the slides
on the colloidal AgNPs ([radish extract]=0.5 gmL� 1; [AgNO3]=
4.5 mmolL� 1; pH 11.4) for 48 h. A second deposition of AgNPs was
done onto the slides by dipping them into a solution containing
300 μL of MPTMS and 250 μL of 0.1 molL� 1 HCl in 25 mL, followed
by immersion into the colloidal AgNPs for 1 h. The subsequent
AgNPs layers were adsorbed by following the same procedure.
Protein detection via LSPR involves a series of steps related to the
surface of the AgNPs film. For the formation of the label free
nanoplasmonic biosensor, the methodology proposed by Peixoto
et al. was used.[23] First, the substrate with one layer of AgNPs was
placed on an ethanol solution of 1 mmolL� 1 of MUA for 72 h (MUA
has a thiol group, which covalently binds to AgNPs). The slide was
washed with ethanol, followed by deionised water, and placed in a
1 :1 solution of EDC/NHS 0.1 molL� 1 for 3 h. The modified substrate
was immersed in a 6 mgmL� 1 biotin solution of in DMSO for 6 h.
After that procedure, the substrate was ready to interact with
streptavidin and was immersed on a PBS solution containing
0.125 mgmL� 1 of this protein for 15 minutes.

Characterization

UV–vis spectroscopy studies were performed on the colloidal
AgNPs to follow their formation and to investigate their mean size,
size distribution and stability over time. Spectra were obtained in
the wavelength range of 200–800 nm, using a CARY 50 spectropho-
tometer (Varian). A double-beam CARY 5000 spectrophotometer
(Varian) was used to follow the AgNPs film formation, after each
deposition procedure. The measurements were performed with the
slide immersed in distilled water, using a baseline of the slide only
with MPTMS, also immersed in distilled water. The functionalization
of the AgNPs slide was also accompanied by UV-Vis spectroscopy,
but now immersed on PBS pH 7. The sensitivity of the AgNPs
multilayer film was determined by acquiring UV-Vis spectra in
solutions with increasing refractive indexes. Aqueous solutions with
different D-(+)-glucose concentrations (from 0 to 100 mgmL-1)
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resulted in refractive indexes ranging from 1.3350 to 1.3477 RIU
(refractive index unit). Refractive index changes were determined
by an ATAGO 4410 digital refractometer. The optical properties of
the pristine TiO2 NPs and TiO2 NPs impregnated with AgNPs
(TiO2@AgNPs) were measured using the same equipment. The
Kubelka–Munk equation was employed to analyse the data,
assuming that the sample scattering coefficient was constant for
the UV–Vis wavelength range. All measurements were done in the
wavelength range of 200–800 nm. To identify the main functional
groups of aqueous honey and radish extract solutions under
different pHs, attenuated total reflectance infrared spectroscopy
(ATR-FTIR) measurements were conducted using an Alpha-Bruker
equipment, with infrared source ranging from 500 to 4000 cm� 1

and 4 cm� 1 resolution. Samples were prepared by oven drying the
solutions and the as synthesized colloidal AgNPs at ~80 °C over-
night.

Transmission electron microscopy (TEM) was used to determine the
mean size and morphology of the AgNPs. TECNAI G2 and FEI
TECNAI F20 (Netherlands) microscopes operating at 200 kV were
used to perform the measurements. For some TEM measurements
the FEI microscope model Morgagni 268D was also used. The mean
size of the NPs was measured using the software ImageJ®.X-ray
photoelectron spectroscopy (XPS) was used to confirm the
presence of silver in the synthesized NPs and in order to determine
its chemical state. XPS measurements were carried out using a Mg
Kα (1253.6 eV) source and a conventional electron spectrometer
(Omicron Gmbh, Germany) equipped with a high-performance
hemispherical energy analyzer and a seven-channeltron detector.
Surveys spectra were obtained with a pass energy of 50 eV, while
the selected atomic signals were acquired with 10 or 30 eV. Casa
XPS software package was used to deconvolute the obtained
spectra. All the measured spectra were corrected by setting the
reference binding energy of carbon (C 1s) at 285.0 eV. Spectra
single atom fittings were carried out using a mixed Gauss-Lorentz
function and a Shirley background. The AgNPs sample used on XPS
measurements was prepared by the dispersion of colloidal AgNPs
on ethanol–1 :4 AgNPs:ethanol (v/v) – followed by its centrifugation
at 14,000 rpm. After the removal of the supernatant, the precipitate
was rinsed with distilled water multiple times and oven dried at
~100 °C for 2 hours. XPS spectra were also obtained after sputtering
of the AgNPs sample. A 5 keV Argon ion beam was used in situ in
the analysis chamber maintaining a constant argon pressure of
8.0×10 � 8 mbar during sputtering. The ion current and time period
of sputtering was 3 mA and 60 min respectively.
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Silver NPs between 7.0and 12.8nm
in size are prepared in diluted
aqueous solutions containing only
radish extracts or honey by
microwave irradiation. The AgNPs are

assembled in a nanoplasmonic
biosensor chip for biomarkers detec-
tions and used as co-photocatalyst
(TiO2@AgNPs) for hydrogen genera-
tion using UV or visible light.
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