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Green synthesis of gold nanoparticles using
aqueous Aegle marmelos leaf extract and their
application for thiamine detection†

K. Jagajjanani Rao and Santanu Paria*

Nanoparticles of noble metals, especially gold nanoparticles are studied extensively because of their new

and amazing properties. Among several synthesis techniques, green synthesis of nanoparticles is

promising in recent years. In this study, we investigated the potential of Aegle marmelos leaf extract (LE)

in reduction of HAuCl4 to form �38.2 � 10.5 nm spherical shape polyphenol capped gold nanoparticles.

The stoichiometric proportion of the LE to HAuCl4 and the equilibrium time to complete the reduction

process for the nanoparticle formation were also identified. The total reaction time was observed to be

within �30 min from the particle formation kinetics study. The as-synthesized gold nanoparticles capped

with polyphenols of leaf extract were shown to be very effective for the detection of vitamin B or

thiamine to a minimum concentration of �0.5 mM.
1 Introduction

Synthesis of nanoparticles (NPs) using green processes is
receiving immense attention in recent years over the conven-
tional bottom-up chemical routes, because of several advan-
tages of green routes such as environmental friendliness, use of
renewable natural resources, more bio-compatible nature for
biological applications.1,2 Among the available green method-
ologies, biosynthesis of nanoparticles has attracted greater
attention for its mild reaction conditions, eco-friendly residual
products, and in situ capping abilities.2–4 Unlike microbial
based synthesis processes, utilization of plant based natural
compounds has some advantages such as user friendliness,
cost-effectiveness, easy separation and purication processes.5–7

As a result, various novel nanoparticles have been synthesized
by this technique.6,7

Among the different NPs, gold (Au) NPs have attracted great
attention for their technological and biomedical applications
such as diagnostics, biosensors, molecular imaging, drug
delivery.8,9 Numerous studies have also been documented for
the phytochemical based synthesis of AuNPs, where the gold
ion is reduced by the electron donating plant components or
phytochemicals.10–13 For example, AuNPs from Chenopodium
album (10–30 nm), geranium leaf (16–40 nm), Memecylon edule
(20–50 nm), banana peel extract (300 nm), etc. are reported
before.14,15 Additionally, few recent studies have also shown the
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potential use of the medicinal plants for the synthesis of AuNPs.
For example, Citrus limon extract was employed to have a 10 nm
AuNPs at ambient temperature and neutral pH.12 Similarly,
plant extract from cypress leaves resulted in AuNPs of �15 nm
particles within 10 min,13 active polyphenols and avonoids of
black tea leaf broth gives �20 nm mixed shape AuNPs.16 Some
other therapeutic plant extracts such as Syzygium aromaticum,
Azadirachta indica, Emblica officinalis, Cinnamoum camphora,
Avena sativa, etc. were also able to produce AuNPs.11,14,15,17,18

Although widespread studies have been reported for AuNPs
synthesis, systematic studies with applications are limited. In
this study, we report a single step quick preparation route of
AuNPs of �38.2 � 10.5 nm spherical size and stabilized in situ
without any external capping agent using Aegle marmelos LE.
Furthermore, these as-synthesized caped AuNPs were also used
for facile detection of thiamine in aqueous solution. Thiamine
or vitamin B1 is a sulphur containing water soluble vitamin
naturally produced in bacteria, fungi, and plants.19 This vitamin
enters into human or animal body from food, which is an
important cofactor for many cellular processes. Thiamine
deciency causes various diseases in the human body such as
beriberi, and neurological disorders, optic neuropathy, etc.19

Additionally, it is also an essential vitamin to avoid various
neurological and muscular disorders in poultry, ruminants,
birds, sh, and mammals.20

A positive diagnosis of this vital vitamin in blood and tissues
will help to avoid many diseases in advance, especially neuro-
logical disorders. Additionally, an easy and reliable method of
detection of this essential vitamin in food and pharmaceutical
industries is highly essential for different product formula-
tions.21 The widely used chemical techniques for thiamine
detection are based on the reaction between chemical oxidising
RSC Adv., 2014, 4, 28645–28652 | 28645
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agents and alkali, followed by the detection of uorescent active
compound thiochrome formed by oxidation reaction.22 The
uorescent measurement technique is useful because of its
high sensitivity, even at low concentration with less noise in the
biological system; nevertheless, in other techniques such as UV-
visible spectroscopy various biomolecules interfere during the
analysis. Finally, numerous methods have been developed and
still developing to trace out the thiamine content especially in
solution phases.21,23 Some research groups even used transition
metal (ruthenium), and metal (cerium) mediated oxidation of
thiamine, which required �8 h incubation time with the metal
catalyst for the completion of reaction.24 Similarly, different
chemical methodologies were reported for thiamine detection,
where different special reaction conditions such as long incu-
bation time (�16 h), elevated temperature,25 and alkalinity26 are
required to be maintained. Nanoparticles based biosensors
having good optical properties (absorption or emission)
drawing signicant interest in recent years.27,28 However, there
is no reported study available on thiamine detection using
AuNPs based sensor. This study reveals that polyphenols cap-
ped AuNPs have quick oxidation ability towards thiamine to
generate thiochrome (a uorescent active compound). This
sensing property of capped AuNPs towards thiamine has a huge
scope to design novel sensor in bio-chemical and medical
applications.
2 Experimental
2.1 Materials and methods

The chloroauric acid (HAuCl4$3.5H2O) was purchased from
Loba Chemie. Potassium bromide (KBr), Sodium hydroxide
(NaOH) from Merck. Ultrapure water of 18.2 mU cm resistivity
was used throughout the study. Aegle marmelos LE was prepared
according to our previous study.29 The aqueous extract was then
freeze dried to powder form (Labconco, FreeZone 2.5). A 5%
stock solution of LE was prepared in deionized water and was
used for the experiments.

The AuNPs were synthesized from 1 mM HAuCl4 in the
presence of different concentrations of LE from 0.1–1.5% for 2 h
at room temperature (�25 �C). The stoichiometric amount of LE
required for the reduction reaction was determined using gold
bromide complexation reaction, where the excess HAuCl4
present in solution was react with externally added KBr solution
as per reaction mentioned below.30

HAuCl4$3.5H2O + 4KBr / KAuBr4$2H2O + 3KCl + HCl (1)

Aer the completion of the reduction reaction for NPs
formation, particles were separated by centrifugation and then
the supernatant (1 mL) was treated with 0.3 mL of 1 N KBr
solution. The gold bromide complex (KAuBr4$2H2O), was
conrmed by UV-visible spectroscopy peak at 380 nm wave-
length. The absence of peak indicates that the excess HAuCl4 is
absent aer the reaction. Additionally, kinetics of particle
formation was studied by UV-visible spectroscopy which was
recorded as a function of reaction time of using 1.5% LE.
28646 | RSC Adv., 2014, 4, 28645–28652
To elucidate thiamine detection efficiency of the capped
AuNPs, 12 mM thiamine was exposed to various concentrations
of AuNPs (9.25 to 370 mg mL�1) in water : methanol (1 : 2)
solutions. Then these solutions were mixed thoroughly, incu-
bated for 20 min, the uorescence spectra were analyzed at 425
nm wavelength, while excited at 356 nm wavelength. Further-
more, to check the particle size effect on thiamine detection
efficiency, smaller size particles (�10 nm) were synthesized
chemically by NaBH4 reduction using a published protocol31

and then LE was added externally to adsorb on the particle
surface.
2.2 Characterization

UV-visible spectra were recorded using a UV-visible-NIR spec-
trophotometer (Shimadzu, UV-3600). High-resolution trans-
mission electron microscopy (HR-TEM, JEOL-2100F) and
scanning electron microscopy (SEM, JEOL JSM 6480 LV) were
used to identify the particle sizes and shapes wherever
necessary. Participation of the active functional groups in the
reduction process of gold precursor was identied by FT-IR
spectroscopy (Bruker, USA), equipped with a horizontal
attenuated total reectance (ATR) device with zinc selenide
(ZnSe) crystal. Zeta (z) potentials of LE and AuNPs were
measured by Malvern zeta size analyser, (Nano ZS). X-ray
diffraction measurements were done by Philips (PW1830
HT) X-ray diffractometer, in the range of 20–90� (2q) at a scan
rate of 0.05� s�1. Thermal gravimetric analysis (TGA) was
performed using Shimadzu, DTG-60H. The changes in
weight in TGA were recorded from 50 to 600 �C at a heating
rate of 5 K min�1.
3 Results and discussion
3.1 Effect of leaf extract concentration on particle size

In general, identication of the stoichiometric ratio for green
route synthesis is equally important as that of the wet chemical
route to minimise the excess precursor during the reaction
process. To identify that, the prepared LE (5.0%) was diluted to
0.1, 0.2, 0.3, 0.5, 0.7, and 1.0% solutions and exposed to 1 mM
HAuCl4 for 2 h to complete the reaction. The spectral patterns
because of the surface plasmon resonance (SPR) effect of AuNPs
in the presence of different LE concentrations are shown in
Fig. 1(a). At 0.1% LE, one can clearly see that there is no
prominent peak of AuNPs. This could be because of low LE
concentration which is insufficient to produce NPs. As the LE
concentration increases to 0.2%, a broad peak pattern of AuNPs
is observed. The presence of a shoulder type hump at 700–750
nm along with a peak at 550 nmmay be because of the presence
of various sizes and non-spherical shape NPs. While the
concentration of LE increases to 0.3% and above, the charac-
teristic peaks with lmax value at �543 nm are observed which
indicates the absorption of AuNPs in the visible region of the
electromagnetic spectrum.32

To nd the presence of excess HAuCl4 in the reaction
mixture, KBr solution was added to the supernatant aer the
separation of particles to form a gold complex (KAuBr4$2H2O).
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (a) UV spectra of the AuNPs after reaction with different LE concentrations (0.1–1.0%). (b) UV-Vis spectra of KBr treated supernatents after
reaction with 1 mM HAuCl4 and different concentrations of LE (0.1 to 1.0%). (c) Phorographs of pure LE before reaction (left to right increasing
concentration, 0.1 to 1.0%). (d) Colour changes of respective solutions after AuNPs formation. (e) Photographs of respective supernatents (after
completion of particle formation) treated with 1 N KBr.
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The complex formation was conrmed by the characteristic UV-
visible peak (lmax) at 380 nm shown in Fig. 1(b). The physical
appearances because of the colour change of different reaction
systems are shown in photographs of Fig. 1(c)–(e). The absence
of positive absorbance peak at 380 nm for 0.3% of LE and above
in UV-visible spectra indicates no excess HAuCl4 present in the
reaction mixture.30 Therefore, 1.0 mM/0.3% (HAuCl4/LE)
concentration was taken as the stoichiometric ratio for
complete reduction.

The role of LE concentration below the stoichiometric ratio
on particle formation was studied further. The UV-Visible
spectral pattern of AuNPs synthesized from non-stoichiometric
proportion of 1.0 mM/0.2% (HAuCl4/LE) is shown in Fig. 1(a).
The less intense broad spectral pattern extended towards NIR
region may be because of the presence of either larger sized or
non-homogenous nanoparticles. The possibility of formation of
larger size particles was mainly because of the insufficient
capping effect.33 The molecules of LE responsible for capping
effect are discussed in later sections. The as-synthesized NPs in
the presence of excess HAuCl4 and water washed AuNPs aer
removing excess HAuCl4 was observed under SEM (Fig. S1†).
Microscopic analysis of as-synthesized AuNPs from Fig. S1a†
displays the self-assembled pattern having branches at 90�

when the drop was dried on a glass surface. Interestingly, the
patterned behaviour was absent when the mentioned AuNPs
were separated by centrifugation and are subjected to water
wash as shown in Fig. S1b.†

Self-assembled structures of AuNPs on the glass surface,
shown in Fig. S1a† are because of excess residual HAuCl4 upon
evaporation on glass substrate under a 60 W incandescent bulb.
The temperature of �125 �C might assist in the assembled
pattern of residual HAuCl4 in the presence of low strength LE.
This journal is © The Royal Society of Chemistry 2014
The self-assembled pattern is formedmainly at the centre of the
drop (Fig. S1a†). The SEM images show that the presence of
excess HAuCl4 helps to form fractal type self-assembly, where
branches are consist of already formed AuNPs. Thus AuNPs
alone cannot form the pattern, but presence of metal salt and
NPs are required for the formation of self assembly as shown by
some reported study.34
3.2 Kinetics of particle formation

To know the equilibrium reaction time of AuNPs formation, the
progress of reaction using 1.0 mM aqueous HAuCl4 in the
presence of 1.5% LE was monitored with time by UV-Vis spec-
troscopy. The absorption spectra at 543 nm wavelength (lmax)
during the reaction at different time intervals are shown in
Fig. 2(a). The rise in the maximum absorbance value is initially
very fast because of the formation of AuNPs and then nally
saturated aer 30 min. This result indicates, �30 min time is
required for the completion of the reduction reaction. The
change in absorbance as a function of time at a constant
wavelength of 543 nm is shown in Fig. 2(b) and the colour
change due to nanoparticles was shown in Fig. 2(c). This spec-
tral behaviour indicates the reduction reaction and subsequent
nuclei generation processes are completed within �25 min and
followed by growth.
3.3 XRD and electron microscopic characterization of
nanoparticles

The TEM micrographs of AuNPs prepared from 1 mM HAuCl4
and 1.5% LE is shown in Fig. 3(a)–(c). The particles formed
in this green route are mostly spherical to little irregular
shapes having almost homogeneous size distribution with
RSC Adv., 2014, 4, 28645–28652 | 28647

http://dx.doi.org/10.1039/c4ra03883e


Fig. 2 (a) UV-visible spectra of AuNPs recorded with the progress of
reaction time using 1.0mM aqueous HAuCl4 and 1.5% LE (taking LE as a
reference). (b) Particle growth kinetics (absorbance vs. time) at 543 nm
wavelength. (c) The colour change of the LE before (left) and after the
reaction (right) due to AuNPs formation.

Fig. 3 (a) Low magnification TEM image of AuNPs using 1.0 mM/1.5%
(HAuCl4/LE). (b) and (c) HR-TEM images of AuNPs. Inset of (b), HRTEM-
EDS analysis of the AuNPs. Inset of (c), powder XRD pattern. (d) SAED
pattern of the obtained AuNPs.

Fig. 4 ATR-FT-IR spectra of the LE (1.5%) before reduction (curve I)
and after reduction (curve II) of Au salt (1.0 mM). AuNPs subjected to
water wash (curve III) and NaOHwash (curve IV) also shown. Curves III,
IV, represent spectrums of centrifuged, repeated water washed, dried
and suspended AuNPs in deionized water.
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an average diameter of �38.2 � 10.5 nm. Particle histograms
of TEM images are given in Fig. S2.† The presence of gold was
conrmed by the EDX analysis, as shown in the inset of
Fig. 3(b), and the SAED pattern of AuNPs from HR-TEM
(Fig. 3(d)) shows the rings corresponding to the (111), (200),
(220), and (311) reections of the face-centered-cubic (fcc)
structure of Au. The crystallinity of puried AuNPs was also
conrmed by the powder XRD analysis. The XRD pattern of
AuNPs with 2q peaks at 38.20�, 44.50�, 64.68�, 77.61� matching
with JCPDS le no: 04-0784 corresponds to the above
mentioned planes and fcc structure, shown in the insert of
Fig. 3(c).
28648 | RSC Adv., 2014, 4, 28645–28652
3.4 FT-IR analysis for functional groups identication

The FT-IR spectroscopy was done in ATR mode to identify the
responsible functional groups of LE in the Au3+ ions reduction
and capping of AuNPs. Fig. 4 shows the spectra of pure LE
(curve I), supernatant aer reduction of Au salt (curve II), water
washed AuNPs (curve III), and NaOH washed AuNPs (curve IV).
The absorbance in the range of 1500–900 cm�1 from the IR
spectra of curves I and II, reveal that the characteristic of
polyphenolic tannin molecules present in LE.35 The pure LE
shows (curve I) the peak bands at 1521, 1458, 1397, 1340, 1320,
1273, 1235, 1163, and 1034 cm�1 which are exclusively for the
presence of tannins.36 Additionally, the presence of broader
peaks in the regions of �1350 cm�1 and between 1290 and
1150 cm�1 indicate that tannins of LE are ‘hydrolysable’ type.
These two peak regions can be assigned to C–O stretching (at
1370 cm�1) and OH deformation vibrations (with absorptions at
1273, 1235 and 1163 cm�1).36 The presence of these molecules
was also conrmed before in our previous study.29

The LE aer the reduction (curve II) of HAuCl4 shows almost
similar peak pattern that of curve I with few changes are as
follows: a new peak appears at 637 cm�1 and peak splitting
patterns, and multiple absorptions (indicated with a star) at the
peak regions of 1541, 1652 and 1700 cm�1. These peaks of
�1500 and 1600 cm�1 are because of aromatic C]C bond of the
aromatic ring and peak at �1700 cm�1 is because of isolated
and exposed carbonyl groups (C]O) of LE aer the reduction
reaction.37

Furthermore, IR spectra of the supernatants of water and
NaOH wash AuNPs are shown in curves III and IV respectively.
While comparing curves I and III, signicant changes in peaks
are not observed, especially in the ngerprint region (peaks
1517, 1466, 1398, 1340, 1320, 1273, 1031 cm�1, etc.). This can be
attributed to the adsorption of phenolic compounds such as
tannic acid product on the surface of the water washed AuNPs.
This journal is © The Royal Society of Chemistry 2014
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And curve IV shows no signicant peaks in the ngerprint
region, which indicates the total removal of capping agent aer
NaOH treatment of AuNPs.

3.5 Tests for capping effect

FT-IR analysis indicates the presence of polyphenols in LE,
which has a signicant role in the gold ion reduction as well as
stabilization of AuNPs because of capping. To further probe the
capping ability of these molecules, synthesized AuNPs were
washed with water and subsequently treated with NaOH solu-
tion, and then the supernatant solutions were analyzed by UV-
visible spectroscopy. Fig. 5(a) clearly shows the absence of any
distinct peak for the water wash supernatant, whereas NaOH
wash supernatant shows a maximum absorbance at 276 nm;
which indicates the presence of polyphenols released from
AuNPs surface.

The strong adsorption ability of polyphenols onto AuNPs can
also be supported by TGA analysis. The TGA analysis of pure LE,
AuNPs (water and NaOH washed) are presented in Fig. 5(b). The
thermal decomposition of LE – (curve I) shows majorly three
zones. The rst step of the transition is between 65 to 115 �C
with a mass loss of 4.56%, which can be attributed to the loss of
moisture and preliminary oxidation steps and elimination of
volatile fractions. The second step of the transition where a
weight loss of 30.43% was occurred between 115 to 354 �C,
attributed to rst pyrolysis step of the adsorbed molecules of
Fig. 5 (a) UV-visible absorbance spectra of supernatants of water
washed and NaOH (0.5 M) treated AuNPs. (b) TGA of pure LE, AuNPs
after water wash and NaOH wash.

This journal is © The Royal Society of Chemistry 2014
LE. Between 355 and 500 �C is the second pyrolysis step and
contributes to 22.78% weight loss. Finally, above �500 �C
weight remains constant (42.23%) because of carbonized
residue.38

The TGA pattern of water washed AuNPs (curve II) also
shows three thermal zones similar to that of pure LE. These
transitions are between 65 to 110 �C, 110 to 345 �C, and 346 to
513 �C with weight losses of 3.6, 19.6, and 26.43% respectively.
However, the weight remained above �515 �C is 50.37%
because of the presence of residual carbon (due to capping
agent) and AuNPs.

The TGA analysis of naked AuNPs obtained aer NaOH wash
(curve III) displayed no distinguished transition steps, unlike to
that of curve I and II. The thermal zone appreciated between 65
to 477 �C with a mass loss of 62.11% attributes to moisture loss
and/or oxidation step to eliminate the adhered volatile frac-
tions. Finally, aer heating at 477 �C the residue was 37.89% of
naked AuNPs. The total weight loss calculated from curve II and
III at 112 to 513 �C is 9.05%, which contributes to the weight of
capping agent present in the total weight of water washed
capped AuNPs.

3.6 Zeta potential (z) studies

The z potentials of the LE solutions (before and aer the reac-
tion) and AuNPs (as-synthesized, water washed, and NaOH
treated) were measured to know the presence of capping agent
adsorbed on the particle surface. One can see from the Fig. S3†
that all samples show negative z potential. While comparing z

potentials, LEtreat shows a slight lower potential than LEfresh

because of the absence of some active tannin molecules and the
presence of extra H+ ions from HAuCl4. Further, the negative z

potential values of AuNPs show the following order: within LE <
water wash < NaOH wash. The pattern observed is mainly
because of capping effect of tannin molecules on the surface of
the AuNPs. Repeated water wash NPs show more negative value
than that in pure LE because of the removal of loosely bound
tannin molecules, and NaOH wash particles show highest z

potential value because of complete removal of the adsorbed
molecules from the particle surface. The observed z potential
value aer NaOH wash (�42.9 � 2.45 mV) is close to the
reported value of pure AuNPs which are around ��41 to 44 mV
at neutral pH.39,40 Moreover, it has also been found that the z

potential value of repeated methanol washed AuNPs is �42.4 �
1.9 mV is close to that of NaOH wash (Fig. S3†). So the adsorbed
phenolic compounds can also be removed by repeated meth-
anol wash too.

3.7 Capped AuNPs as thiamine sensors

A solution of 12 mM of thiamine was added to different
concentrations polyphenols capped AuNP suspensions
(9.25, 27.75, 46.25, 92.50 and 185 mg mL�1) in a mixture of
water : methanol (1 : 2) solutions and mixed thoroughly. The
nal mixtures were then excited at 356 nm wavelength (excita-
tion spectra shown in Fig. S4a†), and the respective emission
spectra were measured as shown in Fig. 6. From the gure, it is
very clear that the emission spectra are very prominent for all
RSC Adv., 2014, 4, 28645–28652 | 28649
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Fig. 6 (a) Fluorescence spectra of thiamine (Thi) 12 mM with tannin capped AuNPs from �9.25 to 185.0 mg mL�1 concentrations. (b) Spectra of
thiamine (0.5 to 3.0 mM) exposed to 92.5 mg mL�1 capped AuNPs and insert of (b) displays the fluorescence signal at fixed lemi of 425 nm with
respect to increase in thiamine concentration. Fluorescence signal spectrum devoid of AuNPs with only capping agent (10.0 mgmL�1) exposed to
thiamine (0.5 mM) is also shown in (b).
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different doses of AuNPs and the intensity increases linearly at
lmax of 425 nm with increasing concentration of AuNPs dose.

Furthermore, Fig. 6(b) also shows intense uorescent peaks
with varying thiamine concentrations (0.5 to 3.0 mM) for a
constant dose of AuNPs (92.50 mg mL�1). Form the gure it can
be observed that a constant spectral pattern for 2.0 and 3.0 mM
thiamine concentrations, and this infers that there is a
maximum level of the detection limit (2 mM) for a particular
dose of capped AuNPs (92.50 mg mL�1). This behaviour may be
because of the unavailability of the capping agent for thiamine
oxidation. The uorescence signal pattern at lmax (425 nm)
clearly indicates the threshold level of thiamine detection is
about �1.5 mM by 92.50 mg mL�1 of AuNPs dose (Fig. 6(b)
insert). It is also interesting to observe that the uorescence
signal was enhanced by the use of AuNPs in combination
with capping agent which is responsible for the thiamine
oxidation. When the only LE equivalent to that associated with
92.50 mg mL�1 AuNPs i.e. �10.0 mg mL�1 (revealed from TGA
analysis) was individually exposed to thiamine (0.5 mM), an
emission intensity of 4.2 at 425 nm wavelength was observed;
which is �3.5 times lower than the capped AuNPs of
92.50 mg mL�1 (Fig. 6(b)). The uorescence signal detection by
pure LE devoid of AuNPs also followed a linear pattern as shown
in Fig. S4b.†

To see the importance of in situ capping by LE polyphenols
and effect of particles size on thiamine detection, �10 nm
AuNPs were synthesized chemically and tested. The AuNPs were
synthesized by NaBH4 reduction method31 and incubated with
LE for the adsorption of polyphenols. The particles were sepa-
rated, used for thiamine detection, and emission spectra are
shown in Fig. S5.† It has been found that the detection signal is
signicantly lower compared to that of in situ synthesized
particles. In this case, although the particle size is low, poly-
phenol adsorption or capping effect is also low, which in turn
reduce the detection efficiency. Less adsorption of polyphenols
was also conrmed by the z potential measurements. The
observed z potential values for AuNPs prepared by borohydrate
method are �26 mV (as-prepared) and �30.9 mV (aer water
wash). From the z potential and uorescence results, we can say
that the stabilization effect by LE molecules towards AuNPs is
28650 | RSC Adv., 2014, 4, 28645–28652
stronger for in situ synthesis, and which is also essential for the
detection of thiamine. The enhancement of uorescence
intensity in the presence of capped AuNPs is attributed to the
behavior of distance dependent uorescence resonance elec-
tron transfer (FRET).41 In general; AuNPs are excellent FRET-
based quenchers because of their extraordinary high extinction
coefficient and broad energy absorption bandwidth in the
visible region.42 Usually in quenching effect, initially a donor
uorophore absorbs the energy due to the excitation of incident
light and transfer the excitation energy to a nearby acceptor
chromophore (here AuNPs).

D (donor) + hn / D* (2)

D* + A (acceptor) / D + A* (3)

A* / A + hn0 (4)

In this case, generally two uorophores (donor and acceptor)
must be in the close proximity to one another. The intensi-
cation in uorescence signal is observed aer thiamine oxida-
tion by capped AuNPs, which is a reverse behaviour of
quenching effect. The signal enhancement is acceptable as the
particle and uorophore are separated by capping agent which
in turn reduced the quenching effect and probably enhanced
the rate of uorescence decay.41

As the AuNPs surface is well capped by polyphenols of LE, it
is possible to maintain this distance easily to get FRET. The
signal enhancement is highly advantageous for the develop-
ment of high sensitive thiamine sensors. It is also worthy to
note that only pure thiamine or naked AuNPs in the presence of
thiamine (12 mM) exhibited no signicant uorescent peak at
425 nm (Fig. S6a†) indicates the absence of thiochrome gener-
ation. The process of thiamine oxidation by capped AuNPs is
illustrated in Scheme 1.

The detection procedure is novel because of the simplicity of
the process, detection at neutral pH without long incubation
time. This simple procedure of thiamine detection at ambient
condition was not possible by the reported chemical
routes,20,21,24 and our study shows better detection efficiency
This journal is © The Royal Society of Chemistry 2014
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Scheme 1 Schematic illustration of thiamine oxidation by capped AuNPs.
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than the reported studies, which are able to detect minimum
thiamine concentration in the range of 100,22 �86.4,21 and 50
mM24 effectively.

Further, as a supporting evidence, we also investigated the
structural changes of thiamine (20 mM) by UV-visible spectro-
scopic study (Fig. S6b†) aer the addition of capped AuNPs (2.32
mg mL�1). The UV spectrum of thiamine usually exhibits two
distinct absorption maxima at neutral pH and a merged
appearance at acidic pH.23 Fig. S6b† shows UV absorption
spectra before exposure to capped AuNPs with two distinct
absorption peaks characteristic of pure thiamine at 241 and 259
nm wavelengths at pH �6.0 which in accordance with a repor-
ted study.23 These lmax values shied to 234 and 267 nm
wavelengths aer addition of capped AuNPs, attributed to the
oxidation of the thiazole ring of thiamine. It has been also
found that the reaction time for the conversion of thiamine in
the presence of capped AuNPs to its oxidized product thio-
chrome (specied in uorescent results) is instantaneous. The
structural changes in amine functional group of thiamine are
clearly evident aer oxidation process and visible shis in the
IR absorption region of �3400 cm�1 was also observed (ESI,
Fig. S7† dotted region). From the gure, peaks at 3489 and 3423
cm�1 (because of absorption by primary amine) were replaced
by a single peak at 3427 cm�1 (because of the secondary amine)
aer oxidation of thiamine.
4 Conclusions

In conclusion, we demonstrated a simple, one-pot, economical
and fast green approach to synthesize AuNPs of �38 nm size
within 30 min. A stoichiometric proportion of LE (0.3%) to
HAuCl4 (1 mM) was established for complete reduction process.
The HR-TEM and XRD analysis shows the spherical shape and
crystalline fcc structure of the formed AuNPs. Apart from
reduction process, in situ capping effect of polyphenolic mole-
cules (tannins) of LE on AuNPs was also supported by FT-IR
spectroscopy, UV-vis spectroscopy, TGA, and zeta potential
studies. The sensing capability of capped AuNPs towards thio-
chrome (an oxidative product of thiamine) by uorescence
spectroscopy shows �0.5 mM or below thiamine concentration
can be easily detected by a minimum nanoparticle dose of 92.50
mg mL�1. We strongly believe these results are useful for the
synthesis of bio-compatible polyphenols caped AuNPs, which
can be further applicable for sensing of thiamine. The produced
This journal is © The Royal Society of Chemistry 2014
AuNPs (with or without capping) also be used in other appli-
cations, as well.
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