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ABSTRACT

Objective(s): Biological applications of gold nanoparticles have limitations because of the toxic chemicals used in their
synthesis. Curcumin can be used as reducing as well as capping agent in synthesis of GNPs to eliminate the cytotoxicity.
Conjugation of curcumin to gold also helps in increasing its solubility and bioavailability.

Materials and Methods: Here we report synthesis of gold nanoparticles coated with citrate and curcumin and of two
different sizes via chemical routes. UV-Vis absorbance spectroscopy, Dynamic Light Scattering and Transmission Electron
Microscopy were applied to study the average particle size, size stability of the samples and zeta potential. Fourier transform
infrared, Raman Spectroscopy and Fluorescence Spectroscopy were applied for detection of curcumin on the surface of
GNPs. The antioxidant activity was evaluated using DPPH assay and Cytotoxicity was evaluated by MTT assay.
Results: Particles were synthesized of 6 and 16 nm size. The average particle size was found to be 21.7 + 5.7 by TEM. The
zeta potential on the surface of Cur-GNPs was negative and larger than 25 mV which is a sign of their high stability. The
stability of these particles (with different coatings but with similar sizes) at different time intervals (up to 3 months) and
also in different media like cell culture medium, different buffers, glucose and at different pH conditions have been
investigated thoroughly. Appearance of functional groups assigned to curcumin in FTIR and SERS spectra are sign of
presence of curcumin in the sample. The quenching of the fluorescence in the presence of GNPs reveals the clear
indication of the capping and binding of curcumin with GNPs. Cur-GNP1 (16 nm) were found to exhibit highest
antioxidant activity than other gold nanoparticles. Cytotoxicity evaluation using MTT assay on 1929 cell line proved
curcumin coated gold nanoparticles were non-toxic up to 40 ppm.

Conclusion: The results revealed that larger curcumin coated gold nanoparticles were stable and also non-toxic and were
found suitable for further in-vitro and in-vivo studies.
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INTRODUCTION

Phenomenal properties of metal nanoparticles
have fascinated scientists of various fields for over
a century and yielded novel applications in medicine
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and engineering. Metal nanoparticles have attracted
great attention because of their great potential in
medical nanotechnology[1]. Among different kinds of
metal nanoparticles, gold nanoparticles have great
importance because of their unique properties like
tunable surface plasmon resonance (SPR)[2],
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biocompatibility, high surface reactivity, oxidation
resistance and allocated promising therapeutic
opportunities in nanomedicine[3].

Different synthesis methods such as chemical,
physical and biological have been used for Gold
nanoparticles (GNPs). Chemical methods are widely
used for synthesis of metallic nanoparticles as they
make it possible to control synthesis processes with
high and fast performance [4, 5]. Chemical methods are
often based on metal ions reduction in solution by
reductive and capping agents such as sodium
borohydride, sodium citrate and sodium dodecyl
sulfate. Most of these materials are toxic and their use
in medical research is restricted. In addition, some of
these materials remain unreacted and free in solution
and can end up as environmental pollution [6].

To overcome these drawbacks, in recent years
biological or green chemistry synthesis methods has
found more importance. “Biological synthesis” means
the utilization of biological organisms like
microorganisms in synthesis process, which consists
of different species of bacteria, actinomycetes, algae,
fungi, yeast and biomass or plant extracts [7].
Biological or green synthesis methods provide
improvements over the physical and chemical
methods. They are environment friendly, affordable,
easy to scale-up for large scale synthesis and further
there is no need to use high pressure, high energy,
high temperature and toxic chemicals [8].Using plant
extracts for synthesis of nanoparticles may be better
than other biological methods because it eliminates
the elaborate preservation of cell cultures, is suitable
for large scale synthesis and also can be more
affordable [9].

Biosynthesis of gold nanoparticles with extract/
broth of plants such as lemongrass [10] aloevera
[11], tamarind leaf, tamarind [12], cumin seed [13],
mirabilis jalapa flowers [14] and curcumin [15] have
been reported in previous studies.

Curcumin is a polyphenol derived from turmeric
plant that is widely used in food preparation and for
medical purposes in south-east Asia, China and India.
Investigations on the event of medical purposes for
curcumin indicated its anticancer, antimicrobial,
antioxidant, and anti-inflammatory properties [16].
In spite of therapeutic potential of curcumin, its
usage is limited due to low water solubility and low
bioavailability which is a major challenge. In order
to increase the bioavailability of curcumin, different

methods have been used. some of these methods
involved encapsulation of curcumin in liposomes
[17, 18] and loading curcumin in micelles [19].
However, low encapsulation efficiency, rapid leakage
of water-soluble drugs in the presence of blood
compo-nents and poor storage stability are potential
challenges for the future research of curcumin
encapsulated in liposomes. Drug loading and tricky
loading processes of micelles, too need to be
improved. Another method is coupling of curcumin
to noble metal nanoparticles, such as gold.
Conjugation of curcumin to nanoparticles
particularly in aqueous media can increase its
activity, half-life, stability and increased stability in
proprietary and non-proprietary metabolic
processes[20].

Gold nanoparticles can be synthesized through
direct reduction of gold ions (HAuCl ) using curcumin
(in absence of other reducing or stabilizing agents)
inaqueous phase, so that surface of gold nanoparticle
is covered by curcumin [15, 21, 22]. Here, we report
synthesis of curcumin coated gold nanoparticles of
two different sizes through variation of curcumin
content in the samples. These particles have been
studied in comparison with chemically synthesized
GNPs coated with citrate molecules for their stability,
cytotoxicity (L929 cell line) and antioxidant activity.

MATERIALS AND METHODS
Materials

Tetra chloroauric (1ll) acid trihydrate (HAuCl,-3H,0,
99.9%, Merck Chemicals, Germany), Curcumin
(C21H2006’ 65%, Sigma-Aldrich, USA), Dimethyl sulfoxide
(DMSO) (C,H,0S, 99.5%, Sigma-Aldrich, USA),
Potassium carbonate (KZCO3, 99%, Merck Chemicals,
Germany), Sodium borohydride (NaBH,, 98%, Merck
Chemicals, Germany), Tri-Sodium citrate dehydrate (C,
H.Na,0,-2H,0, 99%, Merck Chemicals, Germany),
Diphenylpicrylhydrazyl (DPPH) (C,,H _N_O,, Sigma-
Aldrich, USA ), Methanol (CH30H, 99.9%, Merck
Chemicals, Germany), DMEM-F12 (GIBCO/BRL
Invitrogen, Carlsbad, California), Fetal bovine serum
(FBS) (GIBCO/BRL Invitrogen, Carlsbad, California),
Trypsin (Biosera, England), Penicillin-Streptomycin
(Biosera, England) and methylthiazolyl diphenyl-
tetrazolium bromide (MTT, 98%, Sigma-Aldrich, USA)
were all purchased and used without any further
purification. All aqueous solutions were prepared with
DI water (Barnsted E-PureTM 18.3 MQ water).
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Synthesis of Gold Nanoparticles coated with curcumin
(Cur-GNPs)

For synthesis of gold nanoparticles 120 pl of 20
mM solution of curcumin in DMSO is initially added
to 7 ml of DI water. The pH of this solution was set in
the range of 9-10 by drop-wise addition of K,CO, 150
mM aqueous solution. This was allowed to stir for 5
min in order to let curcumin release its hydrogens of
hydroxyl groups for reduction of Au ions. Finally 2.5
ml solution of HAuCI, (4 mM solution in water) was
drop-wise added to the above solution and final
volume was set to 10 ml by addition of DI water. After
4 h of vigorous stirring the reaction was completed.
This colloidal solution was aged for 3 days in order
to allow the reaction to get completed. Increasing the
amount of curcumin resulted in formation of smaller
particles. In order to wash off the un-reacted
curcumin from the samples centrifuge filter tubes
(Amicon Ultra-50 Centrifugal Filter Units, Merck,
Germany) were used at 4000 rpm for 4 min (Eppendorf

°C). The centrifugation process was
repeated for four times until no sign of curcumin in
UV-Vis absorbance spectra was observed.

Synthesis of Gold nanoparticles coated with citrate
(Cit-GNPs)

In order to compare the functionality of curcumin
coated samples with un-coated samples, GNPs with
citrate coating were synthesized. 0.5 ml of 0.04 M
solution in water of tri sodium citrate was added to
10 ml of 0.5 mM aqueous HAuCI,. After 15 min of
stirring, 0.5 ml of 0.1 M fresh and ice cold aqueous
solution of sodium borohydride was injected to the
mixture. The reaction was stopped after 15 min. For
synthesis of larger particles 0.02 M solution of tri
sodium citrate and 0.5 mM solution of sodium
borohydride were used.

UV-Vis absorbance Spectroscopy

UV-Vis absorbance spectroscopy was applied to
study the average particle size and size stability of
the samples (Bio Aquarius CE 7250, United Kingdom).
The data reported by Haiss et al. was used for
estimation of average size of gold nanoparticles [23].

Dynamic Light Scattering (DLS) measurements

The average particle size (hydrodynamic
diameter), size distribution of the particle and the
zeta potential were measured on Zeta sizer, Malvern

Instruments Ltd., USA. Measurements were repeated
three times and the results were reported as mean
1SD.

Transmission Electron Microscopy (TEM)

TEM was applied to study the morphology, size
and size distribution of the synthesized particles.
TEM micrographs were recorded using a Zeiss-
EM10C-100 KV (Germany) electron microscope. The
sample was drop-casted on a carbon coated copper
grid and air dried for imaging.

Fourier transform infrared (FTIR) Spectroscopy

To determine the specific site of interaction of
Au* on curcumin and the possible functional groups
drawn in the formation of GNPs, FTIR has been
performed. The Cur-GNPs were washed and freeze
dried with Telstar freeze dryers Lyo Quest -85 (Spain)
to obtain dry powder For FTIR measurements. The
finely powdered samples were made in to pellets after
mixing with KBr powder. Spectra were collected in a
Nicolet iS10 spectrometer (USA) over a range of 4000
cm™to 400 cm™.

Raman Spectroscopy

Surface enhanced Raman scattering (SERS) signals
were collected with a portable Raman spectrometer
(Avantes AvaSpec-ULS2048XL, Netherlands) in order
to study the functional groups on the surface of
particles.

Fluorescence Spectroscopy

Fluorescence measurements were carried out
using a Varian Cary Eclipse fluorescence
spectrophotometer (Varian Scientific Instruments,
Mulgrave, Australia). The emission spectra were
recorded from 450 nm to 900 nm at an excitation
wavelength of 420 nm. The slit width was 10 nm for
both excitation and emission.

DPPH Radical Scavenging Assay

The antioxidant capacity of the samples was
measured using the DPPH assay [24]. DPPH is a
stable, purple colored free radical which turns yellow
(the stable non-radical compound 1,1-diphenyl-2-
picril-hydrazine) when scavenged. This property of
the radical is exploited to exhibit the antioxidant
activity of the GNPs. In each micro-tube, 1 ml DPPH
0.1 mM solution in methanol was mixed with 1 ml
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different concentration of gold nanoparticle
solutions (156 ppm- 1.56 ppm) diluted in methanol.
The absorbance was measured at 517nm using Bio
Aquarius CE 7250 (United Kingdom). The absorbance
of the sample solution was used to calculate the
inhibition percentage via the equation below:

Inhibition percentage of DPPH (1)

_ (absorbance of control solution - absorbance of sample *)

% 100

absorbance of control solution

*Absorbance of GNPs was recorded at 517 nm for
correction.

Higher the inhibition percentage, stronger the
antioxidant activity of the samples.

In vitro Cytotoxicity Evaluation of GNPs

The cytotoxicity of GNPs on fibroblast L929 cells
was determined by MTT assay [25]. Cells were
maintained at 37 °Cunder 5% CO, in DMEM-F12 with
10% fetal bovine serum and 1% penicillin/
streptomycin. After adequate growth, the cells were
trypsinized and 1x10* cells/well were seeded in three
96-well cell culture plates. Each well contained 100
ul of cell suspension and the plates were incubated
for 24 h at 37 °Cunder 5% CO, to obtain a monolayer
cell. After that, the old media was removed from each
well and the cells were categorized as control
(untreated), treated-1 (treated with different
concentrations of Cur-GNP1), treated-2 (treated with
different concentrations of Cur-GNP2), treated-3
(treated with different concentrations of Cit-GNP1)
and treated-4 (treated with different concentrations
of Cit-GNP2). 100 pL of 2X media plus 100 pL Of GNPs
were added per well.

The experiments were repeated in triplicate.
Following a 24, 48, 72 h incubation period at 37 °C
under 5% CO,, cell viability of plates was assessed.
20 L of MTT solution in PBS (5 mg/mL) was added to
each well and incubated for 4 h in dark. Afterwards
the supernatant was discarded and formazan
crystals were dissolved in 100 uL DMSO and were
shook to ensure complete dissolution of the formazan
precipitate. ELx800 Absorbance Microplate Reader
(Biotek, United States) was used to measure the
optical density at 570 nm. The level of cytotoxicity
was calculated via the equation below:
Optical density(OD) in sample well

Cell viability % = x 100

optical density(OD) in control well

RESULTS AND DISCUSSION
Synthesis and Characterization of GNPs

For the synthesis of Curcumin coated GNPs, it
was necessary to dissolve curcumin in dimethyl
sulfoxide (DMSO) and its further dilution with water
was possible at elevated pH. By increasing pH, from
5to 9, absorbance spectra of curcumin showed a
red shift as a result of de-protonation of curcumin
(Fig. 1a). Increasing pH of curcumin is necessary
for releasing hydrogens of its hydroxyl groups for
reduction of Au ions. Addition of HAuCI, must not
happen later than 5 min because after 5 min at this
pH of 9 curcumin started degrading (Fig. 1b) [26,
27].
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Fig. 1. (a) The UV-Vis absorbance spectra of 2x10°M
curcumin in 1:1 methanol/H,0 at two different pH. (b)
Kinetics of degradation of curcumin at pH=9
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Fig. 2. (a) Kinetics of Cur-GNP1 formation (b) UV-Vis absorbance

spectra of Cur-GNP1 supernatant after every step of washing
and the spectra of Cur-GNP after and before washing (inset)

In order to remove un-reacted curcumin from the
samples, Cur-GNPs were washed and the absorbance
spectra of the supernatant were checked after each
step of centrifugation. After fourth time washing,
absorbance spectrum of supernatant showed no sign
of un-reacted curcumin or HAuCI, (Fig. 2b). After
washing, the intensity of SPR slightly decreased
because of removing curcumin which has an
absorbance peak around 428 nm (Fig. 2b).

TEM micrographs confirmed formation of
nanoparticles, and also indicated that the particles
were faceted (Fig. 3a). The average particle size was
found to be 21.7 £ 5.7 nm by measuring the size of
more than 400 particles (Fig. 3b).

The citrate stabilized particles were synthesized
in two different sizes as explained before.

(a)

40 nm

I cur-GNP1

= Gauss fit
21.7£5.7

Abundance (%)

5 10 15 20 25 30 35 40 45

Fig. 3. (a) TEM micrographs of Cur-GNP1 and (b)
corresponding size distribution histogram

UV-Vis absorbance spectra of curcumin and
citrate coated gold nanoparticles of two sizes are
presented in Fig.4 average particle size was estimated
for all samples based on their UV-Vis absorbance
spectra (Table 1).

Dynamic light scattering (DLS) was applied to
measure the hydrodynamic diameter of the particles.
Adding more curcumin/citrate during the synthesis
of gold nanoparticles lead to formation of smaller
particles thus the total surface area increased,
allowing presence of/accommodating more number
of curcumin /citrate molecules and hence resulted in
larger zeta potential.

The hydrodynamic size of GNPs was larger than
their average particle size estimated based on UV-
Vis spectra which is because of presence of curcumin
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Fig. 4. UV-Vis absorbance spectra of (a) Cur-GNPs. (b) Cit-GNPs

and citrate molecules on the surface of particles. The
average hydrodynamic diameter of cur-GNPs did not
change after washing, which is a sign of strong
attachment of curcumin molecules to the surface of
GNPs.

However after washing of Cur-GNPs, zeta potential
decreased because of loss of some of unreacted
curcumin around particles.

To investigate the presence of curcumin on the
surface of GNPs, Gold nanoparticles made it possible
to take advantage of Raman spectroscopy for surface
enhance Raman scattering (SERS). The SERS and FTIR
transmittance spectra of Cur-GNP1 are presented in Fig.
5a,b. As shown in the figure, the bands assigned to C=C
and C=0 stretching, CH, bending and C-CO-C bending
are sign of presence of curcumin in the sample.
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Fig. 5. (a) Raman spectrum (b) FTIR spectrum of Cur-GNP1
and (c) Fluorescence spectra of curcumin in 1:1
methanol/H,0 and Cur-GNP1

However C=0 band shifted to smaller wave
numbers in comparison with curcumin confirming
that oxygen of C=0 groups were coordinated to Au.
After reaction with Au, a new band at ~ 450 cm
occurred in the FTIR spectrum of Cur-GNP1 which
was absent in the spectrum of curcumin. This peak
has been attributed to Me-O where metal complexes
of curcumin have been investigated [28, 29].

However, the band at ~ 940 cm™ in the Raman
spectrum could also be attributed to Me-O as noted
by Bich et al [30]. These data revealed the interaction
between Au and oxygen atoms of C=0 groups of
curcumin.

Further, fluorescence spectra (photolumine-
scence) of curcumin and Cur-GNPs were compared.
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ticle size and zeta potential of different sample

Concentration of precursors (mM) UV-Vis DLS
Samples . . . .
HAuCls  Curcumin NaBHa Sc.)dlum Average size Average size Zeta potential
citrate (nm) (nm) (mV)
Cur-GNP1 1 0.28 - - 14.3 32.7¢2.9 -28.4+1.0
Cur-GNP2 1 0.32 - - 5.6 16.2£0.4 -36.2+2.2
Cur-GNP1 washed 1 0.28 - - 15.6 29.7+1.0 -22.2%15
Cur-GNP2 washed 1 0.32 - - 6.1 15.820.0 -27.9+0.1
Cit-GNP1 0.5 - 1.2 20 16.1 39.9+1.7 -22.9%56
Cit-GNP2 0.5 - 100 40 5.3 20.412.6 -30.7%15
70 . .
in presence of Gold nanoparticles [31]. When
604 _} reducing gold ions with curcumin, the oxidized
. curcumin molecules on the GNPs surface interact
g_ 50 electronically with the surface to donate electron to
e the metal, thus quenching the fluorescence by non-
E 40+ radiative pathways available in the metal
% 30 nanoparticles. The quenching of the fluorescence in
S the presence of GNPs reveals the clear indication of
20 the capping and binding phenomenon of curcumin
- with GNPs (Fig. 5c).
10
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Fig. 6. DPPH inhibition (antioxidant activity) of GNPs and
curcumin. (IC,; means the amount of material that can
inhibit 50 present of DPPH free radical.)

Solution of curcumin in 1:1 methanol:H,0 was excited
at the wavelength of 420 nm, its emission spectrum
had a peak around 550 nm which matches the
absorbance (SPR) peak of Cur-GNPs and thus get
absorbed and the emission spectrum gets quenched

using DPPH assay. Due to the inherent problems
associated with measuring absolute solubility of
curcumin in water, curcumin was dissolved in 1:1
methanoI/HZO.

The antioxidant properties of samples showed
that the antioxidant activity of GNPs synthesized by
curcumin was progressively higher than GNPs
synthesized by NaBH, (Fig.6). Comparison of
antioxidant properties of Cur-GNPs-washed, Cur-
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Fig. 7. Time variation of DPPH absorbance in presence of GNPs and curcumin in 1:1 methanol/H,0
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GNPs, Cit-GNPs and curcumin by passing time (time
intervals of 30 seconds and later every 10 minutes),
showed that antioxidant properties of Cur-GNPs and
curcumin remained higher in contrast with Cit-GNPs.
Curcumin has inherent antioxidant property, which
increased in presence of GNPs (Fig.7). The antioxidant
activity of washed samples decreased slightly
because of removing un-bound curcumin from the
solution.

Stability studies of GNPs
The SPR spectra of GNPs in DI water were
monitored up to 3 months. Absorbance spectra of
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Cur-GNPs and Cit-GNPs (Fig. 8a, b) did not show any
clear change which is a good sign that particles
remained stable during that period.

Gold nanoparticles were dispersed in cell culture
medium RPMI, different buffers, glucose and at
different pH conditions at a ratio of 1:4 and UV-Vis
absorbance spectra of the samples were recorded to
monitor the stability of the nanoparticles. When
particles were exposed to pH variation or addition of
NaCl, Cit-GNPs exhibited better stability than Cur-GNPs,
however both samples remained stable (Fig. 8c, d).
The absorbance spectra of Cur-GNPs did not show a
clear change when exposed to different media except
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Fig. 8. Stability of GNPs. UV-Vis absorbance spectra of (a) Cur-GNP2 up to 3 month. (b) Cit-GNP2 up to 3 month. (c) Cur-GNP2 at
different pH and suspended in NaCl 5%. (d) Cit-GNP2 suspended in different pH and NaCl 5%. (e) Cur-GNP2 suspended in
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Fig. 9. In vitro cytotoxicity of Cur-GNPs and Cit-GNPs at different concentration on L929 cell line. (a) Cur-GNP1
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for PBS which contains lots of ions and these might be
the main cause of shift in SPR position (Fig. 8e).

However in case of Cit-GNPs, RPMI, HEPES and PBS
caused noticeable change in the spectra which is
greatly attributed to electrostatic coverage (loose bond)
of citrate molecules (Fig. 8f). This difference in stability
is mainly caused by the different coatings of GNPs.

Stability studies of GNPs

The SPR spectra of GNPs in DI water were
monitored up to 3 months. Absorbance spectra of
Cur-GNPs and Cit-GNPs (Fig. 8a, b) did not show any
clear change which is a good sign that particles
remained stable during that period.

Gold nanoparticles were dispersed in cell culture
medium RPMI, different buffers, glucose and at
different pH conditions at a ratio of 1:4 and UV-Vis
absorbance spectra of the samples were recorded to
monitor the stability of the nanoparticles. When
particles were exposed to pH variation or addition of
NaCl, Cit-GNPs exhibited better stability than Cur-

GNPs, however both samples remained stable (Fig.
8c, d). The absorbance spectra of Cur-GNPs did not
show a clear change when exposed to different media
except for PBS which contains lots of ions and these
might be the main cause of shift in SPR position (Fig.
8e).

However in case of Cit-GNPs, RPMI, HEPES and
PBS caused noticeable change in the spectra which
is greatly attributed to electrostatic coverage (loose
bond) of citrate molecules (Fig. 8f). This difference in
stability is mainly caused by the different coatings
of GNPs.

Evaluation of Cytotoxicity (MTT assay)

In order to evaluate the cytotoxicity of the
nanoparticles, in vitro cytotoxicity assay was
performed on L929 cell line. The examination was
performed at 3 time intervals (24, 48 and 72 h) and
cells were treated with 8 sets of concentrations (Fig.
9). Viability of cells was evaluated based on equation
2. The data revealed that all nanoparticles were
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nontoxic at concentrations up to 10 ppm. However
particles remain show some toxicity at concentrations
above 10 ppm. Cur-GNPs exhibit lower toxicity than
Cit-GNPs.

CONCLUSION

Here, two different sizes of gold nanoparticle with
two different coatings were synthesized. UV-Vis
absorbance spectroscopy revealed that average size
of particles was ~ 6 and 16 nm. The zeta potential on
the surface of washed and un-washed was more than
-25 mV which is a sign of their high stability. Cur-
GNPs showed better stability in different buffer and
different media than Cit-GNPs.

DPPH assay of particles revealed that washed and
un-washed Cur-GNPs had great antioxidant activity
which was better than GNPs alone. The curcumin
coated GNPs were also found non-toxic on L929 cell
line which makes them suitable for biological
applications. However, it might be more convenient
to use washed samples to make sure that no free
curcumin is present in the solution.
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