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Antioxidant, Antibacterial, and BSA Binding Properties of
Curcumin Caffeate Capped Silver Nanoparticles Prepared
by Greener Method
Nishi Gandha Gogoi,[a] Pankaj Dutta,[b] Jiban Saikia,*[a] and Jyotirekha G. Handique*[a]

A green method of silver nanoparticle (AgNP) preparation
using curcumin caffeate (CCaf) as stabilizing/capping and
reducing group is reported here. CCaf is prepared through
esterification of curcumin and caffeic acid in presence of p-
toluene sulphonic acid as catalyst. CCaf facilitates production of
AgNPs in aqueous medium and room temperature without any
external reducing agents. The antioxidant, antibacterial and
BSA binding interactions of these CCafAgNPs are evaluated.
The antioxidant activity and the corresponding IC50 value for
the CCafAgNPs is found to be comparable with ascorbic acid

taken as standard antioxidant for the study. The results of
bactericidal screening of CCafAgNPs are better compared to
CCaf capping group and found to exhibit broad spectrum
antibacterial property against Gram-positive and Gram-nega-
tive bacterial pathogens. In presence of CCafAgNPs the
absorption spectra of BSA showed changes with increase in
intensity around 280 nm of native BSA peak and appearance of
a new band around 320 nm, indicating the possible binding
interactions between BSA and CCafAgNPs.

Introduction

Nanoparticles are gaining utmost attention in the 21st century
for their diverse applications in catalytic, optoelectronics,
electrical, biomedicine and pharmaceutical fields.[1–4] Silver
nanoparticles (AgNPs) have beneficial properties and applica-
tions in biotechnology and medicinal ground as antioxidants,
anti-inflammatory drugs, antibiotics, and biosensors, and hence
are most intensively studied in the recent decades.[5–8] The
antibacterial and anti-inflammatory properties of AgNPs finds
use in medicine to reduce or inhibit bacterial growth on human
skin and medical equipment, burns and wounds, water treat-
ment and textiles.[9,10] Often, AgNPs have the tendency to
agglomerate, resulting in increase in particle size and decrease
in their surface energy and beneficial usability.[11] AgNPs
without a support/capping group is hard to recover and reuse.
The morphology of the AgNPs including their shape and size
and type of capping material used, is important in tuning the
properties of AgNPs.[12] Therefore, researchers are involved in
extensive studies for developing new and improved synthesis
methods for regulating the morphology of AgNPs.

Considering the environmental disadvantages of the con-
ventional chemical and physical methods green methodologies

are developed in preparing AgNPs in recent times. Chemical
reduction, laser synthesis, photo reduction, etc. are energy and
time consuming and require strict preparation conditions.[13–15]

At the same time, some of these methods incorporate use of
hazardous chemicals as hydrazines or borohydrides as reducing
agents, and release environmentally contaminated
byproducts.[16,17] The production of AgNPs by toxic conditions is
a critical concern and threat to the environment and so,
replacement by safe and sustainable alternatives are gaining
importance. Utilization of plant extracts and their components
are gathering interests of the scientists as an easy, fast,
economic, and environment sustainable technique for produc-
tion of AgNPs.[18–20]

Plant based components such as polyphenols, polymers
and hydrogels are non-toxic and biodegradable and therefore,
are explored and preferred as capping and reducing agents in
preparation of metallic nanomaterials,[21,22] over the synthetic
polymers such as polyvinylchloride (PVC), polyacrylamides,
polyurethanes (PU), and polyethylene glycols (PEGs), ionic
surfactants such as sodium dodecyl sulphate (SDS) and non-
ionic surfactants such as Brij, Tween, etc.[23–26] Polyphenols such
as curcumin and hydroxycinnamic acids possess no toxicity
issues to human health and so their antioxidant, anti-bacterial,
anti-cancer, anti-inflammatory, and anti-alzheimer activities are
explored over many years.[27–29] Curcumin, a natural yellow-
orange compound, extracted from the roots of Curcuma longa
rhizome and is used in medicinal applications by oriental
cultures.[28] Hydroxycinnamic acids includes caffeic, coumaric,
ferulic, and sinapic acids which are mostlty found in plants and
plant products such as cereals, legumes, fruits, vegetables, and
oilseeds.Caffeic acid is mainly found in plants and their
products such as coffee, tea, wine, etc.[30] In addition to the
proven medicinal properties, curcumin and its derivatives have
been used as reducing and capping agent in AgNP
production.[31–34] These curcumin capped AgNPs are reported to
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exhibit antimicrobial and antioxidant properties that can be
exploited in designing food packaging and wound healing
material.[35,36]

In the course of using nanoparticles for medical purposes,
the nanoparticles are applied/released to the protein surfaces
for binding and delivering at the target site.[37] Many forces
such as vander Waals forces, hydrogen bonding, and hydro-
phobic interactions are involved in the process of adsorption of
NPs on the surface of protein and forming a layer.[38] It is
important to understand the nature of interactions that
develops between the protein and NPs for exploring the effects
of binding of NPs on structure and stability of protein and safe
drug delivery at the expected target site.[39] For this purpose,
bovine serum albumin (BSA) is mostly employed. Serum
albumins are abundantly available in blood plasma and are
involved in transport of various exogenous and endogenous
compounds.[40] BSA has 583 amino acid residues and the
secondary structure consists of mainly α helices and the
remaining are β sheets, twists and coils. It has three domains I,
II and III with two subdomains A and B each. There are two
tryptophan (Trp124 and Trp 213) and phenylalanine (Phe)
residues at the binding site.[41]

To the best of our knowledge, curcumin caffeate capped
AgNPs and the evaluation of their biomedical properties are
not reported earlier. In this work, we synthesized curcumin
caffeate derivative of curcumin and used it as reducing and
capping agent in AgNPs production in aqueous medium and
room conditions without use of any external mechanical
applications. The antioxidant behaviour of AgNPs is measured
by DPPH assay. Bactericidal property is screened for Gram-
positive bacteria -Staphylococcus aureus, and Gram-negative
bacteria – Escherichia coli, Klebsiella pneumoniae, Acineto-
bacter baumannii, and Pseudomonas aeruginosa. The drug-
protein binding interaction between BSA and AgNPs is studied
by UV-visible and fluorescence spectrophotometer.

Results and Discussion

Curcumin caffeate (CCaf) was prepared by Knovenegal con-
densation between curcumin and caffeic acid. Briefly, curcumin
(1 mM) and caffeic acid (2 mM) is dissolved in ethanol and
refluxed for 6 hours in presence of para-toluene sulphonic acid
(p-TSA) as catalyst. The reaction was monitored by recording
thin layer chromatography (TLC) plates at different time
intervals. The extra solvent was removed and the product was
extracted, washed with aqueous base and acid solutions,
filtered, dried in sodium sulphate and purified by column
chromatography. The characterization of CCaf was done by
using FT-IR, 1H and 13C NMR and LCMS spectrometric techni-
ques. Furthermore, CCaf was used in easy and green prepara-
tion of AgNPs from AgNO3 in aqueous medium and at room
temperature (27°C). Most of the methods reported in literature
often require high preparation temperature, long reaction time,
external equipment or toxic reducing agents.[42] In the present
silver nanoformulation procedure, CCaf as capping and reduc-
ing complex completes the AgNPs production in safe and

simple operating eco-friendly conditions, consuming less (or
no) energy and solvent and without producing waste.

The surface plasmon resonance (SPR) phenomenon of the
synthesized AgNPs on CCaf as stabilizer was characterized by
monitoring the absorbance spectrum at different time intervals
in UV-visible spectral region. AgNPs are reported to yield a SPR
absorption band in the visible region around 400 nm due to
the resonance of their free electrons with the photons in that
spectral region. Figure 1 depicts the absorption spectrum of
CCafAgNPs recorded at different time intervals during the
synthesis procedure. In the initial stages of synthesis, AgNO3

dissociates releasing Ag+ and NO3
� ions in aqueous medium.

The hydroxyl groups on CCaf encapsulate the silver ions when
it was added to the reaction medium followed by reduction of
Ag ions to give the CCafAgNPs. Physical changes observed in
the colour from yellow to dark green indicate the formation of
AgNPs, confirmed by a SPR band at 424 nm, reduced and
stabilized by CCaf complex.

The sharp and intense distinct peaks XRD pattern shows
the crystallinity of the AgNPs (Figure 2). The peaks at 38 :18,
44 :29, 64 :43, and 77 :48 are well indexed to the 111, 200, 220
and 311 planes of silver, respectively and are in good agree-
ment with the face centered cubic (FCC) lattice structure Ag

Figure 1. Absorption spectrum of CCaf-AgNPs at different time intervals.

Figure 2. XRD pattern of CCafAgNPs.
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(JCPDS silver file No. 04-0783).[43] The relatively high intense
signal is that of 111 Bragg’s reflection and reveals its exposure
in the structure. Presence of no other signals indicates the
purity of sample. The elemental EDX profile shown in Figure 3,
demonstrates a sharp signal of silver at 3 keV, confirming the
major element in the NPs as silver. Along with silver,
prominently distinguishable peaks of oxygen, carbon and
chlorine are observed in the EDX pattern in the signal range of
0–0.5 keV. This confirms the presence of CCaf as capping agent
on the surface of AgNPs that tends to prevent aggregation of
AgNPs.

The morphology of the surface of AgNPs and their particle
shape and size distribution are demonstrated by the SEM
(Figure 3) and TEM results. High resolution TEM images showed
that the AgNPs formed by CCaf are relatively spherical in shape.
The crystallite size of CCafAgNPs estimated from Debye
Scherrer’s formula is 30 nm with interplanar spacing of
0.235 nm corresponding to the 111 plane (Figure 4a). The
highly-dense AgNPs are homogenously distributed. The se-
lected area electron diffraction (SAED) pattern (Figure 4b)
shows crystalline nature of AgNPs and spotty rings corresponds
to the 111, 200, 220 and 311 planes, as observed in XRD profile.

Antioxidant activity

The free radicals and reactive oxygen species, generated from
cellular oxidation are responsible for adverse cellular damage
and chronic diseases. The reactive radical species as H2O2, *O2

�

(superoxide anion), OH (hydroxyl radical), NO and 1O2 (singlet
oxygen) are responsible for causing damage at the cellular and
tissue sites by injuring the peptides, nucleic acids, and lipids in
inflammatory cells leading to chronic health conditions.
Antioxidants are known to decelerate these devastating effects
by neutralizing these free radicals and species.[44] The antiox-
idant activity of CCafAgNPs is evaluated through DPPH assay
shown in Figure 5. Ascorbic acid is used as a standard
antioxidant. The antioxidant capacity of the CCafAgNPs is
found to increase with its increasing concentration resulting in
enhanced ability to scavenge DPPH radical. The IC50 values are
calculated from the plot of % inhibition versus concentration

Figure 3. Scanning electron microscopy (SEM), and energy dispersive X-ray (EDX) analysis of CCafAgNPs.

Figure 4. a. TEM images, and b. SAED pattern of CCafAgNPs.
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graph. Although antioxidant capacity of AgNPs is lower than
ascorbic acid, but their IC50 values are quite comparable i. e.,
57.13 μg/mL for AgNPs, and 45.40 μg/mL for ascorbic acid. The
observed antioxidant behaviour of AgNPs is accounted for the
presence of hydroxyl groups present on the capping group.

BSA binding study

UV-visible absorbance

The interaction of BSA and CCafAgNPs is observed from the
UV-visible absorption and steady state fluorescence spectra
measurements. In absence of CCafAgNPs, BSA shows two
absorption peaks at 200–230 nm (corresponding to π!π*
transition of polypeptide chain) and 260–290 nm due to n!π*
transition of the Tyr/Trp chromophores.[45] The intensity of the
absorption peak of BSA around 280 nm is found to change in
presence of CCafAgNPs with the appearance of a new band
around 320 nm, shown in figure 6. The intensity of the peak
increases with increase in the concentration from 10–100 μg/
mL of AgNPs. The hypsochromic shift is due to formation of a
ground state complex between BSA and CCafAgNPs.[46] Similar
results of BSA and nanoparticles are reported in literature.[47]

These changes clearly indicate the interaction of BSA and
CCafAgNPs and change in the microenvironment near Trp, Tyr
and Phe residues located in the binding cavity of BSA. The

nature of quenching of BSA in presence of AgNPs is static in
this case,[47] as indicated by the change of absorption spectra of
BSA. The polar and hydrophobic interactions between the
hydroxy groups and aromatic moieties of CCaf and polar and
hydrophobic amino acid residues on BSA respectively, are
responsible for the observed binding interactions. The binding
constant, Kapp of CCafAgNPs-BSA protein from absorbance
spectrum is calculated from the Benesi-Hildebrand plot (equa-
tion 1) of 1/(A� A0) versus 1/[CCafAgNPs] and found to be
3.52×104 M� 1.

1=ðA � A0Þ
¼ 1= Ac � A0ð Þ þ

1=KappðAc� A0Þ � ½CCafAgNPs� (1)

where, A is the absorbance observed for BSA with different
concentrations of ligand; A0 is the blank absorbance of BSA; AC

is the maximum absorbance of BSA with ligand; Kapp is the
apparent binding constant. A graph of 1/(Aobs� A0) versus 1/
[CCafAgNPs] the ratio of intercept to slope of the linear fit plot
gave the Kapp of BSA and ligand.

Steady state fluorescence emission

The quenching of emission intensity of a fluorophore in
presence of a complex occurs due to various molecular
interactions such as molecular rearrangements, energy transfer,
excited state reactions, collisions among molecules (dynamic
quenching) or formation of ground state complex (static
quenching).[48] BSA shows fluorescence for the presence of
three intrinsic fluorophores in their structure- Phe, Tyr and Trp.
Trp is considered as the main contributor of showing
fluorescence in BSA as Phe and Tyr are opted out for low
fluorescence quantum yield and high fluorescence quenching
in presence of amino/carboxyl group, respectively.[49] The
fluorescence quenching is important in establishing the bind-
ing interaction of BSA in presence of ligands as Trp residue is
highly responsive to the minor change in hydrophobicity or
polarity in its surrounding.[50] It is observed that the
fluorescence intensity of BSA diminishes with increase in
concentration of ligands. Figure 7 shows the fluorescence
emission spectra of CCafAgNPs and BSA and the corresponding
Benesi-Hildebrand plot of 1/(F0� F) versus 1/[CCafAgNPs] for
BSA where F0 is the fluorescence intensity of BSA in absence of
ligand and F is the fluorescence intensity in presence of ligand.
The Kapp value of BSA-CCafAgNPs binding from fluorescence
spectra is found to be 9.02×104 M� 1.

Stern-Volmer equation (equation 2) explains the nature of
mechanism of protein-ligand quenching i. e., whether it is static
quenching or dynamic quenching.

F0=F < C ¼> Ksv CCafAgNPs½ � þ 1 (2)

KSV ¼ Kqt0 (3)

where, F and F0 are the fluorescence intensity of serum
albumins in the presence and absence of CCafAgNPs as

Figure 5. DPPH radical scavenging activity of CCafAgNPs (AgNP) and ascorbic
acid (AA) as standard antioxidant.

Figure 6. a. Absorption spectrum of BSA-CCafAgNPs binding interactions;
b. Benesi-Hildebrand plot of 1/(A� A0) versus 1/[CCafAgNPs].
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quencher and KSV is Stern-Volmer constant The quenching
constant,Kq is the ratio of KSV and and τ0 (average lifetime of
BSA; 10� 8 s for BSA).[51] The slope of the linear Stern-Volmer plot
of F0/F vs. [CCafAgNPs] of BSA is equal to the value of KSV

(0.156×105 M� 1). The calculated Kq value is 1.56×1012 M� 1s� 1

and is greater than collision quenching constant 2.0×
1010 M� 1s� 1.[52] This confirms quenching mechanism to be static
quenching for formation of ground state complex between
BSA and CCafAgNPs. The ground state complex formed is
stabilised by non-covalent interactions as elevctrostatic, van
der waals or hydrophobic forces and formation of hydrogen
bonds.[53]

The number of binding sites between BSA and CCafAgNPs
is given by modified Stern-Volmer electrostatic equation
(equation 3)

log F0 �
F
F

� �

¼ nlog CCafAgNPs½ � þ logKapp (4)

n is the number of binding sites between CCaAgNPsf and BSA
calculated from the linear plot of log (F0� F/F) versus log
[CCafAgNPs]. CCafAgNPs are found to uniquely bind to BSA
(n=1.191). The spectroscopic results from fluorescence and
UV-visible is found to be in good agreement with formation of

ground state complex and can be concluded from the
observed changes of both the spectroscopic analysis.

Antibacterial activity

The bactericidal property of CCafAgNPs, CCaf and curcumin is
screened against both Gram positive bacteria – S. aureus ATCC
29213, and Gram-negative bacteria – E. coli ATCC 25922,
K. pneumoniae BAA 1705, A. baumanii BAA 1605, and P. aerugi-
nosa ATCC 27853 by evaluating the minimum inhibitory
concentration (MIC) values of AgNPs by microbroth dilution
assay. Levofloxacin is used as a standard antibiotic. CCafAgNPs
are found to exhibit broad-spectrum antibacterial activity
against these bacterial pathogens and are more effective than
curcumin and CCaf (capping agent), as shown in Table 1, due
to the presence of Ag metal. The positive charge on CCafAgNPs
is attracted by the negative charge on bacterial cell wall
leading to the releasing of silver ions through pore formation
inside the bacterial cell membranes. Inside the membrane, the
affinity of silver ions for sulphur and phosphorus containing
macromolecules results in disruption of ATP production and
DNA replication. AgNPs also causes oxidative stress inside
bacterial cell membrane by triggering the generation of free
radicals ultimately leading to cell death.[54–57] The combinatorial
action of the AgNPs on bacterial cell accounts for their
inhibitory effect as antibacterial compounds.

Conclusion

In this work, AgNPs capped and reduced by curcumin caffeate
(CCaf) polyphenol is prepared for the first time by cost-effective
and greener method. The stabilized AgNPs are characterized by
XRD, SEM-EDX and TEM analytical techniques. The fabricated
nanomaterial is found to have a face centred cubic lattice and
average size of each particle is found to be 30 nm. The
biological properties of CCafAgNPs are evaluated and found to
have effective antioxidant, and antibacterial properties which
may be used further in pharmaceutical fields, or in sterilization
procedures. CCafAgNPs are found to be effective against both
gram-positive and gram-negative bacterial pathogens (com-
pared to curcumin and CCaf) which makes CCafAgNPs eligible
to be used in food packaging materials as sensors for microbial
contamination. The BSA-nanoparticle interactions have also
been studied by UV-visible and fluorescence emission spectro-
scopic methods. The BSA-CCafAgNPs binding interaction study
may provide initial insight in nanobiotechnology and designing

Figure 7. a. Fluorescence emission spectrum of BSA-CCafAgNPs with increas-
ing concentration of CCafAgNPs (0-100 μg/mL); b. Benesi-Hildebrand plot of
1/F0� F versus 1/[CCafAgNPs]; c. Stern-Volmer plot of F0/F versus [CCa-
fAgNPs]; d. double logarithmic modified Stern-Volmer plot.

Table 1. Minimum Inhibitory Concentration (MIC in μg/ml) of CCafAgNPs, CCaf and curcumin on tested bacterial pathogens (triplicate studies). DMSO is used
as the negative control and Levofloxacin as the positive control. ‘–‘ indicate no activity.

Drug Minimum inhibitory concentration (MIC in μg/ml)
E.coli ATCC 25922 S.aureus ATCC 29213 K.pneumoniae BAA 1705 A.baumanniiBAA 1605 P.aeruginosaATCC 27853

CCafAgNPs 64 64 >64 64 64
CCaf >64 64 >64 >64 >64
Curcumin >64 >64 >64 >64 >64
Levofloxacin (Std) 0.0156 0.25 64 8 1
DMSO – – – – –
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new drugs and further detailed study in this domain are
needed.

Experimental Section

Methods

UV-visible absorption and Fluorescence spectrophotometry

The SPR phenomenon of AgNPs resulting from reduction of Ag+

ions by CCaf are monitored by Hitachi U-3900H UV-visible
spectrophotometer and HORIBA Fluoromax-4 fluorescence spectro-
photometer. The analysis is performed using distilled water as
reference in quartz cuvettes and diluting 1 mL of AgNPs suspension
4 mL of distilled water.

Fourier transform infrared spectra (FTIR)

FTIR spectra is recorded in the range of 400–4000 nm with a
Shimadzu IRPrestige-21 FTIR spectrophotometer on KBr palletes.

Nuclear magnetic resonance (NMR)
1H and 13C NMR spectra are recorded by a Bruker Advance II
spectrophotometer at 400 MHz and 100 MHz, respectively in
DMSO-d6 solvent and TMS as internal standard.

Molecular mass spectra

Molecular mass of CCaf is measured by a Ultimate 3000/TSQ Endura
liquid chromatograph mass spectrometer (LCMS).

Powder X-ray diffraction (XRD)

XRD pattern is recorded with a Bruker AXS D8 Focus X-ray
diffractometer by irradiating monochromatic Cu� Kα (1.541 Å
radiation).

Transmission electron microscopy (TEM)

Transmission electron Microscopy (TEM) and selected area diffrac-
tion (SAED) analysis of stabilized AgNPs is performed with a JEM-
100 CX II transmission electron microscope equipped operating at
20–100 KV in 20 KV steps having high resolution CCD camera from
3 Å to 1.4 Å.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) spectra is recorded in JEOL/JSM 6390LV scanning electron
microscope.

Synthesis of curcumin caffeate (CCaf)

Curcumin caffeate is prepared by the method reported earlier.
Briefly, a mixture of curcumin (1 mM) and caffeic acid (2 mM) in
ethanol is refluxed for 6 h at 60 °C in presence of p-TsOH and under
nitrogen atmosphere with constant stirring. The completion of the
reaction is monitored by examining TLC. The solvent is removed
under reduced pressure using rotatory evaporator, and the product
so formed is purified by column chromatography (Scheme 1).

Characterization is done by FTIR, 1H and 13C NMR and LCMS
analysis.

(2E,2’E)-((1E,6E)-3,5-dioxohepta-1,6-diene-
1,7-diyl)bis(2-methoxy-4,1-phenylene)
bis(3-(3,4-dihydroxyphenyl)acrylate) (CCaf)

Light orange solid. Yield: 0.486 g (70.2%). 1H NMR (400 MHz,
DMSO-d6) δ 7.50 (d, J=12 Hz, =C� H), 7.26 (s, Ar� H), 7.12 (dd, J=

4 Hz, 4 Hz, Ar� H), 6.80 (d, J=12 Hz, Ar� H), 6.71 (d, J=16 Hz, =C� H),
6.63 (m, Ar� H), 6.58 (m, Ar� H) 6.40 (d, J=16 Hz, =C� H), 6.05 (s,
Ar� H), 5.84 (s, Ar� OH), 4.11 (s, � CH2), 3.79 (m, � OCH3);

13C NMR
(100 MHz, DMSO-d6) δ 183.08 (� C=O), 168.56 (� O� C=O), 149.38
(� C� OCH3), 147.52 (� C� OCH3), 145.54 (� C� OH), 140.36 (Ar� C),
130.53 (Ar� C), 128.69 (Ar� C), 126.84 (C=), 125.35 (� C=), 123.02
(Ar� C� O� C=O), 121.16 (� C=), 116.00 (Ar� C), 111.32 (Ar� C), 108.50
(Ar� C), 102.85 (Ar� C), 101.48 (Ar� C), 55.43 (� OCH3), 51.75 (� CH2);
LCMS (m/z): 690.44 [M� 2H]+ (Calculated M+ =692.19).

Preparation of CCaf stabilized silver nanoparticles (green
synthesis)

To a 1 mM aqueous silver nitrate (AgNO3) solution (10 mL) at
ambient temperature, 0.1 mM of CCaf is added. The reaction
mixture turns brown colour, indicating the start of reduction
process of Ag+ ions and development of AgNPs. The progress of
the process of formation of AgNPs is monitored by UV-visible
spectrophotometer. The mixture is centrifuged, washed with
ethanol/water and dried to obtain the stabilized AgNPs (Scheme 1).
The in-vitro antioxidant and antibacterial properties, and BSA -drug
binding study of these CCafAgNPs are evaluated.

Antioxidant activity

The antioxidant property of CCaf-AgNPs is measured by DPPH-
radical scavenging assay following the method described by Brand-
Williams et al. with some modifications.[58] AgNPs solution of
concentrations 10–100 μg/mL in distilled water are prepared and
mixed with 100 μM methanolic solution of DPPH. The reaction
mixture is kept in the dark at room temperature for 30 minutes.

Scheme 1. Preparation of CCaf from curcumin and caffeic acid and AgNPs
reduced/capped by CCaf.
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The absorbance of the reaction mixture is measured by UV-visible
spectrophotometer at 517 nm in parallel with a reagent blank. The
percent inhibitions of DPPH* by the antioxidants are measured by
the bleaching of the purple colour of DPPH. The % inhibition is
calculated as

% DPPH � inhibition ¼ ððAb � AeÞÞ=Ab x 100 % (5)

where, Ab is the absorbance of the blank reagent and Ae is the
absorbance of the reaction mixture. Ascorbic acid is used as a
standard. The results are shown as percentage (%) inhibition versus
the concentrations CCafAgNPs.

BSA binding study

The BSA binding interactions with CCafAgNPs is studied UV-visible
and fluorescence spectrophotometer by the change in absorption
or emission spectra of BSA[59] in presence of increasing concen-
trations of CCafAgNPs as ligand (10–100 μg/mL). The reaction
mixture consists of 2 mL of BSA (10 μM) in phosphate buffer
solution (PBS, pH 7,4), 0.5 mL of PBS and 0.5 mL of CCafAgNPs
solution. The mixture is incubated at 37°C for 30 minutes before
recording spectroscopic data. The binding constant (Kapp) is
evaluated from absorption data by Benesi-Hindelbrand equation
(equation 6).

1=ðA� A0Þ ¼ 1=ðAC� A0Þ þ 1=Kapp ðAC� A0Þ ½ligand� (6)

where, A is the absorbance observed for BSA with different
concentrations of ligand; A0 is the blank absorbance of BSA; AC is
the maximum absorbance of BSA with ligand; Kapp is the apparent
binding constant. A graph of 1/(Aobs� A0) versus 1/[CCafAgNPs] and
1/(F0� F) versus 1/[CCafAgNPs] and the ratio of intercept to slope of
the linear fit plot gave the Kapp of BSA and ligand.

Antibacterial activity

The bactericidal property of CCafAgNPs is screened for ESKAPE
pathogen panel- Escherichia coli ATCC 25922, Staphylococcus
aureus ATCC 29213, Klebsiella pneumoniae BAA 1705, Acineto-
bacter baumannii BAA 1605, and Pseudomonas aeruginosa ATCC
27853 by microbroth dilution method.[60] The results are expressed
in terms of minimum inhibitory concentration (MIC) values in μg/
mL. AgNPs of different concentrations (0–64 μg/mL) in DMSO is
taken in different wells. Bacteria culture, grown in 5% Muller-
Hinton broth for 18 h are rinsed with sterile phosphate buffer
solution twice and diluted to ∼5×105 CFU/mL. Levofloxacin is used
as standard antibiotic.

Supporting Information Summary

The spectroscopic data of the capping agent CCaf is included
in the supplementary information.
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Antioxidant, Antibacterial, and BSA Binding Properties of
Curcumin Caffeate Capped Silver Nanoparticles Prepared
by Greener Method
Nishi Gandha Gogoi,[a] Pankaj Dutta,[b] Jiban Saikia,*[a] and Jyotirekha G. Handique*[a]

A green method of silver nanoparticle (AgNP) preparation
using curcumin caffeate (CCaf) as stabilizing/capping and
reducing group is reported here. CCaf is prepared through
esterification of curcumin and caffeic acid in presence of p-
toluene sulphonic acid as catalyst. CCaf facilitates production of
AgNPs in aqueous medium and room temperature without any
external reducing agents. The antioxidant, antibacterial and
BSA binding interactions of these CCafAgNPs are evaluated.
The antioxidant activity and the corresponding IC50 value for
the CCafAgNPs is found to be comparable with ascorbic acid

taken as standard antioxidant for the study. The results of
bactericidal screening of CCafAgNPs are better compared to
CCaf capping group and found to exhibit broad spectrum
antibacterial property against Gram-positive and Gram-nega-
tive bacterial pathogens. In presence of CCafAgNPs the
absorption spectra of BSA showed changes with increase in
intensity around 280 nm of native BSA peak and appearance of
a new band around 320 nm, indicating the possible binding
interactions between BSA and CCafAgNPs.

Introduction

Nanoparticles are gaining utmost attention in the 21st century
for their diverse applications in catalytic, optoelectronics,
electrical, biomedicine and pharmaceutical fields.[1–4] Silver
nanoparticles (AgNPs) have beneficial properties and applica-
tions in biotechnology and medicinal ground as antioxidants,
anti-inflammatory drugs, antibiotics, and biosensors, and hence
are most intensively studied in the recent decades.[5–8] The
antibacterial and anti-inflammatory properties of AgNPs finds
use in medicine to reduce or inhibit bacterial growth on human
skin and medical equipment, burns and wounds, water treat-
ment and textiles.[9,10] Often, AgNPs have the tendency to
agglomerate, resulting in increase in particle size and decrease
in their surface energy and beneficial usability.[11] AgNPs
without a support/capping group is hard to recover and reuse.
The morphology of the AgNPs including their shape and size
and type of capping material used, is important in tuning the
properties of AgNPs.[12] Therefore, researchers are involved in
extensive studies for developing new and improved synthesis
methods for regulating the morphology of AgNPs.

Considering the environmental disadvantages of the con-
ventional chemical and physical methods green methodologies

are developed in preparing AgNPs in recent times. Chemical
reduction, laser synthesis, photo reduction, etc. are energy and
time consuming and require strict preparation conditions.[13–15]

At the same time, some of these methods incorporate use of
hazardous chemicals as hydrazines or borohydrides as reducing
agents, and release environmentally contaminated
byproducts.[16,17] The production of AgNPs by toxic conditions is
a critical concern and threat to the environment and so,
replacement by safe and sustainable alternatives are gaining
importance. Utilization of plant extracts and their components
are gathering interests of the scientists as an easy, fast,
economic, and environment sustainable technique for produc-
tion of AgNPs.[18–20]

Plant based components such as polyphenols, polymers
and hydrogels are non-toxic and biodegradable and therefore,
are explored and preferred as capping and reducing agents in
preparation of metallic nanomaterials,[21,22] over the synthetic
polymers such as polyvinylchloride (PVC), polyacrylamides,
polyurethanes (PU), and polyethylene glycols (PEGs), ionic
surfactants such as sodium dodecyl sulphate (SDS) and non-
ionic surfactants such as Brij, Tween, etc.[23–26] Polyphenols such
as curcumin and hydroxycinnamic acids possess no toxicity
issues to human health and so their antioxidant, anti-bacterial,
anti-cancer, anti-inflammatory, and anti-alzheimer activities are
explored over many years.[27–29] Curcumin, a natural yellow-
orange compound, extracted from the roots of Curcuma longa
rhizome and is used in medicinal applications by oriental
cultures.[28] Hydroxycinnamic acids includes caffeic, coumaric,
ferulic, and sinapic acids which are mostlty found in plants and
plant products such as cereals, legumes, fruits, vegetables, and
oilseeds.Caffeic acid is mainly found in plants and their
products such as coffee, tea, wine, etc.[30] In addition to the
proven medicinal properties, curcumin and its derivatives have
been used as reducing and capping agent in AgNP
production.[31–34] These curcumin capped AgNPs are reported to
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exhibit antimicrobial and antioxidant properties that can be
exploited in designing food packaging and wound healing
material.[35,36]

In the course of using nanoparticles for medical purposes,
the nanoparticles are applied/released to the protein surfaces
for binding and delivering at the target site.[37] Many forces
such as vander Waals forces, hydrogen bonding, and hydro-
phobic interactions are involved in the process of adsorption of
NPs on the surface of protein and forming a layer.[38] It is
important to understand the nature of interactions that
develops between the protein and NPs for exploring the effects
of binding of NPs on structure and stability of protein and safe
drug delivery at the expected target site.[39] For this purpose,
bovine serum albumin (BSA) is mostly employed. Serum
albumins are abundantly available in blood plasma and are
involved in transport of various exogenous and endogenous
compounds.[40] BSA has 583 amino acid residues and the
secondary structure consists of mainly α helices and the
remaining are β sheets, twists and coils. It has three domains I,
II and III with two subdomains A and B each. There are two
tryptophan (Trp124 and Trp 213) and phenylalanine (Phe)
residues at the binding site.[41]

To the best of our knowledge, curcumin caffeate capped
AgNPs and the evaluation of their biomedical properties are
not reported earlier. In this work, we synthesized curcumin
caffeate derivative of curcumin and used it as reducing and
capping agent in AgNPs production in aqueous medium and
room conditions without use of any external mechanical
applications. The antioxidant behaviour of AgNPs is measured
by DPPH assay. Bactericidal property is screened for Gram-
positive bacteria -Staphylococcus aureus, and Gram-negative
bacteria – Escherichia coli, Klebsiella pneumoniae, Acineto-
bacter baumannii, and Pseudomonas aeruginosa. The drug-
protein binding interaction between BSA and AgNPs is studied
by UV-visible and fluorescence spectrophotometer.

Results and Discussion

Curcumin caffeate (CCaf) was prepared by Knovenegal con-
densation between curcumin and caffeic acid. Briefly, curcumin
(1 mM) and caffeic acid (2 mM) is dissolved in ethanol and
refluxed for 6 hours in presence of para-toluene sulphonic acid
(p-TSA) as catalyst. The reaction was monitored by recording
thin layer chromatography (TLC) plates at different time
intervals. The extra solvent was removed and the product was
extracted, washed with aqueous base and acid solutions,
filtered, dried in sodium sulphate and purified by column
chromatography. The characterization of CCaf was done by
using FT-IR, 1H and 13C NMR and LCMS spectrometric techni-
ques. Furthermore, CCaf was used in easy and green prepara-
tion of AgNPs from AgNO3 in aqueous medium and at room
temperature (27°C). Most of the methods reported in literature
often require high preparation temperature, long reaction time,
external equipment or toxic reducing agents.[42] In the present
silver nanoformulation procedure, CCaf as capping and reduc-
ing complex completes the AgNPs production in safe and

simple operating eco-friendly conditions, consuming less (or
no) energy and solvent and without producing waste.

The surface plasmon resonance (SPR) phenomenon of the
synthesized AgNPs on CCaf as stabilizer was characterized by
monitoring the absorbance spectrum at different time intervals
in UV-visible spectral region. AgNPs are reported to yield a SPR
absorption band in the visible region around 400 nm due to
the resonance of their free electrons with the photons in that
spectral region. Figure 1 depicts the absorption spectrum of
CCafAgNPs recorded at different time intervals during the
synthesis procedure. In the initial stages of synthesis, AgNO3

dissociates releasing Ag+ and NO3
� ions in aqueous medium.

The hydroxyl groups on CCaf encapsulate the silver ions when
it was added to the reaction medium followed by reduction of
Ag ions to give the CCafAgNPs. Physical changes observed in
the colour from yellow to dark green indicate the formation of
AgNPs, confirmed by a SPR band at 424 nm, reduced and
stabilized by CCaf complex.

The sharp and intense distinct peaks XRD pattern shows
the crystallinity of the AgNPs (Figure 2). The peaks at 38 :18,
44 :29, 64 :43, and 77 :48 are well indexed to the 111, 200, 220
and 311 planes of silver, respectively and are in good agree-
ment with the face centered cubic (FCC) lattice structure Ag

Figure 1. Absorption spectrum of CCaf-AgNPs at different time intervals.

Figure 2. XRD pattern of CCafAgNPs.
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(JCPDS silver file No. 04-0783).[43] The relatively high intense
signal is that of 111 Bragg’s reflection and reveals its exposure
in the structure. Presence of no other signals indicates the
purity of sample. The elemental EDX profile shown in Figure 3,
demonstrates a sharp signal of silver at 3 keV, confirming the
major element in the NPs as silver. Along with silver,
prominently distinguishable peaks of oxygen, carbon and
chlorine are observed in the EDX pattern in the signal range of
0–0.5 keV. This confirms the presence of CCaf as capping agent
on the surface of AgNPs that tends to prevent aggregation of
AgNPs.

The morphology of the surface of AgNPs and their particle
shape and size distribution are demonstrated by the SEM
(Figure 3) and TEM results. High resolution TEM images showed
that the AgNPs formed by CCaf are relatively spherical in shape.
The crystallite size of CCafAgNPs estimated from Debye
Scherrer’s formula is 30 nm with interplanar spacing of
0.235 nm corresponding to the 111 plane (Figure 4a). The
highly-dense AgNPs are homogenously distributed. The se-
lected area electron diffraction (SAED) pattern (Figure 4b)
shows crystalline nature of AgNPs and spotty rings corresponds
to the 111, 200, 220 and 311 planes, as observed in XRD profile.

Antioxidant activity

The free radicals and reactive oxygen species, generated from
cellular oxidation are responsible for adverse cellular damage
and chronic diseases. The reactive radical species as H2O2, *O2

�

(superoxide anion), OH (hydroxyl radical), NO and 1O2 (singlet
oxygen) are responsible for causing damage at the cellular and
tissue sites by injuring the peptides, nucleic acids, and lipids in
inflammatory cells leading to chronic health conditions.
Antioxidants are known to decelerate these devastating effects
by neutralizing these free radicals and species.[44] The antiox-
idant activity of CCafAgNPs is evaluated through DPPH assay
shown in Figure 5. Ascorbic acid is used as a standard
antioxidant. The antioxidant capacity of the CCafAgNPs is
found to increase with its increasing concentration resulting in
enhanced ability to scavenge DPPH radical. The IC50 values are
calculated from the plot of % inhibition versus concentration

Figure 3. Scanning electron microscopy (SEM), and energy dispersive X-ray (EDX) analysis of CCafAgNPs.

Figure 4. a. TEM images, and b. SAED pattern of CCafAgNPs.

ChemistrySelect
Research Article
doi.org/10.1002/slct.202203989

ChemistrySelect 2022, e202203989 (3 of 8) © 2022 Wiley-VCH GmbH

Wiley VCH Mittwoch, 14.12.2022

2247 / 280158 [S. 3/9] 1



graph. Although antioxidant capacity of AgNPs is lower than
ascorbic acid, but their IC50 values are quite comparable i. e.,
57.13 μg/mL for AgNPs, and 45.40 μg/mL for ascorbic acid. The
observed antioxidant behaviour of AgNPs is accounted for the
presence of hydroxyl groups present on the capping group.

BSA binding study

UV-visible absorbance

The interaction of BSA and CCafAgNPs is observed from the
UV-visible absorption and steady state fluorescence spectra
measurements. In absence of CCafAgNPs, BSA shows two
absorption peaks at 200–230 nm (corresponding to π!π*
transition of polypeptide chain) and 260–290 nm due to n!π*
transition of the Tyr/Trp chromophores.[45] The intensity of the
absorption peak of BSA around 280 nm is found to change in
presence of CCafAgNPs with the appearance of a new band
around 320 nm, shown in figure 6. The intensity of the peak
increases with increase in the concentration from 10–100 μg/
mL of AgNPs. The hypsochromic shift is due to formation of a
ground state complex between BSA and CCafAgNPs.[46] Similar
results of BSA and nanoparticles are reported in literature.[47]

These changes clearly indicate the interaction of BSA and
CCafAgNPs and change in the microenvironment near Trp, Tyr
and Phe residues located in the binding cavity of BSA. The

nature of quenching of BSA in presence of AgNPs is static in
this case,[47] as indicated by the change of absorption spectra of
BSA. The polar and hydrophobic interactions between the
hydroxy groups and aromatic moieties of CCaf and polar and
hydrophobic amino acid residues on BSA respectively, are
responsible for the observed binding interactions. The binding
constant, Kapp of CCafAgNPs-BSA protein from absorbance
spectrum is calculated from the Benesi-Hildebrand plot (equa-
tion 1) of 1/(A� A0) versus 1/[CCafAgNPs] and found to be
3.52×104 M� 1.

1=ðA � A0Þ
¼ 1= Ac � A0ð Þ þ

1=KappðAc� A0Þ � ½CCafAgNPs� (1)

where, A is the absorbance observed for BSA with different
concentrations of ligand; A0 is the blank absorbance of BSA; AC

is the maximum absorbance of BSA with ligand; Kapp is the
apparent binding constant. A graph of 1/(Aobs� A0) versus 1/
[CCafAgNPs] the ratio of intercept to slope of the linear fit plot
gave the Kapp of BSA and ligand.

Steady state fluorescence emission

The quenching of emission intensity of a fluorophore in
presence of a complex occurs due to various molecular
interactions such as molecular rearrangements, energy transfer,
excited state reactions, collisions among molecules (dynamic
quenching) or formation of ground state complex (static
quenching).[48] BSA shows fluorescence for the presence of
three intrinsic fluorophores in their structure- Phe, Tyr and Trp.
Trp is considered as the main contributor of showing
fluorescence in BSA as Phe and Tyr are opted out for low
fluorescence quantum yield and high fluorescence quenching
in presence of amino/carboxyl group, respectively.[49] The
fluorescence quenching is important in establishing the bind-
ing interaction of BSA in presence of ligands as Trp residue is
highly responsive to the minor change in hydrophobicity or
polarity in its surrounding.[50] It is observed that the
fluorescence intensity of BSA diminishes with increase in
concentration of ligands. Figure 7 shows the fluorescence
emission spectra of CCafAgNPs and BSA and the corresponding
Benesi-Hildebrand plot of 1/(F0� F) versus 1/[CCafAgNPs] for
BSA where F0 is the fluorescence intensity of BSA in absence of
ligand and F is the fluorescence intensity in presence of ligand.
The Kapp value of BSA-CCafAgNPs binding from fluorescence
spectra is found to be 9.02×104 M� 1.

Stern-Volmer equation (equation 2) explains the nature of
mechanism of protein-ligand quenching i. e., whether it is static
quenching or dynamic quenching.

F0=F < C ¼> Ksv CCafAgNPs½ � þ 1 (2)

KSV ¼ Kqt0 (3)

where, F and F0 are the fluorescence intensity of serum
albumins in the presence and absence of CCafAgNPs as

Figure 5. DPPH radical scavenging activity of CCafAgNPs (AgNP) and ascorbic
acid (AA) as standard antioxidant.

Figure 6. a. Absorption spectrum of BSA-CCafAgNPs binding interactions;
b. Benesi-Hildebrand plot of 1/(A� A0) versus 1/[CCafAgNPs].
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quencher and KSV is Stern-Volmer constant The quenching
constant,Kq is the ratio of KSV and and τ0 (average lifetime of
BSA; 10� 8 s for BSA).[51] The slope of the linear Stern-Volmer plot
of F0/F vs. [CCafAgNPs] of BSA is equal to the value of KSV

(0.156×105 M� 1). The calculated Kq value is 1.56×1012 M� 1s� 1

and is greater than collision quenching constant 2.0×
1010 M� 1s� 1.[52] This confirms quenching mechanism to be static
quenching for formation of ground state complex between
BSA and CCafAgNPs. The ground state complex formed is
stabilised by non-covalent interactions as elevctrostatic, van
der waals or hydrophobic forces and formation of hydrogen
bonds.[53]

The number of binding sites between BSA and CCafAgNPs
is given by modified Stern-Volmer electrostatic equation
(equation 3)

log F0 �
F
F

� �

¼ nlog CCafAgNPs½ � þ logKapp (4)

n is the number of binding sites between CCaAgNPsf and BSA
calculated from the linear plot of log (F0� F/F) versus log
[CCafAgNPs]. CCafAgNPs are found to uniquely bind to BSA
(n=1.191). The spectroscopic results from fluorescence and
UV-visible is found to be in good agreement with formation of

ground state complex and can be concluded from the
observed changes of both the spectroscopic analysis.

Antibacterial activity

The bactericidal property of CCafAgNPs, CCaf and curcumin is
screened against both Gram positive bacteria – S. aureus ATCC
29213, and Gram-negative bacteria – E. coli ATCC 25922,
K. pneumoniae BAA 1705, A. baumanii BAA 1605, and P. aerugi-
nosa ATCC 27853 by evaluating the minimum inhibitory
concentration (MIC) values of AgNPs by microbroth dilution
assay. Levofloxacin is used as a standard antibiotic. CCafAgNPs
are found to exhibit broad-spectrum antibacterial activity
against these bacterial pathogens and are more effective than
curcumin and CCaf (capping agent), as shown in Table 1, due
to the presence of Ag metal. The positive charge on CCafAgNPs
is attracted by the negative charge on bacterial cell wall
leading to the releasing of silver ions through pore formation
inside the bacterial cell membranes. Inside the membrane, the
affinity of silver ions for sulphur and phosphorus containing
macromolecules results in disruption of ATP production and
DNA replication. AgNPs also causes oxidative stress inside
bacterial cell membrane by triggering the generation of free
radicals ultimately leading to cell death.[54–57] The combinatorial
action of the AgNPs on bacterial cell accounts for their
inhibitory effect as antibacterial compounds.

Conclusion

In this work, AgNPs capped and reduced by curcumin caffeate
(CCaf) polyphenol is prepared for the first time by cost-effective
and greener method. The stabilized AgNPs are characterized by
XRD, SEM-EDX and TEM analytical techniques. The fabricated
nanomaterial is found to have a face centred cubic lattice and
average size of each particle is found to be 30 nm. The
biological properties of CCafAgNPs are evaluated and found to
have effective antioxidant, and antibacterial properties which
may be used further in pharmaceutical fields, or in sterilization
procedures. CCafAgNPs are found to be effective against both
gram-positive and gram-negative bacterial pathogens (com-
pared to curcumin and CCaf) which makes CCafAgNPs eligible
to be used in food packaging materials as sensors for microbial
contamination. The BSA-nanoparticle interactions have also
been studied by UV-visible and fluorescence emission spectro-
scopic methods. The BSA-CCafAgNPs binding interaction study
may provide initial insight in nanobiotechnology and designing

Figure 7. a. Fluorescence emission spectrum of BSA-CCafAgNPs with increas-
ing concentration of CCafAgNPs (0-100 μg/mL); b. Benesi-Hildebrand plot of
1/F0� F versus 1/[CCafAgNPs]; c. Stern-Volmer plot of F0/F versus [CCa-
fAgNPs]; d. double logarithmic modified Stern-Volmer plot.

Table 1. Minimum Inhibitory Concentration (MIC in μg/ml) of CCafAgNPs, CCaf and curcumin on tested bacterial pathogens (triplicate studies). DMSO is used
as the negative control and Levofloxacin as the positive control. ‘–‘ indicate no activity.

Drug Minimum inhibitory concentration (MIC in μg/ml)
E.coli ATCC 25922 S.aureus ATCC 29213 K.pneumoniae BAA 1705 A.baumanniiBAA 1605 P.aeruginosaATCC 27853

CCafAgNPs 64 64 >64 64 64
CCaf >64 64 >64 >64 >64
Curcumin >64 >64 >64 >64 >64
Levofloxacin (Std) 0.0156 0.25 64 8 1
DMSO – – – – –
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new drugs and further detailed study in this domain are
needed.

Experimental Section

Methods

UV-visible absorption and Fluorescence spectrophotometry

The SPR phenomenon of AgNPs resulting from reduction of Ag+

ions by CCaf are monitored by Hitachi U-3900H UV-visible
spectrophotometer and HORIBA Fluoromax-4 fluorescence spectro-
photometer. The analysis is performed using distilled water as
reference in quartz cuvettes and diluting 1 mL of AgNPs suspension
4 mL of distilled water.

Fourier transform infrared spectra (FTIR)

FTIR spectra is recorded in the range of 400–4000 nm with a
Shimadzu IRPrestige-21 FTIR spectrophotometer on KBr palletes.

Nuclear magnetic resonance (NMR)
1H and 13C NMR spectra are recorded by a Bruker Advance II
spectrophotometer at 400 MHz and 100 MHz, respectively in
DMSO-d6 solvent and TMS as internal standard.

Molecular mass spectra

Molecular mass of CCaf is measured by a Ultimate 3000/TSQ Endura
liquid chromatograph mass spectrometer (LCMS).

Powder X-ray diffraction (XRD)

XRD pattern is recorded with a Bruker AXS D8 Focus X-ray
diffractometer by irradiating monochromatic Cu� Kα (1.541 Å
radiation).

Transmission electron microscopy (TEM)

Transmission electron Microscopy (TEM) and selected area diffrac-
tion (SAED) analysis of stabilized AgNPs is performed with a JEM-
100 CX II transmission electron microscope equipped operating at
20–100 KV in 20 KV steps having high resolution CCD camera from
3 Å to 1.4 Å.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) spectra is recorded in JEOL/JSM 6390LV scanning electron
microscope.

Synthesis of curcumin caffeate (CCaf)

Curcumin caffeate is prepared by the method reported earlier.
Briefly, a mixture of curcumin (1 mM) and caffeic acid (2 mM) in
ethanol is refluxed for 6 h at 60 °C in presence of p-TsOH and under
nitrogen atmosphere with constant stirring. The completion of the
reaction is monitored by examining TLC. The solvent is removed
under reduced pressure using rotatory evaporator, and the product
so formed is purified by column chromatography (Scheme 1).

Characterization is done by FTIR, 1H and 13C NMR and LCMS
analysis.

(2E,2’E)-((1E,6E)-3,5-dioxohepta-1,6-diene-
1,7-diyl)bis(2-methoxy-4,1-phenylene)
bis(3-(3,4-dihydroxyphenyl)acrylate) (CCaf)

Light orange solid. Yield: 0.486 g (70.2%). 1H NMR (400 MHz,
DMSO-d6) δ 7.50 (d, J=12 Hz, =C� H), 7.26 (s, Ar� H), 7.12 (dd, J=

4 Hz, 4 Hz, Ar� H), 6.80 (d, J=12 Hz, Ar� H), 6.71 (d, J=16 Hz, =C� H),
6.63 (m, Ar� H), 6.58 (m, Ar� H) 6.40 (d, J=16 Hz, =C� H), 6.05 (s,
Ar� H), 5.84 (s, Ar� OH), 4.11 (s, � CH2), 3.79 (m, � OCH3);

13C NMR
(100 MHz, DMSO-d6) δ 183.08 (� C=O), 168.56 (� O� C=O), 149.38
(� C� OCH3), 147.52 (� C� OCH3), 145.54 (� C� OH), 140.36 (Ar� C),
130.53 (Ar� C), 128.69 (Ar� C), 126.84 (C=), 125.35 (� C=), 123.02
(Ar� C� O� C=O), 121.16 (� C=), 116.00 (Ar� C), 111.32 (Ar� C), 108.50
(Ar� C), 102.85 (Ar� C), 101.48 (Ar� C), 55.43 (� OCH3), 51.75 (� CH2);
LCMS (m/z): 690.44 [M� 2H]+ (Calculated M+ =692.19).

Preparation of CCaf stabilized silver nanoparticles (green
synthesis)

To a 1 mM aqueous silver nitrate (AgNO3) solution (10 mL) at
ambient temperature, 0.1 mM of CCaf is added. The reaction
mixture turns brown colour, indicating the start of reduction
process of Ag+ ions and development of AgNPs. The progress of
the process of formation of AgNPs is monitored by UV-visible
spectrophotometer. The mixture is centrifuged, washed with
ethanol/water and dried to obtain the stabilized AgNPs (Scheme 1).
The in-vitro antioxidant and antibacterial properties, and BSA -drug
binding study of these CCafAgNPs are evaluated.

Antioxidant activity

The antioxidant property of CCaf-AgNPs is measured by DPPH-
radical scavenging assay following the method described by Brand-
Williams et al. with some modifications.[58] AgNPs solution of
concentrations 10–100 μg/mL in distilled water are prepared and
mixed with 100 μM methanolic solution of DPPH. The reaction
mixture is kept in the dark at room temperature for 30 minutes.

Scheme 1. Preparation of CCaf from curcumin and caffeic acid and AgNPs
reduced/capped by CCaf.
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The absorbance of the reaction mixture is measured by UV-visible
spectrophotometer at 517 nm in parallel with a reagent blank. The
percent inhibitions of DPPH* by the antioxidants are measured by
the bleaching of the purple colour of DPPH. The % inhibition is
calculated as

% DPPH � inhibition ¼ ððAb � AeÞÞ=Ab x 100 % (5)

where, Ab is the absorbance of the blank reagent and Ae is the
absorbance of the reaction mixture. Ascorbic acid is used as a
standard. The results are shown as percentage (%) inhibition versus
the concentrations CCafAgNPs.

BSA binding study

The BSA binding interactions with CCafAgNPs is studied UV-visible
and fluorescence spectrophotometer by the change in absorption
or emission spectra of BSA[59] in presence of increasing concen-
trations of CCafAgNPs as ligand (10–100 μg/mL). The reaction
mixture consists of 2 mL of BSA (10 μM) in phosphate buffer
solution (PBS, pH 7,4), 0.5 mL of PBS and 0.5 mL of CCafAgNPs
solution. The mixture is incubated at 37°C for 30 minutes before
recording spectroscopic data. The binding constant (Kapp) is
evaluated from absorption data by Benesi-Hindelbrand equation
(equation 6).

1=ðA� A0Þ ¼ 1=ðAC� A0Þ þ 1=Kapp ðAC� A0Þ ½ligand� (6)

where, A is the absorbance observed for BSA with different
concentrations of ligand; A0 is the blank absorbance of BSA; AC is
the maximum absorbance of BSA with ligand; Kapp is the apparent
binding constant. A graph of 1/(Aobs� A0) versus 1/[CCafAgNPs] and
1/(F0� F) versus 1/[CCafAgNPs] and the ratio of intercept to slope of
the linear fit plot gave the Kapp of BSA and ligand.

Antibacterial activity

The bactericidal property of CCafAgNPs is screened for ESKAPE
pathogen panel- Escherichia coli ATCC 25922, Staphylococcus
aureus ATCC 29213, Klebsiella pneumoniae BAA 1705, Acineto-
bacter baumannii BAA 1605, and Pseudomonas aeruginosa ATCC
27853 by microbroth dilution method.[60] The results are expressed
in terms of minimum inhibitory concentration (MIC) values in μg/
mL. AgNPs of different concentrations (0–64 μg/mL) in DMSO is
taken in different wells. Bacteria culture, grown in 5% Muller-
Hinton broth for 18 h are rinsed with sterile phosphate buffer
solution twice and diluted to ∼5×105 CFU/mL. Levofloxacin is used
as standard antibiotic.

Supporting Information Summary

The spectroscopic data of the capping agent CCaf is included
in the supplementary information.
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Abstract
The binding of bioactive component in a drug molecule with proteins is important for their delivery at the target site in vivo.
Bovine serum albumin (BSA) and human serum albumin (HSA) are mostly used as a preliminary benchmark model to study
the protein-ligand binding affinity. In this work, we evaluated the biological activity of curcumin cinnamates (CCs) viz.,
curcumin ferulate (CFer), coumarate (CCou), caffeate (CCaf), and sinapate (CSin) derivatives. The binding interaction of
these CCs as ligands with BSA and HSA is investigated by spectroscopic and in silico methods. The apparent binding
constants of CCs are found to be in the range of ~104–105M−1 and are better compared to curcumin. The free radical
scavenging property of CCs is evaluated by ferric reducing antioxidant power assay (FRAP) and cupric ion reducing
antioxidant capacity (CUPRAC) methods. The antioxidant power of CCs is found to be higher than curcumin.

Graphical abstract

Keywords Curcumin ● Curcumin cinnamates ● Antioxidants ● Serum albumins ● Protein binding interaction ● Molecular
docking

Introduction

Polyphenolic antioxidants are gaining immense attention as
nutraceuticals due to their wide medicinal applications in
several neurodegenerative disorders, cancer, diabetes, and
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cardiovascular diseases [1]. Polyphenols are grouped as one
of the most important secondary plant metabolites [2] and
play an effective role in maintaining the balance of the redox
state of a cell by scavenging the free radicals, reactive
oxygen and nitrogen species (ROS and RNS) [3]. The role
of polyphenolic antioxidants as excellent hydrogen donors to
the reactive radicals producing less reactive or non-reactive
radicals [4] and protein binding mechanism are extensively
explored in designing new drugs and preventive medicines
[5, 6]. The number and positions of hydroxyl groups and the
presence of other electron donating or withdrawing sub-
stituent determine the degree of enhancement in their reac-
tivity [7]. Curcumin, a symmetrical conjugated β-diketonic
polyphenolic antioxidant imparting a yellow-orange color to
Curcuma longa has been traditionally explored in many
medicinal applications from the ancient times [8]. Curcumin
not only finds use as a culinary ingredient but also acts as
anti-inflammatory, antimicrobial, anti-cancer, anti-viral, anti-
HIV, anti-Alzheimer’s and anti-depressant [9]. The phenolic
hydroxyl groups are established to be responsible for its
antioxidant behavior [10]. Many studies report the
enhancement in aqueous solubility and biological profile of
curcumin on esterification with other natural products and
synthetic dendrimers [11–14]. Biodegradable curcumin
conjugated diesters with glycine, valine, glutamic acid, and
piperic acid show both antimicrobial and antiproliferative
properties for their antioxidant and anti-inflammatory
behavior and are much better compared to that of curcu-
min. Similarly, diglucoside of curcumin has better anti-
microbial activity when compared to curcumin. The
bioconjugates of curcumin act as pro-drugs as they get
hydrolyzed and release the active drug at the target sites
inside an infected cell. It can be attributed to the better
solubility, cellular uptake and decreased metabolic degra-
dation of these bioconjugates of curcumin in vivo [15–17].

Hydroxycinnamic acids (caffeic acid, ferulic acid, sinapic
acid, and p-coumaric acid) (HCAs) are another class of
natural phenolic compounds mostly found in plants and their
products such as cereals, coffee, vegetables and fruits [18].
In nature, they mainly occur in esterified and conjugated
forms [19]. Hydroxycinnamic acids and their derivatives are
extensively studied due to their health beneficial effect as
antioxidants in cancer, heart disease, neurological disorders,
etc. mainly due to their hydrogen donating ability, supported
by the stability of the resulting phenoxyl radical [20, 21].

Many polyphenols and their conjugates as antioxidants
have been used as non-streroidal anti-inflammatory drugs
(NSAIDs) for inflammation and pain. Inflammation is a
normal and rapid biological response to a tissue damage,
injury, chemical irritation, and infection by microbial
pathogens [22]. This process is initiated by migration of the
immune cells from both the adaptive and innate immune
systems at the damaged site, followed by involvement of the

inflammatory cells and release of reactive oxygen and
nitrogen radical species (ROS & RNS) and proinflammatory
cytokinesis to neutralize the invading pathogens, repair
injured tissues and assist wound healing [23]. The reactive
radical species as H2O2, •O2

− (superoxide anion), OH
(hydroxyl radical), NO and 1O2 (singlet oxygen) are
responsible for causing damage at the cellular and tissue
sites by injuring the peptides, nucleic acids, and lipids in
inflammatory cells. These in turn triggers signaling cascades,
modulates inflammatory gene expression and production of
inflammatory chemicals that causes oxidative damage at the
normal tissues near the infected cells leading to extended
inflammation [24, 25]. NSAIDs have significant importance
in recovery of inflammation due to either injury or infection
[26]. When delivered at the target site, NSAIDs works
through inhibition of cyclooxygenase (COX) enzymes, pri-
marily involved in biosynthesis of prostaglandins relieving
swelling and pain. Binding ability of a bioactive part of a
drug molecule with protein may have significant importance
on the delivery, free concentration and metabolism of drug at
the target site [27, 28]. Serum albumin in mammalian blood
plasma has concentration of 50 mgmL−1 and is generally
considered as a model system for studying the protein-drug
interaction in vitro. Bovine serum albumin (BSA) has 583
amino acids with two tryotophan residues (Trp-134 and
Trp213) and phenylalanine at the binding pocket [29]. The
human serum albumin (HSA) protein possesses 75% struc-
tural similarity to BSA [30]. The binding interactions of
BSA/HSA and drug molecule can be investigated by UV-
visible and fluorescence spectroscopic techniques by obser-
ving a change in the hyperchromicity in the absorption
spectra of BSA-drug or HSA-drug complexes.

To the best of our knowledge, serum albumin interactions
of curcumin cinnamates (CCs) are not attempted. In this
work, we report the evaluation of antioxidant property of
CCs in terms of equivalent concentration (EQ of 1 mM
Fe2SO4) and trolox equivalent antioxidant capacity (TEAC).
The binding affinities of curcumin and CCs to BSA and
HSA are investigated by UV-visible and fluorescence spec-
troscopic techniques. The change in the microenvironment of
active ligand binding site of BSA, and HSA in presence of
CCs is investigated by in silico molecular docking.

Results and discussion

In a typical procedure, a reaction mixture of curcumin
(1 mM) and HCAs (2 mM) is refluxed in ethanol at 60 °C
for 6 h in presence of a small amount of p-TsOH and under
nitrogen atmosphere with constant stirring. The progress of
reaction is monitored by examining TLC. A small amount
of cold distilled water is added to the reaction medium and
the ester so formed is separated by simple filtration method.
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The product is purified by column chromatography and
characterized by UV-visible, FTIR, 1H and 13C NMR and
LCMS analysis. Figure 1 shows the chemical structures of
curcumin and synthesized CCs.

Antioxidant activity

The FRAP assay, based on electron transfer mechanism, is
simple, easy and inexpensive method to evaluate the anti-
oxidant activity of compounds. The results of FRAP assay
are presented in Fig. 2 in terms of ferric equivalent con-
centration (EQ), defined as concentration of the antioxidant
giving an equal amount of absorbance as given by 1 mM of

FeSO4.7H2O. The higher the value of EQ (expressed in μM)
lower is the antioxidant ability. The ease of electron dona-
tion by the antioxidants determines their reducing ability.
The reducing ability of the antioxidants follows the order:
CCaf > CSin > CFer > CCou > AscA > Curcumin. The EQ
values of CCs are better compared to curcumin and ascorbic
acid (standard). The number of phenolic hydroxyl groups,
electron donating methoxy groups and conjugation in the
structure of the antioxidants decides their enhancement in
antioxidant activity [31]. The CCs retain their antioxidant
behavior for a longer time and therefore might be able to
show a protective effect against the oxidative damage of the
food, if also used as food ingredients.

Fig. 1 Chemical structures of synthesized CCs and curcumin
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The CUPRAC method introduced by Apak et al. 2008 [32],
is a simple and versatile method studied for evaluating anti-
oxidant capacity of many polyphenols, flavanoids, carotenoids,
synthetic antioxidants, etc. The blue chromogen bis(neocu-
proine (Nc)) copper (II) cation [Cu(Nc)2]

2+ used in the
CUPRAC assay oxidizes the reactive phenolic OH group
(Ar–OH) of the antioxidants to the corresponding quinines
(Ar=O), itself getting reduced to yellow-orange Cu(Nc)2

+

chelate. The antioxidant capacity of CCs evaluated by
CUPRAC assay are expressed as TEAC coefficients i.e., the
concentration of antioxidants giving the same reducing potency
of the Cu2+-Nc complex as 1mM of trolox did at wavelength
450 nm. The antioxidant activities follow the trend: CCaf >
CSin>CFer >CCou >Curcumin (Fig. 3). The electron transfer
mechanism involved in CUPRAC assay depends on the
number and position of the phenolic hydroxy groups, electron
donating methoxy groups and the conjugation allowing elec-
tronic delocalization in the structure of the antioxidants. The
CCs are found to have higher activity compared to curcumin
due to their extended conjugation in the whole structure.

Serum albumin protein binding study

UV-visible absorbance

The UV-visible absorption spectra measurements are car-
ried out to examine the structural binding interaction of
BSA and HSA with CCs and curcumin as ligands. BSA
shows an absorption maximum at 280 nm and HSA at
277 nm in phosphate buffer solution (0.1 M, pH 7.4) due to
π→ π* transition of the phenyl rings presents in
chromophores-tyrosine (Tyr) tryptophan (Trp) and pheny-
lalanine (Phe) residues [33–35]. The changes in the inten-
sity band at 280 and 277 nm (hyperchromic or hypochromic
and hypsochromic or bathochromic shift) is relevant to
changes in the structure of BSA and HSA, particularly the
hydrophobicity around Trp and Tyr residues [36]. In our
work, the absorption intensity of BSA increases with
increasing concentration of ligands and appearance of a new
peak at 324 nm. This suggests concentration-dependent
hyperchromic effect at 280 nm and formation of ground
state complex due to binding interaction of BSA and ligands
[37]. The maximum absorption wavelength of BSA at
280 nm undergoes hypsochromic shift with increasing
concentrations of ligands indicating the change in micro-
environment around Trp, Tyr and Phe groups in the binding
pocket of BSA [38]. Figure 4 shows the absorption spec-
trum of BSA binding interaction with CCaf and the corre-
sponding Benesi-Hildebrand plot of 1/(A0−A) versus 1/
[CCaf]. The apparent binding constant (Kapp) calculated
from Benesi-Hildebrand plot of BSA-ligand binding inter-
action are better for CCs than that of curcumin (See Table
1). The appearance of new band at 324 nm is not observed
in case of curcumin. CCs and cur exhibit absorption peak
around 433 and 420 nm respectively due to absorption of
UV-light in this region.

Similarly, in case of HSA-ligand binding interaction the
absorbance at 277 nm is found to increase with increase in
concentration of ligand with simultaneous hypsochromic shift.
The polarity around the microenvironment of Trp and Tyr
residues are changed due to the interaction of HSA and ligands,
with minor unfolding of the polypeptide backbone of HSA
protein [35]. The absorbance spectrum of HSA and CCaf
complexation and the corresponding Benesi–Hildebrand plot is
shown in Fig. 4. The Kapp values of CCs are higher than that of
curcumin (see Table 1). The nature of complexation of BSA
and HSA with CCs and curcumin is static as inferred from the
change of absorption spectra of BSA in presence of ligand,
which is altered in case of dynamic quenching as no such
change in absorption spectra is observed in the vicinity of
ligand [30, 39, 40].

Fig. 2 Ferric equivalent concentrations (μM) of the antioxidants with
the FRAP assay (mean ± SD, n= 3)

Fig. 3 TEAC coefficients (mM) of the antioxidants evaluated by
CUPRAC assay (mean ± SD, n= 3)
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Steady state fluorescence emission

The fluorescence intensity of a fluorophore is quenched in
presence of a ligand due to various molecular interactions
such as energy transfer, molecular rearrangements, excited
state reactions, formation of ground state complex (static
quenching) or collisions among molecules (dynamic
quenching) [41]. The fluorescence of BSA and HSA is
observed due to the presence of three intrinsic fluorophores
in their structure-Phe, Tyr and Trp. Out of the them, Trp is
considered as the main contributor of fluorescence of BSA

and HSA as Phe and Tyr are opted out for low fluorescence
quantum yield and high fluorescence quenching in presence
of amino or carboxyl group, respectively [42]. Trp residue
is highly sensitive to the minor change in hydrophobicity or
polarity in its vicinity, and the fluorescence quenching is
important in establishing the binding interaction of BSA
and HSA in presence of ligands [43]. It is observed that
with increase in concentration of ligands the fluorescence
intensity of BSA and HSA decreases. Figure 5 shows the
fluorescence emission spectra of CCaf and BSA and HSA
binding interaction and the corresponding Benesi-

Fig. 4 a Absorbance spectra of BSA (10 μM) with CCaf (10–100 μM), and (b) Benesi-Hildebrand plot of 1/(A−A0) vs. 1/[CCaf] for BSA;
(c) absorbance spectra of HSA with CCaf (10–100 μM), and (d) Benesi-Hildebrand plot of 1/(A−A0) vs. 1/[CCaf] for HSA

Table 1 Apparent binding
constants of BSA-ligand and
HSA-ligand interactions
measured from UV-visible
absorbance and fluorescence
spectra

S. No. BSA HSA

Kapp

absorbance
spectra
(105M−1)

Kapp

emission
spectra
(105M−1)

No. of
binding
sites (n)

KSV

(105

M−1)

Kapp

(absorbance
spectra,
(105M−1)

Kapp

(emission
spectra,
105 M−1)

No. of
binding
sites (n)

KSV

(105

M−1)

CCaf 0.886 1.022 1.047 0.375 0.388 0.333 1.52 0.57

CCou 0.656 0.772 1.094 0.308 0.245 0.267 1.32 0.33

CSin 0.692 0.983 1.248 0.356 0.271 0.292 1.28 0.47

CFer 0.684 0.868 1.141 0.344 0.248 0.286 1.42 0.43

Curcumin 0.420 0.502 1.021 0.288 0.215 0.232 1.33 0.32
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Hildebrand plot of 1/(F0− F) versus 1/[CCaf] for BSA and
HSA, where F0 is the fluorescence intensity of BSA and
HSA in absence of ligand and F is the fluorescence intensity

in presence of ligand. The Kapp value of BSA-ligand bind-
ing from fluorescence spectra (Table 1) is found to be
highest for CCaf (1.022 × 105M−1).

Fig. 5 a Emission spectra, (b)
Benesi-Hildebrand plot of 1/
(F0− F) vs. 1/[CCaf], (c) Stern-
Volmer Plot, (d) double
logarithmic plot of BSA (10 μM)
with CCaf (10–100 μM); (e)
emission spectra, (f) Benesi-
Hildebrand plot of 1/(F0− F) vs.
1/[CCaf], (g) Stern-Volmer Plot,
(h) double logarithmic plot of
HSA (10 μM) with CCaf
(10–100 μM)
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The mechanism of protein-ligand quenching be either
static quenching or dynamic quenching which is verified
from the Stern-Volmer equation (Eq. 1.a).

F0=F ¼ KSV CCaf½ � þ 1 ð1:aÞ

Also; KSV ¼ Kqτ0 ð1:bÞ

where, F0 and F are the fluorescence intensity of serum
albumins in the absence and presence of CCaf ligand
(quencher) and KSV is the Stern-Volmer constant. Kq is the
quenching constant and τ0 is the average lifetime of the
serum albumins (10−8 s for BSA and 2.02 × 10−10 s for
HSA) [43, 44].

The plot of F0/F vs. [CCaf] for BSA gives a straight line,
whose slope is equal to the value of KSV (0.375 × 105M−1).
The corresponding Kq value is 3.75 × 1012M−1s−1, which is
greater than collision quenching constant 2.0 × 1010M−1s−1

[45]. In case of HSA, the KSV value is 0.575 × 105M−1 and the
corresponding Kq value is measured to be 2.82 × 1014M−1s−1.
Thus, the mechanism of quenching is confirmed to be static
quenching due to formation of ground state complex between
BSA/HSA and ligands and stabilized by non-covalent

interactions as hydrogen bonds, electrostatic, van der Waals or
hydrophobic forces [46].

The modified Stern-Volmer equation gives the number of
binding sites between the serum albumins and ligands (Eq.
2) [47].

log F0 � F=Fð Þ ¼ n log CCaf½ � þ logKapp ð2Þ
where n is the number of binding sites between CCaf and
serum albumins obtained from the double logarithmic plot.
CCs and curcumin are found to uniquely bind to both BSA
and HSA (Table 1). The result of fluorescence spectroscopy
is found to be in good agreement with the UV-visible
absorbance spectroscopic result. The formation of ground
state complex is concluded from the changes in the spectra
of both the spectroscopic analysis. In support of the
experimental findings on protein binding in silico docking
study is also performed.

Docking studies

Molecular docking study is performed to understand the
plausible interacting modes of the targeted molecules and
serum albumins using co-crystal structures of BSA, and

Fig. 6 The minimum energy docked conformations of CCaf with BSA, and HSA
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HSA. Analysis of docking results is carried out using
pymol. The docking score (in kcal/mol) and number of
hydrogen bonds formed with the interacting amino acid
residues at the binding site of the protein is determined. The
docking result is shown in Figs. 6, S10–S13 (Supplemen-
tary Information) and Table 2. The spectroscopic and
molecular docking results of curcumin and CCs as ligands
with BSA protein complemented each other. There are two
binding sites of BSA protein, namely the Sudlow’s sites I
and II, respectively located in the hydrophobic cavities of
subdomain IIA and IIIA. The binding free energies (in kcal/
mol) for protein-ligand complexes is obtained from the best
energy ranked conformers. The polyphenols are reported to
bind in the vicinity of Trp 213 of BSA [40]. CCs are found
to bind at both sites of BSA, through hydrogen bonds and
hydrophobic interactions with the surrounding amino acid
residues of BSA. Among the synthesized esters, best
binding energy is observed for CCaf −11.07 kcal/mol and
least for CSin −10.13 kcal/mol. However, these values are
better compared to that of curcumin −9.03 kcal/mol. BSA
possess the polar amino acid residues on the surface while
the hydrophobic amino acids with the aromatic groups are
present inside the tertiary structure. The molecular docking
results of HSA-ligand binding interactions are comparable
to that of the BSA-ligand interactions. Curcumin and CCs
are observed to be surrounded by the amino acid residues of
the subdomain IIA and IIIA of HSA. The binding energy
values of CCs are better compared to curcumin and the best
binding energy value is observed for CCaf −11.06 kcal/
mol. Thus, CCaf exhibits the best binding energy with both
BSA and HSA amongst the CCs and curcumin, which is
also in agreement with experimentally determined binding
constants. The hydroxyl and keto groups on the ligand are
involved in forming hydrogen bonds with the surrounding
polar amino acids and the hydrophobic interactions takes
place between the aromatic group of ligand and the
hydrophobic amino acid residues on BSA and HSA. Earlier
QSAR [48] and molecular docking studies [49–52] have
also showed that number of aromatic rings, –OH groups, H
bonds, hydrophobic interactions etc are important attributes
for BSA and HSA binding ligands. An analysis of the
interactions shown in Table 2 imply that CCaf exhibits the
best binding energy because of significantly more number
of H bonds formed by CCaf due to the presence of two
additional –OH groups on the terminal benzene rings of
CCaf compared to the other CCs and curcumin. This is
clearly evident in the interactions shown in Table 2. The
energetically best conformation of CCaf is forming 11 H
bonds while the best conformations of the other three CCs
have formed 5 to 7 H bonds and curcumin has formed 5 H
bonds with BSA. In case of HSA CCaf exhibits 12 H bonds
while the other three CCs exhibit 3 to 5 H bonds and cur-
cumin forms 4 H bonds. It may be noted that in the

energetically best conformation of CCaf the keto groups
(O8 and O9) are forming H-bond contact with Arg217 of
BSA. However, the keto groups are present in all the
ligands including curcumin and a closer analysis of the
interactions in Table 2 shows that some of the other ligands
are also forming H-bond contacts with BSA and HSA
through either one or both the keto groups. Therefore we
may conclude that involvement of the keto groups may not
be the major reason behind CCaf being the best binding
ligand. This again confirms that the two additional -OH
groups on CCaf and their additional H bonds which are
absent in all the other four ligands is the reason for better
binding of CCaf with BSA and HSA. Figure 6 shows the
minimum energy docked conformation of CCaf with BSA
and HSA. It is interesting to note that the number H bonds
formed by curcumin and the CCs other than CCaf are
comparable. However the CCs exhibits better binding
energy compared to curcumin. We assign this better binding
of CCs, to the fact that the CCs have more number of
aromatic rings, larger size and occupy more space in the
binding pockets of both BSA and HSA which may lead to
more number of hydrophobic and other van der Waals
interactions other than H bonds.

Another important point to note is that in Table 2 we
provide the interactions made by the specific minimum
energy conformation (in Supplementary Figs. S12, S13, this
conformation is mentioned as conformation 1) for each
ligand with BSA and HSA. However, in each of our
docking simulations we generated 1000 conformations.
AutoDock-GPU version: v1.5-release groups these 1000
conformations into different clusters meaning that structu-
rally similar ligand conformations are grouped into a single
cluster. It is commonly seen that even in a single cluster of
conformations the specific interactions may vary con-
formation to conformation especially for large ligands with
high torsional degrees of freedom. Earlier works [53, 54]
also report that protein-ligand interactions can be dynamic
rather than static due to structural flexibility of the ligands.
Since the ligands developed in this work are relatively large
with high torsional degrees of freedom, we observed that
the conformations present in the same cluster as that of the
best conformation shows slightly different binding interac-
tions compared to the best conformation (see Supplemen-
tary Figs. S12, S13). This means that the interactions shown
in Table 2, Figs. 6, S10–S13 are probable interactions
which may be dynamically changing. This also implies that
although from Table 2 data it may seem that structurally
quite similar ligands like CCou and CCaf are exhibiting
different interactions; if we consider the other conforma-
tions from the same cluster of the best conformations for
these ligands the overall interactions may actually come out
to be similar. The alternate conformations of CCou speci-
fically exhibits some of the interactions exhibited by the
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best energy conformation of CCaf but not exhibited by the
best energy conformation of CCou (see Supplementary
Figs. S12, S13). Therefore, it may be again emphasized that
the best binding energy of CCaf with both BSA and HSA is
not due to some specific interaction but due to increase in
the number of H bonds formed by the additional –OH
groups.

Conclusions

In this work, four pharmacologically active derivatives of
curcumin and hydroxycinnamic acids are reported with
better antioxidant and anti-inflammatory properties com-
pared to curcumin. The results of UV-visible absorbance
spectra and fluorescence emission spectroscopy reveals that
curcumin and CCs as ligand has the ability to bind with
both BSA and HSA through formation of ground state
complex between the serum albumins leading to static
quenching. The binding constant of CCs are found to be
higher than curcumin in both BSA and HSA. In silico
molecular docking results indicate that curcumin and CCs
could bind at the subdomain IIA and IIIA of BSA and HSA
through formation of hydrogen bonds with the amino acid
residues in those regions. The binding energy values cal-
culated from the molecular docking studies are in close
agreement with the experimental ones. This work can
highlight the protein-ligand interaction of curcumin deri-
vatives and provide important information in clinical
research.

Experimental

Materials

Curcumin, ferulic acid, sinapic acid, caffeic acid, p-cou-
maric acid, trolox, BSA, and neocuproine (Nc) are pur-
chased from Sigma Co. (MO, USA). 2,4,6-tri(2-pyridyl)-s-
triazine (TPTZ) is obtained from TCI Chemicals (India) Pvt.
Ltd and HSA from SRL, India. All other chemicals and
solvents used are of analytical grade. The absorption spectra
are recorded by a UV-Visible spectrophotometer (HITA-
CHI U-3900H) over a wavelength range of 200–800 nm.
For fluorescence emission spectroscopy, HORIBA
Fluoromax-4 is used. 1H NMR and 13C NMR spectra are
recorded on a Bruker Advance II 400MHz model spec-
trometer in DMSO-d6 as solvent using TMS as internal
standard. Chemical shifts are reported downfield to TMS
signal in parts per million (ppm). The resonant frequency of
1H and 13C is taken at 400MHz and 100MHz respectively.
Molecular mass is recorded by Ultimate 3000/TSQ Endura
liquid chromatograph mass spectrometer (LCMS).

Methods

Curcumin cinnamates are prepared by refluxing curcumin
(1 mM) and hydroxycinnamic acid (2 mM) in ethanol at
60 °C for 6 h in presence of p-TsOH as catalyst. The solvent
is removed under reduced pressure, product is washed with
dilute acid and base solutions and filtered and dried. The
purification of product is done by column chromatogramphy.

(2E,2′E)-((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-
methoxy-4,1-phenylene) bis(3-(4-hydroxy-3,5-
dimethoxyphenyl)acrylate) (CSin)

Dark yellow solid. Yield: 0.556 g (71.3 %). 1H NMR
(400MHz, DMSO-d6) δ 7.65 (d, J= 16 Hz, =C–H) 7.54 (m,
Ar–H), 7.24 (m, =C–H), 7.12 (d, J= 4 Hz, Ar–H), 6.95 (s,
Ar–H), 6.86 (m, =C–H), 6.78 (m, Ar–H), 6.73 (d,
J= 16Hz,=C–H), 6.54 (s, Ar–H), 6.45 (dd, J= 4Hz, Ar–H),
6.24 (d, J= 16Hz, =C–H), 6.18 (s, Ar–H), 6.02 (s, Ar–H),
4.10 (m, –CH2), 3.85 (m, –OCH3);

13C NMR (100MHz,
DMSO-d6) δ 183.02 (–C=O), 167.19 (–O–C=O), 166.72
(–O–C=O), 149.70 (–C–OCH3), 147.96 (–C–OCH3), 145.36
(–C=), 140.64 (–C–OH), 138.26 (8, 8′ –C=), 130.25 (–C=),
125.99 (Ar–C–O–C=O), 124.20 (–C=), 116.00 (Ar–C),
114.82 (Ar–C), 111.00 (Ar–C), 105.97, (Ar–C), 100.98
(Ar–C), 59.80 (–OCH3), 55.95 (–OCH3), 51.23 (–CH2);
LCMS (m/z): 779.46 [M-H]+ (Calculated M+= 780.77).

(2E,2′E)-((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-
methoxy-4,1-phenylene) bis(3-(4-hydroxy-3-
methoxyphenyl)acrylate) (CFer)

Dark yellow solid. Yield: 0.506 g (70.2 %). 1H NMR
(400MHz, DMSO-d6) δ 7.54 (d, J= 16 Hz, =C–H), 7.25 (s,
Ar–H), 7.12 (d, J= 8 Hz, Ar–H), 6.80 (d, J= 8 Hz, Ar–H),
6.70 (d, J= 16Hz, =C–H), 6.63 (m, Ar–H), 6.57 (m, Ar–H)
6.40 (d, J= 16Hz, =C–H), 6.24 (d, J= 16Hz, =C–H), 6.04
(s, Ar–H), 5.83 (s, Ar–OH), 4.10 (s, –CH2), 3.78 (m, –OCH3);
13C NMR (100MHz, DMSO-d6) δ 183.13 (–C=O), 167.21
(–O–C=O), 149.37 (–C–OCH3), 147.49 (–C–OCH3), 145.54
(–C–OH), 141.84 (Ar–C), 139.99 (Ar–C), 130.03 (–C=),
126.33 (–C=), 125.83 (Ar–C–O–C=O), 123.51 (–C=),
121.18 (Ar–C), 119.32 (Ar–C), 115.50 (Ar–C), 110.82
(Ar–C), 107.13 (Ar–C), 102.44 (Ar–C), 101.01 (Ar–C), 55.42
(–OCH3), 51.25 (–CH2); LCMS (m/z): 719.72 [M-H]+

(Calculated M+= 720.22).

(2E,2′E)-((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-
methoxy-4,1-phenylene) bis(3-(3,4-dihydroxyphenyl)
acrylate) (CCaf)

Light orange solid. Yield: 0.484 g (70.1 %). 1H NMR
(400MHz, DMSO-d6) δ 7.50 (d, J= 12 Hz, =C–H), 7.26 (s,
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Ar–H), 7.12 (dd, J= 4 Hz, 4 Hz, Ar–H), 6.80 (d, J= 12 Hz,
Ar–H), 6.71 (d, J= 16 Hz, =C–H), 6.63 (m, Ar–H), 6.58 (m,
Ar–H) 6.40 (d, J= 16 Hz, =C–H), 6.05 (s, Ar–H), 5.84 (s,
Ar–OH), 4.11 (s, –CH2), 3.79 (m, –OCH3);

13C NMR
(100MHz, DMSO-d6) δ 183.08 (–C=O), 168.56
(–O–C=O), 149.38 (–C–OCH3), 147.52 (–C–OCH3),
145.54 (–C–OH), 140.36 (Ar–C), 130.53 (Ar–C), 128.69
(Ar–C), 126.84 (C=), 125.35 (–C=), 123.02
(Ar–C–O–C=O), 121.16 (–C=), 116.00 (Ar–C), 111.32
(Ar–C), 108.50 (Ar–C), 102.85 (Ar–C), 101.48 (Ar–C),
55.43 (–OCH3), 51.75 (–CH2); LCMS (m/z): 691.44 [M-H]+

(Calculated M+= 692.19).

(2E,2′E)-((1E,6E)-3,5-dioxohepta-1,6-diene-1,7-diyl)bis(2-
methoxy-4,1-phenylene) bis(3-(4-hydroxyphenyl)acrylate)
(CCou)

Dark yellow solid. Yield: 0.463 g (70.2 %). 1H NMR
(400MHz, DMSO-d6) δ 7.52 (d, J= 12 Hz, =C–H), 7.25
(s, Ar–H), 7.11 (d, J= 8 Hz, Ar–H), 6.80 (d, J= 8 Hz,
Ar–H), 6.76 (m, Ar–H), 6.71 (d, J= 16 Hz, =C–H), 6.64
(m, Ar–H), 6.55 (m, Ar–H) 6.32 (d, J= 16 Hz, =C–H),
6.26 (d, J= 16 Hz, =C–H), 6.08 (s, Ar–H), 5.82 (s,
Ar–OH), 4.12 (s, –CH2), 3.82 (s, –OCH3);

13C NMR
(100MHz, DMSO-d6) δ 183.54 (–C=O), 168.08
(–O–C=O), 149.85 (–C–OCH3), 147.90 (–C–OCH3),
145.04 (–C–OH), 140.88 (Ar–C), 130.06 (Ar–C), 126.83
(–C=), 123.52 (–C=), 121.18 (Ar–C–O–C=O), 114.63
(–C=), 113.65 (Ar–C), 111.32 (Ar–C), 108.48 (Ar–C),
103.31 (Ar–C), 101.46 (Ar–C), 55.43 (–OCH3), 51.77
(–CH2); LCMS (m/z): 659.77 [M-H]+ (Calculated
M+ = 660.67).

The stock solution of CCs and trolox (as standard) are
prepared at a concentration of 10 mM in DMSO and diluted
further to 10–100 μM concentrations with DMSO solution
for antioxidant study and with phosphate buffer saline
solution (0.1 M PBS; pH= 7.4) for serum albumin binding
study. BSA/HSA standard solution is prepared at a con-
centration of 10 μM in PBS solution.

FRAP assay

The antioxidant capacity of each concentration of test sample
solutions is estimated by FRAP assay according to the ori-
ginal method described [55] with some modifications. The
working solution of FRAP reagent under acidic conditions
(pH 3.6) is prepared by mixing 2.5 mL of 10mmol/L TPTZ
solution in 40mmol/L HCl, 2.5mL of 20mmol/L
FeCl3.6H2O and 25mL of 300mmol/L acetate buffer solution
(3.1 g CH3COONa.3H2O and 16mL CH3COOH per litre of
buffer solution). An amount of freshly prepared reagent
(2.4 mL) is incubated at 37 °C and absorbance at 593 nm is
recorded as reagent blank. 0.6mL of test sample solution of

concentration range 10–100 μM is added to 2.4 mL of the
reagent. The change in absorbance (ΔA) of the reaction
mixture is proportional to the reducing/antioxidant power of
the antioxidants and is measured as an increase in absorbance
at λ 593 nm due to reduction of [Fe(III)(TPTZ)2]

3+ to the
blue colored [Fe(II)(TPTZ)2]

2+ ferrous complex (Fig. 7).

CUPRAC assay

The procedure of CUPRAC assay is followed from the
method reported in literature [56]. 1.0 × 10−2M of CuCl2
solution is prepared by dissolving 0.4262 g CuCl2.2H2O in
water and diluting to 250 mL. Ammonium acetate
(NH4OAc) buffer (pH 7.0) at concentration of 1.0M is
prepared by dissolving 19.27 g NH4OAc in water and
diluting to 250mL. Neocuproine (Nc) solution,
7.5 × 10−3 M, is prepared by dissolving 0.039 g Nc in 96%
ethanol, and diluting to 25mL with ethanol. The CUPRAC
method can be applied as four interrelated procedures, i.e.,
normal (N), incubated (I), hydrolyzed (H), and hydrolyzed
and incubated (H&I) versions of the assay. In our present
work, we applied the normal sample measurement procedure
of the CUPRAC assay. The standard calibration curves of
each antioxidant compound are generated by plotting
absorbance versus molar concentration, and the molar
absorptivity of the CUPRAC method for each antioxidant is
found from the slope of the calibration line concerned. The
scheme for the normal measurement of hydrophilic anti-
oxidants is summarized as: 1 mL Cu(II)+ 1mL Nc+ 1mL
buffer+ x mL antioxidant solution+ (1.0− x) mL H2O;
total volume= 4.0 mL. The reaction mixture is incubated at
37 °C for 30min and heated at 50°C in water bath until the
solution develop a light blue color, and then measured
absorbance at 450 nm. The reaction is based on reduction of
light blue colored [Cu(Nc)2]

2+ to yellow colored [Cu(Nc)2]
+

complex (Fig. 7). Trolox Equivalent Antioxidant Capacity
(TEAC) values (Eq. 3) of phenolic antioxidants in CUPRAC
method is calculated as the ratio of molar absorptivity of the
antioxidant versus the molar absorptivity of trolox:

TEACA:O ¼ εA:O=εTrolox ð3Þ
where, εA.O is the molar absorptivity of the phenolic
antioxidant and εTrolox is the molar absorptivity of trolox.

Serum albumin binding study

The binding interactions of BSA and HSA with CCs and
curcumin as ligands is studied by observing the change in
absorption and emission spectra of BSA and HSA in presence
of different concentrations of ligands. The working solution is
prepared by addition of 2 mL of BSA/HSA [prepared in
phosphate buffer solution (PBS); pH 7.4], 0.5 mL of ligand
and 0.5 mL of PBS. The concentration of BSA/HSA is fixed

Medicinal Chemistry Research



at 10 μM. The solution is incubated for 30mins at 37 °C. The
binding constant (Kapp) is calculated from absorption data by
Benesi-Hindelbrand equation (Eq. 4).

1= Aobs � A0ð Þ ¼ 1= AC � A0ð Þ
þ 1=Kapp AC � A0ð Þ ligand½ � ð4Þ

where, Aobs is the absorbance observed for BSA/HSA with
different concentrations of ligand; A0 is the blank absorbance
of BSA/HSA; AC is the maximum absorbance of BSA/HSA
with ligand; Kapp is the apparent binding constant. A graph is
plotted between 1/(Aobs−A0) versus 1/[CCs] and 1/(F0− F)
versus 1/[CCs] and the ratio of intercept to slope of the linear
fit plot gave the Kapp of BSA/HSA and ligand.

Molecular docking

All docking calculations were performed on a Linux 64
operating system using AutoDock-GPU version: v1.5-release
[57] in order to gain insights into the binding modes and
binding affinity of curcumin and CCs with BSA and HSA.
The preparation of proteins and ligands are done using
AutoDock Tools version 1.5.7 [58]. The X-ray crystal struc-
tures for these proteins are retrieved from the protein data bank
(PDB) with PDB ID: 4F5S(A) and 4K2C(A) respectively. The
structure of curcumin and CCs as ligand are generated in
Avogadro followed by energy minimization. All other ligands,
and water molecules are removed followed by addition of

polar hydrogen atoms to the protein structure. Considering the
ligand molecules as flexible and the protein as rigid, both
proteins are docked to each of the five ligands using autodock
force field. 1000 conformations are generated from each
docking simulation. The top 5 conformers are analysed and the
best among them is selected for further study. The visualiza-
tion of the docked conformations and the evaluation of the
protein-ligand interactions are performed in PyMOL [59].
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