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Abstract 
The measurement of total antioxidant capacity (TAC) indicating the cooperative action of all antioxidants in a complex 
sample is an important analytical challenge. A novel green silver nanoparticle-based antioxidant capacity (GSNP-AC) 
method using carob extract was designed for TAC measurement. Green synthesis of nanoparticles has various advantages 
such as environmentally friendliness, reliability, sustainability and fast production. In the presence of silver seeds formed 
with carob extract,  Ag+ is reduced to spherical silver nanoparticles (SNPs) with antioxidants, resulting in enlarged particles 
with a symmetric surface plasmon resonance (SPR) absorption band at 434 nm. The SPR of SNPs allowed quantification of 
antioxidants (i.e., increase in SPR absorbance being correlated to antioxidant concentration), and the GSNP-AC method gave 
a linear response over a wide concentration range of antioxidants. The molar absorptivity and LOD for trolox were 11700 
L  mol−1 cm−1 and 0.31 µM, respectively. The proposed method was validated in terms of concentration-dependent linear 
response, additivity of absorbances, precision and accuracy. The results obtained with the proposed method for standard 
antioxidants, synthetic mixtures and real sample extracts were correlated with those of the traditional CUPRAC method. This 
green synthesized silver nanoparticle-based TAC method showed simple, rapid, cost-effective, and eco-friendly superiorities 
over similar other nanoparticle-based assays.
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Introduction

During metabolic processes, reactive oxygen species are 
generated in the human body and cause oxidative damage 
to vital units such as living cells and tissues as a result of 
attack on biological macromolecules [1]. Antioxidants are 
defensive substances that can retard or inhibit undesired 
oxidation reactions by stabilizing or deactivating free radi-
cals [2]. Nanotechnological methods of colorimetric total 
antioxidant capacity (TAC) assays have been developed in 
recent years, depending on chemical reduction by antioxi-
dants to generate nanoparticle chromophores [3].

Nanotechnology comes to the fore in important scien-
tific fields such as electronics, material science, aerospace 
engineering, medicinal drug delivery, and biotechnology 
in recent years [3, 4]. Due to their small size (1–100 nm) 
and unique surface characteristics, noble metal nanoparti-
cles (NPs) are used for ultrasensitive sensing and imaging 
in different research fields. Noble metal NPs dispersed in 
liquid media exhibit unique surface plasmon resonance 
(SPR) bands providing selectivity and simplicity of deter-
mination for different analytes. It makes them ideal ana-
lytical probes for important substances in various fields 
[3, 5].

Silver nanoparticles (SNPs) can be synthesized using 
three different approaches, including physical, chemical, 
and biological methods. Physical methods suffer from 
disadvantages such as solvent contamination, high cost, 
high-energy consumption, low yield, and the non-uniform 
distribution of the nanoparticles formed [6]. On the other 
hand, the more common chemical reduction process [7] 
involves the presence of metal precursors, reducing agents, 
and capping/stabilizing agents to prevent nanoparticle 
aggregation. Chemical methods have higher yield and 
lower cost than physical methods but the involved reduc-
ing reagents are toxic and hazardous, and their residues 
may accumulate on NPs. Furthermore, strong reductants 
such as citrate and borohydride can cause aggregation, 
making it difficult to prepare uniformly dispersed nano-
particles [6].

To avoid these restrictions, biological methods in the 
“green chemistry” field have been emerging as a new 
option for generation of metal NPs including SNPs [7, 8]. 
The biological (biogenic) synthesis called “green synthe-
sis” of NPs has several advantages such as being reliable, 
sustainable, eco-friendly and rapid. In addition, the syn-
thesized nanoparticles are cost-effective and biocompat-
ible [4, 8]. Some basic principles of green synthesis are 
reduction of waste, non-toxic solvents consumption and 
renewable feedstock [8]. The green synthesis of metal NPs 
using plant extracts is the first choice due to simplicity, 
short incubation time and ease of processing compared to 

the use of microorganisms [7–9]. Among the main phy-
tochemicals in plants, polyphenols, flavonoids, flavones, 
terpenoids, alkaloids, vitamins, amino acids, carboxylic 
acids, alkaloids, sugars, proteins, aldehydes and ketones 
play an effective role in reducing metal ions to metal NPs. 
Furthermore, plant extracts serve as both reductant and 
stabilizer in the synthesis of metal NPs. This eliminates 
multiple steps and reduces harmful chemicals and costs 
[8, 10]. In some studies, the anticancer and antibacterial 
activities of green synthesized noble metal NPs have been 
revealed [11–13].

Carob (Ceratonia siliqua L.) and its products are attract-
ing interest owing to their polyphenols content, antioxidant 
capacity, and health impact. Carob consists of different parts 
such as leaves, pod, seeds, and pulp and has products includ-
ing syrup, flour, and fiber [14]. The aqueous extract of carob 
syrup has a rich content of flavanols, flavonols, phenolic 
acids, flavanol galloyl esters, and flavonol glucosides [15] 
together with polysaccharides including various subclasses 
of hemicellulose such as linear mannans, glucomannans, 
arabinoxylans, glucuronoxylans, β-glucans, galactomannans, 
galactoglucomannans and xyloglucansgalactomannan [16].

In this study, we propose a ‘green synthesized silver nano-
particles based antioxidant capacity’ method for TAC meas-
urement of polyphenols using silver nanoparticles. In this 
respect, noble metal nanoparticles made of silver deserve 
to be preferred over those of gold because of the possibility 
of fine tuning of the Ag(I)–Ag(0) redox potential [17] close 
to those of common antioxidants focused as target analytes. 
In most of the present noble metal nanoparticle-based anti-
oxidant measurement assays, formation rather than growth 
of NPs upon reaction with antioxidant compounds has been 
utilized and a concentration-dependent linear response may 
not be observed due to kinetic factors. The size of the NPs 
depends on the reducing power of the reductant; polyphenols 
and flavonoids have a wide variety of redox potentials and 
can, therefore, reduce noble metal salts with slow, moderate 
or rapid kinetics. This naturally gives rise to diverse particle 
sizes for the nanoparticles of noble metals with a distinct 
wavelength shift (λmax) characteristic to LSPR absorp-
tion, i.e., not advantageous for precise analytical work [18] 
requiring a fixed analytical wavelength for absorption meas-
urement. In a previous study of our research group, silver 
nanoparticles were synthesized using citrate and the LSPR 
absorbance due to the enlargement of the obtained seed 
nanoparticles in the presence of antioxidants was measured 
[19]. Thus, a linear increase in LSPR band intensity was 
achieved at a stabilized λmax as a function of the enlargement 
(coating) of synthesized nanoparticles rather than the forma-
tion of new nuclei (nucleation) upon increasing antioxidant 
concentration. In the proposed method, TAC measurement is 
based on the same mechanism. However, the most important 
difference that distinguishes this study from our previous 
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study is the type of reducing agent used in the initial reduc-
tion of monovalent Ag ions to zerovalent SNPs seeds. We 
produced the SNPs by bioreduction of  Ag+ ions with carob 
extract which is a mild biogenic reductant capable of con-
trolled reaction with Ag(I) to produce monodisperse AgNPs. 
Likewise, Xu et al. [20] showed that the antioxidant activity 
of the water-soluble polysaccharide purified from Pteridium 
aquilinum was smaller than that of ascorbic acid at the same 
dose. Huang and Yang [21] have shown that polysaccha-
rides impart stability, monodispersity and aggregation resist-
ance to AgNPs through ligation, capping, and fixed surface 
charges. The generation of AgNPs with controlled sizes may 
require a two-step reduction procedure with reductants of 
different strengths [22], e.g., starting with carob extract and 
ending up with the tested polyphenolic, thereby enabling 
TAC measurement through enlargement of AgNPs. Thus, a 
novel, environmentally friendly, simple, rapid, green anti-
oxidant capacity method was developed.

Materials and methods

Instrumentation and chemicals

Neocuproine (Nc) (2,9-dimethyl-1,10-phenanthroline), (-)
epicatechin (EC), luteolin (LT), quercetin (QR), (-)epigal-
locatechin gallate (EGCG), chlorogenic acid (CHA), gallic 
acid (GA), and rutin (RT): Sigma (Steinheim, Germany); 
caffeic acid (CFA), rosmarinic acid (RA), trolox (TR), 
and L-ascorbic acid (AA): Aldrich (Steinheim, Germany); 
copper(II) chloride dihydrate, silver nitrate  (AgNO3), glacial 
acetic acid, sodium acetate anhydrous, ethanol, ammonium 
acetate  (NH4Ac), ammonium chloride: Merck (Darmstadt, 
Germany); α-tocopherol (TP), ( +)catechin (CT), fisetin 
(FIS): Fluka (Buchs, Switzerland). The carob syrup (having 
32.2 g dry weight per liter) obtained by cold pressing, vari-
ous herbal teas and medicinal plant samples were obtained 
from seller of medicinal herbs.

Varian CARY Bio 100 UV–Vis spectrophotometer (Mul-
grave, Victoria, Australia) was used for absorption meas-
urements. FEI QUANTA FEG SEM 450 (at the cooling 
temperature to 2 °C, in vacuum) was used for obtaining 
the wet-STEM images of SNPs. Fourier transform infrared 
(FTIR) spectroscopy (Perkin Elmer) was used to investigate 
the chemical properties of nanostructures. Anton-Paar Lite-
sizer 500 analyzer (Graz, Austria) was used for particle size 
distribution analysis.

Preparation of solutions

The solutions of  AgNO3 at 8.0 mM,  CuCl2 at 10.0 mM, and 
 NH4Ac (at 0.1 and 1 M) were prepared in distilled water. All 
antioxidant compounds at 1.0 mM and Nc at 7.5 mM were 

prepared in EtOH. l-Ascorbic acid at 1.0 mM was prepared 
in distilled water.

Preparation of real samples

Each sample of teabag (white, green, and sage; 0.2 g) was 
repeatedly dipped into and removed from a beaker contain-
ing 100 mL of freshly boiled water for the first 2 min. Then 
the bags were kept in a beaker for 3 min.

Each of medicinal plants (basil, wormwood, and burdock; 
0.1 g) was dipped into a beaker containing 50 mL of boiling 
water. Then, the beaker was stirred for 2 min and kept for 
3 min. Both the tea and herbal extracts were cooled down 
to room temperature and then filtered through a GF/PET 
microfilter (0.20 µm, Chromafil).

Preparation of carob extract

Carob syrup (1:100, v:v) diluted with distilled water was 
kept in an ultrasonic bath for five min. Prepared carob extract 
was filtered through 0.45 µm RC filter and diluted at 1:250 
(v:v) ratio with distilled water.

Preparation of green silver nanoparticles (GSNPs)

The GSNPs were synthesized using carob extract. The pre-
pared carob extract was used as both a reducing and stabi-
lizing agent. In this method, 0.2 mL of 1:250 diluted carob 
extract and 0.2 mL of 0.1 M  NH4Ac were added to 2.0 mL of 
8.0 mM  AgNO3. Reaction mixture was incubated for 20 min 
at room temperature. Finally, pale-yellow silver nanoparti-
cles were obtained by green synthesis.

GSNP‑AC method

To a test tube were added 2.4 mL of GSNPs solution, x 
mL of antioxidant solution, and (0.5-x) mL of EtOH for the 
reaction mixture of the GSNP-AC method. Reaction mix-
tures were incubated for 30 min at room temperature. The 
formation of a pale-yellow colloidal solution during incu-
bation indicates the formation of the core–shell structure 
by the reduction of  Ag+ ion. The initial absorbance  (A0) 
of the reaction mixture increased in the presence of anti-
oxidant, and the difference in absorbance (ΔA) was found 
to be directly proportional to the antioxidant concentration. 
After 30 min of incubation, the increase in absorbance was 
recorded at 434 nm wavelength. Calibration curves were 
constructed between absorbance increment (ΔA) recorded 
by GSNP-AC method and antioxidant concentration (c). 
Molar absorptivities (Ɛ) were obtained using the slopes 
of the calibration curves constructed for each antioxidant 
tested. Trolox Equivalent Antioxidant Capacity (TEAC) as 
a unitless parameter could be found by dividing the molar 
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absorption coefficient of the tested antioxidant to that of 
trolox observed under identical conditions.

CUPRAC method

The total antioxidant capacity (TAC) of polyphenol-
containing and real samples could be found with the use 
of the CUPRAC assay [23]. This method makes use of 
Cu(II)–Cu(I) reduction in the presence of cuprous-selective 
ligand neocuproine, i.e., concomitant with the formation 
of the yellow–orange Cu(Nc)2

+ chelate. For this purpose, 
to the CUPRAC solution (comprising 1 mL each of 10 mM 
Cu(II), 7.5 mM Nc, and 1 M  NH4Ac) was added x mL of the 
antioxidant sample and diluted with  H2O to a final volume 
of 4.1 mL. Following incubation of the reaction mixture at 
room temperature for half an hour, the absorbance (due to 
Cu(Nc)2

+ formation) at a wavelength of 450 nm was meas-
ured against that of the reference solution.

Standard addition of antioxidants to green tea 
extract

A 200 μL of 0.1 mM antioxidant standard (CT, TP, AA) 
solution was spiked to 50 μL of green tea extract in a test 
tube. Spiked solutions were separately tested with the 
GSNP-AC assay.

Measurement of synthetic mixture solutions

For testing the additivity of absorbances, mixture solutions 
of selected antioxidant compounds were prepared by tak-
ing the corresponding volumes of antioxidant stock solu-
tions, and their TAC values were tested with the aid of the 
developed GSNP-AC method. Equation 1 is used for calcu-
lating the theoretically expected TAC of mixture solutions 
(expressed in mM trolox equivalents). On the other hand, 
the experimental TAC of the studied mixtures were found 
with the aid of Eq. 2:

Interference studies

The interference effects on determination of 1.38 µM TR by 
GSNP-AC method were investigated by taking 1000-fold 

(1)

TAC theoretical = TEAC
1
concn

1
+ TEAC

2
concn

2
+ …

+ TEAC
n
concn

n

(2)

TAC found experimentally (mM TR)

=
Absorbance (total) ± intercept

�trolox

× 103

(in mol/mol) of the interferent species commonly found in 
real samples.

Statistical analysis

The mean and the standard error of the mean were calcu-
lated using standard Excel software (Microsoft Office 2013). 
Statistical evaluation with the use of SPSS software for Win-
dows (version 13) was performed using the two-way ANaly-
sis Of VAriance (ANOVA) [24].

Results and discussion

The total antioxidant capacities/activities of natural products 
such as black tea, green tea, rapaseed, and Brassica oilseeds 
were evaluated by various NP-based methods [25–27]. But 
silver/gold NPs were synthesized by chemical reduction 
(rather than bioreduction) of metal ions via chemical agents 
in these developed methods. Another part of the studies in 
the literature is related to the synthesis, characterization, 
cytotoxicity and applications of metal NPs via different 
natural sources such as plants (e.g., basil and green tea), 
and/or microorganisms [4, 7, 28]. Since Mie theory predicts 
that AgNPs may exhibit stronger and sharper SPR bands 
than AuNPs, the use of silver nanoparticles stands out in 
small molecule sensing and imaging [29]. Furthermore, the 
reduction potential of Ag(I) is lower than that of Au(III). 
Thus, a silver nanoparticle-based method is expected to be 
more sensitive and selective than its gold nanoparticle-based 
analog. Thus, a sensitive, rapid, simple, low-cost and envi-
ronmentally friendly TAC method has been developed by 
making use of both the biogenic synthesis of SNPs with 
carob extract and the high sensitivity provided by SNPs. In 
the proposed method, relatively monodisperse SNPs were 
synthesized by bioreduction of  Ag+ ions with carob extract 
acting as both reducing and stabilizing agent. In the bio-
genic synthesis of nanoparticles, no extra stabilizing agent is 
needed, because constituents of plants and microorganisms 
act as capping and stabilizing agents [4].

The GSNP-AC method consists of two steps: first, the 
green synthesis of medium-sized uniform spherical sil-
ver nanoparticles using carob extract, and second, growth 
(enlargement) of the synthesized spherical nanoparticle in 
the presence of polyphenols tested as antioxidants. The sym-
metry of the plasmon band (Fig. 1) indicates that the solu-
tion does not contain many aggregated particles [21], most 
probably due to NP stabilization by carob polysaccharides.

In the first step, GSNPs with diameters on the order of 
average 49 nm were formed by bioreduction of silver ions 
in the presence of carob extract which is a biogenic reduc-
ing agent:
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In this first step of seed AgNP generation, carob alde-
hydes [30] are possibly oxidized to the corresponding car-
bonyl compounds. In the second step, an antioxidant solution 
containing another (e.g., phenolic) reducing agent is added 
to the prepared spherical GSNPs. This reaction enables the 
oxidation of phenolic groups (Ar–OH) to the correspond-
ing quinones while silver(I) ions are reduced to the strongly 
colored GSNPs showing maximum plasmon absorption 
at 434 nm (most antioxidants are expected to react, as the 
standard potential, E°, for biologically important antioxi-
dants lies in the range of 0.2 − 0.6 V, whereas E°Ag(I),Ag is at 
a higher value of 0.8 V).

Reduction kinetics play an effective role on nanoparti-
cle synthesis. Strong reducing agents such as amino borane 
complexes and alkali metal borohydrides are preferred due 
to their ability to form small NPs, however, these chemi-
cal reducing reagents have toxicity [31]. To eliminate this 
problem, attempts have been made to develop alternative 
green reducing agents and natural materials such as glu-
cose [32], plant extracts [33], peptides [34], polysaccharides 
[35], and starch [36] have been used as reducing agents. 
However, nanoparticles syntheses using green methods have 
some challenges. Bioreducing agents such as plant extracts 
are weaker than chemical reducing agents, and therefore, 
enable much slower nucleation of nanoparticles that gives 
rise to large and polydisperse nanoparticles [31]. Therefore, 
the establishment of a stabilized system for generating nan-
oparticles having homogenous size distribution and mor-
phology has been attempted in many recent studies [4]. The 

(3)

nAg+ + Ar(CHO)n(in carob extract)

→ nAg0 + Ar(C = O)
n
+ nH+

(4)

nAg+ + Ar(OH)
n
(added polyphenolic antioxidant)

→ nAg0 + Ar(= O)
n
+ nH+

shape and size of metal NPs can be controlled by changing 
the synthesis conditions such as salt concentration, incuba-
tion period, temperature, pH, plant extract concentration, 
mixing ratio and redox conditions. For instance, Grunathan 
et al. improved the conditions of the reaction enabling the 
synthesis of monodispersed AuNPs having an average size 
of 20 nm with the use of Ganoderma spp. [37]. Similarly, 
spherical, 10–40 nm sized silver and gold nanoparticles were 
successfully synthesized by Panax ginseng [38]. Although 
slow reaction is an another difficulty in the synthesis of 
green NPs, SNPs have been produced in short reaction dura-
tions such as 2 min [39], 5 min [10], and 45 min [38] using 
various plant extracts. In this work targeted at TAC meas-
urement, we synthesized small, monodisperse, eco-friendly 
silver nanoparticles in 20 min at room temperature using 
the carob extract containing a variety of possible reductants 
[14].

Analytical figures of merit

To obtain green silver nanoparticles (GSNPs) with carob 
extract, concentration study was performed for  AgNO3 
(affecting the stability and formation of GSNPs). After the 
formation of GSNPs with carob extract, it was observed that 
a sufficient amount of nanoparticles should be formed for the 
growth of GSNPs, followed by a linear absorbance increase 
with the addition of antioxidant in the second part of the 
proposed method. The optimal  AgNO3 concentration was 
determined to be 8 mM, as there was no significant differ-
ence between the plasmon absorbance of GSNPs prepared 
with 8 and 10 mM silver nitrate (Fig. 1). The weak absorp-
tion peak (shoulder) around 550 nm is thought to arise from 
redox inactive plant pigments.

The effect of pH on the GSNPs formed with carob 
extract (in the absence of antioxidant) was studied in the 
range 2.0–9.0 under the same experimental conditions with 
respect to the proposed GSNP-AC method. As can be seen 
from Fig. 2, GSNPs were not formed at pH 2.0 and 4.0 but 
started to form at pH 5.0. GSNPs formed at pH 6.0 and 7.0 
showed quite similar absorbance responses but had maxi-
mum absorption at 427 nm and 437 nm, respectively. Silver 
nanoparticles are known to have maximum absorption at 
nearly 400 nm [40] and the aggregation of metal nanopar-
ticles results in lower plasmon frequencies and a shift to 
longer wavelengths (i.e., red-shifts) in plasmon absorption 
[41]. On the other hand, at pH 8.0 and 9.0,  Ag+ ions have 
precipitated, possibly as a result of undesired oxidation 
to  Ag2O. Consequently, the optimal pH for formation of 
GSNPs was selected as pH 6.0.

Figure 3 shows the absorption spectra of (b) GSNPs 
formed in the presence of carob extract and of (c) GSNPs 
enlarged in the presence of CFA in the second step of 
the proposed method, whereas CFA at 0.1  mM initial 

Fig. 1  UV–Vis spectra of GSNPs formed in the presence 1:250 (v:v) 
diluted carob extract in the absence of antioxidant within the concen-
tration range 2–10 mM of  AgNO3 (20 min incubation at room tem-
perature)
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concentration did not give any absoption at 434 nm (a). Add-
ing CFA to the GSNP solution (containing carob extract as 
initial reducing and stabilizing agent) gives rise to a charac-
teristic plasmon absorption band intensification at 434 nm, 
pointing out to newly coated metallic silver nanoparticles 
(Fig. 3c). This peak is associated with the surface plasmon 
resonance (SPR) of GSNPs, derived from the collective 
oscillation of their conduction band electrons. Such growth 
of polyphenol mediated-GSNPs proceeds onto the GSNP 
seeds and involves further chemical reduction of silver ions 
to elemental AgNPs by the tested polyphenols such as CFA.

Figure 4a shows the reaction kinetics of GSNPs formed 
in the presence carob extract as the first step of the proposed 
method at room temperature. Figure 4a shows that 20 min 
was enough for formation of GSNPs with carob extract. Fig-
ure 4b shows reaction kinetics of GSNPs enlarged in the 
absence of antioxidant (i.e., blank solution) and with indi-
vidual antioxidants (in the presence of TR and AA) meas-
ured at room temperature as the second step of the proposed 
method. It is seen that TR and AA antioxidants show an 
increase in absorbance over time after mixing with the rea-
gent (Fig. 4b). Core–shell nanoparticles interact with the 
incoming light in such a way that the outermost layer plays 
the key role rather than the core [29], and GSNP outer layer 
thickening as reflected in the increase in SPR absorption 
has been found to be a linear function of antioxidant con-
centration. It has been determined that an incubation time 
of 30 min is sufficient to reach a fixed absorbance increase 
over the blank value.

The FTIR spectra of dried carob extract is shown in 
Fig. 5a. The hydroxyl (− OH) groups have an absorption 
band of 3291 cm−1 due to vibrational stretching. The absorp-
tion band at 2924 cm−1 is due to aromatic C − H stretching 
vibration. The absorption band at 1707 cm−1 is attributed to 
the stretching of the carbonyl C = O double bond. In addi-
tion, amine (− NH) stretching vibration shows an absorption 
band at 1585 cm−1. The absorption band at 1399 cm−1 is 
assigned to the C–N stretching vibration of aromatic and ali-
phatic amines. The absorption band at 1026 cm−1 is assigned 
to the O − H bond and the C − OH stretch in phenolic groups. 
The FTIR spectra of the dried GSNPs are shown in Fig. 5b. 
Aromatic hydroxyl (− OH) groups with an absorption band 
at 3207 cm−1, carbonyl C = O double-bond stretching with 
an absorption band at 1751 cm−1 and amine (− NH) stretch-
ing vibrations with an absorption band at 1509 cm−1are 
mainly responsible for the reduction of Ag (I) ion to Ag 
(0). Further, the FTIR spectrum of GSNPs showed peaks at 
2925, 1341 and 1032 cm−1 due to the symmetric stretching 
vibration of surface bound protein molecules.

Aside from its high sugar and cyclitol content, the main 
phenolics found in carob fruit are phenolic acids, gallotan-
nins and flavonoids. Phenolic acids comprised of benzoic 
and cinnamic acids are the leading polyphenol class in carob 
fruits, the leaching of which is dependent on genetic, envi-
ronmental and extraction methods. The majority of phenolic 
acids consist of gallic acid and derivatives, such as methyl 
gallate. Carob fruit is known to have the richest content of 
gallic acid estimated to range between 0.237 and 1.65 g/kg 
[42]. Quantification of four main compounds found in carob 
was made by HPLC to reveal gallic acid 25.37 ± 0.26, cat-
echin 18.70 ± 0.19, 4-hydroxybenzoic acid 2.59 ± 0.10, and 
epigallocatechin 1.10 ± 0.09 mg/g dry weight [43]. All these 
ingredients were capable of reducing Ag(I) salt to metallic 
Ag nanoparticles.

Fig. 2  UV–Vis spectra of GSNPs formed in the absence of antioxi-
dant in the range of pH 2.0–9.0 (8 mM of  AgNO3; 20 min incubation 
at room temperature)

Fig. 3  UV–Vis spectra of a CFA alone, b GSNPs formed in the pres-
ence of carob extract and c GSNPs enlarged in the presence of CFA 
(8 mM of  AgNO3; at pH 6; 20 min incubation at room temperature 
for GSNPs formation; 30 min additional incubation at room tempera-
ture after CFA addition)
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The crystalline structure of the synthesized GSNPs was 
investigated by X-ray diffraction (XRD) analysis (XPERT-
PRO) using Cu-Kα1 radiation with λ = 1.5406 Å, and the 
XRD pattern is presented in Fig. 6. The intense diffraction 
peak at 38.2° is similar to the standard verified JCPDS card 

of 04–0783 from ASTM [44], and this may correspond to 
the (111) crystal plane of face-centered cubic (fcc) silver.

The wet-STEM images of GSNPs synthesized using 
carob extract in the first step of the proposed method are 
presented in Fig. 7a. The wet-STEM images of GSNPs 
enlarged in the presence of GA in the second step of the 
proposed method are presented in Fig. 7b. According to 
analysis of the wet-STEM images, the synthesized GSNPs 
in the presence carob extract by green synthesis are spheri-
cal, monodisperse, and homogeneous and these nanoparti-
cles have an average size of 49 nm. Referring to Fig. 7b, it 
is clear that GSNPs grow in the presence of antioxidants. 
The size of the enlarged GSNPs in the presence of poly-
phenols were determined to be 92 nm on the average.

Particle size distribution diagrams according to DLS 
analysis of GSNPs in the first step and enlarged by GA 
in the second step of the proposed method are presented 
in Fig. 8. The results of particle size distribution analysis 

Fig. 4  a Reaction kinetics of GSNPs synthesized with carob extract, 
b reaction kinetics of GSNPs enlarged with TR and AA (at 0.1 mM 
concentration) compared to that not enlarged without antioxidant, as 

observed by the change in absorbance at 434 nm with respect to time 
at room temperature (8 mM of  AgNO3; at pH 6)

Fig. 5  FTIR spectra of a dried carob extract and b GSNPs

Fig. 6  XRD pattern of GSNPs
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support the wet-STEM analysis results to prove nanoparticle 
enlargemnt in the presence of antioxidants. Hydrodynamic 
diameters according to DLS analysis of the GSNPs in the 
absence and presence of antioxidants were determined to be 
103 and 152 nm, respectively. Polydispersity indexes of the 

GSNPs in the absence and presence of antioxidants were 
0.275 and 0.216, respectively. The polydispersity index gives 
an idea of the size distribution such that its value below 
0.200 indicates monodisperse nanoparticles pointing out to 
homogeneity [45].

Due to the increased concentrations of antioxidant com-
pounds, the absorbance values of GSNP increased linearly. 
Figure  9 shows the UV–Vis spectra of the GSNPs for 
varying concentrations of TR for the proposed GSNP-AC 
method. The symmetric spectra around plasmon absorp-
tion wavelength (Fig. 9) demonstrate the monodispersity 
and stabilization of nanoparticles undergoing growth with 
antioxidants. The absorbance corresponding to the plasmon 
of GSNPs becomes enhanced with TR concentration. The 
increase in GSNPs absorbance (∆A434) was linear within the 
concentration range of 3.59–101.9 µM TR (as final concen-
trations), and the proposed method showed excellent linear-
ity (r = 0.999).

Fig. 7  The wet-STEM images of GSNPs a synthesized using carob extract; b enlarged in the presence of GA

Fig. 8  Particle size distribution of GSNPs a in the absence of GA; b 
enlarged in the presence of GA

Fig. 9  UV–Vis spectra of GSNPs with varying concentrations of TR 
(final concentration): a 0 μM, b 3.45 μM, c 6.90 μM, d 10.35 μM, 
e13.80 μM, and f 17.24 μM
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The calibration graph of TR was expressed as a linear 
equation of increment in absorbance at 434 nm (∆A434) ver-
sus concentration  (CTR) in the form of ∆A434 = 1.17 × 104 
 CTR + 0.008 (r = 0.999) and the molar extinction coefficient 
(absorptivity: ε) was 1.17 × 104 M−1 cm−1. The detection 
(LOD) and quantification limits (LOQ) were calculated as 
0.31 and 1.03 μM TR, respectively.

Calibration curves of 13 antioxidant compounds were 
constructed using GSNP-AC absorbance (∆A) and anti-
oxidant molar concentration (C), and linear equations 
(∆A = mC + n), correlation coefficients (r) and linear work-
ing ranges are summarized in Table 1. Rank order correla-
tion coefficient (Spearman’s Rho) of the proposed method 
against CUPRAC method was 0.8297 (P = 0.00045), which 
was found to be significant at P < 0.01.

The antioxidant capacities found with the aid of GSNP-
AC method were sorted in descending order as: querce-
tin [5 OH; 5.57], rosmarinic acid [5 OH; 5.34], epigal-
locatechin gallate [8 OH; 4.95], epicatechin [5 OH; 3.33], 
and catechin [5 OH; 2.58], the first number in brackets 
indicating the number of hydroxyl groups of the phenolic 
compound and the second its  TEACGSNP-AC coefficient. 
This is expected since the number and position of hydroxyl 
groups in the molecule is as important as the conjugation 
level of the whole molecule in determining the total anti-
oxidant capacity [46]. If two flavonoid compounds are at 
the same conjugation level (i.e., with respect to the number 
and position of alternating double-bonds), then their TAC 
values will be roughly proportional to their total number 
of –OH groups, and the o-dihydroxy (catechol) structure 
in the B-ring positively affects the antioxidant power 
[47]. Although quercetin contains 5 free hydroxyl groups 
in the molecule, it has the highest antioxidant capacity 

with respect to the GSNP-AC method. As a sound exam-
ple, some structural features of a potent antioxidant mol-
ecule quercetin, such as 5-hydroxy-4-keto group in the 
A and C rings, the 2,3-double bond connecting the two 
rings in extended conjugation, and the 3′,4′-dihydroxy 
(catechol) substituents in the B-ring are keys to achieve 
high antioxidant capacity [48]. Considering the number 
and position of − OH groups of antioxidants in the catechin 
group and the total degree of conjugation in the molecule 
[49], these antioxidants gave a similar capacity order in 
the proposed green method. The antioxidant potentials 
of the tea catechins which decrease the effectiveness of 
radicals are ranked according to this order: epigallocat-
echin gallate > epigallocatechin > epicatechin ≈ catechin 
[46]. Quercetin which has same the number and position 
of − OH groups as catechin, gave approximately twice 
the TEAC coefficient value due to the altered bonding in 
the C ring [46]. Using the GSNP-AC method, we found 
that the TEAC coefficients of quercetin and catechin were 
5.57 and 2.58, respectively, in agreement with previous 
findings. For RT and LT similar to quercetin, blockage 
of the 3-hydroxyl group in the C ring (for rutin) and the 
absence of 3-hydroxyl group in the C ring (for luteolin) 
reduce antioxidant activity [46]. Consistently, the TEAC 
coefficients of RT and LT were found to be 2.77 and 2.64, 
respectively, i.e., lower than that of QR.

The TEAC coefficients for the GSNP-AC assay (for the 
CUPRAC assay, as shown in parantheses) were as fol-
lows: rosmarinic acid 5.34 (5.30), caffeic acid 2.40 (2.80), 
and chlorogenic acid 2.19 (2.47) among studied hydroxy-
cinnamic acids. Rosmarinic acid which has several func-
tionalities in the structure: a well-conjugated symmetric 
structure of alternating double bonds containing a C = C 
network, four phenolic hydroxyl groups, an alkoxy group, 
and an ester moiety [50], was found to have the highest 
antioxidant capacity in both assays.

Table 2 summarizes the precision and recovery of the 
proposed green assay spiking known amouts of CT, TP, 
and AA to diluted green tea infusions. The precision of 
the absorbance measurements within the investigated con-
centration range was expressed as the relative standard 
deviation (RSD, %), the highest value of which was found 
to be 1.03%. The proposed green method yielded nearly 
quantitative recoveries in the range of 90.2–103.5%.

TAC measurement of synthetic mixture solutions

The ternary synthetic mixtures of standard antioxidant 
solutions in different combinations were prepared for eval-
uation of TAC and the developed GSNP-AC method was 
performed in these solutions. The experimentally found 
TAC values of synthetic antioxidant mixtures deviated 
by ± 9.0% from the theoretically calculated ones (Table 3). 

Fig. 10  TAC values (mM TR) of the tested herbal teas and medici-
nal plant extracts found using both GSNP-AC and CUPRAC meth-
ods. Error bars show data given as (mean ± SD), N = 3. (P = 0.05, 
Fexp = 6.391, Fcrit (table) = 6.608, Fexp < Fcrit (table).)
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The reasonable differences between the theoretically 
expected and experimentally found plasmon absorbances 
of GSNPs measured for synthetic antioxidant mixtures 
indicated the absence of chemical deviations from Beer’s 
law, as reflected in the additivity of absorbances due to 
individual constituents of these mixtures. This is crucial 
for sensitive and accurate estimation of antioxidant capac-
ity and for making a reliable evaluation of the antioxidant 
property of different foodstuffs.

The two-way ANOVA test was performed for TAC 
determination of the synthetic mixture solution, and 
the theoretical and experimental TAC values were 
found significant at 95% confidence level. (Fexp = 0.199, 
Fcrit = 18.51, Fexp < Fcrit at P = 0.05).

Interferences

The effects of 1000-fold (as concentration ratio) poten-
tially interferent species on the determination of 1.38 µM 
QR with the GSNP-AC method are summarized in Table 4. 
Simple amino acids (serine, glycine, and alanine) and sug-
ars (glucose, fructose, and galactose) did not show inter-
ference effect on the proposed method. However, mildly 
reducing salts (oxalate and citrate) of fruit and vegetable 
acids at medium–low concentrations or of the parent acids 
(malic acid and fumaric acid) at higher concentrations 
were found to interfere with the proposed method.

Table 1  Linear equations, linear ranges, and TEAC values for antioxidants with respect to the GSNP-AC method

* Data taken from refs [20] and [51]

Antioxidants Linear equation and correlation 
coefficients (r)

Linear range (μM) TEACGSNP-AC TEACCUPRAC 
*

Sımple phenolıc acıds
Gallic acid A = 3.68 × 104 c + 0.01

(r = 0.9926)
1.09–32.24 3.16 2.62

Hydroxycınnamıc acıds
Rosmarinic acid A = 6.23 × 104 c + 0.01

(r = 0.9992)
0.64–19.10 5.34 5.30

Caffeic acid A = 2.80 × 104 c + 0.02
(r = 0.9990)

1.07–42.14 2.40 2.80

Chlorogenic acid A = 2.55 × 104 c + 0.01
(r = 0.9973)

1.57– 46.67 2.19 2.47

Flavonols
Quercetin A = 6.49 × 104 c + 0.01

(r = 0.9947)
0.62– 18.34 5.57 4.38

Fisetin A = 4.74 × 104 c + 0.01
(r = 0.9886)

0.84– 25.11 4.06 3.90

Flavan-3-ols
EGCG A = 5.77 × 104 c + 0.01 0.69– 20.62 4.95 4.88

(r = 0.9964)
EC A = 3.88 × 104 c—0.01

(r = 0.9941)
1.55– 31.19 3.33 2.77

Catechin A = 3.00 × 104 c—0.07
(r = 0.9963)

4.00– 42.33 2.58 3.09

Flavons
Luteolin A = 3.08 × 104 c + 0.04

(r = 0.9988)
0.32– 37.66 2.64 2.38

Rutin A = 3.23 × 104 c – 0.01
(r = 0.9943)

1.86–37.46 2.77 2.56

Others
Ascorbic acid A = 1.62 × 104 c + 0.01

(r = 0.9950)
2.47–73.46 1.39 0.96

α-Tocopherol A = 1.47 × 104 c + 0.01
(r = 0.9976)

2.72–80.95 1.26 1.10
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Application of the method to herbal teas 
and medicinal plant extracts

The proposed method was successfully applied to natural 
samples. TAC GSNP-AC and TAC CUPRAC  values of herbal teas 
and medicinal plant extracts were reported as trolox equiva-
lents (mM TR) in Fig. 10. The order of TAC of natural sam-
ples with respect to the GSNP-AC and CUPRAC methods 
was burdock < wormwood < sage < basil < white tea < green 
tea. The harmony of TAC order between the two methods 
may have stemmed from their operation mechanisms which 
were both based on electron-transfer. In addition, the preci-
sions regarding the TAC capacity values obtained by the 
GSNP-AC method and CUPRAC were alike at a 95% confi-
dence level (Fexp = 0.20, Fcrit = 18.51, Fexp < Fcrit at P = 0.05).

Conclusions

In this study, we have developed a novel green silver nan-
oparticle-based method for TAC measurement of poly-
phenols. Green synthesis of noble metal NPs is simple, 
cost-effective, eco-friendly and the obtained NPs are bio-
compatible. Quite dissimilar to green synthesis, chemical 
synthesis methods that are widely used in the preparation 
of metal nanoparticles have some disadvantages, such as 

toxicity and handling risk of strong chemical reductants, 
accumulation of excess reductants on nanoparticles dur-
ing synthesis, rendering the production of sufficiently pure 
nanoparticles extremely difficult. Another disadvantage of 
using strong reductants in chemical syntheses is the pos-
sibility of aggregation arising from simultaneously emerg-
ing NPs seeds in great numbers, which makes uniformly 
dispersed nanoparticles preparation extremely difficult. 
Silver nanoparticles were synthesized by green synthesis 
using carob extract acting as a biogenic reducing and sta-
bilizing agent. The formation of GSNPs was achieved in 
a controlled manner by changing the reaction conditions, 
including silver salt concentration, pH, incubation time. 
Thus, homogeneous, monodispersed, and contamination-
free silver nanoparticle seeds were synthesized in the first 
step of the proposed method. Our nanoparticle study devi-
ates from the general trend followed in other synthetic 
routes with the innovation that this green synthesis has 
been functionalized into a meaningful analytical proce-
dure in which the synthesized nanoparticles serve as a 
colorimetric sensor for antioxidant capacity determination 
of complex samples. The synthesized nanoparticles were 
enlarged in the presence of an antioxidant. In this method, 
TAC determination of an antioxidant sample was based 
on the measurement of increase in plasmon absorbance 
at 434 nm, which correlated with the reducing abilities 
of antioxidants. As opposed to aggregation, controlled 

Table 2  Precision and recovery 
of the proposed green method

a Standard deviation; bRelative standard deviation; cRecovery (N = 3)

Antioxidant additions to real 
matrixes

Added conc. 
(µM)

Mean (µM) S.D.a R.S.D (%) REC (%)c

CT addition to green tea 6.90 6.61 0.07 1.03 95.8
TP addition to green tea 6.90 7.14 0.07 0.96 103.5
AA addition to green tea 6.90 6.22 0.02 0.36 90.2

Table 3  Theoretical and experimental TAC of synthetic mixture solu-
tions

a Samples were analyzed in triplicate

Synthetic mixtures TAC component 
(µM TR-
equiv.)

TAC theoretical 
(µM TR-
equiv.)

TAC experimental
a

(µM TR-equiv.)

Synthetic mixture 1
(QR, CT, TP)

9.58 16.19 15.51 ± 0.7
4.44
2.17

Synthetic mixture 2
(CFA, CT, AA)

4.13 10.96 11.95 ± 0.7
4.44
2.39

Synthetic mixture 3
(EGCG, LT, CT)

8.51 16.82 17.16 ± 0.6
4.54
3.77

Table 4  Interferences of various compounds on the proposed method

The QR concentrations in final solution were 1.38 µM

Interferent compound Interferent/QR 
mole ratio

Interference effect on 
the GSNP-AC method

Tartarate 1000  − 
Oxalate  > 10  + 
Citrate  > 100  + 
Fumaric acid  > 500  + 
Malic acid  > 500  + 
Glucose 1000  − 
Fructose 1000  − 
Galactose 1000  − 
Serine1000
Glycine1000
Alanine

1000
1000
1000

 − 
 − 
 − 
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core–shell enlargement of nanoparticles gave rise to a sin-
gle LSPR absorption band of AgNPs without red-shifts in 
absorption wavelength, the absorbance increase of which 
linearly correlated with the tested antioxidant concentra-
tion and facilitated the development of a precise analyti-
cal method for TAC measurement. The TEAC values of 
antioxidant compounds and TAC values of natural extracts 
obtained using the proposed method could be effectively 
correlated with those found by the CUPRAC method. As 
a result, this novel green silver nanoparticle-based antioxi-
dant assay was proposed for TAC analysis of different sam-
ple matrices, which showed simple, rapid, cost-effective, 
and eco-friendly advantages over other nanoparticle-based 
TAC assays.

Acknowledgements The authors thank Prof. Dr. İsmail Tuncer Değim 
for sharing his research infrastructures. The authors also thank Istanbul 
University-Cerrahpasa, Inorganic Chemistry Department for sharing 
its research infrastructures. The authors also acknowledge Istanbul 
University-Cerrahpasa, Application & Research Center for the Meas-
urement of Food Antioxidants for sharing its research infrastructures.

Compliance with ethical standards 

Conflict of interest There are no conflicts to declare.

References

 1. Gupta, R.K., Patel, A.K., Shah, N., Choudhary, A.K., Jha, U.K., 
Yadav, U.C., Gupta, P.K.., Pakuwal, U: Oxidative stress and anti-
oxidants in disease and cancer: a review. Asian Pac. J. Cancer. P. 
15, 4405–4409 (2014)

 2. Ozougwu, J.C., Obiukwu, C.E., Obimba, K.C., Elom, M.O., 
Usanga, V.U.: Haematological changes associated with male and 
female typhoid fever patients. Int. J. Res. Pharm. Biosci. 3, 21–26 
(2016)

 3. Apak, R., Çapanoğlu, E., Arda, A.Ü.: Nanotechnological Methods 
of Antioxidant Characterization. In: Guthrie, B., Beauchamp, J., 
Buettner, A., Lavine, B.K. (eds.) The Chemical Sensory Informat-
ics of Food: Measurement, pp. 209–234. Analysis, Integration, 
American Chemical Society, Washington DC (2015)

 4. Singh, P., Kim, Y.J., Zhang, D., Yang, D.C.: Biological synthesis 
of nanoparticles from plants and microorganisms. Trends Biotech-
nol. 34, 588–599 (2016)

 5. Ahmad, Z., Afreen, A., Mehmood, M., Ali, I., Asgher, R., Aziz, 
M.: One-step synthesis of Ag nano-assemblies and study of their 
antimicrobial activities. J. Nanostructure Chem. 5, 325–331 
(2015)

 6. Zhang, X.F., Liu, Z.G., Shen, W., Gurunathan, S.: Silver nano-
particles: synthesis, characterization, properties, applications, and 
therapeutic approaches. Int. J. Mol. Sci. 17, 1534 (2016)

 7. Rolim, W.R., Pelegrino, M.T., de Araújo Lima, B., Ferraz, L.S., 
Costa, F.N., Bernardes, J.S., Rodigues, T., Brocchi, A.B., Seabra, 
A.B.: Green tea extract mediated biogenic synthesis of silver 
nanoparticles: characterization, cytotoxicity evaluation and anti-
bacterial activity. Appl. Surf. Sci. 463, 66–74 (2019)

 8. Singh, J., Dutta, T., Kim, K.H., Rawat, M., Samddar, P., Kumar, 
P.: ‘Green’synthesis of metals and their oxide nanoparticles: 

applications for environmental remediation. J. Nanobiotechnol. 
16, 84 (2018)

 9. Khandel, P., Yadaw, R.K., Soni, D.K., Kanwar, L., Shahi, S.K.: 
Biogenesis of metal nanoparticles and their pharmacological 
applications: present status and application prospects. J. Nano-
structure Chem. 8, 217–254 (2018)

 10. Pirtarighat, S., Ghannadnia, M., Baghshahi, S.: Green synthesis 
of silver nanoparticles using the plant extract of Salvia spinosa 
grown in vitro and their antibacterial activity assessment. J. Nano-
structure Chem. 9, 1–9 (2019)

 11. Maity, D., Pattanayak, S., Mollick, M.M.R., Rana, D., Mondal, 
D., Bhowmick, B., Das, S.K., Chattopadhyay, S., Das, B., Roy, 
S., Chakraborty, M., Chattopadhyay, D.: Green one step morpho-
synthesis of silver nanoparticles and their antibacterial and anti-
cancerous activities. New J. Chem. 40, 2749–2762 (2016)

 12. Mollick, M. M. R., Bhowmick, B., Mondal, D., Maity, D., Rana, 
D., Dash, S. K., Chattopadhyay, S., Roy, S., Sarkar, J., Acharya, 
K., Chakraborty, M., Chattopadhyay, D.: Anticancer (in vitro) 
and antimicrobial effect of gold nanoparticles synthesized using 
Abelmoschus esculentus (L.) pulp extract via a green route. RSC 
Adv. 4, 37838–37848 (2014).

 13. Mollick, M.M.R., Bhowmick, B., Maity, D., Mondal, D., Roy, I., 
Sarkar, J., Rana, D., Acharya, K., Chattopadhyay, S., Chattopad-
hyay, D.: Green synthesis of silver nanoparticles-based nanoflu-
ids and investigation of their antimicrobial activities. Microfluid. 
Nanofluid. 16, 541–551 (2014)

 14. Stavrou, I.J., Christou, A., Kapnissi-Christodoulou, C.P.: Poly-
phenols in carobs: A review on their composition, antioxidant 
capacity and cytotoxic effects, and health impact. Food Chem. 
269, 355–374 (2018)

 15. Dhaouadi, K., Belkhir, M., Akinocho, I., Raboudi, F., Pamies, D., 
Barrajón, E., Estevan, S., Fattouch, S.: Sucrose supplementation dur-
ing traditional carob syrup processing affected its chemical charac-
teristics and biological activities. LWT-Food Sci. Technol. 57, 1–8 
(2014)

 16. Zhu, B.J., Zayed, M.Z., Zhu, H.X., Zhao, J., Li, S.P.: Functional 
polysaccharides of carob fruit: a review. Chin. Med. 14, 40 (2019)

 17. Mantri, Y., Davidi, B., Lemaster, J.E., Hariri, A., Jokerst, J.V.: 
Iodide-doped precious metal nanoparticles: measuring oxidative 
stress in vivo via photoacoustic imaging. Nanoscale 12, 10511–
10520 (2020)

 18. Apak, R.: Current issues in antioxidant measurement. J. Agr. Food 
Chem. 67, 9187–9202 (2019)

 19. Özyürek, M., Güngör, N., Baki, S., Güçlü, K., Apak, R.: Devel-
opment of a silver nanoparticle-based method for the antioxidant 
capacity measurement of polyphenols. Anal. Chem. 84, 8052–8059 
(2012)

 20. Xu, W., Zhang, F., Luo, Y., Ma, L., Kou, X., Huang, K.: Antioxidant 
activity of a water-soluble polysaccharide purified from Pteridium 
aquilinum. Carbohyd. Res. 344, 217–222 (2009)

 21. Huang, H., Yang, X.: Synthesis of polysaccharide-stabilized gold 
and silver nanoparticles: a green method. Carbohyd. Res. 339, 
2627–2631 (2004)

 22. Marambio-Jones, C., Hoek, E.M.: A review of the antibacterial 
effects of silver nanomaterials and potential implications for human 
health and the environment. J. Nanopart. Res. 12, 1531–1551 (2010)

 23. Apak, R., Güçlü, K., Özyürek, M., Karademir, S.E.: Novel total 
antioxidant capacity index for dietary polyphenols and vitamins C 
and E, using their cupric ion reducing capability in the presence of 
neocuproine: CUPRAC method. J. Agr. Food Chem. 52, 7970–7981 
(2004)

 24. Miller, J.C., Miller, J.N.: Errors in instrumental analysis; regres-
sion and correlation. In: Horwood E, Prentice H (eds) Statistics for 
analytical chemistry, 3rd edn. New York and London, pp. 101–139 
(1993)



Journal of Nanostructure in Chemistry 

1 3

 25. Scampicchio, M., Wang, J., Blasco, A.J., Sanchez Arribas, A., 
Mannino, S., Escarpa, A.: Nanoparticle-based assays of antioxidant 
activity. Anal. Chem. 78, 2060–2063 (2006)

 26. Szydłowska-Czerniak, A., Tułodziecka, A., Szłyk, E.: A silver nan-
oparticle-based method for determination of antioxidant capacity of 
rapeseed and its products. Analyst 137, 3750–3759 (2012)

 27. Tułodziecka, A., Szydłowska-Czerniak, A.: Development of a novel 
gold nanoparticle-based method to determine antioxidant capacity of 
Brassica oilseeds, white flakes and meal. Food Chem. 208, 142–149 
(2016)

 28. Ahmad, N., Sharma, S., Alam, M.K., Singh, V.N., Shamsi, S.F., 
Mehta, B.R., Fatma, A.: Rapid synthesis of silver nanoparticles 
using dried medicinal plant of basil. Colloid. Surface. B 81, 81–86 
(2010)

 29. Jiang, Z.J., Liu, C.Y.: Seed-mediated growth technique for the prepa-
ration of a silver nanoshell on a silica sphere. J. Phys. Chem. B 107, 
12411–12415 (2003)

 30. Farag, M.A., El-Kersh, D.M.: Volatiles profiling in Ceratonia siliqua 
(Carob bean) from Egypt and in response to roasting as analyzed via 
solid-phase microextraction coupled to chemometrics. J. Adv. Res. 
8, 379–385 (2017)

 31. Bhattarai, B., Zaker, Y., Bigioni, T.P.: Green synthesis of gold and 
silver nanoparticles: Challenges and opportunities. Curr. Opin. 
Green Sustain. Chem. 12, 91–100 (2018)

 32. Raveendran, P., Fu, J., Wallen, S.L.: Completely “green” synthesis 
and stabilization of metal nanoparticles. J. Am. Chem. Soc. 125, 
13940–13941 (2003)

 33. Elia, P., Zach, R., Hazan, S., Kolusheva, S., Porat, Z.E., Zeiri, Y.: 
Green synthesis of gold nanoparticles using plant extracts as reduc-
ing agents. Int. J. Nanomed. 9, 4007–4021 (2014)

 34. Balavandy, S.K., Shameli, K., Biak, D.R.B.A., Abidin, Z.Z.: Stirring 
time effect of silver nanoparticles prepared in glutathione mediated 
by green method. Chem. Cent. J. 8, 11 (2014)

 35. Coseri, S., Spatareanu, A., Sacarescu, L., Rimbu, C., Suteu, D., 
Spirk, S., Harabagiu, V.: Green synthesis of the silver nanoparticles 
mediated by pullulan and 6-carboxypullulan. Carbohyd. Polym. 116, 
9–17 (2015)

 36. Çelik, S.E., Bekdeşer, B., Apak, R.: A novel colorimetric sensor 
for measuring hydroperoxide content and peroxyl radical scaveng-
ing activity using starch-stabilized gold nanoparticles. Talanta 196, 
32–38 (2019)

 37. Gurunathan, S., Han, J., Park, J.H., Kim, J.H.: A green chemis-
try approach for synthesizing biocompatible gold nanoparticles. 
Nanoscale Res. Lett. 9, 1–11 (2014)

 38. Singh, P., Kim, Y.J., Yang, D.C.: A strategic approach for rapid 
synthesis of gold and silver nanoparticles by Panax ginseng leaves. 
Artif. Cell Nanomed. B 44, 1949–1957 (2016)

 39. Okafor, F., Janen, A., Kukhtareva, T., Edwards, V., Curley, M.: 
Green synthesis of silver nanoparticles, their characterization, 

application and antibacterial activity. Int. J. Env. Res. Pub. He. 10, 
5221–5238 (2013)

 40. Siegel, J., Kvítek, O., Ulbrich, P., Kolská, Z., Slepička, P., Švorčík, 
V.: Progressive approach for metal nanoparticle synthesis. Mater. 
Lett. 89, 47–50 (2012)

 41. Moores, A., Goettmann, F.: The plasmon band in noble metal nano-
particles: an introduction to theory and applications. New. J. Chem. 
30, 1121–1132 (2006)

 42. Goulas, V., Stylos, E., Chatziathanasiadou, M.V., Mavromoustakos, 
T., Tzakos, A.G.: Functional components of carob fruit: Linking the 
chemical and biological space. Int. J. Mol. Sci. 17, 1875 (2016)

 43. Quiles-Carrillo, L., Mellinas, C., Garrigós, M.D.C., Balart, R., 
Torres-Giner, S.: Optimization of microwave-assisted extraction 
of phenolic compounds with antioxidant activity from carob pods. 
Food Anal. Methods 12, 2480–2490 (2019)

 44. Dinesh, V.P., Biji, P., Ashok, A., Dhara, S.K., Kamruddin, M., Tyagi, 
A.K., Raj, B.: Plasmon-mediated, highly enhanced photocatalytic 
degradation of industrial textile dyes using hybrid ZnO@Ag core-
shell nanorods. RSC Adv. 4, 58930–58940 (2014)

 45. Ledet, G., Bostanian, L.A., Mandal, T.K.: Nanoemulsions as a vac-
cine adjuvant. In: Tiwari, A. Tiwari (eds.) Bioengineered Nanoma-
terials, CRC Press: Boca Raton, pp. 125–148 (2013)

 46. Rice-Evans, C.A., Miller, N.J., Paganga, G.: Structure-antioxidant 
activity relationships of flavonoids and phenolic acids. Free Radical 
Bio. Med. 20, 933–956 (1996)

 47. Robards, K., Prenzler, P.D., Tucker, G., Swatsitang, P., Glover, W.: 
Phenolic compounds and their role in oxidative processes in fruits. 
Food Chem. 66, 401–436 (1999)

 48. Rice-Evans, C., Miller, N., Paganga, G.: Antioxidant properties of 
phenolic compounds. Trends Plant Sci. 2, 152–159 (1997)

 49. Apak, R., Güçlü, K., Özyürek, M., Çelik, S.E.: Mechanism of anti-
oxidant capacity assays and the CUPRAC (cupric ion reducing anti-
oxidant capacity) assay. Microchim. Acta 160, 413–419 (2008)

 50. Taguchi, R., Hatayama, K., Takahashi, T., Hayashi, T., Sato, Y., 
Sato, D., Ohta, K., Nakano, H., Seki, C., Ende, Y., Tokuraku, K., 
Uwai, K.: Structure–activity relations of rosmarinic acid derivatives 
for the amyloid β aggregation inhibition and antioxidant properties. 
Eur. J. Med. Chem. 138, 1066–1075 (2017)

 51. Apak, R., Güçlü, K., Demirata, B., Özyürek, M., Çelik, S.E., 
Bektaşoğlu, B., Berker, K.I., Özyurt, D.: Comparative evaluation 
of various total antioxidant capacity assays applied to phenolic com-
pounds with the CUPRAC assay. Molecules 12, 1496–1547 (2007)

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.



 Journal of Nanostructure in Chemistry

1 3

Affiliations

Nilay Beğiç1 · Mustafa Bener2 · Reşat Apak2,3 

 * Reşat Apak 
 rapak@istanbul.edu.tr

1 Department of Analytical Chemistry, Faculty of Pharmacy, 
Biruni University, Topkapı, 34010 Istanbul, Turkey

2 Department of Chemistry, Faculty of Engineering, Istanbul 
University-Cerrahpaşa, Avcilar 34320, Istanbul, Turkey

3 Turkish Academy of Sciences (TUBA), Piyade St. No:27, 
Çankaya, Ankara, Turkey

http://orcid.org/0000-0003-1739-5814

	Development of a green synthesized silver nanoparticle-based antioxidant capacity method using carob extract
	Abstract 
	Graphic Abstract
	Introduction
	Materials and methods
	Instrumentation and chemicals
	Preparation of solutions
	Preparation of real samples
	Preparation of carob extract
	Preparation of green silver nanoparticles (GSNPs)
	GSNP-AC method
	CUPRAC method
	Standard addition of antioxidants to green tea extract
	Measurement of synthetic mixture solutions
	Interference studies
	Statistical analysis

	Results and discussion
	Analytical figures of merit
	TAC measurement of synthetic mixture solutions
	Interferences
	Application of the method to herbal teas and medicinal plant extracts

	Conclusions
	Acknowledgements 
	References




