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a b s t r a c t 

A novel antioxidant capacity (AC) method was designed exploiting the formation and growth mechanism 

of green synthesized silver nanoparticles (SNPs) using κ-carrageenan. Carrageenan, a natural polysaccha- 

ride derived from edible red algae, was used for the green biosynthesis of κ-carrageenan capped SNPs 

(CAR-SNP). Silver ion (Ag + ) was reduced by antioxidants to spherical SNPs around silver seeds formed by 

κ-carrageenan. After reaction with antioxidants, symmetrically enlarged SNPs displayed a surface plas- 

mon resonance (SPR) absorption band at 420 nm superimposed onto a monotonous background due to 

the underlying monodisperse CAR-SNPs. The surface functional groups of CAR-coated, negatively-charged 

SNPs may be responsible for a net SPR peak emerging after the facilitated chemical reduction of Ag + with 

antioxidants. AC was determined using the proposed CAR-SNP method by measuring the linear increase 

in SPR absorbance of the enlarged SNPs in the presence of increasing antioxidant concentrations. The 

CAR-SNP based AC method was applied to selected antioxidant compounds, synthetic antioxidant mix- 

tures, and tea infusions. The LOD and LOQ for trolox were found as 0.023 and 0.077 μM, respectively, 

which were well below those found by conventional electron-transfer based AC assays having similar 

mechanism. The CAR-SNP based AC method was validated for performance parameters (linearity, additiv- 

ity, precision, and recovery). AC values obtained by the proposed method for tea infusions were correlated 

with those obtained by the classical CUPRAC method. The CAR-SNP based AC method is compatible with 

green chemistry principles of nanoparticle synthesis and application, and provides simple, rapid, low-cost, 

and sensitive AC determination. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

"Oxidative stress" occurs when reactive species are not bal- 

nced by antioxidants present in the organism or taken with food. 

nder oxidative stress conditions, serious problems such as can- 

er, coronary heart disease and immune system diseases occur 

ue to the formation of radical chain reactions that can cause 

xidative damage to biological structures such as DNA and cell 

embranes [1 , 2] . Antioxidants can generally be defined as sub- 

tances that prevent or delay undesired oxidation reactions [3] . 

ntioxidant-rich food consumption to preserve a healthy life is 

n acceptable way to reduce health risks, so it is important to 

etermine the antioxidant capacity (AC) of these antioxidants in 

oods or biological matrices, and studies in this direction increase 

specially in the field of analytical chemistry. AC is an indica- 
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or of the cooperative behavior of all antioxidants in a complex 

ample, which makes it recognized by leading researchers as a 

ore useful parameter than the individual determination of an- 

ioxidants to evaluate the synergistic effect of food/plasma antioxi- 

ants [4] . The antioxidant capacity/activity determination methods 

vailable in the literature are classified under two main groups: 

ydrogen atom transfer (HAT) and electron transfer (ET). The ma- 

ority of HAT-based determinations are based on competitive reac- 

ion kinetics. The main examples of these methods are oxygen rad- 

cal absorbance capacity (ORAC) [5] and total radical trapping an- 

ioxidant parameter (TRAP) [6] methods. In ET-based spectropho- 

ometric methods, AC can be determined by measuring the ab- 

orbance at appropriate wavelengths of color-changing reagents 

hen reduced by antioxidants. Main ET-based (and mixed-mode) 

ssays are: (2,2 ′ -azinobis (3-ethylbenzothiazolin-6-sulfonate/trolox 

quivalent antioxidant capacity (ABTS/TEAC) [7] , 1,1-diphenyl-2- 

icrylhydrazyl (DPPH) [8] , iron (III) reducing antioxidant power 

FRAP) [9] , copper (II) ion reducing antioxidant capacity (CUPRAC) 

10] , Folin-Ciocalteu [11] methods. In addition to these methods, 
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http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130846&domain=pdf
mailto:mbener@istanbul.edu.tr
https://doi.org/10.1016/j.molstruc.2021.130846
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olorimetric AC methods based on the production of noble metal 

anoparticle (NP) chromophores have been developed in recent 

ears for the determination of antioxidants with the resources of 

anotechnology. 

Nanomaterials have sizes ranging from 1 to 100 nm and may 

xhibit extraordinary properties that differ significantly from those 

f their source material. They can be prepared in any shape and 

ize, and as a result, they exhibit unique electrical, magnetic, opti- 

al, mechanical, thermal, and biological properties [12] . Nanomate- 

ials play an important role in the development of new AC meth- 

ds, enabling fast and smart evaluation of food antioxidants com- 

ared to conventional methods. The use of noble metal NPs stands 

ut as one of the most up-to-date applications of nanomaterials 

n analytical chemistry [13] . These methods are based on reducing 

etal ions to metal NPs in the form of colloidal dispersions. The 

PR phenomenon on metal NPs makes them promising candidates 

or many applications. The change of SPR with characteristic spec- 

ra, which is affected by the shape, size, and dielectric constant 

f the metal NPs together with the medium’s optical properties, 

aved the way for the design of new NP-based methods with the 

esired spectral properties [ 14–16 ]. Silver nanoparticles (SNPs) can 

e prepared using three general synthesis routes, namely chemical, 

hysical, and biological methods. In the presence of surfactants, 

apid production of nanoparticles without using dangerous chem- 

cals is a significant advantage. However, low efficiency, high en- 

rgy consumption, solvent contamination, high cost and inhomo- 

eneous distribution of NPs are disadvantages of physical methods 

17] . The most commonly used method of SNPs synthesis is chem- 

cal reduction [18] . Metal precursors (preventing aggregation), re- 

ucing and capping/stabilizing agents are the main components of 

reparing SNPs using chemical methods. In spite of the higher effi- 

iency and lower costs of chemical methods compared to physical 

nes, the use of toxic and dangerous reducing reagents and their 

ccumulation on NPs causes impurities. Citrate and borohydride, 

hich are among the common chemical agents, are strong reduc- 

rs, so they can cause aggregation and thus make it difficult to pre- 

are homogeneously dispersed NPs [17] . Recently, a great number 

f biocompatible, rapid, nontoxic, energy-saving, and low-cost bi- 

logical methods have been used to synthesize NPs, using natural 

ntioxidants of plants, bacteria, fungi, and algae [ 19–24 ]. In addi- 

ion, the synthesis of SNPs by biological methods is an environ- 

entally friendly approach that serves green chemistry. 

Carrageenans, as sulfated linear polysaccharides of D-galactose 

nd 3,6-anhydro-d-galactose, are extracted from certain red sea- 

eeds of the Rhodophyceae class, and are natural biopolymers that 

re renewable and biodegradable. There are different types of car- 

ageenans ( κ-carrageenan, i-carrageenan, λ-carrageenan, etc.) de- 

ending on the number and location of sulfate esters [25] . They 

re widely used in the food industry as thickeners, gelling and pro- 

ein suspending agents, and more recently by the pharmaceutical 

ndustry as excipients in pills and tablets [26] . In the literature, 

tudies of green synthesis of SNPs using polysaccharides [27 , 28] , 

arine polysaccharides [29] and polysaccharides extracted from 

acro/micro algae [19 , 30] were reported. In addition, green sono- 

hemical synthesis of SNPs with κ-carrageenan was mentioned 

31 , 32] . 

In this study, a method was developed for AC determination 

sing κ-carrageenan capped SNPs (CAR-SNPs) synthesized by sim- 

le green biosynthesis using κ-carrageenan polysaccharide at room 

emperature (25 ◦C). The proposed AC method is based on the 

eed-coat formation and growth of nanoparticles exploiting con- 

rolled enlargement mechanism upon reaction with antioxidants. 

n this method, antioxidants chemically reduce silver(I) salts to 

roduce new SNPs onto underlying seeds of monodisperse CAR- 

NPs to enable controlled growth of nanoparticles giving rise to 

 distinct SPR peak superimposed on a monotonous background. 
2 
his approach proved to provide higher sensitivity for AC determi- 

ation than other similar ET-based assays. The absorbance change 

ue to the enlargement of CAR-SNPs upon antioxidant addition 

as recorded at 420 nm. A linear change in SPR band intensity 

as obtained depending on the enlargement of SNPs rather than 

ucleation (i.e. formation of new nuclei) due to the amount of 

ntioxidant. Unlike existing studies in the literature, carrageenan 

s a natural polysaccharide was used to obtain monodisperse SNP 

eeds [33] . κ-Carrageenan is a controlled reduction and stabiliza- 

ion agent as well as a capping aid. As a result of the electro- 

tatic interaction between sulfate groups of κ-carrageenan and 

ositively charged silver nuclei, the original NPs were capped with 

-carrageenan. The negative charge of CAR-SNPs combined with 

he ligating ability of surface functional groups [33] attracted more 

g + ions and phenolic antioxidants, enabling controlled growth 

ith new SNPs that gave rise to higher sensitivity than other 

imilar methods based on the same mechanism in AC measure- 

ent. The production and growth of CAR-SNPs with controlled di- 

ensions occurred with a two-step Ag + −reduction procedure that 

tarted with κ-carrageenan and continued after the addition of an- 

ioxidants, ending up with a novel eco-friendly, simple, rapid and 

ow-cost method for AC measurement. 

. Experimental 

.1. Instrumentation and chemicals 

Neocuproine (2,9-dimethyl-1,10-phenanthroline) (Nc), κ- 

arrageenan, (-)epicatechin (EC), (-)epigallocatechin gallate (EGCG), 

 + )catechin (CT), gallic acid (GA), α-tocopherol (TP), quercetin 

QR), L-ascorbic acid (AA), rosmarinic acid (RA), and trolox (TR), 

nd ethanol: Sigma-Aldrich (Steinheim, Germany); copper(II) chlo- 

ide dihydrate, silver nitrate (AgNO 3 ), ammonium acetate (NH 4 Ac): 

erck (Darmstadt, Germany). Commercial herbal tea samples were 

btained from Do ̆gadan A ̧S (Ankara, Turkey) and the products 

ere locally produced in Turkey. Type II distilled water (purified 

ater) was obtained from the Elga LabWater (United Kingdom) 

ater purification system. 

Absorbance measurements and UV–vis spectra were recorded 

sing a Varian CARY Bio 100 UV–vis spectrophotometer (Mul- 

rave, Victoria, Australia). The wet-STEM images of nanoparticles 

ere obtained by using FEI QUANTA FEG SEM 450 (at the cooling 

emperature to 2 °C, in vacuum). The Fourier Transform Infrared 

pectra (FTIR) of nanoparticles were recorded with using an Agi- 

ent Carry 630 FTIR-ATR (Agilent Technologies, Rowville, Australia) 

pectrometer. 

.2. Preparation of solutions 

The solutions of AgNO 3 at 0.1 M, NH 4 Ac at 0.1 M, CuCl 2 at

0.0 mM and L -ascorbic acid at 1.0 mM were prepared in dis- 

illed water. The κ-carrageenan solution was dissolved in hot dis- 

illed water to be 0.1% (w/v) by dilution to 100 mL. It was then 

ooled down to room temperature. Nc at 7.5 mM and antioxidant 

ompounds at 1.0 mM were freshly prepared in EtOH. Each 0.2 g 

ample of teabag was alternately dipped into and removed from 

 beaker (containing freshly boiled water, 100 mL) for 2 min. The 

eabags were then steeped for 3 min in the hot solution and re- 

oved from the beaker. The tea infusions were filtered through a 

F/PET microfilter (0.45 μm, Chromafil) after cooling to room tem- 

erature. 
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.3. Preparation of κ-carrageenan capped silver nanoparticles 

CAR-SNPs) 

The CAR-SNPs were reduced and stabilized by using κ- 

arrageenan. The CAR-SNPs solution was prepared by reducing 

g + with κ-carrageenan to silver nanoparticles. AgNO 3 solution at 

.1 M and 0.1% κ-carrageenan solution (3:1, v:v) were mixed and 

ncubated at room temperature for 35 min, yielding a pale-yellow 

olored CAR-SNP solution. 

.4. The CAR-SNPs based AC method 

The reaction mixture of the proposed method was prepared 

nto a test tube; 4.0 mL of the CAR-SNPs solution, x mL of antiox- 

dant solution and (1.0-x) mL of distilled water were added. The 

eaction mixtures were incubated for 10 min at room temperature. 

uring incubation, in the presence of antioxidants, the reduction of 

g + ion caused a color change from pale yellow to dark, indicating 

he formation of a core-shell structure. After 10 min of incubation, 

he increase in absorbance at 420 nm wavelength was recorded. 

he initial absorbance (A 0 ) of the reaction mixture increased in the 

resence of antioxidants, and the difference in absorbance ( �A) 

as found to be directly proportional to antioxidant concentration. 

alibration curves were constructed between �A and antioxidant 

oncentration (C). The slopes of the calibration curves represent 

olar absorptivities ( Ɛ) of each tested antioxidant. 

.5. Cupric reducing antioxidant capacity (CUPRAC) method 

The CUPRAC method described by Apak et al. [10] was based 

n the chemical reduction of a Cu(II)-Nc complex solution by an- 

ioxidants to the colored Cu(I)-chelate. For CUPRAC application, x 

L of antioxidant solution was added to the CUPRAC mixture con- 

aining 1 mL of Cu(II), 1 mL of Nc, 1 mL NH 4 Ac and diluted with

istilled water to a total volume of 4.1 mL. After 30 min of incuba-

ion at room temperature, the absorbance at 450 nm was recorded 

gainst the CUPRAC solution (reagent blank) without antioxidant. 

.6. Standard addition of antioxidants to green tea infusion 

Standard solutions of quercetin, gallic acid and catechin were 

dded to a green tea infusion. In a tube, standard antioxidant so- 

ution (QR-, GA-, and CT-) at a final concentration of 2.00 μM were 

dded to a diluted 50 μL of green tea extract. The developed CAR- 

NP based AC method was applied separately to the spiked solu- 

ions, and the precision and recovery of the method were evalu- 

ted. 

.7. Measurement of synthetic mixture solutions 

Ternary synthetic mixtures were prepared from different stan- 

ard antioxidant compounds. The theoretically expected and ex- 

erimentally found antioxidant capacities of these synthetic mix- 

ures by using the developed CAR-SNP based AC method were de- 

ermined as trolox equivalents and compared. The theoretical and 

xperimental AC values of the mixture solution (in μM TR) were 

ound with using Eqs. (1) and (2) , respectively. 

C theoretical = T EA C 1 conc n 1 + · · · + T EA C n conc n n (1) 

AC f ound exp erimental l y ( μM T R ) 

= 

Absorbance ( total ) ± int ercept × 10 

6 (2) 

ε trolox 

p

3 
.8. Interference studies 

The possible interferences of various compounds commonly 

ound in antioxidant assay media were investigated. The effect of 

nterferents within a 10–10 0 0 fold (in mol/mol) range on the de- 

ermination of 4.0 μM TR using the proposed method was investi- 

ated. 

.9. Statistical analysis 

Mean values and their standard errors were calculated using 

xcel software (Microsoft Office 365). Two-way analysis of variance 

ANOVA) was used for evaluating the data by using SPSS software 

or Windows (version 13). 

. Results and discussion 

Noble metal NPs can be synthesized with different physico- 

hemical and green approaches. Noble metal NPs such as Au and 

g exhibit superior properties such as obtaining high molar ab- 

orption coefficients thanks to their unique SPR bands in the vis- 

ble region. The frequency of SPR is related to size, composition, 

ielectric properties of the medium, and distance between par- 

icles [34] . The general detection mechanisms of these methods 

re based on the collection, separation, growth or formation of 

Ps giving rise to different spectral variations. The seed-mediated 

rowth and enlargement mechanism of NPs for antioxidant capac- 

ty measurement has been used in various protocols. Ag (I) reduc- 

ion potential is lower than that of Au(III), making a SNP-based 

ethod more selective than its Au nanoparticle-based analogs. In 

ddition, the Mie resonance, which allows a silver colloid to have 

tronger and sharper plasmon resonance than gold, occurs at dif- 

erent energies from any interband transition, which makes the use 

f SNPs advantageous in terms of analytical sensitivity [35] . 

The first step of the developed method was the green synthe- 

is of small-sized uniform spherical CAR-SNPs ( Fig. 1 ). NPs with 

n average size of around 20 nm in diameter were obtained with 

reen synthesis. The anionic property of κ-carrageenan (due to sul- 

ate groups) was responsible for attracting Ag + ions to the surface, 

here CAR served as a reducing and stabilizing agent for the syn- 

hesis of NPs [31] . In addition, the synthesis of Ag and Au nanopar-

icles by reduction via hydroxyl groups in polysaccharides has been 

reviously reported. The second step was the enlargement of the 

ynthesized spherical NPs with tested antioxidants without aggre- 

ation. Reactive aromatic hydroxyl groups (Ar-OH) of polyphenols 

ere expected to be oxidized to the corresponding quinones, while 

g + ions were reduced to the CAR-SNPs, exhibiting maximal plas- 

on absorption at 420 nm. Ag(I) was a more selective oxidant for 

ntioxidants than Au(III), because the standard reduction potential 

E o ) for the Ag (I,0) redox couple is 0.8 V while E o lies in the range

f 0.2 − 0.6 V for physiologically important antioxidants. 

Despite their toxicity, strong chemical reducing agents such as 

lkali metal borohydrides and amino borane complexes are pre- 

erred because of their ability to form small NPs [34] . Natural 

aterials such as plant extracts [37] , latex [38] , polysaccharides 

39 , 40] , sugars [41] , bacteria [42] , and fungus [43] as nontoxic al-

ernative green reductants have been used as reducing agents in 

he preparation of noble metal NPs. However, nanoparticle syn- 

hesis using green methods has some difficulties. Biochemical re- 

uctants such as plant extracts are weaker than chemical reducing 

gents and tend to nucleate particles much more slowly and pro- 

uce polydispersed NPs [36] . Therefore, the proper time periods to 

repare noble metal nanoparticles in a uniform distribution can be 

ontrolled by improving the reaction conditions such as pH, tem- 

erature, incubation time, salt and reductant concentrations. 
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Fig. 1. The formation of the CAR-SNPs with green synthesis using κ-carrageenan. 

Fig. 2. (a and b) UV–Vis spectra of the CAR-SNP formed without antioxidant within the concentration range of 0.02–0.10 M Ag + and 0.05–0.20% κ-carrageenan. (c) UV–

Vis spectra of CAR-SNPs formed without antioxidants at different pH. (d) UV–Vis spectra of TR alone, CAR-SNPs, and CAR-SNPs enlarged with TR. 
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.1. Analytical figures of merit 

The effect of silver nitrate concentration on the plasmon ab- 

orbance of the synthesized CAR-SNPs was examined. The effect 

f Ag + in the concentration range of 0.02–0.10 M (in the presence 

f 0.1% κ-carrageenan at 3:1 vol ratio) on CAR-SNPs synthesis was 

nvestigated. In addition, the effect of different κ-carrageenan con- 

entrations on CAR-SNPs synthesis was examined; κ-Carrageenan 

olutions in the range of 0.05% - 0.20% at a volume ratio of 3:1

ere added to 0.1 M Ag + solution. At this point, the formation of 

-carrageenan capped Ag core nanoparticles of minimal diameter 

as required because enlargement of the CAR-SNP was to be mea- 

ured in the presence of antioxidants. Fig. 2 a,b showed that 0.1 M 

g + and %1 κ-carrageenan concentrations were chosen as the opti- 

al concentrations at which nuclei were formed, and minimal ini- 

ial absorbance was obtained. 

The effect of medium pH on the formation of CAR-SNPs (with- 

ut antioxidants) was studied in the range of 3.0–5.8 under the 

xperimental conditions of the proposed method. The CAR-SNPs 

ormed in the pH range 3–5 showed quite similar absorption spec- 
4 
ra and no complete core formation was observed in Fig. 2 c. The 

aximal absorption was seen at 420 nm at pH 5.8, the working 

H indicating the formation of the CAR-SNPs. It is known that 

NPs have a maximal absorption at about 400 nm [44] . On the 

ther hand, after pH 6, Ag + started to precipitate into Ag 2 O, re- 

oving the oxidant and damaging the probe. As a result, pH 5.8 at 

hich the CAR-SNPs formation took place was chosen as the opti- 

al working pH without any pH adjustments. 

The absorption spectra of the synthesized CAR-SNPs, CAR-SNPs 

nlarged in the presence of TR, and TR alone are shown in Fig. 2 d.

n Fig. 2 d, a characteristic sharp band development occurred in ad- 

ition to the existing absorption band resulting from the SPR of 

AR-SNPs at 420 nm, indicative of newly coated SNPs in the pres- 

nce of TR. There was no appreciable absorption band of TR at the 

avelength of interest. Such enlargement of polyphenol −mediated 

AR-SNPs proceeded on seeds of CAR-SNPs and involved the re- 

uction of Ag + to Ag by polyphenols. 

Fig. 3 illustrates the reaction kinetics of CAR-SNPs formation 

nd CAR-SNPs enlargement (in the presence of TR, which repre- 

ents antioxidants) as the two steps of the proposed method. A 
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Fig. 3. Reaction kinetics of (a) the CAR-SNPs formation and (b) the CAR-SNPs enlargement in the presence of TR. 
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ime period of 35 min was sufficient for the formation of pale- 

ellow CAR-SNPs ( Fig. 3 a). It is seen that the CAR-SNPs absorbance 

as increased after TR addition ( Fig. 3 b). For core-shell nanoparti- 

les, it is the outermost layer that dominates the interaction with 

ncident light [45] , and the increase in SPR absorption correspond- 

ng to outer layer thickening of the CAR-SNPs is a linear function 

f the increase in antioxidant concentration. As a result of antioxi- 

ant addition on the synthesized CAR-SNPs, it was determined that 

n incubation period of 10 min was sufficient to achieve a constant 

bsorbance increase ( Fig. 3 b). 

In addition, FTIR, XRD, and wet-STEM analyses were performed 

or the characterization of the synthesized CAR-SNPs. The FTIR 

pectra of κ-carrageenan and dried CAR-SNPs are shown in Fig. 4 . 

n Fig. 4 a, the absorption observed at 3337 cm 

−1 is characteristic 

f hydroxyl (-OH) stretching. The C 

–H stretching between layers 

auses absorption seen at 2894 cm 

−1 . The absorption band at 1615 

m 

−1 can be attributed to polymer bond water, the peak at 1411 

m 

−1 to sulfate asymmetric stretch, and the band at 1220 cm 

−1 

o the symmetric stretch of S = O group of CAR sulfates [31] . Also,

bsorption at 1028 cm 

−1 was attributed to glycosidic linkage, ab- 

orption at 924 cm 

−1 to 3,6-anhydro-D-galactose, and 842 cm 

−1 

o CO-S axial secondary sulfate on C-4 of galactose [46 , 47] . How-

ver, Fig. 4 b shows a newly emerged peak at 1718 cm 

−1 due to the

 = O group formation after Ag + oxidative attack on –CH OH groups 
2 

5 
31] . This peak is due to the carbonyl group formed by oxidation 

f carbohydrate radicals in κ-carrageenan [31 , 48] . Compared with 

-carrageenan, CAR-SNPs showed a narrow peak at 3276 cm 

−1 , 

hich indicated that O 

–H functional groups of κ-carrageenan are 

esponsible for synthesizing the CAR-SNPs [49 , 50] . The strong peak 

f CAR-SNPs emerging at 1269 cm 

−1 was indicative of the inter- 

ction of CAR-sulfate groups with SNPs. The sulfate, carbonyl and 

ydroxyl groups of CAR-SNPs contributed to their negative charge 

33] , providing stable nanoparticles that could practically be used 

s sensors for AC measurement. These surface functional groups 

ave the ability to bring together Ag + ions and phenolic antiox- 

dants [51] by ion-dipole and dipole-dipole interactions, thereby 

acilitating enlargement of existing nanoparticles leading to in- 

reased SPR absorption. 

The X-ray diffraction (XRD) pattern of the synthesized CAR- 

NPs is shown in Fig. 5 . The observed peaks around 38.2 o , 44.6 o and

4.7 o at 2 θ correspond to the crystallographic planes of (111), (200) 

nd (220) face-centered cubic (fcc) silver, respectively. The diffrac- 

ion peaks seen between 20 o −30 o can be attributed to the semi- 

rystalline structure of κ-carrageenan remaining on the nanopar- 

icle surfaces after reduction [52] . Debye-Scherrer equation can be 

sed to estimate the average size of synthesized CAR-SNPs from 

RD data. Debye–Scherrer formula [53] is given in Eq. (3), where D 

s particle diameter size, k is a constant equal 0.94, λ is the wave- 
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Fig. 4. FTIR spectra of (a) κ-carrageenan and (b) the CAR-SNPs. 

Fig. 5. XRD pattern of the CAR-SNPs. 
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ength of X-ray source (0.1541 nm), β is the full width at half max- 

mum (FWHM) and θ is the diffraction angle corresponding to the 

attice plane (111). The average size according to Debye–Scherrer 

quation calculation was found to be 16.1 nm. 

 = 

k λ

β cos θ
(3) 

Fig. 6 a shows the wet-STEM images of the synthesized CAR- 

NPs. According to the analysis of images, the CAR-SNPs are spher- 
6 
cal, monodisperse and homogeneous, and the average size of the 

ynthesized NPs is 20 nm. Fig. 6 b shows wet-STEM images of the 

nlarged CAR-SNPs in the presence of TR representing antioxidants. 

t is clear that the CAR-SNPs enlarged in the presence of antiox- 

dants, and the average size of CAR-SNPs in the presence of TR 

as measured as 35 nm. Hydrodynamic diameters according to 

LS analysis of the CAR-SNPs in the absence and presence of an- 

ioxidants were determined to be 32.4 and 51.6 nm, respectively. 

he monodispersity of originally small nanoparticles is a prereq- 
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Fig. 6. The wet-STEM images of the CAR-SNPs (a) before TR addition; (b) enlarged after TR addition. 
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isite for sensitive AC determination involving controlled growth 

pon antioxidant addition. If these particles were not monodis- 

erse, diverse-sized nanoparticles would not enable the selection 

f a unique analytical wavelength, because SPR bands would show 

hifts in absorbance maxima. 

The UV–vis spectra of CAR-SNPs with increasing TR concen- 

rations are shown in Fig. 7 . The symmetrical spectra at the SPR 

avelength 420 nm show the monodispersity and stabilization 

f CAR-SNPs that undergo growth in the presence of antioxi- 

ants. There was a linear increase in absorbance corresponding to 

he plasmon band of CAR-SNPs with TR concentration. The linear 

orking range obtained for TR was found to be 2.19 - 79.88 μM, 

nd a near-perfect linearity was obtained ( r = 0.9999). The lin- 

ar equation of the calibration graph obtained for TR using the 

roposed CAR-SNP based AC method was �A 420 = 2.51 ×10 4 C - 

.005. In the equation, �A 420 and C symbolize absorbance differ- 

nce from blank and molar concentration, respectively. The slope 

f the calibration graph gave the molar absorptivity ( Ɛ) of TR with 

espect to the proposed method as 2.51 ×10 4 Lmol −1 cm 

−1 . The lim- 
7 
ts of detection and quantification (LOD and LOQ) for the proposed 

ethod were found to be 0.023 and 0.077 μM, respectively. These 

alues are at least an order-of-magnitude lower than the LODs 

btained with conventional ET-based assays for antioxidant com- 

ounds, laying in the micromolar range. The LOD values of some 

ntioxidant compounds obtained by different methods based on 

he formation (seed-coat) and growth of noble metal nanoparti- 

les were compared in Table 1 . Table 1 shows that the LOD val-

es are much lower (and therefore sensitivity higher) than those 

f other similar literature methods. In the GSNP-AC (green sil- 

er nanoparticle-based antioxidant capacity) method developed by 

e ̆giç et al. [39] , the silver seeds created with carob extract were 

eported to enlarge in the presence of antioxidants and the in- 

rease in the SPR absorption band at 434 nm was measured. In the 

NPAC (Silver NanoParticle Antioxidant Capacity) method based on 

he growth-enlargement mechanism developed by Özyürek et al. 

54] , Ag(I) ions were reduced to spherical SNPs by polyphenols in 

he presence of trisodium citrate and silver seeds and the increase 

n the SPR absorption band was measured at 423 nm. In a similar 
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Fig. 7. UV–Vis spectra of the CAR-SNPs with varying concentrations of TR in the range of 0–10 μM. 

Table 1 

The LOD values of some antioxidant compounds tested with different methods 

based on the formation (seed-coat) and growth of noble metal NPs. 

Methods LOD References 

CAR-SNP based method 0.023 μM → TR; 

0.009 μM → GA; 

0.022 μM → AA; 

0.007 μM → QR; 

0.014 μM → CT 

In this study 

GSNP-AC 0.31 μM → TR [39] 

SNPAC 0.23 μM → TR [54] 

SNP based method 20 μM → GA; 20 μM → AA; 

0.4 μM → QR 

[55] 

SNP based method 0.054 μM → AA [56] 

PVA-SNP based method 22.1 μM → GA [57] 

AuNPs based method 35 mg/L → GA [58] 

RhNPs based method 39 μM → CT; 49 μM → GA [59] 
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tween 94.5 and 109.5%. 
tudy, Szydłowska-Czerniak et al. [55] reported an AC determina- 

ion method based on the measurement of SNP formation in pH 

.4 buffer based on the ET reaction between silver ions and an- 

ioxidants. In another study, Rostami et al. [56] reported a method 

ased on the growth of seed-mediated SNPs for the simple and 

ensitive detection of ascorbic acid. Teerasong et al. [57] developed 

 colorimetric sensor based on seed-mediated nanoparticle growth 

sing PVA-SNPs (poly(vinyl alcohol) embedded silver nanoparti- 

les). PVA-SNPs catalyzed the reduction of Ag(I) ions with gallic 

cid by providing nucleation seeds. Ag(0) formed by the reduction 

f Ag(I) ions accumulated on the surface of PVA-SNPs and caused 

n increase in particle size. In another study, Della Pelle et al. 

58] reported a method based on the formation of AuNPs in an or- 

anic solvent aqueous medium driven by endogenous polyphenols 

n the food matrix as a simpler alternative to the Folin-Ciocalteu 

ethod. This method involved the use of dimethyl sulfoxide as 

n organic solvent and did not require sample extraction. Gat- 

elou et al. [59] measured the total phenolic content and catechin 

ontent of tea samples using citrate coated rhodium nanoparticles 

RhNPs) which showed size and specific color changes upon inter- 

ction with polyphenols. 
8 
With the proposed CAR-SNP-based AC method, the calibration 

urves of nine different antioxidants in foods and serum with 

R were obtained. The calibration equations, correlation coeffi- 

ients, linear working ranges and TEAC coefficients are presented 

n Table 2 . The rank correlation coefficient (Spearman’s Rho) was 

.8362 ( P = 0.009682) between the TEAC values obtained by 

UPRAC and CAR-SNP based AC methods, and the relationship be- 

ween the two methods was found to be significant at the P < 0.01 

evel. The number and position of hydroxyl groups in the molecule 

ontribute significantly to the AC of a compound as well as the 

egree of conjugation of the molecule [60] . Flavonoids with simi- 

ar conjugation levels are roughly proportional to the total number 

f hydroxyl groups and their AC. The o-dihydroxy structure in the 

-ring contributes to antioxidant power [61] . When Table 2 is ex- 

mined, the high TEAC values obtained for QR, RA, EGCG and 

A stand out. There are eight hydroxy groups in the structure of 

GCG and five hydroxyl groups in QR, RA and GA. In addition, 

he 5–hydroxy-4-keto group in the A and C rings, the 2,3-double 

ond connecting the two ring systems and the presence of 3 ′ , 4 ′ -
ihydroxy groups of the B ring in the structure of QR play an im- 

ortant role in its high AC. The ranking among the antioxidant 

apacities of tea catechins (EGCG > EC > CT) according to the 

roposed method was also consistent with the literature findings 

39 , 60] . Although the number and position of the hydroxyl groups 

f QR and CT are the same, the TEAC coefficient of quercetin is ap- 

roximately twice higher, consistent with the literature data [60] . 

his arises from the loss of conjugation in the C-ring of CT. The 

 = C network in the RA structure exhibited high AC with the well- 

ombined symmetrical structure of alternating double bonds con- 

aining four phenolic hydroxyl groups, an alkoxy group and an es- 

er moiety [62] . 

Table 3 shows the precision and recovery values of the CAR-SNP 

ased AC method with specified amounts of QR, GA and CT antiox- 

dant compounds added to a diluted green tea infusion using the 

ethod of standard additions. Relative standard deviation (RSD,%), 

hich is an indicator of the method’s precision, was found to be 

.43% as the highest value. In addition, the recovery values (REC) 

epresenting the accuracy of the proposed method were found be- 
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Table 2 

Linear equations, linear working ranges, and TEAC values for antioxidants regarding the CAR-SNP based AC method (as compared to those of CUPRAC 

method). 

Antioxidants Linear equation and correlation coefficients (r) Linear working Range ( μM) TEAC CAR-SNP TEAC CUPRAC ∗

= Trolox �A = 2.51 ×10 4 C – 0.005 ( r = 0.9999) 2.19 – 79.88 1.00 1.00 

Ascorbic acid �A = 2.60 ×10 4 C – 0.01 ( r = 0.9954) 2.31 – 77.31 1.04 0.96 

Quercetin �A = 8.07 ×10 4 C – 0.01 ( r = 0.9987) 0.74 – 24.91 3.22 4.38 

Rosmarinic acid �A = 7.96 ×10 4 C – 0.005 ( r = 0.9995) 0.69 – 25.19 3.17 5.30 

Catechin �A = 4.22 ×10 4 C – 0.004 ( r = 0.9984) 1.28 – 47.49 1.68 3.09 

(-)epicatechin �A = 4.75 ×10 4 C – 0.002 ( r = 0.9986) 1.09 – 42.15 1.90 2.77 

(-)epigallocatechin gallate �A = 9.20 ×10 4 C – 0.002 ( r = 0.9997) 0.56 – 21.76 3.67 4.88 

Gallic acid �A = 6.55 ×10 4 C – 0.001 ( r = 0.9966) 0.77 – 30.54 2.61 2.62 

α-tocopherol �A = 1.38 ×10 4 C – 0.005 ( r = 0.9939) 3.98 – 145.29 0.55 1.10 

∗ Data taken from refs [20] and [63] . �A = the difference in absorbance, C = molar concentration. 

Table 3 

Precision and recovery of the CAR-SNP based AC method. 

Spiked Antioxidant 

to green tea 

infusion 

Added conc. (μM) Mean (μM) SD RSD (%) REC (%) 

QR 2.00 1.89 0.02 1.06 94.5 

GA 2.00 2.19 0.06 2.74 109.5 

CT 2.00 2.03 0.09 4.43 101.2 

Fig. 8. AC values (μmol TR/g-sample) of some herbal tea infusions by the CAR-SNP based AC and CUPRAC assays. 

Table 4 

The theoretically expected and experimentally found AC in synthetic mixtures with respect to the 

proposed CAR-SNP based AC method ( N = 3). 

Synthetic mixtures Content AC theoretical (μM TR-equiv.) AC experimental (μM TR-equiv.) 

1 GA QR TP 5.41 5.76 ± 0.66 

2 CT EC AA 4.52 4.77 ± 0.30 

3 RA EGCG CT 8.52 7.87 ± 0.04 
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.2. Application of the method to synthetic antioxidant mixtures 

Experimental AC values obtained by the proposed method of 

ernary synthetic mixtures prepared from individual antioxidants 

eviated at ± 7.6% from those calculated theoretically ( Table 4 ). 

xperimental and theoretical antioxidant capacities agreed at 95% 

onfidence level (P = 0.05, F exp = 0.003, F crit(table) = 18.513, F exp < 

 crit(table) ); two-way ANOVA test showed no significant difference 

etween population means for a given sample. It was seen that 

here was no chemical deviation from Beer’s law. This is very im- 

ortant for precisely and accurately estimating AC and reliably as- 

essing the AC of different samples. 
9 
.3. Application of the method to herbal teas 

AC values of herbal teas such as rosehip tea, white tea, 

reen tea, chamomile tea and echinacea tea were determined as 

R equivalent (μmol TR/g-sample) using the CAR-SNP based AC 

ethod ( Fig. 8 ). The results obtained were compared with those 

f the CUPRAC method, taken as the reference method. In terms 

f AC ranking among herbal teas, the order of white tea > green 

ea > echinacea > rosehip > chamomile was found by both meth- 

ds. The results obtained with both methods were concordant 

ith each other at 95% confidence level ( P = 0.05, F exp = 5.14,

 crit (table) = 7.71, F exp < F crit (table) ). 
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Table 5 

Interferences of various compounds on CAR-SNP based AC method in 

determining TR at 4 μM final concentration. 

Interferents Interferent/ TR 

mole ratio 

Interference effect on the 

CAR-SNP based AC method 

Citrate > 10 + 

Oxalate > 10 + 

Alanine 1000 −
Glycine 1000 −
Serine 1000 −
Galactose 1000 −
Fructose 1000 −
Glucose 1000 −
Malic acid 1000 −
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.4. Interferences 

The possible interfering effects of the species commonly found 

n tea samples were investigated. The CAR-SNP-based AC method 

as tested at 10 0 0 fold (in mol/mol) ratio of interferent species in

he determination of 4.0 μM TR as representative antioxidant com- 

ound ( Table 5 ). Simple amino acids (alanine, glycine, and serine) 

nd sugars (galactose, fructose, and glucose) did not show any in- 

erference on the CAR-SNP based AC method. The constituents of 

xalate and citrate were found to affect the method, and therefore 

hey should be removed from the assay medium. 

. Conclusions 

In this study, a method based on the growth-enlargement of 

AR-SNP was developed to determine AC in antioxidant sam- 

les. In addition to the use of CAR as a reducing and stabiliz- 

ng agent in the green synthesis of SNPs, the electrostatic inter- 

ction between the sulfate groups of κ-carrageenan and positively 

harged silver nuclei enabled the coating of the nuclei with κ- 

arrageenan. In the synthesis of CAR-SNPs, parameters such as 

g + ion concentration, κ-carrageenan concentration, pH and in- 

ubation time were optimized. The proposed procedure for the 

ynthesis of CAR-SNPs is low cost, simple and environmentally 

riendly. CAR-SNPs enlargement in the presence of antioxidants 

ed to AC determination in complex samples via measuring the 

ncrease in plasmon absorption at 420 nm. Using the proposed 

AR-SNP based AC method, TEAC values of standard antioxi- 

ant compounds, AC values of synthetic mixtures and of some 

erbal teas infusions were determined and compared with those 

ound by the CUPRAC method. Both methods were found to be 

ompatible with each other at 95% confidence level. The pro- 

osed method requires a short time for antioxidant analysis, ap- 

roximately 45 min, including nanoparticle solution preparation. 

lso, there is no need for specific tools (heater, ultrasonic soni- 

ator, UV irradiation, etc.) for nanoparticle preparation. As a re- 

ult, the CAR-SNP −based AC method showed excellent sensitiv- 

ty with quite lower (i.e. one order-of-magnitude lower for cer- 

ain antioxidants) LOD values than those of other similar methods 

f nanoparticle formation/growth based on electron-transfer mech- 

nism of AC measurement. This achievement of higher sensitiv- 

ty may be attributed to controlled growth of silver nanoparticles 

pon antioxidant addition around monodisperse CAR-SNPs that en- 

bled the appearance of a net SPR peak at 420 nm superimposed 

n a monotonous background. In addition, the proposed method 

ad other advantages such as being practical, fast, cost-effective, 

nd green compared to other similar AC methods. 
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