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ANTIOXIDANT CAPACITY OF (KLAKLAK)₂ BIOCONJUGATES 
ASSESSED BY THE ELECTRON-TRANSFER METHODS FRAP AND CUPRAC
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ABSTRACT

Oxidative stress and metal-driven redox processes are key contributors to the pathogenesis of chronic diseases 
and cancer, motivating the search for novel antioxidant molecules. In this study, the antioxidant potential of a series 
of synthetic peptides previously reported to possess antitumor and antibacterial properties was evaluated using 
two complementary electron-transfer assays: ferric reducing antioxidant power (FRAP) and cupric ion reducing 
antioxidant capacity (CUPRAC). Both assays were calibrated against caffeic acid, and results were expressed as 
caffeic acid equivalents (CAE).

The FRAP assay revealed substantial differences in reducing activity, with Si8 exhibiting the highest value (0.558 ± 
0.132), followed by Si12 (0.478 ± 0.0240), Si10 (0.293 ± 0.0220), and Si15 (0.250 ± 0.0200), whereas Si1 (0.00439 ± 
0.00240) and Si11 (0.00260 ± 0.000500) showed negligible responses. A comparable pattern was observed in the 
CUPRAC assay, where Si8 again displayed the strongest reducing capacity (0.381 ± 0.0948), with Si12 (0.290 ± 
0.0225), Si15 (0.262 ± 0.0223), and Si10 (0.224 ± 0.0290) also demonstrating appreciable activity, while Si1 (0.001800 ±
0.000400) and Si11 (0.0132 ± 0.000500) remained inactive.

The combined application of FRAP and CUPRAC provided complementary and reproducible measures of peptide 
antioxidant capacity, establishing a framework for systematic characterization of redox-active peptides in relation 
to oxidative stress.
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INTRODUCTION

Oxidative stress, defined as an imbalance between 
the production of reactive oxygen species (ROS) and 
the capacity of antioxidant defence systems, is a major 
contributor to cellular damage and the progression of 
chronic diseases (such as Diabetes, Cardiovascular 
diseases (CVDs), Autoimmune diseases, etc.)  and 
cancer [1 - 6]. Transition metals such as iron and 
copper catalyse the conversion of hydrogen peroxide 

and superoxide into highly reactive hydroxyl radicals 
through Fenton and Haber-Weiss reactions, which 
represent key pathways in the generation of oxidative 
stress [7 - 9]. These reactions are fundamental to metal-
driven oxidative stress and provide the rationale for 
evaluating the capacity of bioactive molecules to act as 
reducing agents or modulators of redox-active metals 
[10].

A wide variety of methods has been developed 
to evaluate antioxidant activity, ranging from radical-
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scavenging assays to metal-centered reduction tests 
[11 - 15]. Among these, electron-transfer (ET) 
spectrophotometric assays are particularly prominent 
owing to their reproducibility and broad applicability 
[16]. Two of the best-established assays in this category 
are the Ferric Reducing Antioxidant Power (FRAP) 
and the Cupric Ion Reducing Antioxidant Capacity 
(CUPRAC) assays.

The FRAP assay, introduced by Benzie and Strain 
in 1996, quantifies the reduction of ferric (Fe³⁺) to 
ferrous (Fe²⁺) ions in the presence of 2,4,6-tripyridyl-
s-triazine (TPTZ), yielding an intense blue Fe²⁺-TPTZ 
complex with a maximal absorbance at 593 nm [17]. 
Since its development, FRAP has been widely applied 
to biological fluids, food matrices, plant extracts, and 
pure compounds, and has become one of the most 
standardized and reproducible tools for assessing total 
reducing capacity [18 - 22].

The CUPRAC assay was developed by Apak and 
colleagues in 2004 [23]. The principle of the assay involves 
the reduction of Cu²⁺ to Cu⁺ by antioxidants, followed by 
the formation of a stable yellow–orange complex with the 
chromogenic ligand neocuproine, which can be measured 
spectrophotometrically at 450 nm. CUPRAC has since 
been validated for a wide range of antioxidants, including 
dietary polyphenols, vitamins, proteins, and food extracts, 
and is recognized as one of the most versatile assays for 
antioxidant capacity [24 - 27]. FRAP and CUPRAC are 
complementary methods, as they differ in both the redox 
system assessed and the experimental conditions. FRAP 
reflects ferric ion reduction in acidic medium, while 
CUPRAC captures cupric ion reduction at near-neutral 
pH [24 - 26, 28].

Both FRAP and CUPRAC quantify reducing 
capacity by measuring the ability of analytes to donate 
electrons to metal complexes. Although they do not 
directly determine metal chelation in the classical sense 
[29, 30], their outcomes are mechanistically linked 
to interactions between antioxidants and transition 
metals and can therefore be interpreted as indicators 
of the potential of molecules to modulate metal-driven 
oxidative processes [10, 28, 31]. Their successful use 
across diverse systems-including plant tissues, protein 
hydrolysates, and food matrices-demonstrates robustness 
and broad applicability [19, 21, 27, 31].

To facilitate comparability across structurally 
diverse samples, results from FRAP and CUPRAC 

are frequently expressed as caffeic acid equivalents 
(CAE). Caffeic acid, a hydroxycinnamic acid derivative, 
possesses well-documented radical-scavenging, 
reducing, and metal-interacting properties attributable 
to its ortho-dihydroxy substitution [32 - 34]. Its stability 
and dual functionality have made it a relevant natural 
calibration standard in antioxidant assays [24 - 26, 28]. 
Expressing activity as CAE provides a standardized 
quantitative framework that enables direct comparison 
of different analytes on a common reference scale.

Concurrently, growing attention has focused on 
antioxidant peptides, which are increasingly recognized 
as promising biomolecules for biomedical and 
nutritional applications [35 - 40]. Reviews synthesize 
advances in screening strategies, evaluation models, 
molecular mechanisms, stability, and bioavailability 
[35 - 38], while experimental studies confirm measurable 
antioxidant effects of peptide extracts from varied 
sources, often linked to specific sequences and structural 
modifications [39, 40].

Within this context, synthetic peptides with 
reported antitumor activity, including analogues of the 
(KLAKLAK)₂-NH₂ sequence, represent a timely class of 
molecules for study. Modified derivatives incorporating 
unnatural amino acids or secondary pharmacophores 
have demonstrated cytotoxic and antimicrobial 
properties [41 - 43]. Because oxidative stress is closely 
linked to tumor progression as well as to general 
cellular damage, evaluation of their antioxidant potential 
provides complementary insight into their biological 
relevance. Beyond these primary functions, their 
antioxidant capacity warrants systematic assessment. 
Since most of the analogues under investigation 
incorporate caffeic acid residues, analysing them with 
FRAP and CUPRAC and expressing the results as 
caffeic acid equivalents offers a logical and standardized 
framework for characterizing their reducing properties 
against a well-established natural reference.

EXPERIMENTAL

Materials
Absolute ethanol (≥ 99.8 % v/v), ammonium acetate 

(p.a.), sodium acetate trihydrate, hydrochloric acid and 
glacial acetic acid were purchased from Valerus Ltd. 
(Sofia, Bulgaria). Caffeic acid (CAS № 331-39-5), 
copper(II) chloride (CAS № 7447-39-4), neocuproine 
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(CAS № 484-11-7), 2,4,6-tris(2-pyridyl)-s-triazine 
(TPTZ, CAS № 3682-35-7) and iron(III) chloride 
hexahydrate (CAS № 10025-77-1) were obtained 
from Merck (Darmstadt, Germany). All reagents were 
of analytical grade and were used without further 
purification. Solutions were freshly prepared before 
each analysis.

The peptide samples investigated in this study 
were Si1, Si8, Si10, Si11, Si12, and Si15, and their general 
structures are presented in Table 1. The synthesis of these 
analogues was described previously by Jaber et al. [41 - 
43]. For each experiment, stock solutions were prepared 
immediately before use and diluted to the required 
working concentrations.

Methods
FRAP method

The ferric reducing antioxidant power (FRAP) assay 
was performed following the procedure of Benzie and 
Strain with slight modifications [17]. Acetate buffer 
(300 mM, pH 3.6), TPTZ solution (10 mM in 40 mM 
HCl) and FeCl₃·6H₂O solution (20 mM in distilled 
water) were mixed in a volume ratio of 10:1:1 and the 
mixture was equilibrated at 37°C for 15 min before 
use. For each determination 50 µL of sample or caffeic 
acid standard solution was added to 1.5 mL of FRAP 
reagent in disposable polystyrene cuvettes with a 3 mL 
capacity and 10 mm optical path length. Measurements 
were performed using a T70 UV/Vis spectrophotometer 
(PG Instruments Ltd). The final volume in the cuvette 
was 1.55 mL. A reagent blank was prepared with solvent 
instead of sample. The mixtures were incubated at 37°C 
for 4 min and absorbance was recorded at 593 nm.

CUPRAC method
The cupric reducing antioxidant capacity (CUPRAC) 

assay was carried out according to the method of Apak 

et al. [23, 24, 26], with minor methodological adjustments 
[44]. The CUPRAC reagent was prepared by mixing 
equal volumes of CuCl2 solution (10 mM), neocuproine 
solution (7.5 mM in ethanol), and ammonium acetate 
buffer (1 M, pH 7.0). For each measurement 1.5 mL of 
CUPRAC reagent and 0.5 mL of distilled water were 
placed in a disposable polystyrene cuvette with a 3 mL 
capacity and 10 mm optical path length, followed by 
the addition of 50 µL of sample or standard solution 
to reach a final volume of 2.05 mL. A reagent blank 
was prepared in parallel. The mixtures were incubated 
at room temperature (25 ± 2°C) in the dark for 30 min 
and absorbance was measured at 450 nm using the same 
spectrophotometer.

Data processing
All determinations were performed in triplicate. 

Calibration curves were constructed with caffeic acid as 
a reference antioxidant, and linear regression equations 
were used for quantification. The analytical signal was 
expressed as presented in Eq. (1):

				    (1)

where As is the absorbance of the tested sample and Ac​ is 
the absorbance of the control solution (reagent mixture 
without antioxidant).

The antioxidant capacity was first expressed as CAE 
(µM) according to the Eq. (2):

				    (2)

where a is the slope of the calibration curve obtained 
for caffeic acid.

To normalize for peptide concentration and provide a 
measure of intrinsic reducing capacity, FRAP/CUPRAC 
specific activity (SA) was calculated as presented in Eq. (3):

Code Peptide structures Code Peptide structures

Si1 (parent peptide) (KLAKLAK)2-NH2 Si11 Caf-KLβAKLβAK-NH2

Si8 Caf-KLAKLAK-NH2 Si12 Caf-(KLβ-AKLβ-AK)2-NH2

Si10 Caf-(KLAKLAK)2-NH2 Si15 Caf-KnLAKnLAK-NH2

Table 1. General structures of the investigated peptides.
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where Ccuvette​ is the effective peptide concentration in the 
cuvette (µM). This parameter represents the number of 
caffeic acid equivalents corresponding to the reducing 
capacity of 1 µM peptide.

RESULTS AND DISCUSSION

FRAP Method
The ferric reducing antioxidant power (FRAP) assay 

was applied to determine the ferric-ion reducing capacity 
of the investigated peptides relative to caffeic acid (CA) 
as calibration standard. Calibration with CA was linear 
within the tested range (0.900 - 9.85 µM), yielding 
a slope a of 0.0568 Abs·µM⁻¹ and a determination 
coefficient of R² = 0.997. The analytical signal was 
expressed as the absorbance difference (ΔAbs) according 
to Eq. (1), and CAE values were calculated from the 
calibration slope following Eq. (2).

Table 2 summarizes the experimental data, including 
peptide concentration in the cuvette, the corresponding 
absorbance change, and the calculated values expressed 
as CAE.

To allow direct comparison of their reducing 
capacities, the results were normalized to peptide 
concentration using Eq. (3). The SAFRAP values are 
presented in Fig. 1.

As shown in Fig. 1, FRAP revealed substantial 
variability in the SA values of the peptides. Si8 (0.558 ±
0.132) and Si12 (0.478 ± 0.0240) emerged as the most 
active peptides, followed by Si10 (0.293 ± 0.0220) 
and Si15 (0.250 ± 0.0200). In contrast, Si1 (0.00439 ±
0.00240) and Si11 (0.00260 ± 0.000500) showed 
negligible activity under the assay conditions.

Overall, these results indicate that only a subset of 
the peptides demonstrate pronounced ferric ion reducing 
power under the conditions of the FRAP assay, while 
others contribute minimally to overall activity. The 
substantial variation across samples underscores the 
assay’s ability to differentiate peptides with strong 
responses from those with little or no measurable effect.

This outcome is in line with previous reports 
demonstrating that caffeic acid itself is a potent ferric-
reducing antioxidant. In comparative FRAP assays, 

Code Ccuvette, µM ΔAbs CAE, µM

Si1

645 0.0992 1.75
161 0.0300 0.528
32.3 0.0132 0.232

Si8

32.3 0.876 15.4
16.1 0.445 7.83
6.45 0.261 4.59

Si10

32.3 0.496 8.73
19.4 0.322 5.67
12.9 0.231 4.06

Si11

645 0.113 1.99
322 0.050 0.872
161 0.0183 0.323

Si12

32.3 0.894 15.7
25.8 0.660 11.6
19.4 0.546 9.60

Si15

64.5 0.951 16.7
48.4 0.717 12.6
42.0 0.524 9.22
32.3 0.473 8.32

Table 2. FRAP assay data for the investigated peptides 
expressed as CAE, µM.

Fig. 1. SA profiles of the investigated peptides obtained 
by the FRAP assay.

caffeic acid generated values around 476 µM Fe²⁺ 
equivalents at 100 µM concentration, ranking among 
the most active hydroxycinnamic acids together with 
gallic and rosmarinic acids [34, 45].

CUPRAC method
The reducing capacity of the peptides was evaluated 

using the CUPRAC assay with caffeic acid (CA) as 
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reference standard. Calibration of CA was linear within 
the tested range (1.49 - 13.54 µM), with a slope a of 
0.0622 Abs·µM⁻¹ and a determination coefficient of R² =
0.9974. The analytical signal was expressed as the 
absorbance difference ΔAbs (Eq. (1)). These calibration 
parameters were then applied to calculate CAE for all 
peptide samples (Eq. (2)).

Table 3 presents the experimental data for the 
investigated peptides, including their effective 
concentration in the cuvette (Ccuvette), the measured 
absorbance difference (ΔAbs), and the corresponding 
CAE values.

After calculation of caffeic acid equivalents, the 
results were normalized to peptide concentration in 
the cuvette to obtain the parameter SACUPRAC (Eq. (3)), 
which represents the SA of a peptide at 1 µM, expressed 
relative to caffeic acid. The mean values with standard 
deviations are presented in Fig. 2.

Fig. 2 illustrates the differences in reducing 
capacities detected by the CUPRAC assay. The highest 
SA was observed for Si8 (0.381 ± 0.0948), followed 
by Si12 (0.290 ± 0.0225) and Si15 (0.262 ± 0.0223), 
which exhibited similarly high values. Si10 displayed 
intermediate activity (0.224 ± 0.0290), whereas Si11 
showed only minimal activity (0.0132 ± 0.000500). As 
expected, the parent peptide Si1, which lacks caffeic acid 
residues, demonstrated negligible activity (0.001800 ± 
0.000400).

These results are consistent with an enhanced 
electron-transfer capacity in peptides containing caffeic 
acid residues. The negligible activity of Si1 further 
supports that the peptide backbone alone contributes 
little to the overall reducing power. These findings are 

Code Ccuvette, µM ΔAbs CAE, µM

Si1

488 0.0660 1.06
244 0.0284 0.457
122 0.0102 0.164

Si8

24.4 0.458 7.37
9.76 0.215 3.46
4.88 0.148 2.37

Si10

48.8 0.591 9.51
24.4 0.353 5.67
14.6 0.190 3.06
9.76 0.158 2.55

Si11

488 0.401 6.44
244 0.193 3.11
122 0.104 1.68

Si12

36.6 0.717 11.5
19.5 0.361 5.81
14.6 0.259 4.16
9.76 0.159 2.55

Si15

24.4 0.385 6.19
19.5 0.349 5.61
14.6 0.223 3.59

Fig. 2. SA values of peptides assessed by the CUPRAC 
method.

Table 3. CUPRAC assay data for the investigated peptides 
expressed as CAE, µM.

consistent with previous studies that directly evaluated 
phenolic standards, including caffeic acid, and confirmed 
their strong reducing power in the CUPRAC assay [24, 25]. 

These observations highlight the usefulness 
of combining complementary assays for assessing 
antioxidant potential. Future studies should expand 
the evaluation to larger sets of peptides and explore 
additional antioxidant assays to confirm and extend the 
present findings.

CONCLUSIONS

This study provided a comparative evaluation of 
the antioxidant properties of synthetic peptides using 
two complementary electron-transfer assays, FRAP and 
CUPRAC, with results expressed as caffeic acid equivalents. 
Both assays revealed clear variability in reducing activity 
among the peptides: Si8 emerged as the most active, whereas 
Si1 and Si11 showed negligible responses.

The combined use of FRAP and CUPRAC 
effectively differentiated the reducing capacities of 
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the peptides under distinct redox conditions, offering 
a broader perspective than a single assay alone. By 
identifying both highly active and inactive analogues 
within the same framework, the results highlight 
the importance of caffeic acid residues in enhancing 
electron-transfer capacity.

Overall, this dual-assay strategy provides a reliable 
basis for characterizing antioxidant peptides and 
can be applied to broader peptide libraries. Future 
studies should extend the approach to larger sets of 
analogues, incorporate additional antioxidant assays, and 
investigate structure–activity relationships to advance 
the understanding of the determinants governing peptide 
redox performance.
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