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Abstract: In this work the polymerization of catechin, epicatechin, and resveratrol was carried out
through a peroxidase oxidation process in order to improve the biological activity of these phenolic
compounds. The antioxidant activity of the oligomers was evaluated by their ability to scavenge
reactive oxygen species (ROS) and their capacity to chelate metal ions Fe2+ and Cu2+. The antitumor
effect of the oligomers was determined by their ability to induce toxicity in the T24 human bladder
cancer cell line. By enzymatic peroxidase oxidation, it was possible to produce oligomers of catechin,
epicatechin, and resveratrol with antioxidant capacity significantly higher than their preceding
monomers. The ROS scavenging capacity of the oligomers was 20 times higher than that of the
monomers, while the ability of the oligomers to chelate metal ions increased up to about 1000 times.
Our data show the antitumor effect of the oligomers of catechin, epicatechin, and resveratrol in the
T24 cell line, which was similar to that observed with cisplatin. Oligomers of catechin, epicatechin,
and resveratrol have great potential to be used as therapeutic agents for the treatment of oxidative
stress-related diseases and bladder cancer.

Keywords: enzymatic polymerization; phenolic compounds; antioxidant activity; chelating capacity;
bladder cancer

1. Introduction

In the last decade, the scientific and medical communities have performed a significant number
of studies evaluating the biological properties of phenolic compounds (PCs) and their effects on
human health [1–4]. It has been demonstrated, in vivo and in vitro, that catechin, epicatechin, and
resveratrol, which can be found in cocoa, tea, and red wine, prevent and improve treatment of chronic
degenerative diseases such as cancer [5,6], diabetes [7], and neurodegenerative [8] diseases, among
others. The study of the mechanisms by which PCs are involved, in cancer and other diseases, is still
insufficient. However, it has been observed that PCs have diverse effects on these diseases due to their
antioxidant [9] and antimutagenic [10] properties.

The chemical structure of PCs is critical for their biological activity. It has been observed that
PCs polymers found in food [11], and those obtained by chemical [12] or enzymatic [13] oxidation,
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show superior biological properties related to their respective preceding monomer. This explains
why the process of enzymatic polymerization has been employed as a strategy to potentiate the
biological activity of PCs. The search for new polymerization systems, as well as the optimization of
the conditions for the polymerization process, is the subject of new investigations.

Cancer incidence worldwide is increasing every year, so there is a growing interest in the medical
and scientific communities to find new anticancer agents from renewable sources, which are more
efficient and less toxic. Bladder cancer has an important incidence in the United States of America: in
2018 there were approximately 80,470 new cases and 17,670 deaths [14]. In vivo studies have shown
that PCs such as epigallocatechin gallate [2] and resveratrol [15] show anticancer activity on human
bladder cancer T24 cells; however, hitherto there are no studies evaluating the anticancer effect of
PCs oligomers on the T24 cell line. Therefore, the objective of this study was to obtain oligomers of
catechin, epicatechin and resveratrol by enzymatic oxidation, free of toxic agents and without extensive
and costly purification treatments, with antioxidant and anticancer properties superior to those of the
corresponding preceding monomer.

2. Materials and Methods

2.1. Reagents

The enzyme used in the study was horseradish peroxidase type II (EC 1.11.1.7) and the
substrates used were (+)-catechin hydrate, (–)-epicatechin, and resveratrol, of high performance liquid
chromatography (HPLC) grade. Folin–Ciocalteu’s phenol reagent and sodium carbonate (Na2CO3)
were used for the total phenolic content (TPC) determination. 2,2′-Azobis (2-methylpropionamidine)
dihydrochloride (AAPH), fluorescein sodium salt, and Trolox were used for the oxygen radical absorbing
capacity (ORAC) assay. Reagents for chelation activity assessment were ethylendiaminetetraacetic
acid (EDTA), ferrous chloride tetrahydrate (FeCl2·4H2O), ferrozine, cupric sulfate pentahydrate
(CuSO4·5H2O), and pyrocatechol violet (PV). Reagents for buffer preparation were sodium acetate,
acetic acid, potassium phosphate monobasic anhydrous, and potassium hydroxide. The enzyme
and reagents above mentioned as well as 3-(4,5-dimethylthiazol-2-yl)-2, 5- diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified
Eagle’s medium (DMEM) GIBCO BRL, TrypLETM Express GIBCO BRL were from Life Technologies
Corporation (Carlsbad, CA, USA). Fetal bovine serum (FBS) and penicillin/streptomycin were from
PAA Laboratories Inc. (Etobicoke, ON, Canada).

2.2. Synthesis of Oligomers of Catechin, Epicatechin and Resveratrol Through Enzymatic Oxidation

The enzymatic reaction (ER) of catechin, epicatechin or resveratrol was carried out using peroxidase
and hydrogen peroxide (H2O2) in the dark in a shaking water bath PolyScience (Niles, IL, USA) at 100
cycles/min and 25 ◦C in a final reaction volume of 10 mL. Auto-oxidation of PCs was evaluated in the
control reaction (CR), in which phosphate buffer with H2O2 substituted the solution of peroxidase.
Peroxidase was dissolved in 0.1 M phosphate buffer (pH 6) and added to the reaction medium in order
to obtain a final concentration of 2.5 units/mL. Stock solutions of the substrates at a concentration
of 15 mM were prepared; catechin and epicatechin were dissolved in 30% ethanol, while resveratrol
was dissolved in 50% ethanol, ensuring the solubility of the substrates in the reaction medium. Stock
solutions were added to the reaction medium to reach a final substrate concentration of 1.5 mM. The
oxidation reaction was started by adding three aliquots of 3% H2O2 at 0, 5, and 10 min, to obtain a final
concentration of 0.3% H2O2 in the reaction medium. The ER was carried out for 24 h.

The reactions were monitored by analyzing the ultraviolet (UV)-visible (Vis) spectra, as well as by
determining total phenolic content (TPC) and antioxidant capacity. For the latter, an aliquot of the
reaction medium was taken and centrifuged at 4500 g for 5 min in a microcentrifuge (Sorvall Biofuge
Primo R, Thermo Fisher Scientific, Erlangen, Germany), using the soluble phase for measurements.
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2.2.1. UV-Vis Absorption Spectra of Reaction Substrates and Products

The analysis of the oxidation of the PCs, as well as the evaluation of the formed products, was done
by UV-Vis spectroscopy. The reaction medium was analyzed in the wavelength range of 190–1000 nm
using a spectrophotometer UV-Vis 10S Genesys (Thermo Fisher Scientific, Madison, WI, USA). Analyses
were performed at 10 min after the first aliquot of H2O2, then after every hour for 8 h and a final
reading at 24 h.

2.2.2. Determination of the Consumption of Substrate and Formation of Product through Reversed
Phase (RP)-HPLC

The evaluations of substrate consumption and product formation in the CR and ER were performed
by reversed phase high performance liquid chromatography (RP-HPLC) [16]. The analysis was carried
out with an HPLC Agilent 1260 Infinity (Santa Clara, CA, USA) with a quaternary pump and diode
array detector, and a C18 Zorbax SB-C18 5-µm column, measuring 4.6 cm × 150 mm. Data were
processed with OpenLAB CDS software. The mobile phases employed were 2.5% acetic acid (A) and
acetonitrile (B) (HPLC grade from Sigma-Aldrich) with an elution gradient from 0 to 10% B for 5 min,
from 10 to 30% B for 20 min, and from 30 to 50% B for 20 min, flow 1 mL/min. In total, 20 µL of sample
were injected, previously filtered through poly(vinylidene fluoride) (PVDF) syringe filters of 0.45 µm
(Millipore, Burlington, MA, USA). Determinations were performed 10 min after the first aliquot of
H2O2, then after every hour for 8 h and finally at 24 h. The detection of monomers and oligomers of
catechin, epicatechin and resveratrol was performed at 250 and 280 nm.

2.2.3. Characterization of Oligomers by Mass Spectrometry

The molecular weight and molecular weight profile of the reaction products were determined
by Matrix-Assisted Laser Desorption/Ionization Mass Spectrometry (MALDI-TOF MS) using a mass
spectrometer BrukerAutoflex (BrukerDaltonics, Billerica, MA, USA). Spectra were obtained on a
matrix-assisted laser desorption/ionization spectrometer with a time-of-flight detector AutoFlex
Speed. The samples were prepared by mixing 1.5 mL of the reaction with 1.5 mL of the matrix
(2,5-dihydroxybenzoic acid, DHB). MALDI conditions were varied to obtain an appropriate spectrum
adjusting the laser power (30–60%), with a voltage gain with ranges of 12–60 X for the reflectron phase
and 10–300 ns for the ion extraction pulse. The interval for analysis was from 200 to 3500 m/z.

2.2.4. Evaluation of the Total Phenolic Content (TPC) in the Reaction Solutions

The TPC in CR and ER was determined by the Folin–Ciocalteu method [17]. Samples from the
CR and ER were taken at: 10 min, each hour from 1 h to 8 h, and 24 h. Samples of 100 µL of the
supernatant were taken and mixed with 750 µL of a 1:10 dilution of Folin–Ciocalteu reagent in water;
the mixture was incubated for 5 min and protected from light at room temperature. Then 750 µL of 6%
Na2CO3 were added to the mixture and, after 90 min of incubation, the absorbance at 725 nm was
determined. The reaction blank was prepared by using water instead of the supernatant. A standard
curve was prepared and the TPC was expressed as µM catechin equivalents (CE). The concentration of
the control and enzymatic reactions used in the methods of the following sections were estimated by
this procedure.

2.2.5. Determination of the Antioxidant Capacity by the ORAC Method

The principle of this method is based on the ability of antioxidant compounds to inhibit the loss
in fluorescence of fluorescein induced by the AAPH radical. The antioxidant capacity is evaluated by
calculating the area under the curve (AUC) in the graph of fluorescence intensity versus time. The
measurement of fluorescence intensity of fluorescein was performed in a Synergy 2 microplate reader
(Biotek Instruments Inc., Winooski, VT, USA) at an excitation wavelength of 480 nm and emission
wavelength of 520 nm. Into the wells of a black flat bottom microplate, 20 µL of the supernatant of
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the reaction medium and 120 µL of fluorescein solution (120 nM) were placed. This microplate was
incubated at 37 ◦C for 15 min and stirred for 2 min. Subsequently, 60 µL of 40 mM AAPH solution
were added to the wells of the microplate. Measurements were made every min for 80 min, shaking
the microplate for 5 s before each reading [18]. A calibration 1 curve of Trolox concentration against
calculated AUC was plotted. AUC values of the sample were substituted in the equation of linear
regression obtained from the calibration curve in order to express the results as µM Trolox equivalents
(TE). The AUC was calculated by the following equation:

AUC = 1 +
t=80∑
t=0

(
f1
f0

)
where F is the ratio of the fluorescence of the blank at time 0, f 1 is the fluorescence of the sample at
each time, and f 0 is the fluorescence of the blank at time 0. Blanks were prepared with the solvent
containing the respective sample.

2.2.6. Evaluation of the Fe2+ and Cu2+ ions’ Chelating Capacity

The methods used to determine the chelating ability of PCs and their oligomers are based on the
quantification of the ferrozine–Fe2+ and PV–Cu2+ complexes. PCs and their oligomers chelate Fe2+

and Cu2+ ions from the reaction medium, inhibiting the formation of complexes [19]. For the analysis
Fe2+ chelation, portions of 0.5 mL of sample were used, to which 2 mL of 0.1 M sodium acetate buffer
(pH 4.9) and 50 µL of 2 mM FeCl2 were added; the mixture was incubated at 25 ◦C for 30 min. Then,
0.2 mL of 5 mM ferrozine were added. Incubation was then extended for 30 min and the absorbance of
the solution was read at 562 nm. Analysis of Cu2+ chelation was done with 0.5 mL of sample, 2 mL of
50 mM sodium acetate buffer (pH 6) and 50 µL of 5 mM CuSO4, the mixture was incubated at room
temperature for 30 min. Afterwards, 50 µL of 4 mM PV were added; the mixture was incubated for
30 min and the absorbance of the solution was read at 632 nm. Chelation ratios were calculated by
the equation:

% Chelation = (A0−A1)/A0× 100

where A0 is the absorbance of the negative control and A1 is the absorbance of the sample. Negative
controls were prepared using water instead of the sample. First, the chelating capacity of the reaction
media (CR and ER) was evaluated as a function of time. Thus, samples were taken at 10 min, and at
every hour from 1 h up to 8 h, and at 24 h after the reaction started. Next, the concentration of sample
required to chelate 50% of metal ions (IC50) was determined.

2.3. Evaluation of Cytotoxic Effects of Oligomers of Catechin, Epicatechin and Resveratrol in a Human Urinary
Bladder Cancer Cell Culture

2.3.1. Cell Culture

The T24 cell line (HTB-4TM) is derived from an invasive transitional cell carcinoma of human urinary
bladder and was obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). T24
cells were cultured in Dulbecco´s Modifies Eagle Medium (DMEM) (high glucose concentration)
supplemented with 10% Fetal Bovine Serum (FBS), 0.33% sodium bicarbonate, and antibiotics
(100 units/mL penicillin, 0.1 mg/mL streptomycin) under a humidified atmosphere of 5% CO2

at 37 ◦C.

2.3.2. Cell Viability Assessed by MTT Reduction

T24 cells were treated with different concentrations (0.9, 4.5 and 9 µM CE) of the control and ER of
catechin, epicatechin and resveratrol, for 24 h. Dimethyl sulfoxide was added simultaneously with the
reaction products at a final concentration of 2%. In order to assess the changes in the cell density of
the cells after treatment, photographs were taken with a phase contrast microscope inverted at 10×
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magnification (Nikon Eclipse TS100F, Nikon Co., Tokyo, Japan). After the different treatments, cells
were incubated in medium containing MTT (0.125 mg/mL) for 1 h at 37 ◦C. Medium was discarded, and
the purple colored precipitates of formazan crystals were dissolved in 800 µL of acidified isopropanol
(0.04 N HCl). Absorbance was measured at 570 nm using a Synergy HT multi-mode microplate
reader [20] (Biotek Instruments Inc., Winooski, VT, USA). The reduction in viability of T24 cells treated
with the reaction products was expressed as percentage compared to non-treated cells. Control cells
were considered to be 100% viable. Each MTT assay was repeated three times, using three wells per
experimental condition.

2.4. Statistical Analysis

The experimental analyses were performed in triplicate and results are presented as means ±
standard error of the mean (SEM). Excel 2007 and GraphPad, Prism version 5.00 were used for the
graphical and statistical evaluations in this study. Statistical analysis was performed by one-way
analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s multiple comparisons tests. A p-value
less than or equal to 0.05 was considered as statistically significant.

3. Results

3.1. Enzymatic Oxidation of Catechin, Epicatechin, and Resveratrol

The enzymatic oxidation of catechin and epicatechin occurred since the first addition of H2O2

to the reaction medium, showing a drastic change in color due to the formation of dark compounds,
as well as the generation of a precipitate. Figure 1A,B show that in the ER, catechin (retention time
= 8.3 min) and epicatechin (retention time = 10.6 min) are consumed almost entirely after 10 min of
starting the reaction. The products of the ER exhibit maximum absorption peaks at 212 and 390 nm for
catechin (Figure 1D) and 211 and 395 nm for epicatechin (Figure 1E).

In the CR of catechin and epicatechin, neither changes in color nor precipitate formation were
observed, suggesting that PCs were not oxidized by H2O2, nor due to autoxidation processes. In the
UV-Vis absorption spectra of the CR obtained at different reaction times, it was found that catechin
(Figure 1D) and epicatechin (Figure 1E) were not oxidized, as the peaks of maximum absorption were
maintained at 202 and 278 nm, which are characteristic of catechin and epicatechin. In RP-HPLC
chromatograms of the CR of catechin and epicatechin obtained after 24 h of reaction (data not shown),
no significant differences were observed in the concentration of catechin and epicatechin with respect
to the start of the reaction.

In the CR of resveratrol, turbidity and formation of a precipitate were observed in the solution
from the first minutes of the reaction. However, the development of oxidation processes was discarded,
since even after 8 h of reaction (Figure 1F) the wavelengths of maximum absorption, characteristic of
resveratrol (214, 306, and 317 nm) remained unchanged, so that the turbidity and precipitation changes
might be ascribed due to changes in the solubility of resveratrol. The chromatogram of RP-HPLC of
Figure 1C shows that in the ER, resveratrol (retention time = 24 min) is rapidly oxidized, producing
oxidation products with wavelengths of maximum absorption at 205 and 282 nm.

The peaks observed in the RP-HPLC chromatograms of the ER (Figure 1A–C), particularly in the
ER with resveratrol, correspond to the formed products in the reaction media. In order to identify and
quantified the products of the enzymatic reactions, purification procedures will to be done in the next
stage of this work. However, at the moment, the obtained results are evidence that the established
conditions in the enzymatic reactions are adequate to carry out the enzymatic oxidation process.
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Figure 1. Reversed phase high performance liquid chromatography (RP-HPLC) chromatograms of 
the control reaction (CR) and enzymatic reaction (ER) with (A) catechin (CAT), (B) epicatechin (EPI), 
and (C) resveratrol (RES), at 10 min of reaction. The graphs (D–F) show the ultraviolet-visible (UV-
Vis) absorption spectra of the CR and ER with each polyphenolic compound at different reaction 
times. Concentrations of phenolic compounds (PCs), peroxidase, and hydrogen peroxide (H2O2) in 
the reaction medium of the ER were 1.5 mM, 2.5 U/mL, and 0.05%, respectively. In the CR, peroxidase 
was substituted by phosphate buffer solution. mAU: milli arbitrary area units. 

3.2. Evaluation of Molecular Weight Profile in the ER 

By means of the analysis of the molecular weight of the reaction products through MALDI-TOF-
MS, it was confirmed that in the CR, PCs did not undergo oxidation, so that in the reaction medium 
there were only monomers of catechin, epicatechin, and resveratrol. In the ER, a mixture of oxidation 
products was found, which consisted of two or more monomer units of catechin, epicatechin, or 
resveratrol. 

In the mass spectra obtained by MALDI-TOF-MS presented in Figure 2 it is possible to observe 
that after 30 min of reaction between peroxidase and catechin, epicatechin and resveratrol, oligomers 
with different chain lengths were generated. In the ER with catechin, the ions found had m/z values 
of 579.15 and 867.306, that correspond to the formation of dimers and trimers. As with catechin, the 
ER with epicatechin produces dimers and trimers. Nonetheless, the mass of the ions was different 
(609.36 and 990.01), indicating that the structures of the formed oligomers were different. In the ER 

Figure 1. Reversed phase high performance liquid chromatography (RP-HPLC) chromatograms of the
control reaction (CR) and enzymatic reaction (ER) with (A) catechin (CAT), (B) epicatechin (EPI), and
(C) resveratrol (RES), at 10 min of reaction. The graphs (D–F) show the ultraviolet-visible (UV-Vis)
absorption spectra of the CR and ER with each polyphenolic compound at different reaction times.
Concentrations of phenolic compounds (PCs), peroxidase, and hydrogen peroxide (H2O2) in the
reaction medium of the ER were 1.5 mM, 2.5 U/mL, and 0.05%, respectively. In the CR, peroxidase was
substituted by phosphate buffer solution. mAU: milli arbitrary area units.

3.2. Evaluation of Molecular Weight Profile in the ER

By means of the analysis of the molecular weight of the reaction products through MALDI-TOF-MS,
it was confirmed that in the CR, PCs did not undergo oxidation, so that in the reaction medium there
were only monomers of catechin, epicatechin, and resveratrol. In the ER, a mixture of oxidation products
was found, which consisted of two or more monomer units of catechin, epicatechin, or resveratrol.
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In the mass spectra obtained by MALDI-TOF-MS presented in Figure 2 it is possible to observe
that after 30 min of reaction between peroxidase and catechin, epicatechin and resveratrol, oligomers
with different chain lengths were generated. In the ER with catechin, the ions found had m/z values
of 579.15 and 867.306, that correspond to the formation of dimers and trimers. As with catechin, the
ER with epicatechin produces dimers and trimers. Nonetheless, the mass of the ions was different
(609.36 and 990.01), indicating that the structures of the formed oligomers were different. In the ER
with resveratrol, the formation of resveratrol oligomers of up to six units were observed, with m/z
values of 421.98, 614.01, 806.75, 998.44, and 1188.95.
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Figure 2. Molecular weight distribution in the enzymatic reaction (ER) with catechin, epicatechin
and resveratrol. Mass spectra obtained through Matrix-Assisted Laser Desorption/Ionization Mass
Spectrometry (MALDI-TOF-MS) with amplification from 150 to 1500 m/z. The samples were obtained
from the ER medium after 30 min from the start of the reaction. The concentrations of phenolic
compounds (PCs), peroxidase, and hydrogen peroxide (H2O2) in the reaction medium of the ER were
1.5 mM, 2.5 U/mL, and 0.05%, respectively.

3.3. Capacity of the Oligomers of Catechin, Epicatechin and Resveratrol to Scavenge Reactive Oxygen
Species (ROS)

The TPC in the control reactions (CRs) with catechin, epicatechin and resveratrol did not show
significant differences throughout the reaction time (Figure 3A–C, clear bars), while the TPC, in the
enzymatic reactions (ERs) (Figure 3A–C, dark bars), decreased drastically from the beginning of the
reaction with respect to CRs. Considering the TPC values in the CRs at time 0 and those in the ERs
at 24 h, it is possible to observe a decrease of 92%, 96%, and 98% in the TPC, in the reactions with
catechin, epicatechin and resveratrol, respectively. The antioxidant capacity of the CRs with catechin,
epicatechin, and resveratrol (Figure 3A–C, lines with squared markers), assessed by the ORAC method,
did not show significant difference throughout the reaction. The antioxidant capacity in the ERs
(Figure 3A–C, lines with circle markers) decreased gradually with progress of the reaction. However,
considering the TPC of the CRs and ERs, it is noted that the antioxidant capacity of the products
of the ERs is higher than that observed in the CRs. For example, after 1 h of reaction, the TPC of
the CR of catechin was 1005.3 ± 8.3 µM CE, while the TPC of the ER significantly decreased up to
95.1 ± 0.4 µM CE. Nevertheless, no significant differences in antioxidant capacity were observed, since
8.7 ± 0.1 µM TE was the result with monomers (CR) and 8.9 ± 0.1 µM TE was obtained with oligomers
(ER). Hence, the antioxidant capacity of the oligomers was about ten times higher than that of the
monomers. In the reactions with epicatechin, the effect of polymerization on the antioxidant capacity
was higher, since after 1 h of reaction, the TPC of the CR was 1348.2 ± 2.5 µM CE, while the TPC of
the ER significantly decreased to 65.8 ± 0.7 µM CE, yielding 8.8 ± 0.2 µM TE with the monomers (CR)
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and 8.1 ± 0.2 µM TE with the oligomers. So, the antioxidant capacity of the epicatechin oligomers
was about 20 times higher than that of the monomers. In the CR and ER of resveratrol, no significant
differences were observed in the antioxidant capacity; however, significant differences were observed in
the TPC obtained throughout the corresponding reactions. The antioxidant capacity of the oligomers of
resveratrol was approximately five times higher than the antioxidant capacity of resveratrol monomers.
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0.05%, respectively. In the control reaction (CR), peroxidase was substituted by phosphate buffer 
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Figure 3. Relationship of the antioxidant capacity, determined by the oxygen radical absorbing
capacity (ORAC) method, and the total phenolic content (TPC) in the reaction with (A) catechin (CAT),
(B) epicatechin (EPI), and (C) resveratrol (RES) evaluated at different reaction times. Values are mean ±
SEM, n = 3. Concentrations of phenolic compounds (PCs), peroxidase, and hydrogen peroxide (H2O2)
in the reaction medium of the enzymatic reaction (ER) were 1.5 mM, 2.5 U/mL, and 0.05%, respectively.
In the control reaction (CR), peroxidase was substituted by phosphate buffer solution.
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3.4. Chelating Capacity of Oligomers of Catechin, Epicatechin, and Resveratrol

Table 1 shows that the capacity of chelation of ions Fe2+ and Cu2+ of the oligomers of catechin,
epicatechin and resveratrol produced in the ER was significantly higher than that observed in the
monomers of the CR. The IC50 values of Fe2+ and Cu2+ ions were significantly lower than the IC50 of
the monomers of catechin, epicatechin and resveratrol.

Table 1. IC50 values of monomers and oligomers of catechin, epicatechin, and resveratrol, obtained
from the control and enzymatic reactions after 2 h of reaction.

Products and Standard. Fe2+ Chelating Activity
IC50 * (µM CE)

Cu2+ Chelating Activity
IC50 (µM CE)

Control reaction:
Catechin 1484.3 ± 3.2 b 889.8 ± 7.2 d

Epicatechin 1633.9 ± 32.5 a 1105.8 ± 36.9 c

Resveratrol 1484.4 ± 42.9 b 937.1 ± 25.8 d

Enzymatic reaction:
Catechin 0.4 ± 0.02 g 1.8 ± 0.02 g

Epicatechin 0.5 ± 0.00 g 1.7 ± 0.06 g

Resveratrol 0.5 ± 0.02 g 20.9 ± 0.3 g

Standard:
EDTA 125.2 ± 1.4 e (µM EDTA) 367 ± 6.1 f (µM EDTA)

Values are mean ± SEM, n = 3. No significant differences in the values that share the same letter. * IC50 is the
concentration of sample required to chelate 50% of the metallic ions. µM CE: µM of catechin equivalents (CE). The
enzymatic reaction contained polyphenol compounds (PCs) at 1.5 mM concentration, 2.5 U/mL of peroxidase and
0.05% hydrogen peroxide (H2O2). In the control reaction, peroxidase was substituted by phosphate buffer solution.
EDTA = ethylendiaminetetraacetic acid. Letters a–g represents the significant differences estimated by ANOVA
followed by the Tukey test.

3.5. Anti-Viability Activity of the Oligomers of Catechin, Epicatechin and Resveratrol

The oligomers of catechin, epicatechin and resveratrol showed a marked anti-viability effect on
the T24 cell line of human urinary bladder transitional cell carcinoma. As depicted in Figure 4A,
a noticeable decrease in cell density was observed when the cells were treated with oligomers, which is
an outcome of their cytotoxic effects. The cytotoxic effects of the oligomers of catechin, epicatechin, and
resveratrol depended on the concentration employed; thus, the highest cytotoxic effect was obtained
with the oligomer concentration of 9 µM CE, reducing the viability of T24 cells after 24 h of treatment
at 66.4%, 57.4%, and 59%, respectively.

Figure 4B shows that unlike the oligomers, monomers of catechin, epicatechin, and resveratrol
did not exhibit antitumor effects on T24 cells, since after 24 h treatment with the monomers, cell
viability did not decrease significantly with respect to the control. Figure 4B also shows that there were
significant differences in the cytotoxic effect of monomers versus oligomers of catechin, epicatechin,
and resveratrol at 4.5 and 9 µM CE concentration.

In order to evaluate the potential of the oligomers of catechin, epicatechin and resveratrol as
chemotherapeutic agents, cisplatin was included in this study, which is an antineoplastic agent used
in the treatment of different types of cancer. Figure 4A shows no significant differences between the
viability of T24 cells treated with the oligomers of catechin, epicatechin, and resveratrol (4.5 and 9 µM)
and T24 cells treated with cisplatin (10 µM).
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Figure 4. Cell damage in T24 bladder cancer cells induced by cisplatin and the products of the
control (CR) and enzymatic (ER) reaction of catechin (CAT), epicatechin (EPI), and resveratrol (RES).
(A) Representative images (10×) of the T24 cells’ density obtained by phase contrast microscopy and
(B) cell viability of T24 cells assessed by the 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay after different treatments after 24 h. T24 cells were treated for 24 h with cisplatin
(10 mM CIS) or with different concentrations (0.9, 4.5 and 9 µM CE) of the CR and enzymatic ER
of CAT, EPI, and RES. Control (CT) cells were treated for 24 h with 2% dimethyl sulfoxide (DMSO).
Data are mean ± SEM, n = 3. • p < 0.05 vs. CT, + p < 0.0229 CR-CAT vs. ER-CAT (4.5 µM), +++ p <

0.0001 CR-CAT vs. ER-CAT (9 µM), * p < 0.0381 CR-EPI vs. ER-EPI (4.5 µM), ** p < 0.0018 CR-EPI vs.
ER-EPI (9 µM), # p < 0.0144 CR-RES vs. ER-RES (4.5 µM), ## p < 0.0076 CR-RES vs. ER-RES (9 µM).
∆ Non-significant difference at p < 0.05 ER-CAT, ER-EPI, and ER-RES vs. CIS.

4. Discussion

Epicatechin and catechin are good substrates for peroxidase, with the hydroxyl group of ring C
being the preferred site for developing oxidation [21]. Both are diasteroisomers, which suggests that
oxidation is carried out by the same mechanism, generating products with similar structures; this
being the reason for the great similarity in maximum absorption wavelengths.

In the next stage of this work, purification procedures needed be carried out in order to determine
the chemical structure of the oligomers produced in the ER. However, it is possible to assume that the
chemical structures of the dimers and trimers of catechin are different to the dimers and trimers of
epicatechin since their m/z values are different. By mass spectroscopy, three different dimers of catechin
(m/z 579.15, 579.15, and 611.14) were formed in the reaction with peroxidase, two of them are structural
isomers that have the same m/z value (579.15) than the dimer of catechin obtained in the present



Antioxidants 2019, 8, 214 11 of 15

study. Such isomers differ only in the site where catechin radicals are joined to form dimers [22]. The
phenoxy radicals tend to stabilize through the delocalization of their electric charge by the phenolic
rings and -C=C- bonds [23], so that the union of two phenoxy radicals to form a dimer provides
the possibility of more than two structures. The m/z values of the oligomers of resveratrol obtained
in the ER showed that oligomers were produced by the subsequent union of units of m/z 190–192.
This result suggests that the mechanism by which resveratrol is oxidized to form phenoxy radicals is
consistent, indicating that there are preferable positions in the resveratrol’s structure susceptible to
oxidation. The reaction of peroxidase and H2O2 oxidized PCs, generating phenoxy radicals that could
join to each other by phenolic oxidative coupling reactions in order to form dimers, by covalent bonds
of type C-C or C-O. The dimers formed in the oxidation reaction were novel peroxidase substrates,
generating radicals of dimers that were joined together or with phenoxy radicals to form tetramers or
trimers, respectively [24]. Therefore, at the end of the oxidation-polymerization reaction, oligomers
and polymers were obtained with a dispersion of molecular weights.

Reduction of TPC in the ERs occurs because the phenolic compounds are rapidly oxidized by
peroxidase and because some of the products precipitate in the reaction.

The PCs have the ability to scavenge free radicals, such as ROS, by donating hydrogen atoms
and electrons [25]. PCs exhibit a favorable chemical structure for trapping free radicals, since it could
be quickly stabilized by resonance. The number of hydroxyl groups and the position of these in the
phenolic rings, determine the antioxidant potential of the PCs [26]. The structure of PCs oligomers
formed through the enzymatic process will have a greater number of hydroxyl groups than the
monomers, so that the antioxidant capacity will increase. However, if the polymer has a large number
of monomer units, the polymer interaction with free radicals could be compromised, reducing their
antioxidant capacity. Because of that, the gradual decrease of the antioxidant capacity of the oligomers
of catechin and epicatechin, observed in this study, could be related to the steric hindrance generated
in products with a high number of monomer units.

In some studies, it has been found that enzymatic polymerization processes allow to improve
the biological properties of the PCs, such as their antioxidant capacity. However, the success of
the improvement of the antioxidant capacity of the PCs depends on several factors such as: the
polymerization process conditions, the oxidative potential of the enzymes used and the chemical
nature of the PCs. The evaluation of the antioxidant capacity of PCs oligomers can be accomplished by
different methods, so a correct comparison of the results obtained by different authors should be done.
The lipid peroxidation capacity of PCs oligomers was four times higher than that observed with the
monomer of catechin [22]. Polymers of polyesculin and polyrutin have superior capacity to inhibit the
xanthine oxidase and chelation capacity compared to their respective monomers. However, it was also
observed that the polymerization of rutin does not increase their free radical scavenging capacity [27].
Also, resveratrol has a greater capacity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
than resveratrol dimer [28].

In previous studies it has been possible to obtain polymers of catechin [29], epicatechin [30] and
resveratrol [31] by enzymatic oxidation with peroxidase; however, unlike those studies, in the present
work a strictly aqueous reaction medium was used without the need to use toxic solvents such as
acetone and methanol. Furthermore, in this work, polymers with increased antioxidant capacity were
produced from 10 min of reaction, while in other studies oligomers were generated at between 2 and
24 h. The method used in this work is, therefore, more efficient at producing oligomers of catechin,
epicatechin, and resveratrol.

The IC50 of the oligomers obtained in the ER is even lower than that obtained with EDTA, which
is a widely recognized chelating agent. Possibly, the conformation and arrangement of the structures
formed during the polymerization process increased the sites for interaction with metal ions, which
promoted the chelating activity. The structure of PCs is decisive for their chelating capacity, since, as
observed, PCs with catechol or galloyl groups have greater chelating ability than PCs not containing
catechol or galloyl groups [32].
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The presence of transition metals such as iron and copper in the human body is required for the
development of the metabolic functions. However, since iron and copper generate reactive species
and are joined by non-specific interactions to biomolecules, they could be a risk factor for developing
diseases [33]. Iron accumulation in the human brain is related to the development of neurodegenerative
chronic diseases such as multiple sclerosis, Parkinson’s disease, and Alzheimer’s disease. In vivo and
in vitro studies have shown that due to their chelating and antioxidant properties, resveratrol [34] and
catechins present in green tea [35] inhibit the processes involved in the development of diseases such
as Parkinson’s disease and Alzheimer’s disease.

EDTA is a chelating agent used in chelation therapy to treat severe cases of metal poisoning.
Chelation therapy has also been used in the treatment of atherosclerotic disease, where it has been
employed to decrease the risk of cardiovascular events, primarily in diabetic patients [36]. In vivo and
in vitro chelation therapy studies have shown antitumor effects in various cancers, as chelating agents
diminish iron in neoplastic cells needed for replication [37].

The results of the present study are of great importance because this is the first work that shows a
marked increase of the chelating ability of phenolic compounds by means of enzymatic polymerization.
It is necessary to deepen the study of the chelating properties of the oligomers of catechin, epicatechin
and resveratrol given that they have great potential as therapeutic agents that could be used in the
treatment of diseases related to heavy metals toxicity, as well as antitumor activity on the cell line T24.

Although there are few studies on the evaluation of anticancer properties of the oligomers of
PCs [38], it has been observed that the anticancer activity of the oligomers of PCs is higher than that
of their corresponding monomers. However, there is no direct correlation between the number of
monomer units and the extent of anticancer activity. The cytotoxic effect of vaticanol C (tetramer
of resveratrol) on the colon cancer cell line (SW480) was about three times higher than that of
veteriaphenol-A (octamer of resveratrol) and seven times that of monomeric resveratrol [39]. In the
present study, the anticancer activity was attributed to a mixture of oligomers formed by different
monomer units and not to a specific oligomer.

Cisplatin promotes oxidative stress in the organism due to the overproduction of ROS and
inactivation of oxidative enzymes, causing nephrotoxicity, among other disorders [40]. The oligomers
of catechin, epicatechin and resveratrol could be used as adjuvants in the treatment of bladder cancer
with cisplatin, given that these oligomers might act as chemotherapeutic and antioxidant agents;
while avoiding the oxidative damage caused by ROS. In general, PCs with large structures showed
low bioavailability. Thus, for clinical studies, in vivo and in humans, these compounds should
be administered intravesically, in order to ensure their action in the precise location where cancer
has developed.

The study of the mechanisms involved in the antitumor effects of the oligomers of catechin,
epicatechin, and resveratrol in the cell line T24 is an unexplored field for further research. In other cell
lines it has been observed that the monomers and oligomers of resveratrol induced apoptotic processes
by interrupting the cell cycle and by caspase activation, among other mechanisms, depending on the
cellular microenvironment [41].

The matrix metalloproteinases (MMPs) are endopeptidases involved in cancer development,
intervening in processes of angiogenesis, cell differentiation, proliferation, apoptosis, tumorigenesis
and metastasis. Inactivation of MMPs is therefore one of the objectives sought for cancer therapies.
The epigallocatechin gallate present in green tea inhibits the expression of MMP in the cell line T24
suppressing invasion and metastasis [42]. MMP contain Zn2+ in the active site, so that oligomers of
catechin, epicatechin, and resveratrol could be used as chelating agents to inactivate MMP and stop
the processes of cancer development.

5. Conclusions

The conditions employed in the enzymatic oxidation reaction were successful in producing
oligomers of catechin, epicatechin, and resveratrol with biological activities higher than their respective
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monomers. The oxidation reaction with peroxidase produced oligomers of PCs after the first 10 min
of reaction without requiring toxic solvents. The ability of catechin, epicatechin, and resveratrol to
scavenge ROS considerably increased when they were polymerized. This is the first study reporting
that the chelating capacity of the oligomers of catechin, epicatechin, and resveratrol was considerably
higher than that of the precursor monomers and even superior to that of EDTA. In addition, the
antiproliferative effect of the oligomers of catechin, epicatechin, and resveratrol on the T24 cell line of
human bladder cancer showed a similar effect to that obtained with cisplatin. Due to their excellent
antioxidant and anticancer properties, the oligomers of catechin, epicatechin, and resveratrol are an
attractive possibility for new therapeutic agents from new sources.
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