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Abstract: Antioxidants are demanded compounds in the polymer, cosmetics, food, and health industry. 

Preparation of composites with antioxidants and layered double hydroxides (LDH) is a strategy to 

optimize antioxidant function and facilitate its addition to commercial products; therefore, 

understanding the antioxidant behavior of new antioxidant composites is needed to define and design 

the applications. We report a composite formed by MgAl-NO3 layered double hydroxide nanoparticles 

spread along a lycopene matrix extracted from a tomato. Electron paramagnetic resonance (EPR) 

spectroscopy followed the reaction of hydroxyl radicals with the antioxidant composite material. The 

composite was reacted with different volumes of 30% H2O2 solution. Initially, the organic fraction of 

the composite reacts with OH· radicals and forms organic free radicals (OFR) detected with g = 2.009 

in the EPR spectra. As the amount of OH·reacting with the composite increased, the intensity of OFR 

also increased; later, the unpaired electrons migrated to the MgAl-NO3 LDH nanoparticles, producing 

a new absorption signal with g = 2.020 in the EPR spectrum. This signal was assigned to the reduction 

of aluminum sites in the LDH. LDH particles are suitable components to increase the antioxidant 

performance composites produced with natural compounds.  
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1. Introduction 

Antioxidants are demanded substances to retard or prevent damages caused by 

oxidation either in biological systems or materials. Respiration produces a chain of reactive 

oxygen species (ROS) in biosystems. Healthy organisms maintain an equilibrium between 

ROS formation and the activity of antioxidants so that the toxicity of ROS is reduced to the 

minimum level [1]. However, some diseases have been associated with an abnormal ROS 

concentration, which can be mitigated with antioxidants. For instance, natural antioxidants like 
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lycopene alleviate neurodegenerative and cardiovascular diseases [2–4] and reduce the risk of 

prostate, lung, and stomach cancer [5–8]. 

Regarding material science, polymeric materials can be degraded by the action of UV 

light, where free radicals are formed [9]; thus, antioxidants are added to neutralize them. 

Furthermore, adding antioxidants, such as lycopene, especially in biodegradable polymeric 

packing films [10], is a promising strategy to protect foods against oxidation. The addition of 

antioxidants has been tested successfully in biopolymers such as starch, whey protein, chitosan, 

polyvinyl alcohol, and poly-lactic acid, where mechanical and antioxidant properties were 

improved [11–16]. Additionally, the antioxidant activity of natural colored pigments can also 

be exploited to design biopolymers for food packaging with the capability of food spoilage 

detection [16].  

Lycopene has been described as an effective natural antioxidant due to the many double 

bonds that react and neutralize ROS and free radicals [17,18]. As lycopene is one of the most 

effective natural antioxidants [17], we explored an alternative method to remove it from tomato 

juice through an environmentally friendly process with layered double hydroxides (LDH). An 

intermediate product in this process is a composite material formed by an intimate mixture of 

organic matter from tomato and LDH particles; the solid tomato extract (TE) in this composite 

contains lycopene [19]. In this article, we explore the antioxidant behavior of this intermediate, 

considering that LDH composite can be used as an antioxidant composite either as filler in 

polymers or even nutraceutical. 

LDH are inorganic powders formed by layered units of hydroxide metals with a residue 

of positive charge, which is stabilized with interlayer anions [20]. The composition of LDH is 

represented by the formula: [M(II)1–xM(III)x(OH)2]
x+ (An–)x/n·mH2O, where M(II) and M(III) 

are di- and trivalent metal cations respectively, and An– is the interlayer anion [21,22]. As An– 

is exchangeable, scientists have prepared an extensive range of composites by combining 

properties from the LDH and the new anion. For example, the co-existence of anions derived 

from acid green 25 and acid yellow 25 dyes in the interlayer space of an LDH allows for tuning 

the color of the composite pigment due to electron exchange between dyes molecules and also 

between dyes and the LDH; additionally, the composite increased the thermal resistance and 

regulated hydrophobicity [12]. Therefore, considering that LDH modifies the organic 

component properties when forming composites, this work aimed to study the free radical 

scavenging behavior of a composite formed by tomato extract and LDH particles prepared by 

our method [19]. The main technique for the study was electron paramagnetic resonance 

spectroscopy, which provides information on unpaired electrons and easily identifies organic 

free radicals [23,24]. 

2. Materials and Methods 

2.1. Tomato extract and layered double hydroxide (TE-LDH) preparation. 

The composite material was prepared by alkaline precipitation of the LDH particles 

within the liquid tomato extract. Based on the dry composition and ideal formula 

Mg3Al(OH)NO3, the reagents were calculated to produce suspensions with 1.0, 1.25, 25, 50, 

and 75 mg of LDH per milliliter of tomato extract. Firstly, the peel and seed of red tomato 

(Solanum Lycopersicum) were removed with a knife; the resulting pulp was ground in a mortar, 

sieved through a 2 mm mesh, and 50.0 mL of this liquid was transferred to a vessel. 
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Separately, a solution was prepared by adding 2.336 g of Mg(NO3)2·6H2O and 1.141 

g of Al(NO3)3·6H2O to 50 mL of water. The tomato juice and the salts solution were mixed 

under vigorous stirring and adjusted to pH = 8.4 with 1M NaOH solution. The suspension was 

stirred for 60 minutes. After that, the obtained solid was separated by centrifugation and 

washed with water until the liquid phase presented pH = 7.0. The solid was dried at 60 °C for 

24 h. The product was labeled as TE-LDH. This experiment's magnesium and aluminum mass 

corresponds to 25 mg LDH / mL. The salt masses changed proportionally to prepare the 

samples with 1.0, 1.25, 50, and 75 mg of LDH/ mL. 

The solid TE reference sample was prepared for the oxidation assays by drying the 

sieved pulp at 40 °C, while the MgAl-NO3 LDH was prepared with magnesium and aluminum 

salts equivalent to the 25 mg LDH / mL sample and precipitated with NaOH solution in 

deionized water. 

2.2. Characterization. 

The X-ray diffraction analyses were conducted by placing the finely powdered samples 

in a glass sample holder. The patterns were collected in the 2Theta mode with a step of 0.02° 

at a scan rate of 40 s per step in a PANalytical diffractometer model EMPYREAN using Cu-

Kα radiation. The infrared spectra were collected in the attenuated total reflectance mode with 

a Thermo Scientific spectrometer, model iS50 ATR. The spectra were averaged from 16 scans 

with 4 cm-1 of resolution. The morphology and composition were analyzed by scanning 

electron microscopy with a JEOL JSM 5400 LV microscope coupled to energy-dispersive X-

ray spectroscopy (EDS) analyzer Bruker, model XFlash 6I30. The samples were irradiated with 

20 kV. Considering that lycopene is the primary antioxidant component in tomatoes, it was 

quantified by high-performance liquid chromatography with Agilent Technologies equipment, 

model 1260 infinity. A Scientific ODS hypersil column (150 mm x 4.6 mm, 5 microns) was 

used at 25 °C. The ketone was used as a solvent, and each sample was analyzed in triplicate. 

The calibration curve was prepared with standards from 2 to 10 ppm giving a correlation factor 

of 0.9940. Free radicals formed in the composite were measured directly in the sample without 

the use of a scavenger [25]. The complete samples were transferred to a quartz tube and read 

at room temperature with a JEOL ESR spectrometer model FA200 operated in the X-band. The 

UV-Vis spectra were acquired with an Agilent Technologies apparatus with an integrating 

sphere, model Cary 300 UV-Vis. 

2.3. Oxidation assays against H2O2. 

The TE-LDH powder was separated into four plastic tubes and mixed with a 30% H2O2 

solution in the amounts listed in Table 1 for 24 hours. The liquid was removed by decanting, 

and the solid was dried at 40 °C for 12 h.  

Table 1. Relationship of TE-LDH composite mass and hydrogen peroxide. 

Tube TE-LDH (g) 30% H2O2 Solution (mL) 

1 0.0121 0 

2 0.0122 5 

3 0.0121 10 

4 0.0126 15 
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2.4. Antioxidant total capacity. 

The antioxidant capacity was measured with the total antioxidant capacity (TAC) assay 

kit of Sigma-Aldrich. The assays were conducted in triplicate with 2.3 mg of sample to measure 

the activity to protect the oxidation of Cu+ cations. The results were obtained from the color 

development at 450 nm and expressed as chemical equivalents of uric acid (eq UA). After 20 

months of storage, the experiment was repeated for the TE-LDH composites.       

3. Results and Discussion 

3.1. Morphology and composition of TE-LDH composite. 

The XRD analysis (figure 1a ) indicate that samples prepared with 1.0 and 1.5 mg LDH/ 

mL of TE are amorphous materials owing to the wide signals between 18 and 40 (2 theta) 

degree [26]. These two samples were red films, and it was not possible to grind them with a 

mortar. The sample with 25 mg LDH/ mL presented incipient reflections of LDH particles 

(marked with an asterisk), which became more intense in the samples with 50 and 75 mg / mL. 

As previously reported, the reflections with an asterisk are clearly attributed to LDH 

structures[26,27]. Since the objective of this work was the assessment of the antioxidant 

behavior of the composite, and this is attributed to the tomato extract [28], the sample prepared 

with 25 mg / mL was selected as this contained the lowest identifiable content of LDH, and the 

powder was easily ground and handled in the fine powder form. The EDS mapping showed the 

distribution of magnesium, aluminum, and carbon content all along the micrograph, indicating 

that the LDH particles are uniformly distributed in the organic matter from the tomato (Figure 

1a). As demonstrated in the SEM micrograph and histogram in Figure 1b, the composite 

presents a uniform size, an average 56 nm (SD. = 17, n = 40). 

(a)
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1.25 mg
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*

 

(b)  (c)  

Figure 1. (a) X-ray diffraction patterns of the TE precipitated with different amounts of LDH; (b) EDS 

mapping; (c) the SEM micrograph of the TE-LDH composite precipitated with 25 mg LDH / mL of TE. 
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3.2. Total antioxidant activity of TE-LDH composite. 

The total antioxidant activity of the composite was compared with the separate 

components and with a lycopene reference, as this is the main antioxidant agent in tomato fruit 

(Figure 2). While lycopene presented the highest activity of 2.3 EqUA, the capacity of TE was 

0.77 EqUA indicating the presence of non-antioxidant components in the tomato pulp. The 

capacity in the composite decreases to 0.46 EqUA, which is proportional to the 18% lycopene 

content in the composite detected by HPLC. In other words, if the proportional amount of pure 

lycopene were compared with this 18% Lycopene, the expected value for the proportional 

content of lycopene would be 4.88 EqUA (dotted value in Figure 2). The isolated LDH sample 

presented a small activity of 0.10EqUA; practically, this did not contribute to the antioxidant 

activity of the TE-LDH composite. However, it does provide some stability to the composite 

since it can be observed that after 20 months of storage without special conditions, its 

antioxidant capacity decreases to 0.31 EqUA. 

 
Figure 2. Total antioxidant capacity of the TE-LDH composite and the isolated components. 

However, an EPR analysis was conducted on a pure LDH sample and its product from 

a reaction with 15 mL of H2O2 solution (Figure 3). The initial sample presented signals from 

an internal Mn2+ reference. After the reaction with H2O2, the spectrum showed a broad 

absorption signal with a g-factor close to 2.2, which is close to that found in the TE-LDH 

composite also reacted with 15 mL of H2O2 solution; therefore, the LDH particles spread along 

with the TE-LDH composite act as scavengers and stabilizers of free radicals and the influence 

is evidenced after the saturation of free radicals in the organic moiety. The presented results 

demonstrated that the TE-LDH composite could retain free radicals and stabilize them. 

However, there was no direct relationship with the antioxidant capacity, especially with pure 

lycopene.   

The TE-LDH could be used as a scavenger system to sense the formation of radicals, 

for example, its addition to a polymer to prevent degradation through radical formation; in this 

way, the composite could protect against oxidation and simultaneously provide a probe to 

detect radicals. Another study needed for this composite is to determine the reactivity of the 

free radicals retained to act as neutralizers of radicals present in a polymer matrix or a tissue. 
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Figure 3. EPR spectrum of an isolated LDH sample before and after the reaction with the H2O2 solution. 

3.3. EPR of TE-LDH composite treated with 30% H2O2 solution. 

The EPR spectra of the samples treated with 30% H2O2 solution are presented in Figure 

4. As it can be observed, the initial sample presented an absorption signal with g = 2.009, which 

is associated with organic free radicals [29–31], and the formation of free radicals in the 

composite where the unpaired electron is closer to carbon or oxygen atoms [32]. 

 
Figure 4. EPR spectra of TE-LDH composite treated with different volumes of 30% H2O2 solution. 

A study conducted with gamma irradiation on tomatoes demonstrated that three 

absorption signals are observed when free radicals are distributed in the cellulose network [33]; 

such splitting is not found in our sample. Then, the free radical is probably located in a 

carbonaceous structure like lycopene. This supposition is probable, considering that the HPLC 

analysis revealed 18% of lycopene content. 

The addition of H2O2 to the composite (Table 2) leads to i) an increase in the intensity 

and ii) a widening of the absorption signal, and these effects increase the area of the curve 

(Figure 5). The higher intensity results from a higher content of unpaired electrons, and it 

increased proportionally to the volume of H2O2 added to the composite. Then, the TE-LDH 

composite can retain the free radical produced by the peroxide. 
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Table 2. Width and area under the curve of the EPR absorption signal in the TE-LDH composite treated with 

different volumes of 30% H2O2 solution. 

H2O2  (mL) Binitial Bfinal 

 
B (mT) Area under the curve 

TE-LDH 335.0 337.2 2.2 0.224 

5 334.4 338.1 3.7 0.376 

10 332.5 338.10 5.6 0.484 

15 332.2 338.4 6.2 1.613 

However, as the volume of H2O2 increased, the widening of the signal evidenced the 

appearance of a new g factor with a larger value; this effect indicates the unpaired electrons 

with a different local magnetic field [34]. The new g factor was identified in the sample treated 

with 15 mL H2O2 at g = 2.020. 

 
Figure 5. The increasing trend in the area under the curve and widening of the EPR signal influenced by the 

volume of the H2O2 solution. The volume at the zero point corresponds to the TE-LDH reference. 

One report described the widening of more than 15 mT in the signal of organic free 

radicals from humic substances when paramagnetic ions (such as Fe3+, Mn2+, and Cu2+) were 

present [35]; however, the addition of diamagnetic anions (such as Na+, Zn2+, and Al3+) did not 

modify the signal at least in the concentration of 0.01%. 

Larger contents of Zn2+ and Al3+, as in the case of LDH structures, affect the absorption 

signal of interlayer nitrate ions by interaction with the aluminum nucleus (I = 5/2) [22], 

especially the observed g factor in LDH caused by nitrate ions reached values of 2.01 [36], in 

this literature report, another contribution arises from Zn(I) cations producing g = 2.1 [37]. 

3.4. Infrared and UV- Vis analysis of composites treated with H2O2 solution. 

Once the EPR spectra indicated that the TE-LDH composite retained unpaired 

electrons, the samples were analyzed by infrared spectroscopy to identify the fragments that 

reacted with the peroxide radicals. In order to demonstrate the changes more clearly, the 

infrared spectra were divided into three regions and normalized, considering the band 

associated with the stretching of O-H bonds at 3300 cm-1 as reference (Figure 6). The first 

change of relative intensities is observed within the 4000-2500 cm-1 range; here, a set of bands 

from stretching of H-C-H bonds appear at 2920 cm-1, the H-C=C vibration is included within 

this set [38], and the relative intensity decreases as the volume of H2O2 increases indicating 

that HO· radicals probable reacted with unsaturations in the TE. A second region between 1800 

and 1300 cm-1 contains an intense band at 1630 cm-1, which has been associated with the 
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stretching of H-C=C bonds in lycopene [38], similarly to a region in the 1000-900 cm-1 range 

containing a weak signal at 950 cm-1, which has also been associated to the stretching of C=C 

in carotenoids of tomato fruits [39]. 

The intensity of both signals decreases when the volume of H2O2 increases, in 

agreement with the reaction of the unsaturations with the attack of HO· radicals, either forming 

new bonds or merely breaking the unsaturation and forming an organic radical as represented 

in Figure 7. 

The UV-vis spectra collected directly from the solid also support the proposed reaction. 

The spectrum of the TE-LDH presents a set of three bands between 430 and 483 nm (identified 

with three red dotted lines in Figure 6d that match the spectra of carotenoids from tomato and 

orange [38,40,41]; the absorption of these signals felt with the addition of H2O2 solution. 
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Figure 6. IR spectra of TE-LDH composites treated with different volumes of 30% H2O2 solution (a) zone 3500 

-2500 cm-1; (b) zone 1800 -1300 cm-1; (c) zone 1000-900 cm-1; (d) UV-vis spectra of the TE-LDH composite 

attacked with different volumes of 30% H2O2 solution. 

 
Figure 7. The proposed reaction between the unsaturated regions in the TE-LDH composite and the radicals 

provided by the H2O2 solution. 
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3.5. X-ray diffraction of composites treated with H2O2 solution. 

The X-ray diffraction profile of the TE-LDH composite described in Figure 1a is 

compared with the profiles of the samples exposed to the H2O2 solution (Figure 8). The low-

intensity signals are observed due to the low content and small size of the LDH particles, but 

mainly, the preferential intensity of reflection at 35 and 62 degrees (marked with asterisks) are 

typically observed in delaminated LDH [42]. Therefore, this XRD profile indicates that the TE 

allows LDH sheets to form but limits their stacking at 25 mg/mL concentration. 

The samples treated with the lowest and highest volume of H2O2 solution were 

analyzed, and no changes were detected, suggesting that the crystalline part of the composite 

was not affected. The changes in the reaction occurred at the molecular level. 

 
Figure 8. X-ray diffraction profiles of the TE-LDH composite before and after the reaction with different 

volumes of 30% H2O2 solution. 

4. Conclusions 

The composite is formed by a uniform distribution of MgAl-NO3 LDH nanoparticles 

along with the TE matrix, where there is a lycopene content of 18%. Lycopene is the first 

responsible for free radical scavenging when exposed to the lowest concentration of H2O2, as 

demonstrated by infrared and EPR spectroscopy. The OH· radicals reacted with unsaturations 

in the TE-LDH composite and formed stable organic radicals for days. When the concentration 

of H2O2 increases, the free radicals are also transferred and concentrated in the LDH particles. 

The intimate and uniform distribution of LDH particles in the organic components of the TE 

leads to an interaction that enables a transfer of unpaired electrons between TE and MgAl-NO3 

LDH. The unpaired electron in the MgAl-NO3 LDH is likely reducing aluminum sites. 

The scavenging ability of the TE-LDH composite could help to use it as a probe to 

identify free radicals if it were added to a liquid system or a solid material, especially in 

polymers where the TE-LDH could be easily incorporated. 
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Supplementary information 

 
Figure S1. XRD patterns of composites prepared with a different mass of LDH per one milliliter of tomato 

extract (TE). The profiles of samples with 1 and 1.25 mg/mL produce the quase-amorphous pattern with width 

signals. On the contrary, the increase to 50 and 75 mg/mL gives clearer evidence if the LDH presence with the 

typical reflections matching with an LDH structure, such as recorded in the 9012627 cif file. 
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