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Resumen
La espinaca es consumida por su valioso aporte nutricional. Sin embargo, en Colombia su baja producción 
en cultivos, ha sido de poco interés en el área de la investigación. Por otro lado, la nanotecnología que puede 
ser utilizada en la agricultura para evitar o controlar enfermedades en los cultivos a través de la aplicación de 
nanopartículas (NPs) se perfila como un tema de alto potencial en nuestro país. En este trabajo, se evaluó la 
inoculación de suspensiones de NPs de dióxido de titanio con incorporación de plata (TiO2-Ag) en semillas 
de espinaca. Las NPs se sintetizaron a través del método sol-gel y se caracterizaron por medio de Difracción 
De Rayos X (DFR). Se obtuvieron muestras en polvo con tamaños de partícula entre 7 y 26 nm que se 
suspendieron en agua a diferentes concentraciones para la inoculación. En comparación con el grupo control 
(sin inoculación), se obtuvo un crecimiento de las plantas con NPs del tamaño más bajo y concentración del 2 %, 
debido a que posiblemente el TiO2-Ag incorporado contribuye al proceso de fotosíntesis y desempeña un papel 
antimicrobiano. La actividad fotosintética de las plantas tratadas, se midió mediante la técnica fotoacústica y del 
análisis de los resultados se obtuvo que con el tratamiento hecho con la suspensión de NPs de menor tamaño, 
a concentración entre 0,25 y 2 %, la Razón de Evolución de Oxígeno (REO) es similar a la que se observó en las 
plantas del grupo control. Esto indica que el tratamiento con NPs de TiO2-Ag entre 7 y 8  nm puede inducir el 
crecimiento sin alterar drásticamente la tasa fotosintética de plantas de espinaca a bajas concentraciones, lo que 
puede ser una alternativa eficiente para la mejora de la producción de este cultivo.

Palabras clave: espinaca; nanopartículas; fotoacústica; dióxido de titanio; plata; actividad fotosintética; 
inoculación de semillas.

Abstract
Spinach is consumed for its valuable nutritional contributions. However, in Colombia, this crop has been of little 
interest in the research area due to its low production. On the other hand, the nanotechnology that can be used 
in agriculture to prevent or control diseases in crops through the application of nanoparticles (NPs) is emerging 
as a high potential subject in our country. In this work, the inoculation of suspensions of titanium dioxide NPs 
with the incorporation of silver (TiO2- Ag) in spinach seeds was evaluated. The NPS was synthesized through 
the Sol-gel method and characterized by means of X-ray diffraction; suspensions of these powder samples of 
grain size between 7 and 26 nm were prepared at different concentrations for inoculation. In comparison with 
the control group (without inoculation), the highest plant growth was obtained with NPs of the lowest size and 

Fernando Gordillo-Delgado1

Jakeline Zuluaga-Acosta2 
Benyi-Juliana Marín-Gallego3

1 Universidad del Quindío; (Colombia); email: fgordillo@uniquindio.edu.co

2 Universidad del Quindío (Colombia); email:  jzuluagaa@uqvirtual.edu.co

3Universidad del Quindío (Colombia); email:  bjmaring@uqvirtual.edu.co



Informador Técnico 83 (1) January - June 2019: 78-88

79

2 % concentration. It possibly due to the contribution in the photosynthesis process and antimicrobial role of 
incorporated TiO2-Ag. The photosynthetic activity of the plants from control and treated groups was measured 
by the photoacoustic technique and it was found that the plants treated with the smallest NPs suspension, at a 
concentration between 0.25 and 2 %, presented a rate of oxygen evolution similar to the control group. These 
results indicate that the treatment with NPs of TiO2-Ag between 7 and 8 nm at low concentration can improve 
the growth without drastic alteration of the photosynthetic rate of spinach plants, which can be an efficient 
alternative for improvement in crop production.

Keywords: spinach; nanoparticles; photoacoustic; titanium dioxide; silver; Inoculation of seeds.

Introduction
The consumption of fresh vegetables in the world has increased from 36 to 40 % in recent decades, with an 
annual production rate of approximately 4.1 % (881 million tons), compared to the one reported last century of 
1, 7 % (324 million tons). China is the largest contributor with 50 % of world production (Food and Agriculture 
Organization of the United Nations [FAO], 2018).

	 Likewise, the spread of spinach crops (Spinach oleraceae) has increased due to its nutritional value, 
low in calories and with a high water content, which provides fiber, calcium, phosphorus, iron, and vitamins A, 
B1, B2, and C. This plant generally develops at temperatures between 5 and 15 o C infertile soils rich in organic 
matter and with neutral pH (Watt, 1975; Fersini, 1976; Centers for Disease Control and Prevention (CDC, 2007).

	 In Colombia, the area planted with leafy vegetables, including spinach, is around 12,850 ha, distributed 
in the departments of the central region such as Cundinamarca, Boyacá, Antioquia, Santander and Norte 
de Santander (National Administrative Department of Statistics [DANE], 2015). However, since spinach 
production is low compared to total leafy vegetables (around 200 hectares grown annually), there are not 
enough management manuals or alternatives to solve local problems, specifically those related to disease and 
pest control (Sánchez, 2017).

	 In relation to nanotechnology, it is applied in agriculture for the treatment of plant diseases and in the 
improvement of nutrient absorption. Its use can reduce the use of commercial pesticides and insecticides, which 
mitigates the environmental impact of this activity (Rai; Ingle, 2012). One of the materials with the greatest 
potential for this type of use is silver (Ag), due to its antimicrobial characteristics (Wiesner; Lowry; Dionysiou; 
Biswas, 2006), while titanium dioxide (TiO2), is emerging as a candidate viable for its biocompatibility and 
photocatalytic activity (Osborne et al., 2013).

	 In this work, the effect of the inoculation of suspensions of TiO2-Ag NPs in spinach seeds was evaluated, 
through the monitoring and monitoring of morphological measures and photosynthetic activity.

Materials and methods
Synthesis and characterization of TiO2-Ag
TiO2-Ag was obtained through the sol-gel method, this method is a chemical route that allows the manufacture 
of amorphous and polycrystalline materials at room temperature. It begins with the synthesis of a colloidal 
suspension of solid particles in a liquid (sol), which after a process of hydrolysis and condensation are transformed 
into a solid material filled with solvent (gel). This is evaporated from the gel to obtain the sample in powder 
form. In this case, 33 mL of methanol (Merck), 5 mL of 97 % titanium bis (acetylacetonate diisopropoxide) 
(Sigma-Aldrich) and 0.04 g of 99 % silver nitrate (Sigma-Aldrich) were mixed in a case Beaker with constant 
agitation until a complete dilution of silver nitrate is obtained. Then the mixture was poured into a Petri dish 
while stirring. Then, a mixture of distilled water and methanol of which 2 mL was added dropwise to the 
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Petri dish was added and stirring was continued for 5 min. Finally, the product was allowed to dry at room 
temperature to obtain a solid that was macerated and sintered at temperatures of 300, 400, 500 and 600 o C for 1 
h. After each heat treatment, the samples were characterized by X-ray Diffraction (DRX).

The sol-gel method was chosen for the manufacture of the TiO2-Ag NPS because it is relatively inexpensive, 
achievable in a shorter time, friendly to the environment and safety. Similarly, it allows the observation of the 
gel formation and the advantage that it is possible to manipulate the grain size and synthesize high purity 
powder material. This is one of the methods that allows producing homogeneous structures at fine scales (nm) 
and has been positioned within the chemical routes for the generation of advanced high-tech inorganic material 
(Hench; West, 1990; Morales; Moran; Quintana; Estrada, 2009).

Spinach Seed Inoculation
Spinach seeds (Spinach oleracea) were immersed in suspensions of TiO2-Ag NPs in distilled water, previously 
subjected to ultrasound for a period of 3 h. The treatments were done in Petri dishes for 3 d, at an average 
temperature of 17 o C with alternating periods of natural light exposure, using concentrations of 0.25, 2, 4 and 
6 % of NPS of sizes 7, 8, 10 and 26 nm. After this process, the seeds were left on the adsorbent paper with daily 
irrigation until germination and transplanted into a hydroponic substrate for cultivation under greenhouse 
conditions. Plant height was recorded daily for 16 days.

Photosynthetic activity
The Oxygen Evolution Reason (REO) released in the photosynthesis process, was measured with the 
photoacoustic technique (FA), which is part of a set of experimental methods known as photothermal, in which 
light pulses are periodically affected on the sample, whose energy is partially absorbed and transformed into 
heat, such that the temperature of the sample, and therefore, the pressure of the adjacent air, changes with 
the same frequency of the incident radiation. The sound that is generated can be picked up by a microphone 
and is known as the FA signal; taking into account that during this process photochemical phenomena such 
as photosynthesis can happen, the contribution is added to the FA signal. This allows the determination of 
photosynthetic activity using an FA cell.

	 In the experimental setup, the leaf of the living plant was placed by sealing the cell cavity and it was 
made to strike pulsed red light on its beam, while on the underside it was temporarily irradiated with a white 
light to saturate the process of photosynthesis every 30 s. The FA signal was acquired through an SR830 “lock-
in” amplifier and was recorded as a function of time through an interface and a computer. The photoacoustic 
effect occurs when the modulated radiation is absorbed by the spinach leaf, but the intensity of the sound 
depends not only on the optical and thermal characteristics but also on the periodic generation of oxygen. 
Therefore, the percentage of oxygen to be generated periodically is determined from the curves obtained by 
saturating the photosynthesis process. Similarly, as the physiology of the plants is affected by the growing 
conditions, with this technique the influence of a given treatment can be assessed through the monitoring of 
photosynthetic activity.

Results and Discussion
Characterization with X-Ray Diffraction (DRX)
The structure of the TiO2-Ag NPs was analyzed using DRX in the range of 2Ɵ between 20 and 80 °. It is one of 
the most used configurations for polycrystalline samples in dust form, thin films or multilayer, called Bragg-
Brentano geometry (Quiroz, 2014). In the diffractograms it was observed that the Bragg diffraction peaks agree 
with those reported by Hernández (2010), indicating the presence of TiO2 in anatase phase, which is favorable 
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for photocatalysis (Macías; García; De La Torre; Chávez, 2000 ) and variations in the width of the peaks that 
depend on the average crystal size were observed (Macak et al., 2007), which was estimated using the Scherrer 
formula (Villar; Bonilla, 2015). On the other hand, the grain sizes of the sintered samples at 600, 500, 400 and 300 
°C were 26.0 ± 0.6, 10.9 ± 0.4, 8.3 ± 0.4 and 7, 3 ± 0.1 nm, respectively. This behavior with the increase in sintering 
temperature corresponds to a coalescence phenomenon (Mosquera; Rosas; Debut; Guerrero, 2015).

Plant growth
The results of measuring the height of the 10 spinach plants of each treatment are shown in Figure 1. It was 
observed that the plants treated with NPs of 7 nm, at a concentration of 2 %, reached 89 % higher than those of 
control. This result is consistent with the study conducted by Martínez (2015), who found that the application 
of low concentrations of NPs of TiO2 influences the growth and development of corn plants, having an effect 
on biomass and micromorphology, depending on the type of NPs and the concentration applied. On the other 
hand, Yang et al., (2007), provided NPs of TiO2 in anatase phase in the soil, with concentrations in the range 
2.5 - 40 g kg-1, and obtained an average yield of spinach in a 95 % higher than the control, which related to an 
optimization effect on nitrogen fixation. It has been shown that TiO2 increases the activity of several enzymes 
responsible for metabolic reactions (Capaldi; Diniz; Moretto; Antunes; Zizzi, 2015) and facilitates the absorption 
of nutrients, which improves germination speed because it favors formation of indole acetic acid (IAA) in the 
roots or shoots that can increase the vigor of the seed and the growth of the seedlings (Krishnaraj; Ji; Harper; 
Yun, 2016).

Figure 1. The average height of spinach plants, 16 days after being sown, after inoculation with suspensions 
of nanoparticles of titanium dioxide incorporated with a silver (NPS TiO2-Ag) with different particle sizes and 

concentration.
Source: self-made.

Although in this work the silver content in the inoculated suspensions was low, it has been shown that this 
element has antibacterial properties, which inhibit the growth of staphylococcus aureus, pseudomonas aeruginosa 
and escherichia coli (Stockmann; Sherwin; Ampofo; Spigarelli, 2014), which affect the growth of plants and are 
reported as one of the main microorganisms that cause foodborne illness (Figueroa; Navarrete; Caro; Troncoso; 
Faúndez, 2002; Luján, 2014; Ocaña de Jesús et al., 2017).

	 On the other hand, in relation to the ecotoxicity that can be generated in the soil by the use of NPS in 
agriculture, some authors have reported repercussions on the microbial composition, such as the generation 
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of ecological imbalance and affectation to the population of bacteria that promote growth, fundamental in 
agricultural production. NPS can cause cell lysis, production of reactive oxygen species in intracellular location, 
production of oxidative stress, lesions of deoxyribonucleic acid (DNA), alteration of transport mechanisms 
across membranes and denaturation of biomacromolecules (Shah; Belozerova, 2009; Fang; Shan; Wen; Lin; 
Owens, 2009; Nowack, 2009; Somasundaran; Fang; Ponnurangam; Li, 2010; Gutarowska; Skora; Zduniak; 
Rembisz, 2012). However, it has been concluded in most studies that the ecotoxicity of NPS depends on the 
concentrations used (Zhang; Niu Yan; Cai, 2011; Gutarowska et al., 2012). Therefore, in this work, the inoculation 
of the NPS was made directly in the seeds and the deposition of NPs in the soil was avoided and although there 
are reports that confirm that both the NPS of TiO2 and of silver, at low concentrations and particle sizes are not 
toxic to humans (Weir; Westerhoff; Fabricius; Hristovski; Von Goetz, 2012; Vladimir, 2012), it is necessary to 
make corresponding studies with the treated plants before defining the use of the product in the field.

	 However, it is necessary to highlight that the TiO2 has been approved for human consumption since 
1960 by the Food and Drug Administration of the United States, and later in Europe by the Scientific Committee 
on Foods under the nomenclature E171 (FAO; World Health Organization [WHO], 2011). The National Institute 
of Safety and Health at Work (INSHT) of the United States currently recommends exposure limits in relation to 
extra fine particles of TiO2: 0,3 mg/m3 for NPs of TiO2 (< 100 nm), front a 2,4 mg/m3 for fine particles (> 100 nm) 
(The National Institute of Safety and Health at Work [NIOSH], 2011).

Oxygen Evolution Reason (REO)
The behavior of the amplitude of the FA signal from the leaves of the plants is shown in Figure 2. These curves 
are the average of the measurements of 10 plants, which were chosen at random from the groups of each 
treatment and were taken 20 d after sowing. In them, the photothermal component of the signal was observed, 
added to the corresponding oxygen release (photo basic component). This last one stopped contributing when 
continuous white light was affected since it saturated the photosynthetic process. Therefore, it was evidenced 
that when this light is turned on, the signal drops abruptly and is restored when it is turned off. The REO is 
calculated as the percentage of decrease or increase in this voltage.

	
Figure 2. The amplitude of the photoacoustic signal as a function of time, corresponding to the 

treatment plants with nanoparticles TiO2-Ag and of the control group. 
Source: self-made.
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	 The amplitude of the signal is shown in Figure 3, where it is evidenced that its behavior was close to 
that of the control group with the suspension of average size of 8 nm and concentration of 2 %, while with the 
largest particle size (26 nm), the behavior of the FA signal moved away from the control, proportionally with 
the increase in concentration. In other words, the plants reacted positively to the treatment with the NPS of size 
less than 10 nm and concentrations less than 4 %, since the normal metabolism of the plant is not affected. This 
corresponds to what was found by Bradfield (2015), who in his study showed that the foliar application of 0.25 
% of TiO2 (2500 mg L-1) increased spinach biomass, which was attributed to the increase in the photosynthetic 
rate or to its maintenance in the presence of the treatment.

Figure 3. Oxygen Evolution Ratio of the control group plants and those treated with the nanoparticles of TiO2-Ag. 
Source: self-made.

	 For its part, Ze; Liu; Wang; Hong; Kong (2010), determined the mechanisms by which the NPS of TiO2 
can favor photosynthesis, for this they used Arabidopsis thaliana as the object of study. The plants were sprayed 
with 0.25 % of NPS TiO2 and concluded that this compound can induce a significant increase in the expression 
of the genes encoding the light-harvesting complex II (LHCII) since NPs could be accelerating the transport speed 
of the electrons of the entire chain and the transformation of light energy into electronic energy. They could also 
promote the absorption of light from chloroplasts.

	 Therefore, it can be assumed that the photosynthesis of spinach plants may also be influenced by the 
inoculation of this photocatalyst (TiO2), taking into account that when joining the plant it can eventually absorb 
sunlight, which excites electrons until they gain enough energy to jump from the Valencia band (VB) to the 
Conduction Band (CB) and the generated charge carriers can migrate to the surface to react with adjacent 
molecules. In aqueous solutions, the holes generated in the VB of the TiO2 form OH radicals, while electrons in 
CB reduce dissolved oxygen (Kazuya; Tsuyoshi; Taketoshi; Akira, 2012; Quiroz, 2014). These species, particularly 
OH radicals, have a high oxidation potential that acts on carbon dioxide and water (Ollis; Ekabi, 1993), which 
can accelerate the photosynthetic process. Similarly, Hong et al., (2005) and Zheng et al., (2008), indicated that 
the properties of NPS de TiO2 to increase photosynthetic capacity, they come from their ability to decrease 
Reactive Oxygen Species (ERO) in spinach chloroplasts.

	 Also, it has been found that after 24 h of exposure to 4 mM (319 mg L-1) of TiO2 NPs, the levels of 
Malondialdehyde (MDA) in onion roots are increased. MDA is an indicator of lipid peroxidation because it is 
the product of the breakdown of polyunsaturated and fatty acids found in biomembranes. This indicates that 
TiO2 NPs at these concentrations increase the generation of ROS that leads to increased lipid peroxidation and 
oxidative stress (Ghosh; Bandyopadhyay; Mukherjee, 2010).

Likewise, it has been determined that the content of MDA in algae that grows in contact with NPS de TiO2 
is significantly greater than the control. This shows that the NPS of TiO2 could impose oxidative stress on 
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algal cells, depending on the concentration (Lin; Ji; Long; Yang; Wu, 2012). Therefore, it is considered that the 
TiO2 in high concentrations of greater than 1 g/L that can induce stress in plants, changing the structure and 
constitution of the wall and cell membrane (Liu; Lin; Zhao, 2013), which alters photosynthetic efficiency, due to 
the interactions of these NPs with photosystems, since chlorophyll can transfer energy to the NPS (Olejnik et al., 
2013; Rico; Peralta-Video; Gardea-Torresdey, 2015).

Conclusion
The nanoparticle treatment of TiO2-Ag in powder with particle sizes between 7 and 8 nm and at concentrations 
between 0.25 and 2 % have a positive effect on the growth of spinach plants in greenhouse conditions, without 
drastically altering the natural metabolism of the plant since the oxygen evolution rate of the treated plants is 
very similar to that of the individuals in the control group.

	 According to the results obtained, it can be affirmed that both the treatment described and the method 
of measuring this photosynthetic parameter have the potential to become tools for crop improvement and 
evaluation of new products.
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