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Pesticides offer a simple, cost-effective solution to ensure food supplies for a growing world population. However, their environmental 
performance needs improvement if pesticides are to continue contributing importantly. This study explores the insecticidal potential 
of a magnesium (II) metal complex containing 1,10-phenanthroline and isovanillic acid (MgPhenIso) against leaf-cutting ant (Atta 
sexdens rubropilosa) and its symbiotic fungus (Leucoagaricus gongylophorus). The MgPhenIso complex is easy-to-prepare, stable in 
solid state and in aqueous solution, and resistant to sunlight irradiation. The insecticidal activity of MgPhenIso-containing bait against 
A. sexdens rubropilosa and L. gongylophorus showed a delayed action mode at 2 mg g-1 (100% kill, 6th day, S50=2b) and suppressed 
fungus development and growth. These results, together with earlier investigations on MgPhenIso regarding its absence of toxicity 
to Zebrafish and Wistar male rats, emphasize the potential of this complex as an environmentally friendly insecticide candidate.
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INTRODUCTION

Sulfluramid, an N-ethylperfluorooctanesulfonamide, has been 
widely used as active principle in insecticidal baits for the control of 
leaf-cutting ants (Atta texana, Atta sexdens rubropilosa, Acromyrmex 
heyeri, tribe Attini, Hymenoptera Formicidae),1 in a large variety of 
crops susceptible to defoliation by these insects.2 In particular, the 
subspecies Atta sexdens rubropilosa is a pest of reforested and pasture 
areas. These ants infest regions of southern United States, Argentina 
and Brazil,3 causing an annual loss of 17% of the cultivated area,4 
with considerable economic damage. 

Furthermore, leaf-cutting ants have a mutualistic relationship 
with its symbiotic fungus, Leucoagaricus gongylophorus.5 These 
ants produce antifungal bacteria to protect their symbiotic fungus 
from pathogenic fungi and pesticides.6 This close relationship has a 
significant influence on the development of pesticides. 

Sulfluramid has been effectively used against leaf-cutting ants, 
eliminating 100% of ant colonies within a week.7 It is a delayed action 
toxicant that allows ants to collect large amounts of the bait before 
dying, and it works by interfering with the cell respiration process 
via the uncoupling of oxidative phosphorylation.8 However, there 
are serious restrictions to the use of this insecticide.9 Sulfluramid is a 
perfluorinated compound that is degraded to perfluoroctyl sulfonate 
(PFOS). Considering the environmental hazards and risks of PFOS, all 
pesticide products based on the release of this acid have been banned or 
restricted in many countries since 2000.10,11 Unfortunately, due to lack 
of safer alternatives with a reasonable cost, sulfluramid continues to be 
produced and used for agricultural purposes in many other countries.12

Approximately two decades ago, natural products extracted 
from different plants were described to present protective effects on 
the defense system of plants against pathogens and environmental 
stresses.13 Due to these characteristic, plant extracts have attracted 
much attention because of the employment of polyphenolic 

compounds in diverse areas of science, such as insecticide and 
fungicide production.14,15 Coordination of polyphenolic compounds to 
the metal centers has also been currently used to improve and enhance 
the scope of biological applications of these complexes. Polyphenolic 
compounds are good electron donors and, therefore, stable chelate 
complexes are expected and indeed formed with a great variety of 
metal ions, including those with Sn(II), Cu(II), Zn(II), Ru(II) and 
Mg(II).16-19 Moreover, metal complexes with chelate ligands offer the 
high stability needed for applications where chemical bonds have to 
remain intact, as in pesticides. 

These findings encouraged us to prepare the complex MgPhenIso, 
where phen is 1,10-phenanthroline and Iso is isovanillic acid, Figure 
1S. The MgPhenIso complex was designed to potentiate synergistic 
action between magnesium (II) and the phenolate group of the 
isovanillic acid ligand.

Magnesium is interesting for use in agricultural applications 
because of its abundance, low cost, and protective effects on plants.20 
Magnesium is the seventh most abundant element in the Earth’s crust 
and the second in human cells.21 It plays an important role in human 
health, assisting with aging and many diseases such as depression and 
stress, which require increased magnesium absorption.21 Magnesium 
intake recommendation is 200-400 mg/day.22 For plants, magnesium 
is essential for growth and development, such that Mg supply on 
Mg-deficient sites increase the quality of agricultural crops.23 More 
recently, the role played by Mg in the stress physiology of plants has 
been demonstrated.23

Recent studies conducted in our laboratory have demonstrated 
that the easy-to-synthesize, water soluble MgPhenIso complex 
presents properties that emphasize the potential of this complex as an 
environmentally safe compound.24 This study shows the presence of 
two structures in solution, Figure 1S, the hexa- and tetra-coordinated 
complexes, here described as MgPhenIso complex. Also, shows that 
the MgPhenIso complex presents antioxidant activity in vitro and 
probably in vivo, is not toxic and does not cause mortality or visual 
alterations to Zebrafish exposed to it at concentrations up to 2.0 mg L-1 
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after 96 h and to Wistar male rats exposed to a 3.0 mg kg-1 day-1 dose 
for 21 days. The MgPhenIso complex did not affect the activity of 
brain-acethylcholinesterase, digestive-tract-catalase and glutathione-
S-transferase enzymes of both fish and rat. Conversely, performance 
of superoxide dismutase activity increased in the presence of complex, 
resulting in enhanced capacity of both animal species for superoxide 
radical enzymatic scavenging.24

The present study extends our previous investigation on the 
insecticidal properties of MgPhenIso against leaf-cutting ants (Atta 
sexdens rubropillosa), through oral ingestion assays, and its symbiotic 
fungus (Leucoagaricus gongylophorus), via proliferation in culture 
medium. 

The results indicate an interesting profile of biological activity 
with strong insecticidal activity against both the leaf-cutting ant and 
its symbiotic fungus. Additionally, MgPhenIso shows high stability in 
solid state and in aqueous medium in the dark and when exposed to 
sun light. These features, together with its low lipophilicity, suggest 
that MgPhenIso will present low persistence in aquatic medium and 
will probably be degraded by microbial processes.

EXPERIMENTAL

Synthesis of the MgPhenIso complex

The MgPhenIso complex was synthesized by the reaction of 
isovanilic acid, 1,10-phenathroline, and Mg(CH3COO)2.4H2O in 
methanol using a procedure in literature24 and described at the 
Supplementary Material.

Determination of solubility

Solubility of the complex in phosphate buffer solution (pH = 7.40) 
was determined at 37.0 ±0.5 °C by the shake-flask method.25 A 
saturated solution of MgPhenIso was prepared in 2 mL of buffer 
solution and stirred for 24 h at 50 rpm until equilibrium. Then, the 
sample was centrifuged for 5 minutes and the concentration of the 
filtered complex was determined using the UV-Vis spectrophotometer.

Potentiometric pKa determination of the complex 

The pKa determinations were performed in triplicate following 
the procedure described by Reijenga and Hoof.26 6.0 mg of 
MgPhenIso was solubilized in 15.0 mL of milli-Q water and the 
pH was adjusted to 12 with a NaOH solution. Aliquots of 250 µL 
of standard HCl solution were added to the sample, and the pH was 
recorded obtaining a titration curve (pH x V(mL) of HCl).

Stability of study in 1H NMR

4.0 mg of the complex were added to 600 µL of buffer solution 
in deuterated water (D2O) (pH=7.4), and stability was investigated by 
1H NMR every 12 h for 120 h. Two groups of samples were prepared: 
after the first reading at t = 0 h, one group of samples was protected 
from light and the other group was exposed to sunlight throughout 
the experiment. 

Leaf-cutting ant insecticidal bioassay

The methods used for the insecticidal bioassay have been 
previously described in the literature.27,28 Bioassays were performed 
against the ant species Atta sexdens rubropilosa. Worker ants 
with body mass of 20.0-25.0 mg were randomly collected from 
laboratory nests. Prior to the assays, the nests were supplied daily 

with Eucalyptus sp. leaves, oat seeds and, occasionally, with leaves 
of other plants such as Hibiscus sp. and Ligustrum sp. or rose petals. 
Ten ants were used per treatment, with 5 repetitions (n=50). During 
the assays, the ants were maintained under artificial diet prepared 
with glucose (50.0 g L-1), bacto-peptone (10.0 g L-1), yeast extract 
(1.0 g L-1), and agar (15.0 g L-1) in distilled water (25.0 mL). The 
diet (0.40-0.50 g per dish) with (experiment) or without (control) 
addition of the test compounds was offered daily in small plastic caps. 
The positive control group included ants exposed to sulfluramid at 
a potentially toxic concentration, whereas the negative control (NC) 
group comprise ants receiving the control diet alone. 

The compounds (MgPhenIso and sulfluramid) were poured 
into the hot diet immediately after it was autoclaved. The final 
concentrations of the compounds added to the diet were 0.2 mg mL‑1, 
1.0 mg mL‑1 and 2.0 mg mL‑1, respectively. These three different 
concentrations corresponded to each treatment with 10 ants. During 
the assays, the Petri dishes with all the treatments were maintained 
in an incubator at 25 ±1 °C and 70-80% relative humidity. The Petri 
dishes were examined daily for 25 days, which corresponds to the 
lifetime of this ant species under normal laboratory conditions, and 
dead ants were removed. Data were recorded daily. For the survival 
analyses, the data were submitted to a non-parametric analysis to 
compare the survival curves using the Logrank test in the Graph-
PadTM Prisma software. Bioassays were conducted in duplicate or 
five-fold and expressed as mean ± SD. One-way analyses of variance 
(ANOVA) was performed, and significant differences between the 
means were determined by the Duncan’s multiple range test. All tests 
were regarded as statistically significant when p<0.05.

Fungicidal bioassays

The fungus Leucoagaricus gongylophorus was isolated from 
a laboratory nest of Atta sexdens rubropilosa ants. The medium 
for fungus maintenance and methods for the bioassays have been 
previously described in the literature.27,28 The experiments with the 
symbiotic fungus L. gongylophorus were conducted in the Laboratory 
of Natural Product Bioassays at the Federal University of São Carlos 
(UFSCar). The fungus Leucoagaricus gongylophorus (Möller) 
Singer was isolated from an A. sexdens rubropilosa laboratory nest 
and maintained in laboratory in culture medium composed of malt 
extract (20 g L−1), bacto-peptone (5 g L−1), yeast extract (2 g L−1), and 
agar (20 g L−1). For the assay, methanol was used as control and free 
isovanillic acid and magnesium acetate at a concentration of 100 mg L-1 
were used for the MgPhenIso complex. The samples submitted to the 
assay with the symbiotic fungus were previously dissolved in 500 µL 
methanol and incorporated into the culture medium with subsequent 
addition of distilled water. Subsequently, 10 mL of culture medium 
with or without the incorporated sample were added to each tube. 
After sterilization of the material, culture medium was poured into 
the Petri dishes (80 x 15 mm) inside a laminar flow cabinet previously 
sterilized for 30 min using ultraviolet light. After solidification of the 
culture medium, each Petri dish was inoculated with a disc agar (8 mm) 
previously colonized by the symbiotic fungus L. gongylophorus in the 
center position. After the incubation at 25 °C for 30 days, inhibition 
calculations were performed in the areas of mycelia growth of the 
symbiotic fungus in each sample. The assays were run in five-fold.

RESULTS AND DISCUSSION

Synthesis and characterization of MgPhenIso

The MgPhenIso complex was synthesized by the reaction of 
isovanillic acid, 1,10-phenanthroline, and Mg(CH3COOH)2.4H2O in 
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methanol using the procedure previously established.24 The complex 
was characterized by ESI-mass spectrometry and NMR, Figures 2S 
and 3S.

Physicochemical properties

A potential pesticide candidate should present stability in the dark 
and under extended natural sunlight exposure and water solubility 
properties to avoid deleterious environmental impact.29,30 The 
MgPhenIso complex is stable in solid state and in aqueous solution 
both in the dark and under natural sunlight exposure. The chemical 
stability was proved by the absence of changes in the 1H NMR spectra 
in D2O (pH = 7.4) for at least 120 h of MgPhenIso exposure to natural 
sunlight and in the dark (protected from light), Figure 1. These results 
indicate the high resistance of MgPhenIso to photodegradation.

The pKa value obtained for the MgPhenIso complex was 6.11, 
Figure 2, which corresponds to the phenol moiety since the acid 
part is being used as chelate. Two values were observed for the free 
isovanillic acid, 4.08 and 8.54,31 corresponding to the carboxylic 
acid moiety and the phenol moiety, respectively. When the complex 
is formed, there is a reduction in the pKa value from the free ligand, 
indicating that the proton is easily donated within the complex. This 
fact was previously detected using cyclic voltammetry, which showed 
a difference in the oxidative potential between the free isovanllic acid 
and the MgPhenIso complex.24

A systematic knowledge on the solubility of the potential 
pesticide is important to the agroindustry, since highly soluble 
pesticides can contaminate ground water and cause damage to the 

aquatic environment.32 The solubility of the MgPhenIso complex is 
much higher (314.13 ± 2.13 μg mL-1) than that of the free isovanillic 
acid (80.12 ± 1.49 μg mL-1) in aqueous solution (pH 7.4) at 25 °C 
(298 K). In general, PFOS have solubility around 550 μg mL-1, which 
is higher than that of the complex.33 Based on this higher solubility, 
toxicity, and difficulty in rapid detection (for example, using UV-vis) 
associated with PFOS, the MgPhenIso complex has the advantage 
of being as soluble as PFOS, but less toxic and more easily detected 
using non-expensive techniques in case leak occurs. 

Insecticidal activity against Atta sexdens rubropilosa and its 
symbiotic fungus Leucoagaricus gongylophorus 

Table 1 shows the time-dependent toxicity data of leaf cutting 
worker ants (Atta sexdens rubropilosa) treated and fed on artificial 
diet (negative control group), sulfluramid (positive control group), 
free isovanillic acid, and MgPhenIso. The survival rates of the ants 
did not differ significantly between the negative control group and the 
group treated with free isovanillic acid. In contrast, the MgPhenIso 
group showed a markedly dose-dependent toxicity comparable to 
that of the commercial pesticide Sulfluramid, although it presented 
a delayed action mode and caused mortality faster than Sulfluramid 
(0.2 mg g-1, S50 = 5b in 10 days).

The studies were also extended to evaluate the effects of 
MgPhenIso and free isovanillic acid on the Leucoagaricus 
gongylophorus fungus. Table 2 shows the mean colony diameters 
in centimeters and the percentage inhibition of fungal development 
after 30 days of experiment. As shown in Figure 3, at 100 mg L-1, 
MgPhenIso suppressed all fungal growth.

Although many plant-derived pesticides have shown strong 
deleterious effects on leaf-cutting ants and/or their symbiotic fungus 
with no environmental toxicity, only a few of them are currently 
available on the market. Among them the botanical insecticides Ryania 
speciosa (Ryanodine) and Tanacetum cinerariaefolium (pyrethrins) 
and the extracts of Azadirachta indica (neem), Rosmarinus officinale 
(Rosemary oil; 1,8-Cineole) and Syzygium aromaticum (clove oil, 
Eugenol) are the most effective.34 For instance, neem oil extract was 
toxic at concentrations up to 5 mg/mL (S50 = 0.67).35,36

Low solubility in aqueous solution and instability when exposed to 
sun light are limiting factors to neem oil extract and other insecticides. 
Additionally, many studies have demonstrated the toxic effects of 
neem oil extract/commercial formulations on aquatic organisms and 
on non-target predators/pest. Studies have reported decreased general 
activity and increased anxiety-like behavior following exposure of 
Zebrafish to 20 or 40 μL/L of neem extract.36-38

Figure 1. 1H-NMR of MgPhenIso in buffer solution at pH 7.4 monitored as a function of time: 0 (violet), 24 (blue), 48 (green), 72 (olive) and 120 (brown) h

Figure 2. Potentiometric titration curve for MgPhenIso
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The combination of delayed toxicity that suppresses populations 
of leaf-cutting ants together with the ability to exterminate the 
ant colony after 30 days of treatment are a clear evidence of the 
insecticidal potential of the MgPhenIso complex. When compared 
with the previously mentioned insecticides, MgPhenIso exhibited both 
high insecticidal and fungicidal activities that increase the control 
efficacy, no apparent toxicity to aquatic and territorial organisms, 
and anxiolytic effects on live beings.24 These results evidence the 
insecticidal potential of the MgPhenIso complex.

CONCLUSIONS

The results indicate an interesting profile of biological activity 
with strong insecticidal activity against both leaf-cutting ant (Atta 
sexdens rubropilosa) and its symbiotic fungus (Leucoagaricus 
gongylophorus). The high stability in solid state and in aqueous 
medium in the dark and when exposed to sun light and the low 
lipophilicity suggest that the MgPhenIso complex will have low 
persistence in aquatic medium. These results, together with the 
lack of toxicity for Zebrafish and Wistar male rats reported in a 
previous publication, emphasize the potential of MgPhenIso as an 
environmentally friendly insecticide.

SUPPLEMENTARY INFORMATION

Synthesis and characterization (ESI-MS and 1H-NMR) of the 

complex is described at the supplementary material and free of charge 
at http://quimicanova.sbq.org.br.
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