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Abstract 

In this study, the cytotoxicity of the pesticides 2,4-dichlorophenoxyacetic acid (2,4-D) and 
imidacloprid was evaluated on erythrocytes from different ABO blood groups, through the 
assessment of partial hemoglobin release. The results showed significant differences in susceptibility 
to oxidative damage according to blood type: for 2,4-D, the sensitivity order was A+ > B+ > O+, 
whereas for imidacloprid it was B+ > A+ > O+. Furthermore, the erythroprotective effect of C-
phycocyanin was determined, showing up to 89% inhibition of hemolysis at 1 mg/mL, with 
significant variations among blood groups. To simulate physiological conditions, an in vitro 
digestion was performed to obtain bioavailable fractions of both pesticides and C-phycocyanin. After 
digestion, pesticides retained their ability to induce damage, while C-phycocyanin maintained its 
protective effect, although reduced, reaching a maximum of 24% inhibition. At the computational 
level, molecular docking was carried out with AutoDock Vina between the beta subunit of C-
phycocyanin and 2,4-D, reporting a binding energy value of –4 to –5 kcal/mol across nine interaction 
sites, mainly favored by ionic interactions and hydrogen bonds. These findings suggest that the 
protective mechanism of C-phycocyanin is mainly associated with its antioxidant scavenging 
capacity. 

Keywords: Pesticides; Stress oxidative; Ficocinaina; In vitro Digestion; Hemolysis; Antioxidant; 
Erythroprotective 
 

1. Introduction 

Pesticides have been a very useful tool to control pests that affect food production; however, 
their unregulated use poses a major problem, particularly in developing countries where the 
necessary measures have not been implemented [1]. Consequently, the absorption of pesticides 
generates oxidative stress due to the overproduction of free radicals, which triggers various damage 
mechanisms in the organism. 

One of the first barriers to neutralize free radicals are endogenous antioxidant enzymes, such as 
superoxide dismutase (SOD) and catalase (CAT), which help counteract them by preventing the 
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oxidation of cell membranes and other key compounds, thereby reducing the risk of chronic 
degenerative diseases [2]. The problem worsens when the amount of free radicals far exceeds the 
endogenous antioxidant capacity, leading to cellular damage and other malformations. For this 
reason, it is necessary to investigate the role of exogenous bioactive compounds as potential 
alternatives for neutralizing these oxidative molecules. 

Phycocyanin may represent such an alternative, as it is a protein-derived pigment with 
antioxidant and anti-inflammatory properties, primarily used as a natural food colorant. Its 
consumption is simple since it is a water-soluble protein, which allows its incorporation into juices, 
ice creams, or smoothies. It is preferably consumed in cold preparations to avoid the loss of its 
properties and, particularly, its characteristic blue color [3]. Therefore, phycocyanin could act as a 
compound capable of neutralizing free radicals generated by pesticide exposure. 

Pesticides can not only be absorbed or inhaled by living organisms, but they can also be present 
in the food we consume. Once digested and absorbed through the intestine, they reach the 
bloodstream, where cellular damage may begin, particularly at the erythrocyte membrane, causing 
lipid oxidation and the formation of free radicals such as peroxyl, which induce hemolysis 
(erythrocyte destruction). Some studies suggest that certain compounds may show affinity for 
specific ABO and Rh (+/–) blood groups [4]. However, no such studies have yet been conducted for 
either pesticides or phycocyanin. Phycocyanin is thus proposed as a potential buffer against oxidative 
damage due to its strong antioxidant capacity. 

Moreover, in this context it is important to evaluate the effect of pesticides and phycocyanin 
under a model more closely resembling the physiological function of the organism. Therefore, in vitro 
gastrointestinal simulation is a key tool to generate the bioavailable fraction, which is the most 
suitable for assessing adverse effects and potential inhibition of damage following exposure through 
food consumption. 

2. Results 

2.1. Evaluation of Pesticide Cytotoxicity 

2.1.1. Determination of Cytotoxicity Induced by 2,4-Dichlorophenoxyacetic Acid in ABO System 
Erythrocytes 

Figure 1 shows the determination of the cytotoxicity of the pesticide 2,4-D on ABO system 
erythrocytes after a 3-hour exposure at different concentrations. 

 

Figure 1. Percentage of hemolysis induced by 2,4-dichlorophenoxyacetic acid in ABO+ erythrocytes, where 
asterisks indicate significant differences (p < 0.05) between blood types. Results were obtained using Triton X as 
a positive control for 100% hemolysis and unexposed erythrocytes as the negative control for 0%. 
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Figure 2 shows the determination of the cytotoxicity of the pesticide 2,4-D on ABO system 
erythrocytes after a 3-hour exposure. 

 

Figure 2. Percentage of hemolysis induced by 2,4-dichlorophenoxyacetic acid in ABO+ erythrocytes, where 
asterisks indicate significant differences (p < 0.05) between blood types. Results were obtained using Triton X as 
a positive control for 100% hemolysis and unexposed erythrocytes as the negative control for 0%. 

2.1.2. Evaluation of the Cytotoxicity of Imidacloprid in ABO System Erythrocytes 

Figure 3 shows the determination of imidacloprid cytotoxicity at concentrations of 0.1–0.5 
mg/mL, yielding hemolysis percentages ranging from 20 to 99% in ABO system erythrocytes. 

 

Figure 3. Percentage of hemolysis induced by imidacloprid in ABO+ erythrocytes, where asterisks indicate 
significant differences (p < 0.05) between blood types. Results were obtained using Triton X as a positive control 
for 100% hemolysis and unexposed erythrocytes as the negative control for 0%. 

2.1.3. Erythroprotective Effect of Phycocyanin on ABO System Erythrocytes 

Determination of the erythroprotective effect of phycocyanin at 0.5 mg/mL on pesticide-exposed 
erythrocytes. A percentage of inhibition ranging from 5 to 35% of pesticide-induced damage was 
obtained. 
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Figure 4. Erythroprotective effect of phycocyanin on ABO erythrocytes exposed to pesticides at selected 
concentrations of 16 mg/mL for 2,4-dichlorophenoxyacetic acid and 0.2 mg/mL for imidacloprid. Asterisks 
indicate significant differences (p < 0.05) between blood types. 

Figure 5 demonstrates the erythroprotective effect of phycocyanin at 1 mg/mL on pesticide-
exposed erythrocytes, showing an inhibition effect ranging from 31 to 89%. 

 

Figure 5. Erythroprotective effect of phycocyanin on A+, O+, and B+ erythrocytes exposed to pesticides at 
selected concentrations of 16 mg/mL for 2,4-dichlorophenoxyacetic acid and 0.2 mg/mL for imidacloprid. 
Asterisks indicate significant differences (p < 0.05) between blood types. 

2.2. In Vitro Digestion of Phycocyanin  

2.2.1. Cytotoxicity of Digested Fractions of 2,4-Dichlorophenoxyacetic Acid on ABO System 
Erythrocytes 

The cytotoxic effect of post-digestion fractions of the pesticide 2,4-dichlorophenoxyacetic acid 
was determined (Figure 6). Hemolysis levels ranged from 32 to 87%, with the bioavailable fractions 
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Figure 6. Determination of cytotoxicity of digested fractions of 2,4-dichlorophenoxyacetic acid at 18 mg/mL in 
ABO system erythrocytes. Asterisks indicate significant differences (p < 0.05) between digestion fractions. 
Results were obtained using Triton X as a positive control for 100% hemolysis and unexposed erythrocytes as 
the negative control for 0%. 

The same determination was performed at a reduced concentration of 16 mg/mL, yielding 
hemolysis values ranging from 16 to 84% across digestion phases. 

  

Figure 7. Determination of cytotoxicity of digested fractions of 2,4-dichlorophenoxyacetic acid at 16 mg/mL in 
ABO system erythrocytes. Asterisks indicate significant differences (p < 0.05) between digestion fractions. 
Results were obtained using Triton X as a positive control for 100% hemolysis and unexposed erythrocytes as 
the negative control for 0%. 

2.2.2. Cytotoxicity of Digested Fractions of Imidacloprid on ABO System Erythrocytes 

Figure 8. shows the cytotoxicity of post-digestion fractions of imidacloprid at 0.3 mg/mL, with 
hemolysis values ranging from 12 to 98% across digestion phases. 

0
10
20
30
40
50
60
70
80
90

100

A+ O+ B+

%
  H

em
ol

ys
is

Bioaccesible Biodisponible

**
*

0

20

40

60

80

100

A+ O+ B+

%
 H

em
ol

ys
is

Bioaccesible Biodisponible

**
*

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 11 September 2025 doi:10.20944/preprints202509.1011.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1011.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 19 

 

 

Figure 8. Determination of cytotoxicity of digested fractions of imidacloprid at 0.3 mg/mL in ABO system 
erythrocytes. Asterisks indicate significant differences (p < 0.05) between digestion fractions. Results were 
obtained using Triton X as a positive control for 100% hemolysis and unexposed erythrocytes as the negative 
control for 0%. 

Figure 9 shows the cytotoxicity of post-digestion fractions of imidacloprid at 0.3 mg/mL, with 
hemolysis values ranging from 5 to 98% across digestion phases. 

 

Figure 9. Determination of cytotoxicity of digested fractions of imidacloprid at 0.2 mg/mL in ABO system 
erythrocytes. Asterisks indicate significant differences (p < 0.05) between digestion fractions. Results were 
obtained using Triton X as a positive control for 100% hemolysis and unexposed erythrocytes as the negative 
control for 0%. 

2.2.3. Erythroprotective Effect of Digested Phycocyanin Fractions on ABO System Erythrocytes 
Exposed to 2,4-Dichlorophenoxyacetic Acid  

Figure 10 shows the erythroprotective effect of phycocyanin at 1 mg/mL post-digestion on 
erythrocytes exposed to 2,4-dichlorophenoxyacetic acid, with relatively low inhibition values ranging 
from 0.65 to 5%. 
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Figure 10. Determination of the erythroprotective effect of digested phycocyanin fractions at 1 mg/mL in ABO 
system erythrocytes exposed to 2,4-dichlorophenoxyacetic acid at 18 mg/mL. Asterisks indicate significant 
differences (p < 0.05) between digestion fractions. 

Figure 11 shows the erythroprotective effect of phycocyanin at 2 mg/mL post-digestion on 
erythrocytes exposed to 2,4-dichlorophenoxyacetic acid, with relatively low inhibition values ranging 
from 14 to 26%. 

 

Figure 11. Determination of the erythroprotective effect of digested phycocyanin fractions at 2 mg/mL in ABO 
system erythrocytes exposed to 2,4-dichlorophenoxyacetic acid at 16 mg/mL. Asterisks indicate significant 
differences (p < 0.05) between digestion fractions. 

2.2.4. Erythroprotective Effect of Digested Phycocyanin Fractions on ABO System Erythrocytes 
Exposed to Imidacloprid 

Figure 12 shows the erythroprotective effect of phycocyanin at 1 mg/mL post-digestion on 
erythrocytes exposed to imidacloprid, with relatively low inhibition values ranging from 0 to 2%. 
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Figure 12. Determination of the erythroprotective effect of digested phycocyanin fractions at 1 mg/mL in ABO 
system erythrocytes exposed to imidacloprid at 0.3 mg/mL. Asterisks indicate significant differences (p < 0.05) 
between digestion fractions. 

Figure 13 shows the erythroprotective effect of phycocyanin at 2 mg/mL post-digestion on 
erythrocytes exposed to imidacloprid, with relatively low inhibition values ranging from 0 to 2%  

 

Figure 13. Determination of the erythroprotective effect of digested phycocyanin fractions at 2 mg/mL in ABO 
system erythrocytes exposed to imidacloprid at 0.2 mg/mL. Asterisks indicate significant differences (p < 0.05) 
between digestion fractions. 

2.3. Unbiased Molecular Docking of C-Phycocyanin with 2,4-Dichlorophenoxyacetic Acid 

Molecular docking of the β subunit of C-phycocyanin with 2,4-dichlorophenoxyacetic acid as 
ligand was performed using ChimeraX and the AutoDock Vina plugin. 

3. Discussion 

3.1. Determination of Cytotoxicity Induced by 2,4-Dichlorophenoxyacetic Acid in ABO System Erythrocytes 

The cytotoxicity of the pesticide 2,4-D (2,4-dichlorophenoxyacetic acid) was evaluated based on 
the average consumption of foods with different maximum residue limits (MRLs), which range from 
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the food, establishing an average is essential to determine the concentrations at which this compound 
begins to be harmful when directly interacting with erythrocytes. 

Exposure of erythrocytes to concentrations of 0.1 to 0.9 mg/mL resulted in a low margin of 
damage. These concentrations did not generate statistically significant damage between blood types 
in at least the first eight concentrations. However, hemolysis percentages of up to 10% were observed 
at 0.9 mg/mL, marking the first statistically significant difference between blood groups (Figure 1). 
Although the damage generated was relatively low, this may be due to an insufficient number of 
molecules to induce significant oxidative stress. It is also important to note the possibility that 
residual proteins from whole blood remained after erythrocyte washing, which, due to their amino 
acid residues, could limit the cytotoxic potential of 2,4-D at these concentrations, even when 
following precisely the methodology described by González-Vega [5]. 

The cytotoxicity results of 2,4-D on erythrocytes showed hemolysis percentages ranging from 20 
to 97%, depending on concentration and blood type (Figure 2). The toxicity caused by 2,4-D varied 
according to concentration, and the damage did not increase linearly with increasing concentration. 
The behavior of 2,4-D lacks linearity, meaning it does not consistently produce greater damage as the 
concentration increases. This toxicological phenomenon is known as hormesis, which is related to the 
stimulation or inhibition of certain biochemical or molecular processes depending on concentration. 
For example, a low dose may inhibit a biochemical process, but a higher dose does not necessarily 
increase inhibition; instead, it may induce stimulation, the opposite effect of what is expected, as 
reported in various studies. One example is the research by Mahmoudinia [6], which concluded that 
treatment with 2,4-D induced a hormetic response in the viability and growth rate of human dental 
pulp stem cells. 

This behavior is common in studies involving plants and pharmaceuticals. Hormesis is widely 
induced by various mixtures of stress-inducing agents in plants, microbes, and other life forms that 
potentially interact with the analyzed sample. There is no single biological mechanism of hormesis, 
only general mechanisms [7]. Although the present study differs in nature, this perspective helps to 
understand the trend observed when 2,4-D interacts with erythrocytes. 

3.2. Evaluation of the Cytotoxicity of Imidacloprid in ABO System Erythrocytes 

The cytotoxicity results of the pesticide imidacloprid on erythrocytes showed hemolysis 
percentages ranging from 19 to 97%, depending on concentration and blood type (Figure 3). The 
damage caused by imidacloprid demonstrated that from 0.3 mg/mL onwards, sample saturation was 
reached, producing approximately 90% hemolysis in subsequent treatments. The initial exposure at 
0.1 mg/mL revealed a significant difference between blood groups under the same conditions. The 
B+ blood type was found to be the most susceptible to damage from imidacloprid. This result implies 
that even at low concentrations, exposure can generate differential damage depending on the 
individual’s blood type. 

Imidacloprid is a neonicotinoid pesticide characterized by rapid gastrointestinal absorption, 
leading to direct interaction with blood components. Although not intended for human use, its 
mechanism of action is similar across different organisms. Previous studies suggest that continuous 
exposure to this pesticide results in bioaccumulation, which may give rise to adverse effects not 
directly related to acute intoxication. Such exposures have been associated with deterioration of the 
central nervous system and the development of diabetes in non-target mammals [8–10]. 

3.3. Erythroprotective Effect of Phycocyanin on ABO System Erythrocytes 

After determining the cytotoxicity of the selected pesticides, representative concentrations were 
chosen for the treatments. The selected concentrations were 16 mg/mL for 2,4-dichlorophenoxyacetic 
acid and 0.2 mg/mL for imidacloprid, since higher concentrations represent limited applicability for 
determining the erythroprotective effect of phycocyanin due to the strong cytotoxicity they generate. 
Treatment with phycocyanin at 0.05 mg/mL was able to mitigate pesticide-induced damage by up to 
34%. This effect varied depending on the pesticide involved, its concentration, and the blood type 
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analyzed. In the case of 2,4-dichlorophenoxyacetic acid, blood type O+ benefited the most from 
phycocyanin treatment, followed by A+ and B+, while imidacloprid showed no significant differences 
among blood groups (Figure 4). 

Treatment with phycocyanin at 1 mg/mL was able to reduce pesticide-induced damage by up to 
90%, with the effect varying according to both the blood type and the pesticide tested (Figure 5). 
Significant differences between blood types were observed. The erythroprotective effect increased 
with higher phycocyanin concentrations. In the case of imidacloprid, significant differences were 
observed among A+, B+, and O+ blood types. For 2,4-dichlorophenoxyacetic acid, no significant 
differences were found between blood types; however, the erythroprotective effect was considerably 
higher compared to the determination at 0.5 mg/mL (Figure 4). 

The erythroprotective effect of phycocyanin is attributed to its strong antioxidant capacity, 
which is based on its amino acid residues and chromophore content that can donate electrons from 
functional groups or through resonance due to conjugated double bonds in the phycocyanobilin 
chromophore [11]. The protective effect may also be related to the high reactivity of 2,4-
dichlorophenoxyacetic acid, which makes it more prone to being scavenged given the size (220 kDa) 
and chromophore abundance of phycocyanin. This must be considered when analyzing the 
interaction with both the pesticide and the erythrocyte membrane, since the large size and 
heterogeneity of phycocyanin do not guarantee uniform binding [12]. 

The results of the erythroprotective effect of phycocyanin against pesticide-induced oxidative 
damage demonstrated differential efficiency when interacting with erythrocytes from different blood 
types. This difference is attributed to the structural heterogeneity of each group due to the 
composition of membrane carbohydrates, which alters the cellular interaction with phycocyanin. In 
other words, the interaction between both components varies because of changes in membrane 
antigens: group O presents a basic antigenic structure, group A incorporates N-acetylgalactosamine, 
and group B incorporates galactose. These differences modify the reaction microenvironment, 
polarity, and affinity with external compounds. Such structural variations influence not only the 
orientation and binding of phycocyanin to the erythrocyte membrane but also the extent of oxidative 
stress propagation induced by pesticides. 

3.4. Cytotoxicity of Digested Pesticide Fractions on ABO System Erythrocytes 

In vitro digestions were performed to evaluate the cytotoxic potential of the selected pesticides, 
simulating the fraction absorbed through the gastrointestinal tract and thereby contrasting the results 
of direct interaction with erythrocytes. The cytotoxicity of the digested fractions was assessed, where 
the bioaccessible fraction corresponds to the phase subjected to the three digestive stages without 
crossing the dialysis membrane, while the bioavailable fraction represents the phase that permeates 
the dialysis membrane. Cermeño Olmos (2016) [13] concluded that, under critical cultivation 
conditions in different vegetables, detectable values of pesticides may be found after food 
consumption with traces. However, he emphasized that for most pesticides, enzymes do not cause 
significant structural changes in xenobiotics, but rather in the food matrix, which modifies 
gastrointestinal absorption. 

The results (Figure 6) show the bioaccessible and bioavailable fractions of pesticides after in vitro 
digestion, with values of 87 and 32% in A+, 79 and 51% in O+, and 85 and 42% in B+. In all three blood 
types, a significant difference was observed between fractions, consistent with Cermeño Olmos 
(2016), indicating that the bioaccessible fraction is less biocompatible with erythrocytes than the 
bioavailable fraction. Nevertheless, the bioavailable fraction also showed the ability to generate 
damage in erythrocyte interactions, although at reduced levels due to its lower concentration. 

The determination of cytotoxic potential after digestion is essential to understanding 
mechanisms of damage. For 2,4-dichlorophenoxyacetic acid, the presence of an ionizable carboxyl 
group at physiological pH allows it to circulate more freely in the organism and be eliminated renally 
via OAT1 and OAT2 transporters. This facilitates systemic interaction, promoting mitochondrial 
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effects that generate reactive oxygen species (ROS), in addition to possible alterations of the thyroid 
endocrine system [14–16]. 

Lower concentrations of 2,4-dichlorophenoxyacetic acid (Figure 7) reduced its bioavailable 
fraction due to the efficiency of physical barriers in intestinal absorption. Added to this are in vivo 
factors such as polarity, lipophilicity, and xenobiotic molecular weight, which further hinder 
absorption, thus justifying the behavior observed in Figure 7. ATSDR (2020) reports that 2,4-
dichlorophenoxyacetic acid is rapidly absorbed after oral intake, undergoes minimal metabolism, 
and is eliminated primarily in urine, indicating that barriers such as intestinal metabolism or efflux 
are not determinants of its bioavailability. 

Similar conditions influence imidacloprid absorption, although variations occur due to its 
molecular composition. Migration across the membrane was observed; for example, in O+ (Figure 8), 
the bioavailable fraction produced a considerably lower percentage of hemolysis compared to the 
bioaccessible fraction. While the initial concentration induced 97% hemolysis, the bioavailable 
fraction caused only 13%, corresponding to an approximate concentration of 0.22 mg/mL. This trend 
was consistent across all blood groups. As shown in Figure 9, although concentrations were lower, 
both fractions continued to generate damage, with significant differences between bioaccessible and 
bioavailable fractions after in vitro digestion. 

In Figure 9, all three blood types exposed to the bioaccessible fraction showed hemolysis values 
of around 90%. In contrast, the bioavailable fraction showed lower hemolysis percentages ranging 
from 5 to 22%, depending on blood type. The concentration of the bioavailable fraction was 
determined after dialysis as 0.171 mg/mL using a spectrophotometric calibration curve of different 
imidacloprid concentrations. 

As with 2,4-dichlorophenoxyacetic acid, the gastrointestinally absorbed fraction of imidacloprid 
induces adverse health effects beyond direct cellular damage. Once in the organism, imidacloprid is 
metabolized primarily in the liver via cytochrome P450 enzymes, producing metabolites such as 5-
hydroxy-imidacloprid, imidacloprid-olefin, and, of particular relevance, desnitro-imidacloprid. This 
metabolite exhibits affinity for nicotinic acetylcholine receptors in mammals, generating indirect 
neurotoxicity. Moreover, both the unmetabolized compound and its metabolites increase ROS 
production, enhancing the activation of signaling pathways such as Nrf2 and NF-κB, thereby 
promoting chronic inflammation, lipid peroxidation, and a general imbalance in the antioxidant 
system. According to several authors, continuous exposure to this pesticide amplifies systemic 
oxidative damage and predisposes to metabolic alterations and endothelial dysfunction [17–20]. 

3.5. Erythroprotective Effect of Digested Phycocyanin Fractions on ABO System Erythrocytes Exposed to 
2,4-Dichlorophenoxyacetic Acid  

Similar to pesticides, phycocyanin must undergo the digestive process to yield bioavailable 
fractions. These fractions were tested for their ability to inhibit damage caused by previously 
evaluated pesticide concentrations, in order to assess their erythroprotective potential once absorbed 
by the organism and to contrast their inhibitory action on erythrocytes. Figure 10 shows the 
erythroprotective effect after digestion, with maximum inhibition values of 5% in the bioaccessible 
fraction and 3% in the bioavailable fraction for A+, which exhibited the highest percentages. These 
values are almost negligible against 18 mg/mL concentrations of 2,4-dichlorophenoxyacetic acid. This 
behavior is primarily due to the fact that, during in vitro digestion, the initial concentration is diluted 
by digestive enzymes and buffer, reducing its erythroprotective potential in addition to the high level 
of damage generated by the pesticide. Based on these results, subsequent determinations were 
carried out using higher phycocyanin concentrations and lower pesticide exposure levels (Figure 11). 

In the case of 2,4-dichlorophenoxyacetic acid at 16 mg/mL (Figure 11), the erythroprotective 
effect was observed in both digested fractions despite dilution. Inhibition percentages of up to 23% 
were recorded in the bioavailable fraction. These percentages varied according to blood type, with 
significant differences observed between O+ and B+ across digestion fractions. This effect can be 
attributed to conformational changes induced by digestive enzymes, which through hydrolysis 
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generate smaller fragments compared to the complete protein, which naturally exists as two alpha-
beta hexamers. In this form, phycocyanin has a molecular weight of approximately 480 kDa, 
classifying it as a large protein. Cleavage of peptide chains increases the reactive surface area 
available for interaction with both the pesticide and erythrocytes. Moreover, the generation of protein 
fragments results in the exposure of phycocyanobilin chromophores within the protein, theoretically 
enhancing its antioxidant potential. This explains why the protective effect was observed despite the 
dilutions generated during in vitro digestion [21,22]. 

Thus, increasing the concentration of phycocyanin resulted in a greater erythroprotective effect; 
however, the potential of this protein could be further exploited through the use of more aggressive 
hydrolysis methods, which would also facilitate intestinal absorption. 

3.6. Erythroprotective Effect of Digested Phycocyanin Fractions on ABO System Erythrocytes Exposed to 
Imidacloprid 

The trend observed at higher concentrations was also maintained with imidacloprid. The levels 
of damage generated limited the erythroprotective potential, yielding almost negligible values in 
both fractions across the three blood types (Figure 12). 

When the exposure concentration was reduced and the concentration of phycocyanin in the 
digested fractions was increased, the erythroprotective effect was preserved even after dilution 
during the assay. Inhibition values reached nearly 50% in the bioaccessible fraction and maintained 
effectiveness up to 20% in the bioavailable fraction (Figure 13). The determination of the 
erythroprotective effect against imidacloprid revealed a more favorable interaction compared to 2,4-
dichlorophenoxyacetic acid. 

The greater erythroprotective efficacy against imidacloprid can be explained by the fact that its 
toxicity in erythrocytes is predominantly oxidative and occurs at the membrane interface, where 
digested phycocyanin fractions scavenge radicals and stabilize the lipid bilayer. In contrast, 2,4-
dichlorophenoxyacetic acid combines an oxidative component with anion-dependent and 
proteotropic mechanisms, which are less sensitive to ROS neutralization alone, resulting in 
comparatively lower protection [22–24]. 

3.7. Unbiased Molecular Docking of C-Phycocyanin with 2,4-Dichlorophenoxyacetic Acid 

Molecular docking revealed nine potential binding sites between the beta subunit of C-
phycocyanin and the pesticide 2,4-D as ligand (Figure 14A). The docking results showed binding 
energies ranging from –4 to –5 kcal/mol, suggesting moderate to low affinity (Figure 14B). These 
values are better interpreted as transient contacts resulting from steric hindrance rather than a specific 
binding site. It is proposed that 2,4-D, which exists in an anionic form at physiological pH, could form 
hydrogen bonds or ionic pairs with surface residues such as lysine, arginine, or histidine, and may 
even weakly stack with the tetrapyrrolic ring of the phycocyanobilin chromophore [25]. 
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Figure 14. Molecular docking of 2,4-dichlorophenoxyacetic acid with the β subunit of phycocyanin. 

2,4-D does not require a protein residue or enzymatic activation to damage cell membranes, its 
mechanism of action may be based on the direct oxidation of structural cell components. 
Nevertheless, due to the complexity of the molecule, these weak interactions may mitigate damage 
by neutralizing ROS produced by the pesticide through ligand scavenging. Such a mechanism 
becomes more feasible at higher concentrations [26–28]. 

The docking scores, RMSD l.b. values, and poses obtained do not suggest a relationship between 
the ligand interaction and the chromophoric sites of the protein, neither in terms of affinity nor 
biological function (Figure 14C). Since phycocyanin does not present a defined active site, its main 
points of interest are Cys82 and Cys153 of the beta chain, which anchor the chromophores to the 
protein backbone (Figure 14D). The interactions observed in the docking instead support the 
existence of “grooves” with low steric hindrance that generate moderate attraction through amino 
acid residues such as Lys, Arg, and His, which are capable of forming hydrogen bonds or ionic 
interactions [29]. 
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4. Materials and Methods 

4.1. Evaluation of the Cytotoxicity of Pesticides and Phycocyanin 

Red blood cell (RBC) samples from A, B, and O blood types with positive Rh factor were 
collected by venipuncture in EDTA tubes. Inclusion and exclusion criteria were detailed in the 
informed consent provided to each volunteer. A 2% erythrocyte suspension was prepared from all 
blood groups by washing the cells with physiological saline until the plasma was completely 
removed (transparent supernatant). In Falcon tubes, 3000 µL of physiological saline + 1000 µL of 
blood were added and centrifuged for 10 minutes at 252 × g. The supernatant containing saline and 
platelets was removed, and 3000 µL of saline solution were added to the erythrocytes, followed by 
centrifugation for 10 minutes at 252 × g. This procedure was repeated two more times. The 
supernatant (saline solution and plasma) was discarded, and 5000 µL of physiological saline were 
added to the erythrocytes to obtain a 2% erythrocyte suspension. 

Subsequently, 100 µL of erythrocyte suspension were mixed with 100 µL of 2,4-
dichlorophenoxyacetic acid solution (herbicide) at concentrations of 2–20 mg/mL. Additionally, 100 
µL of erythrocyte suspension were mixed with 100 µL of imidacloprid solution (insecticide) at 
concentrations of 0.1–0.5 mg/mL. The positive control consisted of 100 µL of 10% Triton + 100 µL of 
erythrocyte suspension, since this treatment completely disrupts the cell membrane, while the 
negative control was the erythrocyte suspension without treatment. Samples were incubated in a 
thermostatic water bath (BIOBASE series, SKU 56202) for 3 hours at 37 °C with gentle agitation at 40 
rpm. After incubation, the samples were centrifuged for 10 minutes at 252 × g. 

Then, 300 µL of the supernatant were transferred to wells of a microplate (Thermo Scientific, 
Multiskan SkyHigh, USA). Each sample was analyzed in triplicate at 540 nm. Cytotoxicity was 
evaluated by determining the percentage of hemolysis using Equation 1 [5]. 

Equation 1: % ℎ𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 =  ஺೘ି஺೎ష஺೎శି஺೎ష  𝑥 100 

Where Aₘ is the absorbance of the pesticide-treated samples, A₍c+₎ is the absorbance of the 
positive control, and A₍c–₎ is the absorbance of the negative control. 

4.2. Erythroprotective Effect of Phycocyanin 

Phycocyanin was used to evaluate its protective effect on erythrocytes damaged by free radical 
formation induced by pesticides. For this purpose, Falcon tubes were prepared with 100 µL of 2% 
erythrocyte suspension + 100 µL of phycocyanin at concentrations ranging from 0.05 to 1 mg/mL + 
100 µL of each pesticide solution at different concentrations (16 and 18 mg/mL for 2,4-
dichlorophenoxyacetic acid; 0.2 and 0.3 mg/mL for imidacloprid). The positive control consisted of 
100 µL of pesticide at concentrations producing more than 50% hemolysis as an oxidative stress 
generator + 100 µL of erythrocyte suspension, while the negative control was the erythrocyte 
suspension without treatment. Samples were incubated in a thermostatic water bath (BIOBASE 
series, SKU 56202) for 3 hours at 37 °C and 40 rpm, followed by centrifugation for 10 minutes at 252 
× g. 

Subsequently, 300 µL of the supernatant were transferred into microplate wells [5]. Each 
solution was analyzed in triplicate. Finally, the microplate was read on a spectrophotometer at 540 
nm to determine the erythroprotective effect of phycocyanin, expressed as the percentage of 
hemolysis inhibition according to Equation 2. 

Equation 2: % 𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 ஺಴శି(஺೘ି ஺೎ష)஺೎శ  𝑥 100 

Where Aₘ is the absorbance of the treated samples, A₍C+₎ is the absorbance of the positive 
control, and A₍C–₎ is the absorbance of the negative control [5]. 

4.3. In Vitro Digestion of Pesticides and Phycocyanin 

In vitro digestion of the pesticides 2,4-D (16 and 18 mg/mL) and imidacloprid (0.2 and 0.3 
mg/mL), as well as phycocyanin (1 and 2 mg/mL), was carried out to analyze the bioaccessible 
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fractions (samples available for intestinal absorption) and the bioavailable fractions (samples that 
cross the intestine and reach circulation), following the methodology of Rodríguez-Roque [30] with 
modifications. Samples were exposed to digestive enzymes (amylase, pepsin, and pancreatin). They 
were first mixed with an α-amylase solution (pH 7, 100 U/mL) for 2 min at 37 °C. Subsequently, the 
samples were acidified with 6 M HCl to reach pH 2. A portion of 1 mL of pepsin (315 U/mL) (Sigma, 
P7012-5G) and 1 mL of distilled water were added, and the samples were incubated at 37 °C and 80 
rpm for 2 h. 

After incubation, the samples were neutralized (pH 7) with 1.25 M NaHCO₃, followed by the 
addition of 700 µL of pancreatin (4 mg/mL) (Sigma, P1750-100G). The mixtures were homogenized 
and placed in a water bath with agitation (80 rpm) at 37 °C for 4 h. A dialysis membrane (12,000 kDa, 
Sigma) was used to separate the bioaccessible fraction (retained inside the membrane) from the 
bioavailable fraction (that passed through the membrane). 

Both fractions were then centrifuged at 800 × g for 10 min at 4 °C, and the percentage of 
hemolysis induced by the pesticides as well as the percentage of hemolysis inhibition by phycocyanin 
were determined. 

4.4. Molecular Docking of 2,4-Dichlorophenoxyacetic Acid  

4.4.1. Protein Structure Retrieval (β Subunit of Phycocyanin) 

A search was performed in the Protein Data Bank (PDB) to obtain the crystallographic structures 
of the β subunit of phycocyanin. Since separate structures were not available, the complete C-
phycocyanin model (Pdb_00001gh0) was downloaded, and the α and β chains were separated using 
ChimeraX software. The structures were then prepared by removing ligands, ions, and non-essential 
water molecules. Polar hydrogens were added, and partial charges were assigned. The resulting files 
were saved in .pdbqt format, compatible with the molecular docking engine. 

4.4.2. Ligand Preparation (2,4-Dichlorophenoxyacetic Acid) 

The molecular structures of 2,4-dichlorophenoxyacetic acid – 2,4-D (CID: 1486) were 
downloaded from the PubChem database in .SDF format. These files were converted to .pdb format. 

4.4.3. Molecular Docking 

Molecular docking was carried out using ChimeraX as the interface and AutoDock Vina as the 
docking engine. A grid box was defined to encompass the protein surface of each subunit separately. 
Each ligand (2,4-D) was docked individually to the β subunit of phycocyanin. The search parameters 
were configured to obtain a minimum of nine different poses per compound [31]. 

4.4.4. Post-Docking Analysis 

After docking, the binding free energy values (in kcal/mol) were analyzed to select the most 
stable poses. The resulting complexes were then visualized in ChimeraX to identify relevant 
interactions such as hydrogen bonds, hydrophobic interactions, and ionic bonds. The residues 
involved in each ligand interaction were identified and documented. Three-dimensional images of 
the complexes were generated, highlighting the most relevant interactions and their positions on the 
binding surface [32]. 

5. Conclusions 

Cytotoxicity studies in erythrocytes exposed to 2,4-dichlorophenoxyacetic acid (2,4-D) and 
imidacloprid demonstrated significant differences among blood types in susceptibility to oxidative 
damage and membrane destabilization. For 2,4-D, blood type A+ was the most affected, followed by 
B+ and O+, whereas in the case of imidacloprid, the highest susceptibility was observed in blood type 
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B+, followed by A+ and O+. Phycocyanin exhibited an erythroprotective effect against pesticide-
induced oxidative stress even at low concentrations, with efficacy varying by blood type. 

In vitro digestion confirmed that the bioaccessible and bioavailable fractions of pesticides retain 
their ability to induce damage in erythrocytes, while phycocyanin maintained its protective activity 
across all blood groups. Molecular docking identified interactions of phycocyanin within the polar 
grooves of the β subunit, suggesting a mechanism of action based on its scavenging capacity. 

These findings indicate that phycocyanin has relevant potential as a natural antioxidant agent, 
with a mechanism of action associated with free radical scavenging, positioning it as a promising 
alternative to mitigate the cytotoxic effects of pesticides in biological systems. 
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