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ABSTRACT: Anticancer peptides are increasingly being considered
as alternative treatments for cancer due to their potency, selectivity,
and low toxicity. Previously, the peptide LfcinB (21−25)Pal showed in
vitro anticancer effects against the Caco-2 colon cancer cell line (half-
maximal inhibitory concentration (IC50): 86 μM). In this study, we
developed modifications to the peptide sequence to increase its
anticancer activity. Sequence modifications were made such as the
inclusion of amino hexanoic acid (Ahx), N-terminal biotinylation,
acetylation, and substitutions of Orn for Arg and/or D-Arg by L-Arg.
The molecules were synthesized using manual solid-phase peptide
synthesis (SPPS), and their synthetic feasibility (SAScore) ranged
from 6.2 to 7.6. The chromatographic purities of the synthesized
peptides were greater than 89%. We found that Ahx-
RWQWRWQWR and RWQWRWQW-Orn showed activity against both Caco-2 and HT-29 cell lines and decreased IC50 values
by approx. 50% in Caco-2 cells (IC50: 40 μM) when compared to the parent peptide RWQWRWQWR. Moreover, the modified
peptides demonstrated lower hemolytic effects, with values <10% at 200 μg/mL. Toxicity was assessed using the Galleria mellonella
model and the half-maximal lethal dose (LD50) for the best peptides was >100 mg/kg, indicating that their toxicity is classified as
moderately toxic or lower. In contrast, cisplatin showed an LD50 of 13 mg/Kg. The designed anticancer peptides presented good in
vitro activity and low toxicity, making them promising molecules for future drug development studies.

■ INTRODUCTION
The development of selective cancer treatments remains a
challenge despite significant research efforts. Current novel
therapies are costly, and the mortality rate remains high.
Additionally, chemotherapy resistance has emerged as a new
challenge in the fight against cancer, highlighting the need for
designing drugs beyond traditional molecules.1

Colon cancer incidence has decreased over the years;
however, it is still a leading cause of death.2 Furthermore, the
prevalence of this cancer has shifted from older patients to the
younger population (<50 years old), an age group where
screening is limited.3 Additionally, cases have increased in
middle- and low-income countries,4 raising concerns about the
efficacy of early detection and treatment options, particularly at
more advanced stages.5,6

Therapies focused on exploiting the differences between
cancer cells and normal cells could potentially increase
selectivity and decrease side effects. Normal cells typically
exhibit a zwitterionic nature, resulting in an overall neutral
charge. They possess phosphatidylcholine and sphingomyelin

on their external surface. In contrast, cancer cells predom-
inantly display phosphatidylserine and phosphatidylethanol-
amine, contributing to a negative charge on their membrane.
Also, cancer cells exhibit other molecules such as O-
glycosylated mucins, sialylated gangliosides, and certain
metabolic features that contribute to their negative charge.7,8

These alterations in phospholipids have been observed in
human colorectal cancer cells, with cancer cells showing
elevated expression of phosphatidylcholine and phosphatidy-
lethanolamine.9 Furthermore, the presence of sialic acid in the
membrane is associated with tumorigenesis and cancer cell
migration.10
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This negative charge present on cancer cell membranes
serves as a starting point for selective electrostatic recognition
with cationic molecules, such as cationic peptides, which are
part of some called anticancer peptides (ACPs). Similarly, it
has been demonstrated that alterations in lipid-associated
pathways in cancer cells result in the presence of cholesterol on
their membranes, making them more fluid.11,12 This increased
fluidity facilitates their internalization of anticancer peptides.
Furthermore, the presence of microvilli on the cancer cell
surface membrane leads to an increased surface area, allowing
for enhanced interactions with peptides.7,13 Following the
initial electrostatic recognition, peptides can exert their activity,
which could include oncolytic, target-mediated, or pro-
apoptotic activities, among others.14

ACPs are recognized as promising alternative strategies in
the fight against cancer owing to their selectivity, low toxicity,
and efficacy. ACPs typically possess cationic charges due to the
presence of arginine (Arg), lysine (Lys), and histidine (His), as
well as hydrophobic amino acids, which enable an optimal
balance for cell permeability. However, the widespread use of
peptides faces challenges due to certain disadvantages, such as
low stability, which can result in reduced in vivo effectiveness.15

Nonetheless, the advantages outweigh these disadvantages, as

evidenced by the steadily increasing number of peptides
available in the market.7

Among the ACPs, the palindromic peptide derived from
bovine lactoferricin (LfcinB), RWQWRWQWR [Pal], has
demonstrated antifungal, antibacterial, and anticancer effects
against breast and colon cancer cell lines.16,17 In previous
studies, we investigated the impact of Arg/Lys changes on the
antimicrobial activity of the molecule, revealing that the Lys
analogue exhibited similar antibacterial activity and lower
hemolytic activity.18 We also explored the modification of net
charge quantity and its effect on breast cancer cell lines, finding
that the effect was not solely dependent on the charge but also
on its location (N or C terminal).19 This observation drew our
attention to specific amino acid changes. In this study, we
report the enhanced anticancer activity of the palindromic
sequence through modifications aimed at medicinal chemistry
optimization. Additionally, we utilized the Galleria mellonella
model to assess toxicity.

■ RESULTS AND DISCUSSION
The palindromic peptide [Pal] has previously demonstrated
anticancer activity against the Caco-2 colon cancer cell line.
This peptide has a palindromic sequence consisting of nine

Figure 1. Structural characteristics of the [Pal] peptide. (A) Chemical structure and (B) helical structure from the PEP-FOLD server.24,25 (C)
Helical wheel structure. The heatmap was plotted by https://www.bioinformatics.com.cn/en, a free online platform for data analysis and
visualization. (D) Maestro−Schrödinger’s projection.
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residues. The circular dichroism spectra showed that in
solution, this peptide adopts a random coil secondary
structure.17 It is currently unclear whether it adopts an α
helical conformation upon contact with the cell, and future
biophysical studies are planned to address this matter.
However, it has been suggested that anticancer peptides
acquire helical conformation when they interact with curved
hydrophobic surfaces such as small unilamellar vesicles (SUVs)
or sodium dodecyl sulfate (SDS) micelles. Peptides have
shown varying degrees of helicity in different environments,
but they consistently exhibit a higher tendency to form an α-
helical structure in anionic environments (e.g., cancer cell
surface),20−22 which must be evaluated and is beyond the
scope of this study. To investigate the effect of changes in the
palindromic sequence on the helical wheel representation of
these peptides, we compared the helical wheel representations
of the palindromic peptide and its analogues. This prediction
tool can be used to describe the orientation of side chains of
amphipathic sequences such as LfcinB and analogous
sequences. For this type of sequence, two possible behaviors
have been described: (i) random coil peptides may adopt
secondary structure conformations (α helix) when interacting
with the cell membrane and (ii) it has been suggested that
LfcinB forms aggregates as a prerequisite for interacting with
the cell membrane, these aggregates possibly result from the
interaction between the nonpolar faces of the sequence. From
this, it is intended to establish whether the changes of amino
acids in the palindromic sequence affect the polarity of the
faces using the helical conformation as a basis.23 In addition,
helical prediction serves as a valuable starting point for the
rational design and engineering of peptides. It facilitates the
identification of specific regions within the peptide that can
guide a systematic and informed design approach.
The helical wheel representation (of the possible helical

structure) reveals that the peptide possesses a well-defined
polar cationic side, which is flanked by two hydrophobic
regions containing tryptophan (Trp) residues and one
noncharged polar side composed of glutamine (Gln) (Figure
1C). Previous studies in breast cancer have shown that
substituting any residue with Ala results in a loss of activity,17

underscoring the importance of each residue in the anticancer
activity.
In the structure (Figure 1), all of the Arg residues are

positioned on one face, which could facilitate the initial
electrostatic interaction with the cell membrane. Subsequently,
the presence of Trp residues may favor hydrophobic
interactions with the membrane lipid bilayer. The precise
location of these residues in a structurally well-defined manner
is responsible for the amphipathic properties of the peptide.

To enhance the anticancer activity of the palindromic
peptide, we introduced modifications while retaining the
previously mentioned structural features. The modifications
encompassed the following: N-terminal amino hexanoic (Ahx)
incorporation or biotinylation, acetylation, and substitutions of
L-Arg by D-Arg (dR) and/or ornithine (Orn). These
modifications were carefully designed to preserve the cationic
and hydrophobic features of the peptide while improving its
selective anticancer activity. The results suggest that some
modified versions of the palindromic peptide hold promise for
advancing the development of more potent and targeted
anticancer therapies.
First, the synthetic in silico feasibility of the peptides was

determined using the ADMETLab 2.0 platform26 and
SAScore.27 These results correlate with the experimental
findings, which revealed significant challenges when dealing
with longer sequences. The results ranged from 6.2 to 7.6 on a
scale of 1 to 10, with 10 indicating the most challenging
molecule to synthesize. These peptides consist of short linear
motifs, making Fmoc solid-phase peptide synthesis (Fmoc/
tBu-SPPS) generally straightforward. Therefore, this platform
was valuable in assessing the synthetic process’s feasibility and
ranking its efficiency.27 In this case, the synthesis was directly
correlated with the peptide sequence’s length (Table 1 and
Figure S11).
All peptides were successfully synthesized and characterized,

achieving chromatographic purities above 89%. The mass
analysis confirmed that the observed values matched the
expected values. Notably, none of the modifications signifi-
cantly altered the peptides′ retention time, suggesting minimal
changes in their hydrophobic properties.
The molecules were evaluated for their anticancer activity

against colon cancer cell lines HT-29 and Caco-2 (Table 2 and
Figures S10 and S12). Cell viability assays were performed,
revealing that the HT-29 cell line exhibited higher resistance to
the treatment. The first approach to increase the potency was
to include biotin. This choice was based on the presence of a
higher quantity of vitamin receptors on the surface of some
cancer cells, potentially increasing the cell permeability of the
molecules.28 Additionally, the biotinylated peptide could serve
as a probe for analyzing the mechanism of action of the
peptide.29

For the design of this modified molecule, amino hexanoic
acid (Ahx) was used as a linker/spacer.31 However,
biotinylation resulted in the complete loss of activity against
both cancer cell lines. To understand this effect, the theoretical
value of log P was examined. It was observed that the presence
of biotin significantly modified this property compared to the
parent peptides, rendering the molecule more lipophilic.

Table 1. Characterization of the Obtained Peptides

RP-HPLC

code sequence tR (min) purity (%) expected mass obtained mass SAscore

[Pal] RWQWRWQWR 6.4 99 1485.76 1486.14 6.3
Ahx-[Pal] Ahx-RWQWRWQWR 6.3 99 1599.88 1598.82 6.6
Biotin-Ahx-[Pal] Biotin-Ahx-RWQWRWQWR 6.9 91 1824.93 1824.91 7.6
1[dR][Pal] dRWQWRWQWR 6.4 89 1485.76 1485.74 6.2
1[Orn] [Pal] Orn-WQWRWQWR 6.4 95 1443.74 1443.74 6.2
5[Orn] [Pal] RWQW-Orn-WQWR 6.4 96 1443.74 1444.61 6.2
9[Orn] [Pal] RWQWRWQW-Orn 6.3 94 1443.74 1443.72 6.2
1[dR] 5[Orn] [Pal] dRWQW-Orn-WQWR 6.3 95 1443.74 1443.74 6.2
CH3CO-Ahx-[Pal] CH3-CO-Ahx-RWQWRWQWR 6.6 98 1640.86 1640.84 6.7
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Previous reports have indicated that increasing the lipophilicity
of ACPs, such as through the use of lipids or hydrophobic
amino acids, can enhance their activity.32,33 However, the ideal
lipophilicity value for optimal activity remains undefined.
Further investigations are required to elucidate the precise
mechanisms underlying the relationship between lipophilicity
and the activity of these anticancer peptides.
Predicting log P in peptides can be challenging and less

straightforward compared to small molecules. Moreover,
certain software tools may have limitations, such as the
inability to handle long peptide sequences or unnatural
residues, which can hinder accurate log P prediction. In this
study, log P calculations were performed using the ADMET-
Lab platform. The log P value, as described by this algorithm,
represents the logarithm of the molar concentration. According
to this platform, molecules with log P values ranging from 0 to
3 are considered druggable.26 While log P serves as an initial
approach to understanding the physicochemical characteristics
of the peptides in this study.
The peptide containing only the Ahx residue was

synthesized to assess whether the loss of activity was
attributable to the linker inclusion. Interestingly, the cytotoxic
activity against HT-29 was maintained, while the effect on
Caco-2 cells was enhanced by 2-fold. This discrepancy in
activity suggests distinct interaction patterns between the
peptides and the two cell lines. Despite Ahx being a
hydrophobic amino acid itself,31 in the in silico analysis, its
presence in the peptide led to a decrease in overall

lipophilicity, possibly due to changes in the arrangement of
the molecule by changing intermolecular interactions. None-
theless, the inclusion of Ahx is unlikely to interfere with the
interaction between the peptide’s cationic charges and the cell
membrane, assuming that the peptides adopt an α helical
conformation (Figure 2A).
To further investigate the observed effect, the acetylated

moiety was introduced to determine if it was solely responsible
for the loss of activity rather than the voluminosity of biotin.
Surprisingly, the activity against HT-29 cells was completely
abolished at the evaluated concentrations, while it increased
against Caco-2 cells. The results showed that peptides Ahx-
[Pal] and CH3CO-Ahx-[Pal] presented higher anticancer
activity in Caco-2 cells than in HT-29 cells.
To explore the impact of chirality on the activity of the

molecules, we investigated the effect of changing the chirality
of the N-terminal Arg residue in the parent sequence. This
modification had a significant effect on the peptide’s
effectiveness, leading to a complete loss of activity in the
HT-29 cell line and a decrease in activity in Caco-2 cells. This
suggests that the positioning of the amine group is also crucial
for the peptide’s activity. Notably, this modification did not
result in any significant change in the molecule’s polarity. This
result suggests that the peptide−cell interaction could be
conformational in nature.
Considering the significant influence of the peptide’s

cationic charge on its activity, we further examined whether
modifying the amino acid responsible for this effect, Arg, could
have implications. To explore this, sequential changes of Arg/
Orn were introduced. These modifications were guided by the
knowledge that while Arg is critical for selective membrane
recognition, it may also impact the peptide’s selectivity.34

Additionally, recognizing that both Arg and Lys are susceptible
to proteolytic degradation, we opted to use Orn, an unnatural
amino acid, for these modifications.
At this point, it is interesting to note that when analyzing the

chemical structure of the cationic residues that positively
influenced the activity of the peptides (Figure 3), there were
differences in the nature of the cationic charge (when
comparing the guanidinium group of Arg to the amino
group of Orn and Ahx). It is currently recognized that the
guanidinium groups exert stronger interactions with the cell
membrane;18,35 however, the variations in the number of
carbon atoms in the side chain of Orn and Ahx, could

Table 2. Log P of the Molecule Determined in ADMETLab
2.0 Software30 and Inhibitory Concentration (IC50) of
Peptides against Colon Cancer Cell Lines

IC50 (μM/μg/mL)

code log P HT-29 Caco-2

[Pal] 0.24 100/149 86/127
Ahx-[Pal] −0.64 119/190 40/65
Biotin-Ahx-[Pal] 1.21 >110/>200 >110/>200
CH3CO-Ahx-[Pal] 0.84 >122/>200 31/52
1[dR][Pal] −0.05 >135/>200 105/155
1[Orn] [Pal] 0.25 >138/>200 91/132
5[Orn] [Pal] 0.47 >138/>200 64/92
9[Orn] [Pal] 0.25 109/157.5 40/58
1[dR] 5[Orn] [Pal] −0.92 >138/>200 109/158

Figure 2. Helical wheel conformation prediction of peptides (A) Ahx-[Pal] and (B) 9[Orn] [Pal]. The heatmap was plotted by https://www.
bioinformatics.com.cn/en, a free online platform for data analysis and visualization.
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potentially impact the distance of intermolecular interactions
occurring with the membrane.
In the original sequence, there were three Arg residues and

changes at positions 1 and 5 resulted in a loss of activity, even
though the palindromic nature of the molecule was
maintained, as observed with the 5[Orn] [Pal] variant.
Interestingly, one of the modifications, 9[Orn] [Pal] (Figure
2B), preserved the activity against HT-29 cells and exhibited a
2-fold increase in potency against the Caco-2 cell line. This
finding highlights the potential importance of future
modifications at this specific position. Moreover, upon contact
with the cells for 2 h, morphological changes were observed,
including cell shrinkage and membrane blebbing, which are
characteristic apoptotic changes (Figure 4).
After studying the effect against colon cancer cells, we

analyzed the cytotoxicity against control cell lines; as an initial
evaluation of the selectivity, we tested the effect over human
fibroblasts, HEK-293, and Vero cells (Table 3 and Figure 5).
Over the three cell lines, Vero cells were the most susceptible
to the effect of the peptide. Vero cells can be used as a model
for in vitro toxicity due to their high use and susceptibility.36,37

The modified peptides showed better selectivity, especially
when compared to Caco-2 cells, which means that in this case,
the modifications improved the selectivity at the IC50
concentration. However, at the maximum tested concentration,
there were no significant differences. In contrast, both modified
peptides lost selectivity against fibroblast, and there were no
significant differences in the effect over HEK-293, while
micrographs show cell damage at 200 μg/mL.
None of the modified peptides exhibited a significant

hemolytic effect at the highest concentration tested, indicating
a favorable safety profile for these peptides. This observation
aligns with the in silico predictions obtained from the
HAPPENN platform, which assigned a normalized sigmoid
score of 0.033 for the hemolytic potential of the parent peptide
[Pal]. The scoring system ranges from 0 to 1, with 1
representing the highest likelihood of hemolysis.38 This
positive correlation between experimental and in silico findings
facilitates the screening of molecules during hit studies,
enhancing the efficiency of the screening process. However,
the HAPPENN platform currently lacks the capability to
analyze peptides with unnatural residues, which could be
needed for further analysis.
We also wanted to predict the protein plasma binding (%

PPB) by using ADMETLab 2.0, as some other known

platforms are not designed for such large molecules; however,
further studies need to be done to corroborate these results. All
three molecules presented a %PPB ranging between 66.7 and
76.1. This moderate binding could indicate useful insights into
stability and distribution, which is known to be low for linear
peptides.39

We proceeded to assess the toxicity of the most promising
peptides using the Galleria mellonella toxicity model. For this
evaluation, we selected a maximum concentration of 100 mg/
Kg and conducted acute toxicity testing over a period of 10
days (Figure 6). Interestingly, none of the peptides
demonstrated significant toxicity, in contrast to the control

Figure 3. Structure of the residues: arginine, ornithine, and amino hexanoic acid.

Figure 4. Micrography of HT-29 and Caco-2 colon cancer cells
treated with peptides at the maximum peptide concentration (200
μg/mL) using an AxioCam ICc1 camera (scale bar: 100 μm).
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cisplatin group, which exhibited a mortality rate of 93%
(Figure 6A). Furthermore, we specifically analyzed the
modified peptide 9[Orn] [Pal] at concentrations ranging
from 20−100 mg/Kg (Figure 6B). Notably, this peptide did
not show any significant toxicity.
When making a similar analysis with cisplatin, we found

dose-dependent concentrations (10−100 mg/kg), which
presented complete mortality at 40 mg/kg (Figure 6C). By
linearizing the obtained results within the range of 10−40 mg/
kg, we determined the LD50 for cisplatin to be 13 mg/Kg (y =
93.75x − 55.21; r2 = 0,74), a value that partially correlates with

previous studies on Galleria (60% of mortality at 33 mg/kg40)
and mice (15.3 ± 1.6 mg/kg41). Interestingly, after 30 min of
treatment, the larvae exhibited visible muscle contractions
throughout their entire bodies in the form of tremors. These
tremors could potentially be attributed to the locomotor effects
resulting from the well-established neurotoxicity of cisplatin.41

This correlation, while adhering to the principles of 3Rs
(replacement, reduction, and refinement), makes this model
valuable to provide insights into the potential toxicity of
compounds, useful in the preliminary toxicity assessments.
These results underscore the potential of the tested peptides as
safer alternatives to traditional chemotherapy drugs, such as
cisplatin, with reduced likelihoods of adverse effects.
Due to the possibility of colon cancer metastasizing to other

organs, including the prostate,42,43 we conducted an analysis of
the peptides′ effect over the Du-145 cell line (Table 4 and
Figure 7). This study represents the first report on the effect of
the parent peptide on a prostate cancer cell line. Prior to this,
the peptide had demonstrated effects over breast, colon, and
oral cancer cell lines, expanding the spectrum effect of its
anticancer activity. Interestingly, we noticed that there was a
complete loss in activity when the Ahx was added; therefore,
we identified the parent peptide and 9[Orn] [Pal] as the most
promising molecules based on their potential therapeutic
efficacy.

■ CONCLUSIONS
A series of modifications were made to the palindromic
peptide [Pal] derived from the bovine lactoferricin sequence.
Within this study, we found that the parent peptide and the
modification 9[Orn] [Pal] presented activity against the HT-29
and Caco-2 colon cancer cell lines and Du-145 prostate cancer
cell line. The absence of significant hemolytic effects and the

Table 3. Cytotoxic Activity of Peptides against Control
Cellsa

CC50 (μM/μg/mL)

cell line [Pal] Ahx-[Pal] 9[Orn] [Pal]

HEK-293 68/101 86/132 51/74
Vero 21/31 40/64 46/67
fibroblasts >134/>200 98/157 55/79
hemolysis (%)* 13.2 7.7 6.6

Selectivity Index

HEK-293/HT-29 0.7 0.7 0.5
HEK-293/Caco-2 0.8 2.2 1.3
Vero/HT-29 0.2 0.3 0.4
Vero/Caco-2 0.2 1.0 1.2
fibroblasts/HT-29 >2.0 0.8 0.5
fibroblasts/Caco-2 >2.5 2.5 1.4
erythrocytes/HT-29 1.3 >1.1 >1.3
erythrocytes/CaCo-2 1.6 >3.1 >3.4

aHemolytic activity was evaluated at 200 μg/mL*. The selectivity
index (SI) was defined as CC50/IC50, and in erythrocytes,
hemolysis10%/IC50.

Figure 5. Micrography of fibroblast, HEK-293, and Vero cells treated with peptides at the maximum peptide concentration (200 μg/mL) using an
AxioCam ICc1 camera (Scale bar: 100 μm).
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favorable safety profiles observed in the Galleria mellonella
model provide promising evidence for the potential clinical
applications of these peptides. Our findings underscore the
potential of the peptides as safer alternatives to traditional
chemotherapy drugs like cisplatin (LD50 in Galleria mellonella
of 13 mg/kg).

■ METHODOLOGY
Synthesis of the Peptides. The peptides were synthe-

sized using manual solid-phase peptide synthesis (SPPS-Fmoc/
tBu). Briefly, Rink amide resin (0.46 meq/g) was swelled with
N,N-dimethylformamide (DMF) for 2 h, followed by two
cycles of deprotections through treatment with 2,5% 4-

methylpiperidine in DMF and then washed with DMF and
DCM. For the coupling reaction, five equivalents of excess
were used, Fmoc-amino acids were pre-activated with DCC/6-
Cl-HOBt (1:1:1) in DMF at room temperature (RT) for 10
min, and the coupling reaction was allowed to proceed for 2−
24 h; coupling and deprotection steps were confirmed by the
Kaiser test.44 Synthesized peptides were cleaved with a cocktail
containing TFA/water/TIPS/EDT (93/2/2.5/2.5 v/v/v). The
reaction was stirred for 8 h at RT, then the resin−peptide was
filtered, and the solution was collected. Crude peptides were
precipitated and washed by treatment with cold ethyl ether and
finally dried at RT. The yield of peptide synthesis cannot be
accurately determined due to the process used in this synthesis.
In the initial stages, the peptides are developed in the same
reactor, and the resin is qualitatively divided when the
sequence changes; peptides [Pal], Ahx-[Pal], CH3CO-Ahx-
[Pal], and Biotin-Ahx-[Pal] were obtained from the same
reactor, and the resin is qualitatively cleaved when there is a
change in the sequence. When the last arginine was
incorporated, the resin−peptide was divided to obtain the
peptide [Pal]. Subsequently, after the incorporation of Ahx, the

Figure 6. Galleria mellonella toxicity test. (A) Survival percentage at a dose of 100 mg/kg; there is not a significant difference between the peptides
and control. (B) Kaplan−Meyer curve at different concentrations for peptide 9[Orn] [Pal]. There is not a significant difference among peptide
groups (n = 2). (C) Curve dose−response for cisplatin.

Table 4. Inhibitory Concentration (IC50) of Peptides
against the Du-145 Cancer Cell Line

code IC50 (μM/μg/mL) Du-145

[Pal] 40/60
Ahx-[Pal] >200
9[Orn] [Pal] 62/89

Figure 7. (Left) micrography of Du-145 cells treated with peptides at the maximum peptide concentration (200 μg/mL) using an AxioCam ICc1
camera (scale bar: 100 μm). (Right) MTT assays. Cells treated with peptides (0−200 μg/mL) during 2 h. The data are expressed as the mean ± SE
(n = 3).
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resin−peptide was divided again to obtain Ahx-[Pal]. The
remaining resin−peptide was then divided once more to
incorporate either biotin or CH3CO, resulting in the formation
of CH3CO-Ahx-[Pal] or Biotin-Ahx-[Pal], respectively.

Peptide Purification. The molecules were dissolved in
mobile phase A (0,05% TFA in H2O) and loaded onto solid-
phase extraction columns (SUPELCO LC-18 with 2.0 g resin).
Solid-phase extraction (SPE) columns were activated prior to
use with acetonitrile (0.05% TFA) and equilibrated with water
(0.05% TFA). A gradient was used for their elution and the
collected fractions were analyzed using reversed-phase high-
performance liquid chromatography (RP-HPLC) and, if
contained, the pure products were lyophilized.45

Peptide Characterization. RP-HPLC was performed on a
Merck Chromolith C18 (50 mm × 4.6 mm) column using an
Agilent 1200 liquid chromatograph (Omaha, NE) with an
ultraviolet−visible (UV−vis) detector (210 nm). For peptide
analysis, a linear gradient was applied from 5 to 50% solvent B
(0.05% TFA in ACN) in solvent A (0.05% TFA in water) for 8
min at a flow rate of 2.0 mL/min at RT. 10 μL of crude or pure
samples were injected with an approximate concentration of
1.0 mg/mL. Expected masses were confirmed using liquid
chromatography−mass spectrometry (LC−MS); peptides (10
μg/mL) were analyzed on a Bruker Impact II LC quadrupole
time-of-flight (Q-TOF) MS spectrometer equipped with an
electrospray ionization (ESI) source operated in positive mode
at the conditions: late end offset 500 V, capillary voltage 4500
V, drying temperature 220 °C, and nitrogen flow 8 L/min.
Expected mass and chemical structures were drawn using the
software Chemdraw Professional 20 (PerkinElmer Informatics,
Inc.).

Cell Culture. For Caco-2 and HT-29 cells, the medium
used was Dulbecco’s modified Eagle’s medium (DMEM). For
HEK-293, fibroblast, and Vero cell lines, the medium used was
Roswell Park Memorial Institute (RPMI-1640) medium. For
all cell lines, the medium was supplemented with 10% fetal
bovine serum (SFB). All mediums were filtered through a 0.22
μm membrane.

Viability Test by Means of MTT. Cytotoxic assays were
performed as previously described.37 Briefly, 1 × 104 cells per
well were seeded and synchronized in 96-well plates for 24 h.
The medium was then changed to a peptide solution in the
same medium for 2 h at 37 °C. To test cell viability, 10 μL of
MTT solution (5 mg/mL) was added to each well and
incubated for 4 h at 37 °C, then the medium was removed, 100
μL of dimethyl sulfoxide (DMSO) at 37 °C for 30 min, and
absorbance was read on a Bio-Rad 680 microplate reader (570
nm).

Hemolytic Activity. Hemolysis assays were performed as
previously described.35 The blood was donated by healthy
volunteers with blood type O+. 5 mL of peripheral blood in
EDTA was centrifuged at 500 rpm, and the erythrocytes were
separated and washed 3 times with a 0.9% saline solution.
Then, 100 μL of peptide (final concentrations of 200 to 6.2 μg
mL−1) was mixed with 100 μL of erythrocytes (2% hematocrit)
and incubated at 37 °C for 2 h. It was then centrifuged at 2500
rpm for 5 min, and the absorbance of the supernatant was
measured at 450 nm. The controls used were as follows:
positive control: distilled water and Tween 20, and negative
control: saline solution 0.9%. Hemolytic activity was
determined as the concentration of the peptide to cause 10%
hemolysis.

In Silico Testing. Molecules were drawn in ChemDraw
software, and the SMILES code was generated to analyze it in
the freely available ADMETLab 2.0 platform.26 The structural
projection was made using Maestro, Schrödinger, LLC, New
York, NY, 2023. The hemolytic effect of [Pal] was assessed by
writing the sequence on the HAPPENN platform.38

Galleria Mellonella. A toxicity assay was assessed in a
Galleria mellonella model as previously described.46 Briefly, the
larvae were obtained from Productos Bioloǵicos Perkins Ltda
(Palmira, Valle del Cauca, Colombia). Larvae in the last larval
stadium weighing 200−300 mg. Initially, the larvae were rinsed
with sterile water. The larvae were inoculated at the last proleg
with 10 μL of saline solution or each peptide. The larvae were
maintained in Petri dishes (n = 10, per group) and incubated
in darkness at 37 °C. The dead larvae were detected by lack of
movement. Survival was monitored every 24 h over a period of
10 days.
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