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Abstract

Mygalin is a synthetic analog of polyamine spermidine isolated from spider hemocytes. Polyamines show potential therapeutic
activity against a wide range of human diseases such as cancer and microbial infections. In this work, we analyzed the antibac-
terial and antitumoral activities of Mygalin silver nanoparticles synthesized by the photoreduction method. The formation and
distribution of MygAgNPs were confirmed by UV-visible spectroscopy, zeta potential, and transmission electron microscopy.
The obtained nanoparticles were mostly spherical with a particle size distribution in the range of ~ 10-60 nm. We have demon-
strated that MygAgNPs increased the effectiveness of the native Mygalin by approximately 6400-fold. Cytotoxicity tests were
performed, and it was possible to reach a concentration that was not toxic to healthy cells (NHI-3T3) and at the same time toxic to
the tumor cell line (MCF-7). The obtained results suggest that this system shows potential enhanced antibacterial activity against
Escherichia coli, DH5x and anticancer activity against MCF-7 cell line.
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1 Introduction

The global scenario of antibacterial resistance has been of
great concern for public health since it can lead patients to
death. In the face of continually increasing numbers of bacte-
rial strains that present resistance to current therapies, new
treatment strategies have been pursued.

Nature can show us new approaches to fight against anti-
bacterial resistance. For example, arthropods, widespread in
several places and found mainly in highly contaminated envi-
ronments, can defend themselves against microorganisms and
parasites by their antibacterial peptides (AMPs). Besides, sev-
eral AMPs display the ability to modulate the innate immune
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responses of the host and thereby indirectly promote pathogen
clearance [1].

The natural AMPs present in several organisms are not
stable and present toxic side effects. For clinical applications,
it is necessary to develop the synthetic AMP analogs that
overcome these disadvantages [2].

Synthetic Mygalin is a bis- acylpolyamine, N (1),N(8)-
bis(2,5-dihydroxybenzoyl) spermine, has 417 Da and was ini-
tially isolated from hemocytes of Acanthoscurria gomesiana
spider [3]. Mygalin exhibits a pronounced effect on
splenocyte and macrophage nitric oxide production, implying
a potential role in the defense against microorganisms.
Mygalin is not cytotoxic to murine cells in vitro and does
not affect cellular proliferation or IL-2 production in response
to concanavalin A (ConA) [3].

New set-ups to develop novel antibacterial compositions
can also be obtained with distinct types of nanoparticles with
different sizes and shapes produced by physical, chemical, or
biological methods [4—-6]

Silver nanoparticles are considered the most effective
nanomaterial against bacteria [7-10] The antibacterial effect
is not dependent on the size of the nanoparticles, and positive
surface charge nanoparticles have higher antibacterial activity
[11]. Coupling nanoparticles and natural-based antimicrobials
can inhibit the activity of bacterial efflux pumps and the
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formation of biofilms and are one of the strategies to combat
multidrug-resistant bacteria [10, 12]. Also, silver nanoparti-
cles used in conjugation with drugs promote better compati-
bility, lower toxicity, and precise and selective delivery of
drugs and can be employed in anticancer therapy [13—15]
The anticancer activity of silver nanoparticle-based drug de-
livery systems is exploited [16].

In this work, Mygalin silver nanoparticles (MygAgNPs)
synthesized by the photoreduction method were tested for
their microbicidal activity against Escherichia coli and com-
pared with the Mygalin in its active form. Furthermore, the
efficacy of the MygAgNPs was evaluated against the MCF-7
breast cancer cell line.

2 Materials and Methods
2.1 Mygalin Silver Nanoparticle Synthesis (MyAgNPs)

Mygalin (bis-acylpolyamine N1, N8-bis(2,5-dihydroxybenzoyl)-
spermidine) was synthesized according to the classical method of
peptide chemistry [17].

Mygalin silver nanoparticles were prepared by irradiating
silver nitrate (Sigma-Aldrich) and Mygalin in a deionized wa-
ter solution with 300 W Xenon lamp (Cermax, Excelitas
Technology). The Xenon lamp was positioned 10 cm away
from the recipient containing the solution, and the illuminated
region covered exactly the recipient diameter, with a 3.6 W/
cm’ estimated intensity. Parameters serve as Mygalin concen-
tration, and the presence of PEG (polyethylene glycol 1000
Sigma). Mygalin and AgNOs initial concentrations and irra-
diation time used in the synthesis procedure. (Table 1).

2.2 Characterization of MyAgNPs

Spectrophotometry analyses in the UV-vis region were per-
formed with the UV-vis Shimadzu MultiSpec 1501 spectro-
photometer. The measurements were carried out in a 10-mm
optical path quartz cuvette in the range 250 and 800 nm.

The particle size, shape, and morphology of the synthe-
sized MygAgNPs were characterized by transmission electron
microscopy (LEO 906E, Zeiss, Germany).

The dynamic light scattering method was employed for the
zeta potential and particle size analysis of the colloidal
MygAgNP using Malvern Zetasizer Nano (size range 0.1—
10,000 nm).

2.3 In Vitro Antibacterial Activity
2.3.1 Culture of E. coli

E. coli DH5 o« was grown in Luria-Bertani broth (LB) for 18 h
at 37 °C overnight and then transferred into an LB medium
and maintained until the exponential growth phase [18]. The
bacterial suspensions at 10° CFU/mL were then prepared by
adjusting the optical density to ODg50 nm =0.300 +0.005.

2.3.2 Antibacterial Activity of MygAgNPs

The antibacterial effect of MygAgNPs on E. coli viability was
carried out by the resazurin assay, and the bacteria growth was
monitored by reading the optical density at 550 nm in 96-well
plates at 37 °C [19]. The resazurin assay (40 pg/mL) defined
the viability of the bacteria after 2 h of incubation. E.coli
(10* CFU/mL) was diluted to 10° CFU/in 10 pL plus 90 pL
of different formulations of nanoparticles, or active Mygalin

Table 1T Mygalin and AgNO;

initial concentrations Mygalin (M)  AgNO; (mM) Irradiation time (min)
Mygalin 1000 - -
Myg + AgNO; 10 3.5 -
AgNOj; concentration Myg[Ag]NP 10 [Agl] 2.0 1
[Ag2] 3.5
[Ag3]5.2
[Ag4]9.9
[Ag5]12.5
Mygalin concentration ~ MygAgNP1 10 3.5 1
MygAgNP2 20
MygAgNP3 30
MygAgNP5 50
MygAgNP6 100

PEGMygAgNP 10

3.5(0.008 g PEG) 1

MygAgNP4 10 3.5 7
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(125-1000 uM) was added to the plate. Positive control
of the reaction (100% death) was bacteria treated with
H,O0, (125-1000 uM), and negative control (0% death)
was untreated bacteria or treated with inactivated
Mygalin (light exposure at 37 °C). The plates were incu-
bated at 37 °C for 18 h, kept under stirring, and protected
from light during the tests. The resazurin assay defined the
viability of the bacteria, at the final concentration of
40 pg/mL after 2 h of incubation. The color change to
blue meant cell death, as they incorporated the dye, while
those that became purple were viable cells. The minimal
inhibitory concentration (MIC) was defined as the lowest
concentration of drug that completely inhibited visible
growth. In another assay, the effect of MygAgNP on
E. coli growth was monitored by reading the optical den-
sity at 550 nm, after 24 h of treatment of the cells with
MygAgNP (10, 50, and 100 uM) diluted 1/640, active
Mygalin (125-1000 uM), or as a positive control, cipro-
floxacin (0.19-0.78 uM).

2.4 Cell Culture

Two cell lines were used, one healthy, (NHI-3T3 murine
fibroblast) and one tumoral (MCF-7 human breast tumor), to
evaluate the cytotoxicity of MygAgNPs.

The cells were kept in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at 37 °C with 5% CO,. The cells were routinely
subcultured every 3 days with 70-80% confluency and har-
vested using 0.25% trypsin.

2.5 Cell Viability

The cells (10* cells/well) were plated into flat-bottom 96-well
plates and incubated in for 24 h for plate adhesion and growth.
Then, the plates were divided into experimental groups, which
received different concentrations of MygAgNP1 (80, 70, 60,
50, 40, 30, 20, 10, 5 ¢ 2.5 uL), and the negative (0.9% NaCl)
and positive (latex suspension, 0.5 g/L filter sterilized latex
extract, 0.5 g/L in culture media, 24 h) controls. The plates
were incubated for 24 h at 37 °C and 5% CO, atmosphere.
The supernatant was removed; the cells were washed with
PBS. Cell viability was assessed by MTS (CellTiter 96®
AQueous MTS Reagent).

2.6 Statistical Analysis

Significances were calculated using the GraphPad Prism soft-
ware. For antibacterial studies, Student’s ¢ test was used to
determine statistical differences compared with those of un-
treated control. p values < 0.05 were considered significant.
For tumor cell death study, results were statistically com-
pared (ANOVA and Dunnett’s test). Cell survival percentage

was calculated after background absorbance correction and
blank absorbance subtraction as follows: % Cell viability =
100 x Experimental absorbance of the well/untreated absor-
bance control.

3 Results
3.1 MygAgNPs Synthesis and Characterizations

Figure 1 a shows the UV-vis spectra obtained for Mygalin
solution and solutions containing a fixed concentration of
Mygalin and variable concentrations of silver nitrate, irradiat-
ed with Xenon light for 1 min. As shown in Fig. 1a, Mygalin
alone does not present absorption in UV-vis spectra. In the
Mygalin silver nitrate solutions absorption band in the range,
200-300 nm appears due to spermidine and silver nitrate [20].
The presence of silver nanoparticles can be certified by the
presence of the localized surface plasmon resonance (SPR), a
specific wavelength of incidentlight that induces collective
oscillation of the surface electrons of silver nanoparticles.
This band depends on the silver nanoparticle size, shape,
and agglomeration state. For larger particles, a secondary peak
at lower wavelength appears a result of quadrupole resonance,
in addition to the primary dipole resonance [21]. In Fig. 1a, the
increase in the intensity of broadband with two shoulders at
390 nm and 550 nm in the function of the AgNO; concentra-
tion can be observed. In Fig. 1b, for the sample irradiated by 7
min, it is found at a peak around 425 nm due to surface plas-
mon resonance. In Fig. lc, it is noted that SPR band was
widened in the presence of PEG.

Figure 2 a shows TEM of MygAgNP1, PEGMygAgNP,
and MygAgNP4. MygAgNP1 exhibit nanosized, spherical
particles ranging in size from 30 to 60 nm. With PEG, the
particle size ranges from the 50-80 nm. Increasing irradiation
time, nanoparticle sizes are ~7 nm. The polydispersity index
of 0.848 was measured by dynamic light scattering (DLS) for
MygAgNP1. This nanoparticle presented negative zeta poten-
tial (—33.9 mV), as showed in Fig. 2b.

3.2 Antibacterial Activity

The microbicidal activity of MygAgNP was tested in
E. coli DH5«, using the resazurin assay. Figure 3 a (plate
1) shows the viability of E. coli following treatment with
MygAgNP preparations at different concentrations (10, 20,
30 uM) serially diluted in base 2 (1/4 to 1/4096). The
microbicidal activity occurred until dilution 1/512.
Subsequent dilutions showed no microbicidal activity,
staining purple (rows A—H, columns 10-12). The
PEGMygAgNP (rows G-H, columns 1-8) showed the
same bactericidal activity as described for MygAgNP3.
The minimum inhibitory concentration (MIC) of the
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Fig. 1 UV-vis spectra. a AgNOj3 concentration study of Myg[ Ag]NPs (Table 1) diluted 50%. b Mygalin concentration study of MygAgNP. ¢ Presence of

PEG in the composition

MygAgNPs ranged from 19 to 58 nM, depending on the
concentration of Mygalin used. Results of plate 2 compare
the microbicidal activity of MygAgNP4 and MygAgNP1
sample (rows A-D, columns 1-11). MygAgNP4 promoted
bacterial death until 1/4096 dilution, which corresponds to
MIC of 2.4 nM. AIll silver-decorated Mygalin
(MygAgNPs) showed much higher antibacterial activity
than the native (active) Mygalin, whose MIC was
1000 uM (plate 2, rows G-H, columns 5-8), although
there are some viable bacteria at concentrations of 125—
500 uM. The activity of 1000 uM of Mygalin was like
treatment with HO, (1000 uM), positive reaction control.
Treatment of E. coli with inactivated Mygalin, maintained
at 37 °C and under light, (plate 2, rows E-F, columns 1-
11), had no microbicidal effect at all dilutions tested (1/4
to 1/4096), staining purple as the untreated bacteria (rows
G-H, columns 9-10).

The microbicidal activity of the nanoparticles was higher
than the 6400-fold compared with that of the native (active)
molecule, which had the highest effect in 1000 pM, proving
the efficacy of these nano-formulations.

In another trial using a new MygAgNP (Myg-nano)
sample (10, 50, and 100 uM, diluted 1/640) and active
Mygalin (125, 250, 500, and 1000 uM), the effect of the
formulations on inhibition of E. coli growth was tested
after 24 h of treatment. Ciprofloxacin was used as bacte-
ricidal control to compare with the obtained data. The
optical density reading was at 550 nm (Fig. 4). Data show
that regardless of the final MygAgNP concentration (15,
78, and 156 nM), there was inhibition of bacterial growth
in a similar pattern like 1000 uM of native (active)
Mygalin and 0.78 uM ciprofloxacin. Although the maxi-
mum activity of Mygalin is 1000 uM, doses between 250
and 500 puM still inhibit bacterial growth. These results
confirm that the construction of Mygalin nanoparticles
increased the effectiveness of the native molecule, where
15 nM MygAgNPs was enough to inhibit E. coli growth
by 100%, while with native Mygalin was 1000 pM.

@ Springer

3.3 Effects of the Silver Nanoparticles on NHI-3T3
and MCF-7 Cells

The cytotoxicity effects of Silver Nanoparticles in cells can be
observed in Fig. 5, where the percentage of cell viability is
plotted in function of the volume of solution added in each
well. The concentrations used (10 to 80 pL) led to the death of
almost 95% of the cells (healthy Fig. 5a and tumor Fig. 5b).
By analyzing the two cytotoxicity tests with the
MygAgNP1, it was possible to reach a concentration that
was not toxic to healthy cells (NHI-3T3) and, at the same time,
toxic to the tumor line (MCF-7). Figure 5 ¢ presents the results
with 5 and 2.5 uL of the nanoparticle solution. The volume of
5 pL led to the death of ~13.0% of healthy cells, and in
contrast, with the tumor lineage, the death rate was ~52.0%.

4 Discussion

In recent years, the assembly of antibacterial drugs in nano-
particle delivery systems has been shown as a promising al-
ternative to increase therapeutic efficacy and to minimize the
undesirable effects of drugs. Among the advantages attributed
to the use of this system, we can mention the improvement of
the solubility of the drug, increase in the time of permanence
in the organism, and use of suitable concentrations to find the
desired target, besides the delivery of multiple drugs simulta-
neously. Several formulations are being tested for disease con-
trol, including bacterial infections [22].

Mygalin (acylpolyamine) is a synthetic analog of poly-
amine spermidine that has been described with bactericidal
properties for Gram-negative bacteria [23]. In this work, this
strategy was used to improve the efficiency of Mygalin. The
data obtained showed that it was possible to get nanoparticles
of Mygalin in silver nanoparticle system (Figs. 1 and 2).

The solution containing AgNO; and Mygalin is colorless.
Mygalin (10 pM) and silver nitrate (0.35 pM) water solution
do not show SPR absorption bands, characteristic of silver
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Fig. 2 a Transmission electron
and scanning electron
microscopies of MygAgNP1,
PEGMygAgNP, and
MygAgNP4. b Zeta potential
distribution of MygAgNP1

MygAgNP4
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Fig. 3 a) Effect of different formulations of MygAgNPs on E. coli
viability by the resazurin assay. E. coli (10> CFU/well) cultured for
24 h in the presence of serially diluted (1/4 to 1/4096) MygAgNP1
(10 uM), MygAgNP2 (20 uM), MygAgNP3 (30 uM),
PEGMygAgNPs, MygAgNP4, and active Mygalin (125-1000 pM).
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Positive controls, H,O, (125-1000 uM). Negative control: bacteria
without treatment, inactive Mygalin (1000 pM), and medium =+ dye
without bacteria. b) The minimum inhibitory concentration (MIC) of
MygAgNPs and the native (active) molecule
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Fig. 4 Increased microbicidal 0.4 9
activity of Mygalin by silver
nanopatticles. E. coli was treated
with Mygalin or MygAgNPs
(Myg-nano 1/640) for 24 h.
Absorbance readings at 550 nm
monitored growth. Ciprofloxacin
(Cipro) was used as a positive
control. Data represents + SEM
three independent experiments
compared with non-treatment
*#%p <0.001 (Student’s ¢ test).
Med = culture medium

OD (550 nm)

* ok ok

* Kk k

nanoparticles immediately after the preparation, but after ap-
proximately 7 days, the SPR band appears indicating that
Mygalin by itself is capable of reducing silver. After light
irradiation, the solutions change to brownish/yellow hues in-
dicating changes in the sample transmission due to the pres-
ence of silver nanoparticles in the suspensions. The absor-
bances of the silver colloidal Mygalin solutions with varying
silver nitrate concentrations irradiated for 1 min have shown
an increase in the number of AgNPs in the solution. In other
words, Mygalin releases H" and allows the reduction of silver
ions (Ag") to metallic silver (Ago). The combination of the
photons and temperature supplied by the xenon lamp facili-
tates the oxidation and the reduction of the silver ions forming
nanoparticles. Increase in the illumination time impige in a
decrase in the particles size. After the reduction, silver clusters
are formed with the subsequent nucleation and growth of the
nanoparticles. Thus, light is a catalyst for the formation of the
AgNPs. In this process, spermidine is exposed to the surface
of the nanoparticle, as observed in Fig. 1a. The average size of
particles increases in the presence of PEG.

MygAgNPs were tested for their microbicidal activity
against E. coli, DH5«x. Data presented in Figs. 3 and 4 sug-
gested that the MygAgNPs enhanced the microbicidal activity
of Mygalin by approximately 6400-fold. Thus, we verified the
feasibility of this nanostructure as a promising alternative to
be explored in infections against multidrug-resistant bacteria.
It was demonstrated that the microbicidal mechanism of
Mygalin against E. coli involves the generation of oxidative
stress, DNA damage, and changes in the cell wall [18].
Finally, an important point to be mentioned is that the active
form of this molecule did not present a cytotoxic effect to

) \ Q Q Q Q S >
,\’Io qf) ‘)Q QQ N ‘)\Qée

Cipro (uM)

Myg (uM) Myg-nano (uM)

(1/640)

murine splenocytes and induced an innate immune response.
In the future, these studies will be expanded by evaluating
other parameters such as action on different species of bacte-
ria, a possible mechanism of action, and their ability to interact
with eukaryotic cells.

There are several approaches regarding the mechanism of
action of AgNPs with bacteria [24]. The antibacterial potential
of NP compounds may depend on their sizes, charges, and
stability [7, 25]. Silver nanoparticles can bind cell membrane
structures, destabilizing the membrane potential and causing
proton leakage [26, 27].

Many studies have shown that silver nanoparticles present
therapeutic applications as antitumor agents [25, 28]. Several
in vitro studies have indicated that silver nanoparticles can
enter in cells by endocytosis and promote oxidative stress,
induction of apoptosis, and mitochondrial damage in cancer
cells [25, 29-32].

MyAgNPs presented an anticancer effect against the MCF-
7 breast cancer cell line, and a low concentration (<5 pL)
induced 52% of cancer cell death (Fig. 5). Interestingly, for
this concentration, more than 90% of healthy cells survived.

5 Conclusions

Mygalin silver nanoparticles were successfully synthesized by
the photoreduction method, generating spherical particles
smaller than 60 nm. The synthesized silver nanoparticles have
microbicidal activity much higher than the molecule in its
active form, suggesting that this system can be exploited for
the control of bacterial infections and other aspects related to
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Fig. 5 a Cell viability test in healthy murine fibroblast cells (NHI-3T3),
incubated for 24 h with MygAgNPs. Data were compared using the
ANOVA test followed by the Dunnett test, with p <0.0001. b Cell
viability test in breast tumor cells (MCF-7), incubated for 24 h with
MygAgNPs. Data were compared using the ANOVA test followed by
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the Dunnett test, with p <0.0001. ¢ Viability test comparing the two cell
lines. The concentration of 5 pL presents toxicity to the breast tumor
cells, showing a significant result when compared with that of the other
groups. Data were analyzed using the ANOVA test followed by the
Dunnett test, with p <0.0001
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its interaction with eukaryotic cells. Further, the present work
reveals the potential application of MygAgNPs as an antican-
cer agent against human breast cancer.
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