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Nanomedicine has led to the development of new bio-
compatible and biodegradable materials able to improve
the pharmaceutical effect of bioactive components,
broadening the options of treatment for several diseases,
including cancer. Additionally, some snake venom toxins
have been reported to present cytotoxic activity in dif-
ferent tumor cell lines, making them an auspicious op-
tion to be used as cancer drugs. The present study aims
to evaluate the cytotoxic activity of the northern black-
tailed rattlesnake (Crotalus molossus molossus) venom-
loaded chitosan nanoparticles (Cs-Venom NPs) against the
T-47D breast carcinoma cell line. To do so, we first iden-
tified the significant proteins composing the venom; af-
terward, hemocompatibility and cytotoxic activity against
tumoral cells were evaluated. The venom was then loaded
into chitosan nanoparticles through the ionotropic gela-
tion process, obtaining particles of 415.9+21.67 nm and
(-potential of +28.3+1.17 mV. The Cs-Venom complex de-
livered the venom into the breast carcinoma cells, inhibit-
ing their viability and inducing morphological changes in
the T-47D cells. These features indicate that these nano-
particles are suitable for the potential use of C. m. molos-
sus venom toxins entrapped within polymer nanoparticles
for the future development and research of cancer drugs.
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INTRODUCTION

Nanomedicine can be defined as nanotechnology ap-
plied to health and medicine (Tran ez @/, 2017). Hence,

nanomedicine involves the use of different materials to
achieve a medical benefit. Materials obtained through
nanomedicine may enhance the pharmaceutical proper-
ties of bioactive agents (Tran ef al, 2017; Biswas e/ al.,
2012, 2014; Rizvi & Saleh, 2018; Teran-Saavedra e al.,
2019). The properties of these nanomaterials could pre-
vent their rapid degradation, help target specific tissue or
control its trelease in a stable manner (Tran e al, 2017).
Throughout recent years, nanomedicines have been ap-
proved by the FDA for their clinical use. Doxil™/Cae-
lyx™ was the first nanomedicine, indicated for Kaposi’s
sarcoma, to be approved in 1995, and by 2016 more than
50 nanomedicines have been already approved for can-
cer and other pathologies (Hare ef a/., 2017). Some nano-
medicines consist of liposomal nanoparticles (Myocet™
and Doxyl™), polymeric conjugates (Oncaspar™(PEG)),
polymeric micelles (Genoxol-PM™), and polymeric na-
noparticles (Accurin™) (Hare ez al, 2017). One of the
main advantages of using nanomaterials »s. micro or
larger particles is the retention of particles smaller than
500 nm in the tumor due to the Enhanced Permeabili-
ty and Retention effect (EPR) (Tran ez al., 2017; Hare et
al., 2017; Maeda, 2021; Subhan ez al, 2021). By encap-
sulating poorly soluble drugs within nanocarriers, their
bioavailability may be improved and prevent their rapid
clearance from the bloodstream (Tran ef al., 2017).

Polymers, such as albumin, PLGA (poly(lactic-co-gly-
colic acid)), alginate, and chitosan have been widely used
as vehicles for drug transportation to different sites within
an organism (Goycoolea et al., 2009; Li et al., 2018; Sar-
mento e al., 2006; Gallegos-Tabanico e/ al, 2017; Danhier
et al., 2012; Mir et al, 2017), making them encouraging
tools for drug delivery. Polymeric nanopatticles (NPs) are
of particular interest due to their properties, such as the
simplicity of the synthesis method, biocompatibility, and
biodegradability (Calvo ez al., 1997; Goycoolea et al., 2009;
Soates et al., 2018; Carrefio-Gémez & Duncan, 1997).

Chitosan (Cs) is a cationic polysaccharide composed
of B (1—4) linked units of N-acetyl-D-glucosamine and
D-glucosamine (Quifiones e/ al, 2018; Arglelles-Monal
et al, 2018). It is obtained by the partial deacetylation
of chitin and is also naturally found in some fungi asso-
ciated with other polysaccharides (Peniche ez 4/, 2008).
Chitosan-based NPs have attracted scientific interest in
encapsulating and delivering therapeutic biomolecules,
such as drugs, genes, and proteins, among others.
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Some of the nanoparticles synthesis methods include
water-in-oil emulsion (Riegger ez al., 2018), nanoprecipi-
tation (Luque-Alcaraz ef al, 2016), the self-assembling
mechanism (Quifiones ¢ 4/, 2018), and ionotropic gela-
tion (Goycoolea ef al., 2009; Calvo et al., 1997; Fernan-
dez-Quiroz ef al., 2019). The latter has been used to pre-
pare nanoparticles from polyelectrolytes in the 100—600
nm range (Goycoolea ef al, 2009; Soares et al., 2018,;
Sawtarie et al, 2017; Wu et al., 2017) with relatively mild
and straightforward procedures (Wu ¢ al., 2017).

The possibility of using Cs for drug delivery has been
thoroughly studied (Ii e# 4/, 2018a; Rampino e al., 2013;
Ahmed & Aljacid, 2016); nevertheless, few studies have
been conducted with the association of animal venoms
(Soares ef al., 2018; Mohammadpourdounighi ez a/., 2010;
Naser ¢ al., 2015). The association of some animal ven-
oms toxins and nanoparticles has been reported as an
effective way to enhance therapeutical effects (Biswas
et al., 2012). Additionally, snake venom toxins pose an
incredible source of potential drugs for many types of
diseases, including cancer (Calderon ef al., 2014; Li et al.,
2018).

Snake venom comprises diverse molecules, such as
carbohydrates, lipids, proteins, and isoforms (Tasoulis
& Isbister, 2017). Recent advances in genomics, tran-
scriptomics, and proteomics have led to new insights
regarding how they are composed. Tasoulis and Isbis-
ter reviewed the venoms of 130 different snake species
and reported that 63 different protein families were
generally found in them (Tasoulis & Isbister, 2017).
Amongst those, four major protein families consist-
ing of A, phospholipases (PLA,), snake venom metal-
loproteinases (SVMPs), snake venom serine proteases
(SVSPs), and three-finger toxins (3FTXs) (Tasoulis
& Isbister, 2017). Some of these protein families are
responsible for many of the clinical symptoms devel-
oped by snakebite envenomation, such as local or sys-
temic hemorrhage, neurotoxicity, and blood clotting
anomalies (Masuda ¢# a/., 1998; Torii et al., 1997; Suhr
& Kim, 1996; Meléndez-Martinez et al., 2017; Chel-
lapandi, 2014; Park ef al, 2009; Bénard-Valle ez al.,
2014; Calderon ez al., 2014; Calvete et al., 2009). In-
terestingly enough, several studies have reported that
some of these toxin families have cytotoxic action
against tumoral cells (Calderon ef al, 2014; Li et al.,
2018b; Hayashi er al., 2012; Kerkis ez al., 2014; Lee et
al., 2016; Marinovic e/ al., 2017; Azevedo et al., 2010).
Given the biological mechanisms by which they inter-
act with different tissues, cells, and receptors, snake
venom toxins can induce apoptosis, inhibit angiogen-
esis, tumoral growth, and cell migration (Biswas ez al.,
2012; Calderon ez al., 2014; Al-Sadoon et al., 2013;
Badr et al, 2013). Additionally, it has been report-
ed that the interaction of some of these toxins with
nanoparticles may enhance their therapeutical effects
(Glaucia-Silva ez al., 2018; Soares et al., 2018; Agarwal
et al., 2019; Karpel et al., 2018; H & N, 2009; Biswas
et al., 2012).

The purpose of the present study was to character-
ize the venom of a northern black-tailed rattlesnake
(C. m. molossus) for protein identification and evaluate it
for hemocompatibility in human red blood cells and cy-
totoxic activity in the T-47D breast carcinoma cell line.
Additionally, chitosan nanoparticles were prepared as a
matrix to evaluate their ability to entrap the rattlesnake
venom, their hemocompatibility, and evaluate if the cy-
totoxic activity presented in the tumoral cell line stayed
unhinged.

MATERIALS AND METHODS

Materials

All the reagents used were analytical grade and, un-
less specified, purchased from Sigma-Aldrich (St. Louis,
MO, USA). Low molecular weight chitosan (Cs, Sigma-
Aldrich; the degree of deacetylation was certified by
the supplier as ~76%, with an M_ of ~95 kDa), pen-
tasodic tripolyphosphate (298%) (TPP), sodium chloride
(299%) (NaCl), Glycerol (299%), bovine serum albumin
(66.5 kDa and ~96%) (BSA), Dulbecco’s Modified Ea-
gle Medium (DMEM), fetal bovine serum (FBS), and
[3-5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bro-
mide (MTT). T-47D cells were obtained from the ATCC
(American Type Culture Collection, Manassas, VA,
USA). All the experiments were carried out using Type 2
ultrapute water (0.18 pS/cm).

Ethics Statement

The Research Ethics Committee approved the present
study of the Universidad de Sonora. Experiments com-
ply with the principles expressed in the declaration of
Helsinki. Blood was drawn from participants who signed
informed consent and agreed for their blood to be used
in hemolysis assays.

C. m. molossus Venom Extraction

Venom extraction was performed at the Itinerant
Wildlife Museum (MIVIA) following the American So-
ciety of Ichthyologists and Herpetologists guidelines for
the use of live amphibians and reptiles were followed.
Secretariat of Agriculture and Livestock (SAGARHPA)
issued captive animals, and venom extraction for sci-
entific purposes permit numbers 12/09-00462/15 and
DGFF/12/09-1106/18.

Three male adult snakes from the scientific collection
of the MIVIA in Hermosillo, Sonora, Mexico, were used
for venom extraction. Venom was extracted manually by
allowing the snakes to bite sterile 100 mlL plastic con-
tainers covered with parafilm, obtaining an average of
800 uL per extraction. Afterward, venom was stored at
—80°C for 24 h and then lyophilized. For use, the lyo-
philized venom was resuspended in ultrapure water and
centrifuged at 2000Xg for 15 minutes for debris removal.

Protein Concentration

The protein concentration of the venom samples and
the encapsulation efficiency (EE%) were determined
with slight modifications by the Bradford microplate
protein quantification method (Bradford). Briefly, differ-
ent samples of known concentrations of BSA were pre-
pared (1:10, BSA sample: Bradford reagent), and absorp-
tion (ABS) was read in a UV-spectrophotometer at 595
nm to obtain a protein calibration curve and equation
(Thermo Scientific Multiskan GO). Afterward, samples
from C. m. molossus venom were quantified by measuring
the ABS of the supernatant and comparing the values
with the calibration curve previously obtained.

Venom Characterization

SDS-PAGE. Proteins from the venom were analyzed
by electrophoresis using reducing and denaturalizing
conditions (SDS-PAGE) in a 15% polyacrylamide gel
according to Laemmli (Laemmli, 1970). PAGE analysis
was done using 10 pg of venom protein and subsequent-
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ly stained with Coomassie. The molecular weight of the
proteins was estimated by comparing them to broad-
range molecular weight markers (Bio-Rad, Hercules, CA,
USA).

Protein Digestion and Liquid Chromatogra-
phy-Tandem Mass Spectrometry Analysis (LC-
MS/MS). The three electrophoretic protein bands with
the highest intensity were excised from the gel, reduced
with 10 mM DTT in 25 mM ammonium bicarbonate,
and subsequently alkylated with 55mM iodoacetamide,
according to a procedure described by Huerta-Ocampo
and others (Huerta-Ocampo et al., 2014). Protein diges-
tion was carried out overnight at 37°C with sequencing-
grade trypsin (Promega, Madison, WI, USA). Tryptic
peptides were dried by centrifugation in a vacuum, sus-
pended in 0.1% trifluoroacetic acid, and purified using
ZipTip (Merck Millipore, Darmstadt, Germany).

Trypsinized peptides were subjected to reverse-phase
ultraperformance liquid chromatography using the 1290
Infinity LC System (Agilent Technologies, Santa Clara,
CA, USA) associated with an analytical column ZOR-
BAX 300SB-C8 (5 umX2.1 mmx150 mm, Agilent Tech-
nologies, Santa Clara, CA, USA), coupled to a Dual AJS
ESI ionization source (Agilent Technologies, Santa Clara,
CA, USA). Afterward, they were analyzed by tandem
mass spectrometry through a data-dependent analysis
in the 6530 Accurate-Mass Quadrupole Time-of-Flight
(Q-TOF) LC/MS system (Agilent Technologies, Santa
Clara, CA, USA) with the chromatographic and MS/MS
conditions (Morales-Amparano et al, 2019) using Agi-
lent MassHunter Workstation Software package (Agilent
Technologies, Santa Clara, CA).

Protein Identification. The MS/MS raw data of
the tryptic digests from the electrophoretic bands were
interpreted to determine protein identities and rela-
tive abundances using a Spectrum Mill MS Proteom-
ics Workbench software package (Agilent Technologies,
Santa Clara, CA), also using PA Crotalus + cont.fasta
in-home database. Search parameters included carbami-
domethylation of cysteines as fixed modification, me-
thionine oxidation as variable modification, 50% mini-
mum matched peak intensity, individual ion scores =12,
and scored peak intensity (SPI) 260 were considered as
suitable matches. In contrast, protein score =25 and at
least two peptides were necessary for confident protein
identification. In addition, the MS/MS raw data were
converted to .mgf files in the MassHunter Workstation
Software Qualitative Analysis and processed in search
engine MASCOT free version. The using search parame-
ters including carbamidomethylation of cysteines as fixed
modification, methionine oxidation as variable modifica-
tion, 50% minimum matched peak intensity, 20 ppm and
0.1 Da on precursor tolerance and production masses,
respectively, 1 missed tryptic cleavage, and ESI-Q-TOF
scoring parameters.

Hemolytic Activity Assays

The Research Ethics Committee approved the present
study of the Universidad de Sonora. Experiments com-
ply with the principles expressed in the declaration of
Helsinki. Blood was drawn from participants who signed
informed consent and agreed for their blood to be used
in hemolysis assays. Experiments were performed as de-
scribed by Diaz-Galvez and others (Diaz-Galvez ¢t al.,
2019), with slight modifications. Briefly, these blood
samples were drawn and then transferred to clean tubes
(BD Vacutainer EDTA anticoagulant); afterward, 15 pL
of blood were diluted in 1 ml of PBS. Then, 0.046—

3 mg/mL of snake venom samples were incubated at
37°C for 24 h and then centrifuged at 2000Xgx1 min-
ute. Hemolysis was determined by the absorbance of
the supernatant at 540 nm, using a spectrophotometer
(Thermo Scientific Multiskan GO). Blood diluted in PBS
was used as a negative control for hemolysis, and blood
diluted in water was used as a positive control. For the
Cs NPs, the same procedure was followed, but instead
of using C. m. molossus venom, concentrations ranging
from 0.0046-3 mg/mL of Cs-Blank and Cs-Venom NPs
were evaluated.

Cell Viability Assays

The Research Ethics Committee approved the pre-
sent study of the Universidad de Sonora. Experiments
comply with the principles expressed in the declaration
of Helsinki. Cell viability assays were performed in the
T-47D breast carcinoma cell line, using [3-5-dimethyl-
thiazol-2-yl]-2, 5-diphenyltetrazolium bromide (MTT)
(Diaz-Galvez et al., 2019). Briefly, cells were seeded in
48-well plates at a density of 10 000 cells/200 pL per
well using DMEM containing 10% FBS. Cells were incu-
bated at 37°C and 5% CO, for 24 h. Afterward, the me-
dium was replaced for 0.98-31.25 pg/mL of venom in
DMEM for 24 h. The Cytotoxic Concentrationy, (IC.)
value of the venom in the T-47D breast carcinoma cells
was thus determined. For the Cs NPs, the same proce-
dure was followed, but instead of using C. . molossus
venom, concentrations ranging from 0.98-31.25 pg/mL
of Cs-Blank and Cs-Venom NPs were evaluated.

Venom-loaded Nanoparticle Synthesis

The preparation of Cs NPs was done similarly to
what Calvo and others (Calvo ez al, 1997) described,
with slight modifications. Briefly, chitosan (Cs) was dis-
solved (2 mg/mlL) in 1% acetic (v/v). Afterward, NaCl
(0.4% w/v) was added to the Cs solution and stirred for
15 min. A mixture of TPP (4 mg/mL) and snake venom
(5 mg/mL) was prepated for the crosslinker solution.
Then, the TPP-Venom solution was added dropwise
(10:1, Cs: crosslinker solution) to form the Cs-Venom
NPs spontaneously.

For blank NPs, the same procedure was done but
without adding C. . molossus venom in the TPP so-
lution. Nanoparticles were isolated by centrifugation
(13000 rpm for 30 min at 4°C) using a bed of glycerol
(20 uL) at the bottom of the vial. The supernatant was
carefully removed, and the pellet was resuspended in wa-
ter for characterization. The venom’s encapsulation ef-
ficiency (EE%) was determined by the Bradford method;
the supernatants of the particles obtained through the
isolation process were quantified following the same
procedure described in section 2.4. The EE% calculation
was determined with equation (1).

Tetal profein—Supernatant protein
EE% = total protein

x 100

Nanoparticle Characterization

Dynamic Light Scattering and {-Potential. The
particle size (mean particle diameters and size distribu-
tions) and C-potential of NPs were measured at 25°C us-
ing dynamic light scattering (DLS) at a scattering angle
of 90° with Zetasizer Nano ZS90 (Malvern Instruments
Ltd, Malvern UK) with a doppler anemometry laser.
Samples were diluted in water (0.5:1 mL). All the meas-
urements were done in triplicate.
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Fourier Transformed Infrared Spectroscopy. The
sttuctural characterization of these nanomaterials was
performed by infrared spectra using Agilent Cary 630
FTIR Spectrometer (Agilent, Cary 630 FTIR Spectrom-
eter, Santa Clara, CA, USA) a resolution of 4 cm™ in
the range of 650 to 4000 cm™! in ATR mode.

Nanoparticle Morphology. The morphology of NPs
was characterized by atomic force microscopy (AFM,
Alpha 300RA, WiTec, Germany). AFM images were
reconstructed in the non-contact mode using nanosen-
sors with a spring constant of 42 N/m and a resonant
frequency of 285 kHz. The analyses were performed us-
ing 5X5 pm scanning images with WiTec project FOUR
v4.1 software.

Fluorescence Intensity of Rhodamine 123

T-47D cells were seeded in 48-well plates at a density
of 10000 cells/200 uL per well using DMEM containing
10% FBS. After incubation (37°C and 5% CO, for 24 h)
cells were washed three times with 200 pL. of physiologi-
cal saline solution (PSS). Subsequently, the cells were in-
cubated with PBS containing venom from C. w. molossus
and NPs (Cs-Blank and Cs-Venom) at a 7.81-31.25 pl./
mL at 37°C for 30 min. Then, they were rinsed three
times again with PSS (200 uL). The fluorescence intensity
(FI) was measured as follows: the cells were stained with
1 ng/mL of rhodamine 123 and incubated for 15 min at
37°C. Finally, fluorescence and cell morphology were ana-
lyzed under confocal microscopy (Nikon TiEclipse C2+,
Japan) with 488 nm lasers. Images were obtained with a
1024x1024 pixels resolution and 20X magnification and
analyzed by imaging software NIS-Element.

Statistical Analysis

Two-way ANOVA followed by Sidak’s and Tukey’s
multiple comparison tests were performed in Graph-
Pad Prism 8.0.2 for Windows (GraphPad Software, San
Diego, California, USA, www.graphpad.com). P val-
ues<0.005 were considered significantly different.

RESULTS AND DISCUSSION

Venom Characterization

When using snake venom, it is imperative to know
what toxins or toxin families compose it, which helps to
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Figure 1. 15% SDS-PAGE gel electrophoresis of C. m. molossus
venom from Hermosillo, Sonora, Mexico under reducing condi-
tions.

Different bands with molecular masses of ~65 kDa, 23 kDa, and
16 kDa (A, B, and C, respectively) were separated from the ven-
om. LC-MS/MS analysis identified these bands as a P-lll SYMP and
LAAO (band A), a P-| SVMP (band B), and a PLA, (band C). 10 pg of
venom were loaded in lane 2.

discuss the possible outcomes of any performed analysis
and facilitate any experiment replications. Electrophore-
sis gel analysis was performed in reducing conditions to
separate the protein bands in the black-tailed rattlesnake,
C. m. molossus, venom. Proteins migrated with relative
molecular mass from ~65 kDa to ~16 kDa. Three ma-
jor protein bands A, B, and C (Fig. 1) were selected for
further analysis.

Intraspecific venom variation has been previously re-
ported for several species of rattlesnakes (Botja ef al,
2018; Castro e al., 2013; Tasoulis & Isbister, 2017). The
presence of molecular weights in the 50-75 kDa and
20-25 kDa, as well as the absence of molecular weights
under ~10 kDa, are similar to the adult Mexican black-
tailed rattlesnake (C. z. migriscens) venom reported by
Bortja and others (Botja ¢f al., 2018).

Additionally, the three main protein bands (A, B, and
C) wete analyzed by LC-MS/MS. Table 1 shows the
two identified proteins by MS/MS spectra analysis of
the tryptic digest of band A using two search engines
(Spectrum Mill and Mascot). These proteins were the
Zinc disintegrin-like metalloproteinase (VAP2A) that be-
longs to the P-III SVMPs toxin family. Also, this band
contained more than one protein, I.-amino acid oxidase
(Apoxin I) was also identified. SVMP HT-2 metallopro-
teinase that belongs to the P-I SVMPs toxin family with
a relative mass of ~30 kDa was identified in the band
B. Lastly, a Phospholipase A2_2 with a relative mass of
~16 kDa was identified in band C. Botja ef al. reported
that the venoms of 20/27 of the studied specimens of
C. m. nigriscens presented bands with a similar mass to
that of the identified PLA, (Botja et al., 2018).

In previous reports, it has been found that some of
the toxin families found in the C. 7. molossus venom, like
SVMPs and PLA,s, have cytotoxic effects in different
tumoral cell lines (Calderon ez al., 2014; Tang ez al., 2004;
Boldrini-Franca ¢ al, 2020; Marinovic ¢ al., 2017; Du
& Clemetson, 2002; Rivas-Mercado & Garza-Ocafias,
2017). A P-III snake venom metalloproteinase (SVMP)
was identified in band A figure 1; this band may con-
tain another protein. VAP2A, also known as vascular ap-
optosis-inducing protein 2A, is a P-III type SVMP first
described by Masuda and others (Masuda ez af, 1998).
It can induce apoptosis in vascular endothelial tissue
(Masuda e al., 1998). It has been previously proposed a
possible therapeutic use for this toxin due to its proper-
ties to inhibit angiogenesis, a vital process for tumoral
cell growth (Masuda e al, 1998). SVMPs usually cause
hemorrhagic symptoms in clinical patients through blood
coagulation changes or interaction with the extracellular
matrix (ECM) components, such as collagen, laminin,
and fibronectin (Calderon ez al, 2014). The formation
of new blood vessels has been reported with the action
of matrix metalloproteases/ADAM proteins and in cell-
cell/cell-ECM adhesion (Calderon e7 al., 2014). Thus, the
action of SVMPs takes an exciting role in the possible
antitumoral effect by inhibiting tumoral growth, as well
as tumoral adhesion. The latter is because some SVMPs
have been reported to interact with important recep-
tors that mediate metastasis and cell migration (Calde-
ron et al., 2014; Arvelo & Cotte, 2006; Kamiguti ez al.,
1998; Gutiérrez & Rucavado, 2000). The similarity that
the SVMPs and mammalian matrix metalloproteinases
(MMPs) have opens the possibility that these snake ven-
om toxins may be used as potential therapeutic targets
or agents against cancer (Calderon et al, 2014; Tang ef
al., 2004; Alaseem et al., 2019).

Apoxin I is an L-amino acid oxidase (LAAO), was
also identified in band A Fig. 1. Apoxin I has been de-
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Table 1. Venomic analysis of the C. m. molossus venom through Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS).

Electrophoretic ID Code . B . . Molecular mass
band (UniProt) Organism Protein Toxin Family (kDa)
. A4PBQOY Crotalus atrox gizr)Ac)disintegrin—like metalloproteinase (VA- P-IIl SYMP 65.854
P56742 Crotalus atrox L-aminoacid oxidase (Apoxin ) LAAO 56.737
B P20897 Crotalus ruber SVMP HT-2 metalloproteinase (Ruberlysin) P-1 SVMP 23.321
C ANN23923 Crotalus molossus  Phospholipase A, (Phospholipase A2_2) PLA, 16.251

scribed as an apoptosis-inducing factor, considered one
of the causes of hemorrhagic symptoms in rattlesnake-
bite patients (Torii ez al, 1997). Several biological effects
have been attributed to the action of this toxin, such as
edematogenic processes, hemolysis, antibacterial and an-
tiparasitic activity, and regulation of platelet aggregation
(Torii et al., 1997, 2000). Although the LAAOs mecha-
nisms’ have not been fully comprehended, it has been
hypothesized that their interaction with different cell re-
ceptors can increase hydrogen peroxidase (H,O,) levels
in cell membranes. High peroxidase levels due to oxi-
dative processes may induce apoptosis in different cell
lines, such as human embryonic cells (293T), human
promyelocytic leukemia cells (HL-60), rat lymphocytic
leukemia cells (I.1210), and human leukemia cells (To-
tii et al., 1997; Calderon et al., 2014; Zhang et al., 2003;
Samel ¢/ al., 2006; Suhr & Kim, 1996). Apoptosis induc-
tion from this toxin is a polemic one within the scien-
tific community. Although it has been reported that it is
related to the rise in peroxide levels, reports have shown
that it is not the only reason (Calderon e7 al., 2014; Suhr
& Kim, 1996; DiPietrantonio ¢f al., 1999) and thus, fur-
ther research is necessary.

Ruberlysin, a P-I SVMP, was identified in band B fig-
ure 1. It has been reported that ruberlysin induces lo-
cal hemorrhages by acting within blood vessels’ inner
walls (Takeya e/ al, 1990). As has been mentioned be-
fore, SVMPs can interfere with components in the ECM
(Calderon et al., 2014). Ebrahimian evaluated its capacity
to induce apoptosis in Neuro-2a, neuroblastoma cell line,
alongside other toxins from the red diamondback rattle-
snake (Crotalus ruber) (Ebrahimian, 2013).

Finally, A2_2 phospholipase was identified in band C
figure 1, as its name suggests it is an A, type phospho-
lipase (PLA,). PLA,s have a wide diversity of biological
effects, such as inducing neurotoxicity and myotoxicity
and play essential roles in lipid metabolism (Calderon e#
al., 2014). PLA,s activity is highly related to the metabo-
lism of cell membranes. Different types of PLA,s, such
as basic and acidic, have shown antitumoral and antian-
glogenic activity iz vitro and in vivo, suggesting a new ap-
proach for developing antitumoral agents (Calderon ez
al., 2014). Modahl and Mackessy (Modahl & Mackessy,
2016) described in their extensive study that the C. #olos-
sus venom presented three different isoforms of PLA,s.
Amongst those different isoforms, they reported se-
quences belonging to neurotoxic and myotoxic PLAs.
For example, Crotoxin B is a ~14 kDa PLA, neurotoxin
that binds and activates cell receptors in the cell mem-
brane, thus interfering with the epidermal growth factor,
inhibiting tumoral growth (Calderon ez al., 2014; Corin ez
al., 1993). Borja and others (Botja ef al., 2018) reported
more presence of crotamine-like toxins in the venom
from young Mexican black-tailed rattlesnakes, C. m. ni-
griscens (Botja et al., 2018). These crotamine-like toxins
had an average molecular mass of ~10 kDa (Botja ez a/,
2018a). In our study, the smallest toxin observed in the

electrophoretic gel had a relative mass of ~16 kDa, as-
sociated with PLA,s. In this case, more studies and re-
search are needed for the complete profiling of the C. .
molossus in the northwestern region.

Hemolytic Activity of C. m. molossus venom. The
red blood cells (RBCs) are the most abundant in the
blood and are in continuous contact with exogenous
compounds; therefore, the HA of the venom of C. .
molossus was evaluated. Values obtained below 10% he-
molysis can be considered non-hemolytic, while those
equal to or higher to 25% are hemolytic (Amin & Dan-
nenfelser, 2006). The snake venom was slightly hemo-
lytic at the higher concentrations evaluated (0.75-3 mg/
mL) and non-hemolytic below those (Fig. 2). Water-
treated RBCs were used as the positive control and PBS
as the negative one for hemolysis.

Some of the clinical symptoms of rattlesnake bite en-
venomation include proteolytic activity such as fibrinoly-
sis, hemolysis, or platelet aggregation (Meléndez-Martinez
et al., 2017). As observed in the black-tailed rattlesnake
venom HA assay (Fig. 2), C. m. molossus venom was not
hemolytic at concentrations below 0.75 mg/mL. Con-
trary to what we observed, Macifas-Rodriguez and others
(Macias-Rodriguez ef al., 2014) compared the HA of the
venom of two subspecies of C. molossus, C. . nigriscens
and C. m. molossus, and reported that both presented HA.
Botja and others (Botja ef al, 2018a) reported ontoge-
netic differences in the venom composition of C. w. ni-
griscens, where juvenile specimens had a more neurotoxic-
like venom, and adults had a more hemorrhagic-like one.
The snakes used in this study were adults, and it is note-
worthy to consider the last since different ages between
these snakes could provide different venom copositions,
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Figure 2. Hemolytic activity (HA) of the C. m. molossus venom.
Lower tested concentrations of the venom were slightly hemo-
lytic, while higher ones tested were hemolytic. Water treated RBCs
were used as the positive control; data represents means and
+ standard deviation from triplicates.
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Figure 3. MTT cell viability assay was performed with different
concentrations of C. m. molossus venom.

An IC;, value of 15.45 ug/mL was determined. Cell viability was
lowered by >60% at 31.25 pg/mL; data represents means and
+ standard deviation from triplicates.

thus, different results in these types of assays. Thus, hav-
ing a < 0.75 mg/mL venom concentration could help
avoid the HA observed at higher concentrations. Addi-
tionally, the black-tailed rattlesnake venom was evaluated
for cytotoxic activity against the T-47D breast carcinoma
cell line.

C. m. molossus Venom Tumoral Cytotoxic Ac-
tivity. MTT assays were performed to determine the
cytotoxic activity of the black-tailed rattlesnake venom
in the T-47D breast carcinoma cell line. We observed a
significant diminish of T-47D cells viability provoked by
the snake venom toxins (Fig. 3). The IC,, of the venom
was 15.4510.93 ug/mL. As expected, the lowest tumoral
cell viability, ~36 %, was observed at the highest venom
concentration used, 31.25 ug/ml., well below the HA
concentrations shown in figure 2. Thus, we confirmed
that the venom of the black-tailed rattlesnake (C. . mo-
lossus) presents cytotoxic activity in the T-47D breast car-
cinoma cell line.

Tasoulis and Isbister (Tasoulis & Isbister, 2017) re-
viewed different snake venoms contents from the
world’s prominent medically necessary snake families.
They concluded that three main toxin families (SVMPs,
SVSPs, and PLA,) are found in the Viperinae snake
sub-family venoms, where the genus Crofalus is located.
Meléndrez-Martinez and others (Meléndez-Martinez ef al.,
2017) reported that C. molossus venom contained several
different toxin families, including the aforementioned. In
their review, Calderon and others (Calderon et al, 2014)
described the different mechanisms by which many
snake venom toxins present tumoral cytotoxic effects. A
lower T-47D breast carcinoma cell viability was observed
at higher concentrations of C. ». molossus venom. Our
study shows an IC,, value of 15.45 pug/mlL (Fig. 3). Dif-
ferent venom compositions could change the outcome
of these types of tests, and said compositional changes
might happen due to ontogenetic changes (Botja ez al,
2018a), geographical range (Borja et al, 2018a; Borja et
al., 2018b) and, not as common as the aforementioned,
sex (Botja ez al., 2018a; Furtado ez al., 2000).

Considering the identified toxins (Table 1), we infer
that the cytotoxic activity observed in the MTT assays
is due to the action of the different SVMPs, LAAO and
PLA, found. As mentioned before, SVMPs can intet-
act with components of the ECM and produce apop-
tosis in vascular endothelial cells (Masuda e @/, 1998;
Calderon et al., 2014; Takeya ez al, 1990; Chellapandi,

2014), thus, inhibiting tumoral proliferation and reduc-
ing angiogenesis. On the other hand, LAAOs have been
reported to produce high concentrations of H,O,, hy-
drogen peroxide by interacting with different cell mem-
brane receptors (Calderon ez al., 2014; Torii ez al., 1997).
LAAOs from different rattlesnake species like C. adaman-
teus and C. atrox have been reported to act specifically
with mammalian endothelial cells (Calderon ez al., 2014;
Suhr & Kim, 1996; Du & Clemetson, 2002) as it was
mentioned above. PLA,s have been reported with antitu-
moral and antiangiogenic activity. Commonly, their inter-
actions with different cell membrane receptors in mem-
brane lipids have shown inhibition in tumoral growth
and cell adhesion (Calderon ez al., 2014; Chwetzoff ez al.,
1989). Additionally, the observed IC;, of the snake ven-
om was 15.4520.93 pug/mL, a much lower concentration
than that of the recommended use in section 3.1.2. More
studies are required to observe how these toxins interact
with the T-47D breast carcinoma cells. Once the venom
was characterized and evaluated, venom-loaded polymer-
ic nanoparticles were obtained and evaluated.

Cs-Venom Nanoparticles

In this research, the black-tailed rattlesnake venom
was entrapped into a Cs nanoparticle system using TPP
as a crosslinking agent by ionotropic gelation.

Formation of Nanoparticles. Cs-Venom NPs were
obtained spontancously by the addition of the TPP-
Venom solution to the Cs solution. It is known that the
mechanism of Cs-TPP ionotropic gelation is driven by
the process of intra- and intermolecular linkages, which
is promoted by amine groups of chitosan and the nega-
tively charged species of TPP (Calvo e al., 1997; Pedro-
so-Santana & Fleitas-Salazar, 2020; Rampino ez al., 2013;
Fernandez-Quiroz e al., 2019).

Results for different formulations are shown in Ta-
ble 2. Cs-Blank NPs were obtained with a hydrodynam-
ic size (D,) of 506 nm. These values are slightly higher
than those reported for similar nanoparticle systems
(Goycoolea ¢t al., 2009). These results may be due to the
molecular characteristics of the polysaccharides, such as
molecular weight and degree of deacetylation of Cs.

Table 2. Different formulations of Cs NPs with and without ven-
om.

Cs-Blank NPs Cs-Venom NPs
D, (hm) 506.4+14.05 415982167
PDI 047001 044003
C-potential 273+165 283+117

Data are means and + standard deviation for triplicate.

Cs-Venom NPs exhibited a positive C-potential,
which suggests the presence of a shell of chitosan in
the formulations. The formulation exhibited a D, of
~415 nm and a C-potential of ~28 mV (Table 2). The
decrease in the size of venom-loaded NPs concerning
the blank NPs is shown. The electrostatic forces be-
tween the venom extract and chitosan are the domi-
nant interaction in this system. The venom extract used
for the preparation of nanoparticles may provide the
presence of a polypeptide mixture, which may lead to
additional intra- or inter-molecular interactions. Hence
the decrease in particle size.

The encapsulation efficiency (EE%) of the ven-
om entrapped in the Cs-Venom-NPs was determined
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Figure 4. FTIR analysis of venom-loaded (A) and blank (B) NPs,
as well as their main individual components, (C) C. m. molossus
venom, (D) LMW Chitosan.

through a Bradford protein stain microplate protocol.
The EE% was 48.29£3.84%. Soares and others (Soares
et al., 2018) entrapped the snake venom of two differ-
ent viperids, Bothrops erythromelas and B. jararaca, achiev-
ing an EE% of over 65% of both venoms with a Cs-
TPP NP system. Goycoolea and others (Goycoolea et
al., 2009) were able to achieve an EE% of up to 41—
52% for insulin, using a hybrid Cs-ALG NP system,
they suggested that the electrostatic interactions given
between the Cs and insulin were the most dominant,
nevertheless, other interactions should also be consid-
ered.

ATR-FTIR Analysis. FTIR analysis was performed
to evaluate the molecular composition of the obtained
products. Figure 4 shows the spectra of Cs-Venom NPs
(A) as well as Cs-Blank NPs (B) and their main individ-
ual components, C. z. molossus venom (C) and LMW Cs
(D). There are apparent differences between the spectra
obtained from the NPs and their main individual com-
ponents. The signals observed at 1540 cm! and 1620
cm! in the venom-loaded and blank NPs (A and B)
spectra correspond to the Amide I and Amide II bands
of chitosan (Soates ¢ al.,, 2018), respectively. A slight shift
from a small peak at 1640 cm' from LMW chitosan (D)
to 1620 cm™' (A and B) is observed. Additionally, LMW
chitosan and both NPs show the characteristic 1375 cm'!

A. Cs-Blank NPs

Figure 5. 2D and 3D AFM images of blank and venom-loaded NPs.

corresponding to -CH; symmetrical deformation vibra-
tion of chitosan.

Soares and others (Soares ef al, 2018) reported the
FTIR spectra of Cs-TPP NPs entrapping the snake
venom of B. erythromelas and B. jararaca. They mentioned
how the interaction between the NP components and
the snake venom might result in band shifts and sepa-
ration of the absorption bands. They observed a shift
in the C=0O primary (1540 cm™') and secondary (1640
cm ) protein bands. In contrast with our results, there
was no apparent shift in said bands (A and B), but a
slight shift from 1640 cm' to 1620 cm™! is noticed. Ad-
ditionally, the peaks corresponding to the C-N stretches
of chitosan’s primary and secondary amines can be ob-
served at 1025 cm™' and 1150 cm™!, respectively, in A,
B, and D (Coates, 2000). These results confirm the Cs-
TPP conjugation (Mohammadpourdounighi ez 4/, 2010).
There was no difference between the spectra of blank
and venom-loaded NPs (A and B) in our study. The last
could be attributed to the relatively low penetration ca-
pacity of the ATR mode used. There are noticeable dif-
ferences between the pristine components (C) and the
obtained NPs (A and B).

NPs Morphology. The morphology of the venom-
loaded and blank NPs was observed through atomic
force microscopy (AFM) (Fig. 5). Figure 5A, Cs-Blank
NPs presented a smooth surface, semi-spherical shape,
and ~500 nm of size. Similatly, in Figure 5B, Cs-Venom
NPS showed a smooth surface, a semi-spherical shape,
and an estimated size of ~400 nm.

Similar to other studies that also entrapped snake ven-
om within Cs NPs, our venom-loaded NPs presented a
smooth surface and semi-spherical shaped morphology
(Fig. 5 A and B) (Soates ez al., 2018). Naser and others
(Naser ef al., 2015) observed that the interaction of scor-
pion venom with the Cs chains could increase the NP
size, although no increase in size was observed with our
NPs, as confirmed by the DLS data in Table 2.

Hemolytic Activity of Venom-loaded NPs

HA assays were performed with Cs-Venom NPs
to study their behavior with RBC. It can be observed
(Fig. 6) that, similarly to the HA observed in Fig. 2,
the higher concentrations (0.75-3 mg/mL) were slightly
hemolytic, whereas the lower ones were not. The entrap-
ment of the venom within the Cs matrix may protect
the RBCs; hence, further studies are required.

Zhou and others (Zhou e¢f al., 2015) studied the hemo-
compatibility of Cs dendrimers and Cs alone, and they
reported that at 50 and 100 pg/mlL, the Cs dendrimers
induced higher hemolysis than Cs alone. Their study

B. Cs-Venom NPs
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Figure 6. Hemolytic activity (HA) venom-loaded and blank NPs.
Cs-Venom NPs were not hemolytic, specially at lower concen-
trations <0.187 mg/mL. PBS and water were used as (-) and (+)
control, respectively.

Data are means and =+ standard deviation for triplicate.

reported a 2%<HA<5% indicating that they were non-
hemolytic. In the present work, the results show that the
Cs-Venom NPs were slightly hemolytic (HA>10%) at
high concentrations (Fig. 6). In the same way, the Cs-
Blank NPs were slightly hemolytic (HA>10%) at high
concentrations (Fig. 6). The venom from the black-tailed
rattlesnake, C. molossus, has been previously reported as
more hemolytic than the western diamondback rattle-
snake, C. atrox, or the tiger rattlesnake, C. #gris, due to
its capacity to degrade fibrinogens and collagen (Melén-
dez-Martinez et al., 2017). Although the venom of C. mwo-
Jossus has been previously studied, even more studies are
required to establish isolated toxins or whole venom to
be used as possible pharmaceutical agents. Although the
venom-loaded NPs have toxins that may interact with
RBC membranes or components of the ECM, there was
not enough decrease in the RBC viability to be labeled
as hemolytic (HA>10%). Hence, the latter suggests that
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Figure 7. MTT assays were performed with Cs-Blank and Cs-Ven-
om NPs.

C. m. molossus venom and Cs-Venom NPs were both able to lower
the cell viability of the T-47D breast carcinoma cells by >60% at
31.25 pg/mL. *Are shown for statistical differences (p<0.005).

the evaluated concentrations of NPs formulations do not
produce hemolysis.

Venom-Loaded NPs Tumor Cytotoxic Activity.

The tumoral cytotoxic activity was analyzed through
MTT assays. As observed (Fig. 7), the Cs-Venom NPs
inhibit the cell viability, down to ~30%. Additionally,
the Cs-Blank NPs did not inhibit the cell viability of the
T-47D breast carcinoma cell line. Significant differenc-
es were found between the snake venom zs. Cs-Venom
NPs’ cytotoxic effect in a 2-way ANOVA followed by
Sidak’s multiple comparison test.

Cs has been firmly established as a biocompatible and
low toxic polymer (Calvo et al, 1997; Goycoolea et al.,
2009; Soares et al., 2018; Wu et al., 2017); nevertheless,
Carrefio-Gomez and Duncan (Carrefio-Gémez & Dun-
can, 1997) reported cytotoxic activity of different Cs
salts, being time and exposed concentration the most
important factors for it. In another study by Zaki and
others (Omar Zaki et al., 2015), it was reported that for
Cs-TPP NPs, size and concentrations were determinant
factors in the obtention of cytotoxic activity 7 vitro. Our
results show, as expected, no apparent cytotoxic activity
from the Cs-Blank NPs, having average cell viability of
100.08+0.99% for all analyzed concentrations. The Cs-
Venom NPs could decrease the cell viability of the T-
47D breast carcinoma cell line (Fig. 7). A decrease to
30.03£1.27% viability was obtained at the highest Cs-
Venom NP concentration (31.25 pg/mL). It is notewor-
thy that all the concentrations used with the Cs-Venom
NPs were significantly different and lower than the cell
viability obtained by the whole venom. The last indicates
a possible potentiating effect of the polymer matrix,
similar to what was reported for other pharmaceuticals
(Tran et al., 2017; Aftab et al, 2018). Biswas and oth-
ers (Biswas ef al, 2012) and Al-Sadoon and others (Al-
Sadoon ¢f al, 2013) had already reported the possible
use of combined nanostructure alongside snake venom
for pharmaceutical use. As reported elsewhere, the tox-
ins herein identified (SVMPs, LAAO, and PLA,) have
been previously described as potential pharmaceutical
agents, inhibiting tumoral growth and inducing apoptosis
(Calderon ez al, 2014; Suhr & Kim, 1996; Chellapandi,
2014; Al-Sadoon et al., 2013; Badr et al., 2013; Park er
al., 2009). Our results indicate a potentiating effect of
the snake venom entrapped within the Cs NPs, hence
lower cell viability. As indicated before, snake venoms
have been reported as exciting and promising tools for
pharmaceutical research (Calderon ¢z al., 2014; Park et al.,
2009; Azevedo et al., 2016; Chwetzoff e/ al., 1989; Mo-
hammadpourdounighi e @/, 2010), and, we were also
able to confirm that the cytotoxic effect was produced
by the entrapped venom and not the Cs NPs by them-
selves (Fig. 7). More studies are required to confirm any
possible effect between the proteins encapsulated within
the matrix and evaluate the safety of their use on 7 vive
models.

Fluorescence Intensity Assays

Fluorescence intensity (FI) assays were performed
to observe the effects of the free C. 7. molossus venom
and the Cs-Venom NPs, in the T-47D breast carci-
noma cells. The venom of the C. ». molossus and Cs-
Venom NPs (Fig. 8) lowered the FI of rhodamine
123, generally associated with cell death due to a com-
promised cell membrane (Darzynkiewicz ef al., 1982).
Additionally, there were significant differences be-
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Figure 8. Fluorescence intensity assays were performed with the
black-tailed rattlesnake (C. m. molossus) venom, Cs-Venom NPs,
and Cs-Blank NPs stained with Rhodamine.

A decrease in fluorescence intensity indicates the death of cells.
*Are shown for statistical differences (p<0.005). No significant dif-
ferences were observed between the snake venom and Cs-Venom
NPs.

tween the FI of the Cs-Blank NPs and snake venom
and Cs-Venom NPs.

Several studies have shown how some snake venom
toxins have specific interactions at cell membranes.
Suhr and Kim (Suhr & Kim, 1996) reported how some
LAAOs presented specificity, and thus, they observed
different cytotoxic levels for different cell lines. It can
be observed in Fig. 8, that the venom significantly af-
fects cell morphology, and as reported elsewhere, this
could be due to the specific action of certain toxins like
SVMPs, LAAOs, and PLAs, like the ones in Table 1.
Park and others (Park ez 4/, 2009) reported the morphol-
ogy changes and apoptosis induction in SK-N-MC and
SK-N-SH, neuroblastoma cells, after %pera lebetina snake
venom internalization. These changes were probably
caused by reactive oxygen species (ROS), due to rup-
ture in the cell’s membrane potential (Park ez al, 2009)
or pore formation due to PLA,s (Chwetzoff ez al., 1989;
Cummings, 2007; Gutiérrez & Lomonte, 1995). Our re-
sults show clear and noticeable morphological changes
consistent with the MTT cytotoxicity assays, where cell
viability of ~30% was observed at a venom concentra-
tion of 31.25 pg/mL (Figs 3 and 7).

In contrast with the Cs-Blank NPs (Fig. 8), no dis-
tinctive morphology changes were observed. The data
obtained through the MTT assay of said NPs (Fig. 7)
shows no apparent cytotoxic effect of the blank NPs.
The FI assay shows that the Cs-Venom NPs could de-
liver the venom of C. m. molossus inside them. This study
has contributed to the development of new potential
anti-cancer drugs. The use of snake venom against tu-
mor cells could be a viable option to treat this type of
disease, as supported by the presented data.

CONCLUSIONS

It was demonstrated that the northern black-tailed
rattlesnake (C. #. molossus) venom (formed majorly by
VAP2A, Ruberlysin, Apoxin I, and Phospholipase A2_2)
maintains cytotoxic activity against the T-47D breast car-
cinoma cell line after a chitosan NPs synthesis process.
Cs-Venom (EE% of 48.29%) NPs presented a smooth
and semi-spherical morphology with an average size of
~415 nm and C-potental of +28 mV. Cs-Venom NPs
did not have hemolytic activity in human RBC (HA <
10%), especially at lower concentrations [0.187 mg/mlL].
FI assays showed that the snake venom and Cs-Venom
NPs both induced changes in cell morphology by com-
promising the cell mitochondria membrane potential.
Although more research and data are required, for our
results, the black-tailed rattlesnake (C. m. molossus) ven-
om-loaded in the chitosan polymeric NPs appears to be
a promising candidate to be researched for cancer phar-
maceuticals.
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