Brome mosaic virus-like particles as siRNA nanocarriers for
biomedical purposes
Alfredo Nuñez-Rivera1,2, Pierrick G. J. Fournier2, Danna L. Arellano2,
Ana G. Rodriguez-Hernandez1, Rafael Vazquez-Duhalt1 and Ruben D. Cadena-Nava*1,§

Full Research Paper

Open Access

Address:
1Centro de Nanociencias y Nanotecnología - Universidad Nacional
Autónoma de México (UNAM) – Ensenada, Baja California, México
and 2Centro de Investigación Científica y de Educación Superior de
Ensenada, Baja California, (CICESE), Ensenada, Baja California,
México

Beilstein J. Nanotechnol. 2020, 11, 372–382.
doi:10.3762/bjnano.11.28

Email:
Ruben D. Cadena-Nava* - rcadena74@gmail.com

This article is part of the thematic issue "Engineered nanomedicines for
advanced therapies".

* Corresponding author
§ Phone: +52 (646) 175-0650

Guest Editor: M. K. Danquah

Keywords:
anti-cancer therapy; brome mosaic virus (BMV); cowpea chlorotic
mottle virus (CCMV); nanocarriers; plant virus-like particles (VLPs);
siRNA delivery; small interfering RNA (siRNA)

Received: 21 November 2019
Accepted: 07 February 2020
Published: 20 February 2020

© 2020 Nuñez-Rivera et al.; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
There is an increasing interest in the use of plant viruses as vehicles for anti-cancer therapy. In particular, the plant virus brome
mosaic virus (BMV) and cowpea chlorotic mottle virus (CCMV) are novel potential nanocarriers for different therapies in nanomedicine. In this work, BMV and CCMV were loaded with a fluorophore and assayed on breast tumor cells. The viruses BMV and
CCMV were internalized into breast tumor cells. Both viruses, BMV and CCMV, did not show cytotoxic effects on tumor cells in
vitro. However, only BMV did not activate macrophages in vitro. This suggests that BMV is less immunogenic and may be a
potential carrier for therapy delivery in tumor cells. Furthermore, BMV virus-like particles (VLPs) were efficiently loaded with
small interfering RNA (siRNA) without packaging signal. The gene silencing was demonstrated by VLPs loaded with siGFP and
tested on breast tumor cells that constitutively express the green fluorescent protein (GPF). After VLP-siGFP treatment, GFP
expression was efficiently inhibited corroborating the cargo release inside tumor cells and the gene silencing. In addition, BMV
VLP carring siAkt1 inhibited the tumor growth in mice. These results show the attractive potential of plant virus VLPs to deliver
molecular therapy to tumor cells with low immunogenic response.

Introduction
Despite many efforts taken, the efficient and specific delivery
of therapeutic molecules to tumor cells is still a unsolved challenge. Cancer therapies are often limited because only a small

fraction of the administered dose of the drug arrives into the
tumors [1-3]. This can be attributed, in part, to a series of biological barriers that reduce the drug accumulation in tumors [4]
372

Beilstein J. Nanotechnol. 2020, 11, 372–382.

such as sequestration by the mononuclear phagocyte system [5],
non-specific distribution [6], limitations in the blood flow of
tumor vessels [7], pressure gradients, cellular internalization
[8], and the escape of endosomal and lysosomal compartments
and drug efflux pumps [9].
The use of nanoparticles as nanovehicles has been proposed to
overcome some of these limitations. Nanoparticles offer several
advantages such as their size and a surface area that could be
functionalized with specific ligands in order to be targeted to
specific tissues [10]. Additionally, they can be used to increase
the overall solubility of drugs and to modulate their circulation
half-life [11-13]. The accumulation of nanoparticles in tumors,
either passively or directed, is extensively documented [14].
Thus, there are multiple efforts to design nanoparticles that
function as nanovehicles, mainly composed of liposomes, synthetic polymers, dendrimers, and virus-like particles (VLPs)
[13,15]. Recently, the use of VLPs with high loading capacity
and biocompatibility has reached clinical stages [16,17].
Plant virus VLPs have received less attention, since for most of
the viral vector developments bacteriophages and complex
mammalian viruses are used. However, due to their easy production, handling, and simple structure, plant viruses are attractive for some biomedical applications. Plant bromoviruses, such
as the brome mosaic virus (BMV), are viral bionanoparticles
that have been proposed as platforms for drug delivery in different therapies, and as diagnostic imaging agents in cancer [1820]. The capsids of these viruses result from the assembly of
180 identical proteins with T = 3 symmetry that forms the icosahedral shell with a diameter of 28 nm [21]. The N-terminal
region of the capsid protein is highly basic and positively
charged, which allows for the binding of the viral RNA genome
[22]. Also, the casid protein able to encapsidate anionic molecules, such as heterologous RNAs [23], enzymes [24], drugs
[25], or gold nanoparticles [26] by charge complementarity with
the possibility of directing them to target cells through the functionalization of the external surface of the capsid [25,27]. Similarly, VLPs from the closely related cowpea chlorotic mottle
virus (CCMV) have been loaded with different cargos, including gold nanoparticles, negatively charged chromophores, and
polymers [22].
Small interfering RNA (siRNA) is a promising therapeutic solution to address gene overexpression or mutations for several
pathological conditions such as viral infections, cancer, genetic
disorders, and autoimmune disorders such as arthritis [28,29].
Especially, BMV VLPs show potential for delivering siRNA
due to easy production and purification, and high stability.
Also, they can be readily modified chemically and genetically
for potential therapeutic applications [30].

Despite these interesting properties, to our knowledge, the use
of BMV VLPs for molecular cancer therapies, especially in
delivering siRNA for gene silencing, has been scarcely
explored. In this work, important BMV VLPs properties of biomedical interest are demonstrated, such as biocompatibility,
tumor cell internalization, and their efficiency as nanocarriers
for siRNA delivery. In addition, the capacity of the BMV and
CCMV viruses to modulate the immune response in vitro was
also analyzed.

Results and Discussion
Cell internalization of VLPs
In order to test the cell internalization of VLPs, BMV and
CCMV VLPs were loaded with NanoOrange, a hydrophobic
fluorescent dye. Both BMV and CCMV viruses have hydrophobic residues in their capsid protein in which hydrophobic
molecules, such as NanoOrange, are bound. Due to the high
fluorescence of this fluorophore, the internalization into tumor
cells using this labeling technique appears to be better when
compared with some previous reports [31-33]. The NanoOrange-loaded BMV and CCMV capsids were then incubated in
MCF-7 cell cultures for 4 h to evaluate their internalization into
the breast cancer cells. Representative confocal microscopy
images showed NanoOrange fluorescence inside the cells
(Figure 1A). It is important to point out that the capsids are able
to internalize efficiently into tumor cells without any functionalization. The cell internalization has been quantified by flow
cytometry (Figure 1B). The differences in the extent of cell
internalization could be explained by the surface charge as
revealed by zeta potential measurements. The flow cytometry
analysis of cell internalization was also performed after trypsin
treatment, which promotes detachment of the capsids from the
cell surface [31], and thus only internalized capsids are
detected.
The results showed a slightly higher efficiency of internalization, but no significant difference, for BMV into the MDA-MB231 and MCF-7 breast tumor cell lines (Figure 1C). Furthermore, to avoid erroneous results due to possible detachment of
NanoOrange from the capsids, FITC fluorophore was covalently conjugated to the capsid surface and analyzed by
confocal microscopy (Figure 2 and Figure S1, Supporting Information File 1). The confocal images showed FITC fluorescence inside the cells without colocalization of the plasma
membrane stained with FM4-64, evidencing an effective cell
internalization of both BMV and CCMV loaded capsids. With
the virus loaded with FTIC a similar efficiency of virus internalization in MDA-MB-231 and MCF-7capsids are interacting
with the cell plasma membrane, in cells was observed. Flow
cytometry analysis showed a 70% virus internalization in the
cells treated with both CCMV and BMV capsids (Figure 1B,C).
373
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Figure 1: Cellular uptake of CCMV and BMV viruses. (a) Confocal laser scanning microscopy (CLSM) images of MCF-7 cells treated with
virus–NanoOrange (green channel). (b) Representative flow cytometry data (c) and the statistical data of virus internalization in MDA-MB-231 and
MCF-7 tumor cells. Free NanoOrange (controls) was virtually not internalized. Scale bar = 50 μm. Error bars represent mean ± SD (n = 3).

In addition, confocal microscopy images showed that almost all
the cells contained plant viruses with loaded NanoOrange or
with covalently conjugated FITC (Figure 1A and Figure 2). The
differences in fluorescence intensity detected by confocal
microscopy among the treated cells can be attributed to the different amounts of internalized VLPs.

We demonstrate that the BMV and CCMV capsids are efficiently internalized by breast tumor cells, without the need to
couple a specific cell ligand. These results differ from those reported for cell internalization of cowpea mosaic virus (CPMV)
in the same cell lines, which do not show high levels of
vimentin on the cell surface [20,34]. Vimentin is a receptor that
374
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facilitates caveolar endocytosis [35,36], and it has been reported to promote the cellular internalization of CPMV [32,3537]. Therefore, the cellular internalization of the CPMV virus
occurs via endocytosis, which includes multiple routes:
clathrin-dependent, caveolar and micropinocytosis [36-38]. Our
results showed that the presence of low levels of vimentin on
the cell surface is not a limiting factor for the cell internalization of BMV and CCMV. Thus, it seems possible that the
capsid internalization could be carried out by macropinocytosis,
a process independent of vimentin.

Biocompatibility of CCMV and BMV
A possible virus cytotoxicity was evaluated. BMV and CCMV
viruses were incubated for 24 h with MDA-MB-231 cells, using
2.6 × 107 viruses per cell. A similar concentration has been used
in cell viability tests with CCMV [25,39] and glycol chitosan
nanoparticles [40]. The flow cytometry results showed around
90% cell survival after treatment with both viruses
(Figure 3A,B), while almost all cells died after treatment with
DMSO (death control). These results agree with previous
studies with BMV VLPs in HBE cells [41] and also with other
plant viruses, in which even at high virus concentrations, no

cytotoxic effect on cells was found [38,42,43]. This high degree
of biocompatibility make plant viruses capsids suitable candidates as carriers to deliver therapeutic drugs or siRNA molecules.

Immunogenicity of CCMV and BMV
The RAW 264.7-blue macrophage cell line was used to determine the potential immune response in vitro of both BMV and
CCMV viruses. Surprisingly, a remarkable difference was
found. CCMV showed a high activation of macrophages, while
BMV showed almost no immunogenic response (Figure 3C,D).
There is 80% homology in the amino acids sequences of
CCMV and BMV [21], however, they differ in their surface
charge. The zeta potential at pH 7 was determined. Under these
conditions, the zeta potential of CCMV is −9.27 ± 0.47 mV,
more negative than that of BMV (−5.16 ± 0.40 mV). The surface charge of the capsid could be the reason why CCMV activates macrophage cells to a greater extent, because it is well
known that at a higher anionic charge the particles tend to be
phagocytosed by macrophages [44]. Accordingly, the virus
uptake by the macrophages can activate intracellular receptors,
i.e., toll-like receptors (TLR) 7/8, which can recognize the viral

Figure 2: Internalization of CCMV and BMV conjugated with FITC. MDA-MB-231 cells were incubated with BMV-FITC (green channel) and CCMVFITC (green channel). The cell nucleus was stained with DAPI (blue channel) and the membrane with FM4-64 (red channel). Free FITC did not show
internalization. A concentration of 1.3 × 106 viruses/cell was used. Scale bar = 50 μm.
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Figure 3: Biocompatibility and immune response of BMV and CCMV. (A) MDA-MB-231 cells were incubated with the virus CCMV and BMV for 24 h
with 2.6 × 107 viruses/cell. The cytotoxicity was measured by flow cytometry, using calcein AM to quantify live cells and EthD-III for dead cells.
(B) Representative statistical data of live cells after virus incubation. Macrophage activation by (C) CCMV, (D) BMV and PEGylated virus nanoparticles (PEG-CCMV/PEG-BMV) at different concentrations were measured using RAW 264.7-Blue cells. Lipopolysaccharide extract (LPS) was used as
a control of macrophages activation. Error bars represent mean ± SD (n = 3).

ssRNA genome, promoting the activation of the macrophages.
This mechanism of TLR 7/8 activation has been reported using
papaya mosaic virus [45].
Both capsids of CCMV and BMV were covered with polyethylene glycol (PEG) to decrease their surface charge and mask
the domains of the capsid proteins that could be recognized by
the macrophages (Figure 3C,D). PEG is widely used to reduce
the immunogenicity of proteins. Also, PEG has been approved
by the US Food and Drug Administration, and there are now
several PEGylated drugs commercially available. The
PEG–drug conjugates show several advantages that include
prolonged residence in the body, reduced degradation by metabolic enzymes, and reduced or no protein immunogenicity [46].
Although the PEGylation of CCMV capsids (CCMV-PEG)

greatly reduced the immunogenic response, BMV seems to be a
better nanocarrier candidate due to its low immunological
response. On the other hand, and despite of the immunogenicity of CCMV, which can limit its use for certain therapies,
this virus could act as an immunoregulator in immunological
therapies to improve some cancer treatments [47,48].

VLP-siRNA synthesis and characterization
Gene silencing through RNA interference (RNAi) is considered to be among the most promising therapies to fight cancer.
RNAi pathway influences the translation of mRNA through
silencing specific genes in nearly all human cells [49]. The use
of siRNA in RNAi has been limited so far by the lack of a
vehicle that delivers siRNA to the desired tissue. To solve this
problem, we are proposing to use plant viral capsids as nanocar376
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riers to deliver siRNA. VLPs nanovehicles containing siRNA
were synthesized, taking advantage of the self-assembly of
BMV capsid proteins.
As a proof of concept, siRNA to silence the expression of green
fluorescent protein (GFP) was encapsidated into BMV capsid
proteins. In order to optimize the siRNA encapsidation, different ratios of siGFP and CP were examined, monitoring the
uncapsidated GFP. An efficient encapasidation of siRNA to
form the VLP-siGFP nanocarriers was obtained using a mass
ratio of 1:6 (siGFP/CP). The VLP-siRNA from BMV showed
icosahedral VLPs of approximately 27.7 nm in diameter, similar to those of the native virus (T = 3), as corroborated by TEM
(Figure 4A and Figure S2a, Supporting Information File 1). Importantly, this is the first report of the encapsidation of nucleic
acids in VLPs from BMV without the need for an RNA packaging signal. Previous reports showed that a tRNA-like struc-

ture is crucial to assemble BMV-VLPs with nonviral RNA
[50,51].
The BMV VLPs containing siGFP were incubated in breast
tumor cells MDA-MD-231, which constitutively express GPF.
After VLP-siGFP treatment GFP expression was efficiently inhibited, as shown by the reduction in fluorescence after 6 h of
treatment (Figure 4C), corroborating the cargo release from
BMV VLP inside tumor cells and gene silencing.

BMV VLPs as siAkt1 nanocarriers
The anti-cancer siRNA Akt1 (siAkt1) was also encapsidated in
BVM-VLPs (Figure 4B). Akt1 is a kinase involved in the processes of cell proliferation, migration and transformation [5255]. The siAkt1 encapsidation was performed using a mass ratio
of 1:6 (siRNA-Akt1/CP-BMV). VLPs with icosahedral morphology of around 27.8 nm of diameter (T = 3) were obtained,

Figure 4: Encapsidation of siRNA in BMV capsid proteins. TEM images of virus-like particles in vitro assembled at a mass ratio of 1:6 (siRNA/CP
BMV). (A) BMV VLP-siGFP, (B) BMV VLP-siAkt1. (C) GFP silencing assay using human breast tumor cells MDA-MB-231 that stably express GFP.
The cells were incubated with BMV VLP-siGFP and siGFP at a concentration of 50 nM. *Scale bar = 50 μm, **scale bar = 100 μm.
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similar to the VLP-siGFP (Figure 4 and Figure S2b, Supporting
Information File 1) and the wild-type BMV (29.3 nm). The
nanoparticle diameters were in agreement with those from DLS
measurements, see Figure S3 (Supporting Information File 1).
The amount of BMV capsid protein and siRNA was quantified
by fluorescence assays. The correlation between the observed
fluorescence and the concentration allows for the estimation of
the average concentration of capsid protein and siRNA in the
BMV-VLPs suspension (see Figure S4, Supporting Information File 1). With this estimation, together with the data from
TEM measurements, an average of 100 µg of CP for 23.8 µg of
siRNA was estimated, i.e., an average of 66 siRNA molecules
in the T = 3 capsid (180 CP molecules). Thus, the siRNA
confinement in BMV-VLPs is 10 times higher than that reported for CCMV VLPs [32]. Considering that siRNA has 42 e−
charges, there are 2,772 negative charges inside of the VLP,
which is in agreement with the average of negative charges in
the wild-type BMV: 3000 e− /capsid [21,22].
The synthesized VLP-siAkt with both BMV and CCMV
capsids were assayed in vivo. The VLP-siAkt were inoculated
into mice with previously induced breast cancer tumors. The
tumors were induced in female mice using the mouse cell line
4T1. After ten days of tumor inoculation, doses of 100 µg of the
plant virus and VLP-siRNA were administered by injection
every three days for two weeks in the periphery of the tumor
(Figure 5A). The size of the tumor was evaluated twice a week
for 28 days. Significant differences among the treatments were
detected (Figure 5B). BMV-siAkt1 showed the highest activity,
inhibiting around 50% of tumor size when compared with the
control (Figure 5B,C). The efficiency of BMV-VLPs in delivering siRNA is similar to that observed when nanoparticles of
multilamellar gold niosomes were used to deliver siRNA-Akt
[56]. The mice showed no significant weight differences after
the different treatments, suggesting that the VLPs and viral
nanoparticles do not alter the mice metabolism, which could influence tumor growth. The slight tumor growth reduction induced by the treatment with the wild type virus could be attributed to their immunogenic capacity. These results are in agreement with the in vitro macrophage activation experiments
showed above for CCMV, and also with previous reports on the
success of in situ immunoregulation of tumors and the inhibition of metastasis using VLPs of the CPMV virus [57]. It is well
known that treatments with CPMV-VLPs show greater inhibition of the tumor than using a highly immunogenic agent such
as lipopolysaccharide (LPS), poly (I: C), and DMXAA 47. It
seems that CCMV regulates the tumour microenvironment
similarly to the CPMV virus [57]. The virus could induce the
polarization of macrophages by recognizing intracellular tolllike receptors [45,58,59], or the expression of cytokines and
chemokines, which activate infiltrated neutrophils in the tumor

producing reactive oxygen species (ROS) [60]. The virus could
also modulate and recruit CD8 + T cells, and natural killer cells
to generate a cytotoxic effect [60,61]. However, the results obtained with the wild-type BMV are still unclear. Finally, our in
vivo results demonstrated that BMV-VLPs nanocarriers containing siRNA are able to be internalized by the tumor cells and
deliver the siAkt1 cargo into the tumor.

Figure 5: Anti-tumor effect of virus nanoparticles. (A) Schematic illustration of the experimental design. (B) In vivo growth curves of 4T1
tumors on mice after treatments with the virus and VLPs. (C) Ex vivo
images of 4T1 breast cancer tumor from BMV VLP-siAkt1 and PBS
control treatments on day 28 after tumor challenge. BMV VLP-siAkt1
showed the strongest inhibition effect on the tumor compared to the
other nanoparticles. Error bars represent mean ± SD. P-values were
calculated by 2-way ANOVA with Tukey posttest (*P < 0.01).

Conclusion
The capacity of BMV VLPs to carry and deliver siRNA into
tumor cells has been demonstrated. Cell internalization of the
plant viruses, BMV and CCMV, showed no cytotoxicity,
making the viruses excellent and biocompatible nanocarrier
candidates for targeted molecular anti-cancer therapies. BMVbased nanocarriers showed better efficiency in cell transfection
without inducing in vitro immunological responses when compared with CCMV. In addition, the efficient synthesis of icosahedral BMV VLP-siRNA and its ability to release the small
interference RNA molecules into tumor cells was also demonstrated. Thus, the BMV capsids are a potential candidate to
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deliver siRNA. The versatility of these plant virus nanocarriers
includes the functionalization of the viral capsid surface with
specific ligands, e.g., folic acid, antibodies, or modified
mannose, which further increase the recognition of specific
targeted tissues or tumor cells. The coupling of drugs and molecular therapies, such as siRNA, in the same nanocarrier seems
to be an excellent strategy to increase the efficiency of anticancer therapies.

Experimental

Balb/C mice and forms tumors when implanted in the
mammary fat of Balb/C mice. The 4T1 cells were cultured in
RPMI medium (Corning). DMEM and RPMI basal media were
supplemented with 10% fetal bovine serum (FBS, Biowest) and
antibiotic/antimycotic (ThermoFisher Scientific). The medium
for MCF-7 cells was also supplemented with recombinant
human insulin (0.01 mg/mL; Sigma-Aldrich) and the medium
of the RAW-Blue cells with 100 µg/mL of Normocin and
200 µg/mL of Zeocin antibiotics (InvivoGen). Cells were maintained at 37 °C in a humidified incubator with 5% CO2.

Production and purification of the virus
CCMV and BMV were obtained from infected cowpea and
barley plants, respectively. The viruses were purified as described previously [22]. Briefly, one week after germination the
plant leaves were slightly damaged mechanically to be able to
be infected with the wild-type virus, using the inoculation
buffer (0.01 M sodium phosphate buffer, pH 6 and 0.01 M
magnesium chloride) containing 0.1 μg/μL of wild-type virus
suspension. After the plants showed symptoms of infection the
leaves were collected, chopped in a blender with extraction
buffer (0.5 M sodium acetate and 0.08 M magnesium acetate,
pH 4.5). The mixture was filtered through cheesecloth and then
one volume of chloroform was added and the mixture was kept
under stirring at 4 °C. To recover the aqueous phase, the mixture was centrifuged at 12,300g for 15 min at 4 °C. The aqueous
phase was kept under stirring for 2 h and placed on a 10%
sucrose cushion to separate the protein fraction. The cushion
was ultracentrifuged at 110,000g for 120 min using a Beckman
SW 32 Ti rotor in a Optima XPN-100 ultracentrifuge. The
formed pellet was resuspended with virus suspension buffer and
the virus was ultrapurified using a sucrose gradient, which was
ultracentrifuged at 110,000g at 4 °C for 120 min. The concentration of the virus was calculated by measuring the UV absorbance using a Nanodrop 2000c spectrophotometer (ThermoFisher Scientific). All the procedures were performed at
4 °C. Finally, the purified viruses were stored at −80 °C in
1.5 mL microcentrifuge tubes.

Cell cultures
The breast tumor cell lines MDA-MB-231 and MCF-7 were obtained from the ATCC. The cell line MDA-MB-231/GFPm
which constitutively expresses green fluorescent protein (GFP)
was obtained from Cell Biolabs. RAW-Blue (InvivoGen) was
derived from the mouse macrophage cell line RAW 264.7 after
adding the sequence of the secreted embryonic alkaline phosphatase (SEAP) under the control of an NF-κB/AP-1 inducible
promoter. RAW-Blue cells can be used as pattern-recognition
receptor reporter cells to assess macrophage activation. All
these cells were cultured with high-glucose DMEM media
(Biowest). The breast-tumor cell line 4T1 (ATCC) was derived
from a spontaneously arising mammary tumor from a MMTV+

Virus cell internalization
To visualize the cell internalization, viruses were loaded with
NanoOrange. These are hydrophobic molecules that bind to the
hydrophobic domains of the capsid proteins of BMV and
CCMV. NanoOrange (NanoOrange™ Protein Quantitation Kit;
ThermoFisher Scientific) were incubated with 1 µg of BMV or
CCMV capsids for 20 min. The virus capsids were also
rendered fluorescent by the covalent conjugation of the free
amino groups of proteins with fluorescein-5-isothiocyanate
(FITC). The FITC conjugation was carried out according to
Douglas et al. [27] as follows: 400 µg of viral capsid were
labeled in a solution of FITC (10 µg/mL, Molecular Probes) in
PBS, under constant agitation, for 2 h at room temperature. The
excess of the fluorophore was removed by ultrafiltration using
100 kDa amicon filters (0.5 mL, Millipore). For the controls,
free NanoOrange and FITC were utilized at the same concentration to label the viruses.
A suspension containing 105 MDA-MB-231 or MCF-7 cells
was seeded in 35 mm glass bottom dishes (MatTek Co.) or in
12-well plates. After 12 h, the medium was completely removed and cells were incubated for another 12 h in basal
media. BMV or CCMV viral capsids labeled with NanoOrange,
or FITC were added to the culture (1.3 × 106 virions per cell)
and incubated for 4 h. The amount of virus used is consistent
with previous studies with plant viruses [32,35-37,41]. Virus
internalization was monitored on live cells or cells fixed with
paraformaldehyde, after staining the membrane with FM4-64
(ThermoFisher Scientific) and the nucleus with DAPI (SigmaAldrich), using a confocal microscope FV1000 FluoView
(Olympus). Additionally, cells were trypsinized, centrifuged
(800g, 5 min) and resuspended in PBS before analyzing virus
internalization using an Attune acoustic focusing cytometer
(Thermo Fisher Scientific). Doublets were excluded by plotting
the height as a function of the area for the forward scatter and
then of the side scatter. Debris were then excluded by plotting
the area of the forward scatter as a function of the area of the
side scatter. For each sample, a least 7,500 events corresponding to single cells were collected and the Attune Cytometric
Software (v2.1) was used to analyze results. For the controls,
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the same amount of free NanoOrange was used as the one used
to load viruses.

Cell viability assay
MDA-MB-231 cells were seeded in 12-well plates, as described previously. When the cell monolayers reached about
70% confluence, the medium was completely removed and cells
were synchronized in basal media for 12 h. The cells were then
further incubated in the presence of BMV or CCMV
(20 µg/mL, 2.6 × 107 virions per cell) or DMSO (20% v/v) as a
control for cell death and PBS as a control medium for 24 h.
The Viability/Cytotoxicity Assay Kit (Biotum) was used to
assess the amount of live and dead cells. Briefly, cells were
trypsinized and labeled with calcein and ethidium homodimer
III (EthD-III) to recognize live and dead cells, respectively.
Cells were analyzed by flow cytometry. For each sample at
least 7,500 events corresponding to single cells were collected
as described previously, and the Attune Cytometric Software
(v2.1) was used to analyze results.

Surface functionalization of BMV and CCMV
with PEG
The external surface of the capsid was PEGylated using polyethylene glycol functionalized with N-hydroxylsuccinimide
(NHS-PEG, Sigma Aldrich). The use of NHS-PEG enabled the
selective conjugation of nanoparticles with PEG via amide
bonds. A solution of NHS-PEG (9.12 nmol) was mixed with the
capsids suspension (1 mg/mL) in PBS and gently shaken for 2 h
at room temperature. The excess of PEG was removed by ultrafiltration using Amicon filters (Millipore) of 100 kDa cutoff.

In vitro immunogenicity of CCMV and BMV viruses
The macrophage cell line RAW-Blue was used to evaluate the
in vitro immunogenicity. Experiments were performed according to the manufacturer’s guidelines. Cells at 80% confluence
were washed twice with sterile PBS, manually detached by
scraping and resuspended in fresh medium. Live cells were
seeded in 96-well plates (105 per well) and incubated overnight
in the presence or absence of CCMV or BMV (20 to
100 µg/mL, 2.6 × 107 to 1.3 × 108 virions per cell), PEGylated
or non-functionalized capsids, or as positive control lipopolysaccharides (2.5 or 75 ng/mL). Then, 50 µL of supernatant was
transferred into a new 96-well plate and 150 µL of Quantity
Blue (InvivoGen) reagent was added and incubated at 37 °C for
1 h. The absorbance at 655 nm was measured using a Multiskan GO plate reader (ThermoFisher Scientific).

Akt1 (siAkt1) was 5′-GACAAGGACGGGCACAUUAUU-3′.
BMV VLPs with siRNA were synthetized as described previously [22] using a mass ratio of 1:6 (siRNA/capsid protein).
The disassembled BMV capsid protein and siRNA were mixed
and dialyzed overnight in an assembly buffer (50 mM NaCl,
10 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 50 mM Tris-HCl,
pH 7.2), followed by dialysis against acidification buffer
(50 mM sodium acetate, 8 mM magnesium acetate, pH 4.5) for
8 h and finally the sample was dialyzed in assembly buffer. All
dialysis experiments were performed at a temperature of 4 °C
using a dialysis membrane with a 14 kDa cut-off (Spectrumlabs).
The morphology of the VLP-siRNA was evaluated by transmission electron microscopy. Copper grids (400 mesh, Ted Pella)
were used, in which 6 μL of the sample was placed at a concentration of 0.1 μg/μL and after two minutes the liquid excess was
removed by using Whatman No. 2 filter paper. Negative contrast was obtained by the addition of 6 μL of 1% uranyl acetate
for 1 min. The size and zeta potential of the viral nanoparticles
and VLPs were determined by dynamic light scattering (DLS)
using a Malvern NanoSizer.
The siRNA and the capsid protein were quantified from purified BMV VLP-siAkt1 using the Quant-it RiboGreen RNA
assay (ThermoFisher Scientific) and NanoOrange protein quantification kit (ThermoFisher Scientific), respectively.

Knockdown of gene expression by VLP-siGFP
MDA-MB-231/GFP cells were seeded in a 12-well plate when
the cells reached 70% confluence; they were synchronized in
basal media overnight. Cells were then further cultured in complete medium containing 40 µL of BMV VLP-siGFP (50 nM of
siGFP) for 6 h. The same concentration of free siGFP (50 nM)
was used as a control. The amount of GFP was assessed using a
LS720 fluorescence microscope (Etaluma).

Mouse model of mammary fat pad tumor
All animal experiments were performed in compliance with the
local ethics committee of the Center for Scientific Research and
Higher Education of Ensenada (CICESE). BALB/cAnNHsd
female mice were obtained from Envigo. Mice were maintained in an Optimice cage system (Animal Care System), in a
controlled environment room (temperature 24 °C and 12 h light/
dark cycle) where they received water and food (2018 Teklad
Global 18% protein rodent diet, Envigo) ad libitum. Mice were
acclimated for at least a week before starting the experiments.

Synthesis and characterization of BMV VLP-siRNA
siRNA against GFP and mouse Akt1 were purchased from
Dharmacon. The sequences of the siRNA against GFP (siGFP)
was 5′-GGCAAGCUGACCCUGAAGUUCAUU-3′ and against

For the development of tumors, a cell suspension of 4T1
mouse breast cancer cells was prepared at a concentration of
2 × 106 cells/mL in PBS. 4T1 cells were then inoculated in the
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left, upper (or 2nd) mammary fat pad (105 cells in 50 µL) of
8-week old Balb/C female mice. One week after the inoculation, palpable tumors were detected in all the mice that were
divided into four groups (n = 4) to receive CCMV, BMV or
BMV capsids loaded with siAkt1 (100 µg of coat protein ) per
mouse, 23.8 µg of free siAkt1 or PBS in the controls. They
were inoculated intratumorally three times per week. Tumors
were measured with a caliper three times and their size was
calculated using the formula (L·w2)/2 where L and w stand for
tumor length and width, respectively.

8. Alexis, F.; Pridgen, E.; Molnar, L. K.; Farokhzad, O. C.
Mol. Pharmaceutics 2008, 5, 505–515. doi:10.1021/mp800051m
9. Gottesman, M. M.; Fojo, T.; Bates, S. E. Nat. Rev. Cancer 2002, 2,
48–58. doi:10.1038/nrc706
10. Longmire, M. R.; Ogawa, M.; Choyke, P. L.; Kobayashi, H.
Bioconjugate Chem. 2011, 22, 993–1000. doi:10.1021/bc200111p
11. Aljabali, A. A. A.; Shukla, S.; Lomonossoff, G. P.; Steinmetz, N. F.;
Evans, D. J. Mol. Pharmaceutics 2013, 10, 3–10.
doi:10.1021/mp3002057
12. Xu, R.; Zhang, G.; Mai, J.; Deng, X.; Segura-Ibarra, V.; Wu, S.;
Shen, J.; Liu, H.; Hu, Z.; Chen, L.; Huang, Y.; Koay, E.; Huang, Y.;
Liu, J.; Ensor, J. E.; Blanco, E.; Liu, X.; Ferrari, M.; Shen, H.
Nat. Biotechnol. 2016, 34, 414–418. doi:10.1038/nbt.3506

Supporting Information
Supporting Information File 1
Internalization of CCMV and BMV in MCF-7 and
characterization VLPs (DLS and TEM).
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-11-28-S1.pdf]

13. Chen, Z. G. Trends Mol. Med. 2010, 16, 594–602.
doi:10.1016/j.molmed.2010.08.001
14. Ashley, C. E.; Carnes, E. C.; Phillips, G. K.; Durfee, P. N.; Buley, M. D.;
Lino, C. A.; Padilla, D. P.; Phillips, B.; Carter, M. B.; Willman, C. L.;
Brinker, C. J.; do Carmo Caldeira, J.; Chackerian, B.; Wharton, W.;
Peabody, D. S. ACS Nano 2011, 5, 5729–5745.
doi:10.1021/nn201397z
15. Peer, D.; Karp, J. M.; Hong, S.; Farokhzad, O. C.; Margalit, R.;
Langer, R. Nat. Nanotechnol. 2007, 2, 751–760.
doi:10.1038/nnano.2007.387

Acknowledgments
We thank Francisco Ruiz-Medina, Olga A. Callejas-Negrete
and Dr. Katrin Quester for TEM analysis, fluorescent microscopy and technical assistance respectively.

Funding
This work has been funded by the National Council of Science
and Technology of Mexico (CONACYT, Grants CB-239878,
PN-247474 and CB-251241).

16. Manchester, M.; Singh, P. Adv. Drug Delivery Rev. 2006, 58,
1505–1522. doi:10.1016/j.addr.2006.09.014
17. Flenniken, M. L.; Willits, D. A.; Harmsen, A. L.; Liepold, L. O.;
Harmsen, A. G.; Young, M. J.; Douglas, T. Chem. Biol. 2006, 13,
161–170. doi:10.1016/j.chembiol.2005.11.007
18. Lewis, J. D.; Destito, G.; Zijlstra, A.; Gonzalez, M. J.; Quigley, J. P.;
Manchester, M.; Stuhlmann, H. Nat. Med. 2006, 12, 354–360.
doi:10.1038/nm1368
19. Muldoon, L. L.; Nilaver, G.; Kroll, R. A.; Pagel, M. A.;
Breakefield, X. O.; Chiocca, E. A.; Davidson, B. L.; Weissleder, R.;
Neuwelt, E. A. Am. J. Pathol. 1995, 147, 1840–1851.
20. Räty, J. K.; Liimatainen, T.; Wirth, T.; Airenne, K. J.; Ihalainen, T. O.;

ORCID® iDs
Pierrick G. J. Fournier - https://orcid.org/0000-0001-7633-8129
Rafael Vazquez-Duhalt - https://orcid.org/0000-0003-1612-2996
Ruben D. Cadena-Nava - https://orcid.org/0000-0001-8428-6701

Huhtala, T.; Hamerlynck, E.; Vihinen-Ranta, M.; Närvänen, A.;
Ylä-Herttuala, S.; Hakumäki, J. M. Gene Ther. 2006, 13, 1440–1446.
doi:10.1038/sj.gt.3302828
21. Speir, J. A.; Munshi, S.; Wang, G.; Baker, T. S.; Johnson, J. E.
Structure 1995, 3, 63–78. doi:10.1016/s0969-2126(01)00135-6
22. Cadena-Nava, R. D.; Comas-Garcia, M.; Garmann, R. F.;

References
1. Blanco, E.; Shen, H.; Ferrari, M. Nat. Biotechnol. 2015, 33, 941–951.
doi:10.1038/nbt.3330
2. Ferrari, M. Trends Biotechnol. 2010, 28, 181–188.
doi:10.1016/j.tibtech.2009.12.007
3. Michor, F.; Liphardt, J.; Ferrari, M.; Widom, J. Nat. Rev. Cancer 2011,
11, 657–670. doi:10.1038/nrc3092
4. Moghimi, S. M.; Patel, H. M. Adv. Drug Delivery Rev. 1998, 32, 45–60.
doi:10.1016/s0169-409x(97)00131-2
5. Choi, H. S.; Liu, W.; Liu, F.; Nasr, K.; Misra, P.; Bawendi, M. G.;
Frangioni, J. V. Nat. Nanotechnol. 2010, 5, 42–47.
doi:10.1038/nnano.2009.314
6. Lesniak, A.; Salvati, A.; Santos-Martinez, M. J.; Radomski, M. W.;
Dawson, K. A.; Åberg, C. J. Am. Chem. Soc. 2013, 135, 1438–1444.
doi:10.1021/ja309812z
7. Decuzzi, P.; Godin, B.; Tanaka, T.; Lee, S.-Y.; Chiappini, C.; Liu, X.;
Ferrari, M. J. Controlled Release 2010, 141, 320–327.
doi:10.1016/j.jconrel.2009.10.014

Rao, A. L. N.; Knobler, C. M.; Gelbart, W. M. J. Virol. 2012, 86,
3318–3326. doi:10.1128/jvi.06566-11
23. Azizgolshani, O.; Garmann, R. F.; Cadena-Nava, R.; Knobler, C. M.;
Gelbart, W. M. Virology 2013, 441, 12–17.
doi:10.1016/j.virol.2013.03.001
24. Sánchez-Sánchez, L.; Cadena-Nava, R. D.; Palomares, L. A.;
Ruiz-Garcia, J.; Koay, M. S. T.; Cornelissen, J. J. M. T.;
Vazquez-Duhalt, R. Enzyme Microb. Technol. 2014, 60, 24–31.
doi:10.1016/j.enzmictec.2014.04.003
25. Barwal, I.; Kumar, R.; Kateriya, S.; Dinda, A. K.; Yadav, S. C. Sci. Rep.
2016, 6, 37096. doi:10.1038/srep37096
26. Sun, J.; DuFort, C.; Daniel, M.-C.; Murali, A.; Chen, C.; Gopinath, K.;
Stein, B.; De, M.; Rotello, V. M.; Holzenburg, A.; Kao, C. C.;
Dragnea, B. Proc. Natl. Acad. Sci. U. S. A. 2007, 104, 1354–1359.
doi:10.1073/pnas.0610542104
27. Gillitzer, E.; Willits, D.; Young, M.; Douglas, T. Chem. Commun. 2002,
2390–2391. doi:10.1039/b207853h
28. Devi, G. R. Cancer Gene Ther. 2006, 13, 819–829.
doi:10.1038/sj.cgt.7700931

381

Beilstein J. Nanotechnol. 2020, 11, 372–382.

29. Tatiparti, K.; Sau, S.; Kashaw, S. K.; Iyer, A. K. Nanomaterials 2017, 7,
77. doi:10.3390/nano7040077
30. Yildiz, I.; Tsvetkova, I.; Wen, A. M.; Shukla, S.; Masarapu, M. H.;
Dragnea, B.; Steinmetz, N. F. RSC Adv. 2012, 2, 3670–3677.
doi:10.1039/c2ra01376b
31. Black, D. R.; Connell, C. J.; Merigan, T. C. J. Virol. 1973, 12,
1209–1215. doi:10.1128/jvi.12.6.1209-1215.1973
32. Lam, P.; Steinmetz, N. F. Biomater. Sci. 2019, 7, 3138–3142.
doi:10.1039/c9bm00785g
33. Villagrana-Escareño, M. V.; Reynaga-Hernández, E.;
Galicia-Cruz, O. G.; Durán-Meza, A. L.; De la Cruz-González, V.;
Hernández-Carballo, C. Y.; Ruíz-García, J. BioMed Res. Int. 2019,
2019, 1–11. doi:10.1155/2019/4630891
34. Satelli, A.; Li, S. Cell. Mol. Life Sci. 2011, 68, 3033–3046.
doi:10.1007/s00018-011-0735-1
35. Koudelka, K. J.; Destito, G.; Plummer, E. M.; Trauger, S. A.;
Siuzdak, G.; Manchester, M. PLoS Pathog. 2009, 5, e1000417.
doi:10.1371/journal.ppat.1000417
36. Plummer, E. M.; Manchester, M. Mol. Pharmaceutics 2013, 10, 26–32.
doi:10.1021/mp300238w
37. Steinmetz, N. F.; Cho, C.-F.; Ablack, A.; Lewis, J. D.; Manchester, M.
Nanomedicine (London, U. K.) 2011, 6, 351–364.
doi:10.2217/nnm.10.136
38. Agrawal, A.; Manchester, M. Biomacromolecules 2012, 13, 3320–3326.

53. Bellacosa, A.; Kumar, C. C.; Di Cristofano, A.; Testa, J. R.
Adv. Cancer Res. 2005, 94, 29–86.
doi:10.1016/s0065-230x(05)94002-5
54. Chau, N.-M.; Ashcroft, M. Breast Cancer Res. 2003, 6, 55.
doi:10.1186/bcr739
55. Cheng, J. Q.; Lindsley, C. W.; Cheng, G. Z.; Yang, H.; Nicosia, S. V.
Oncogene 2005, 24, 7482–7492. doi:10.1038/sj.onc.1209088
56. Rajput, S.; Puvvada, N.; Kumar, B. N. P.; Sarkar, S.; Konar, S.;
Bharti, R.; Dey, G.; Mazumdar, A.; Pathak, A.; Fisher, P. B.;
Mandal, M. Mol. Pharmaceutics 2015, 12, 4214–4225.
doi:10.1021/acs.molpharmaceut.5b00692
57. Lizotte, P. H.; Wen, A. M.; Sheen, M. R.; Fields, J.;
Rojanasopondist, P.; Steinmetz, N. F.; Fiering, S. Nat. Nanotechnol.
2016, 11, 295–303. doi:10.1038/nnano.2015.292
58. Wang, C.; Beiss, V.; Steinmetz, N. F. J. Virol. 2019, 93, 1–14.
doi:10.1128/jvi.00129-19
59. Rodell, C. B.; Arlauckas, S. P.; Cuccarese, M. F.; Garris, C. S.; Li, R.;
Ahmed, M. S.; Kohler, R. H.; Pittet, M. J.; Weissleder, R.
Nat. Biomed. Eng. 2018, 2, 578–588. doi:10.1038/s41551-018-0236-8
60. Mantovani, A.; Cassatella, M. A.; Costantini, C.; Jaillon, S.
Nat. Rev. Immunol. 2011, 11, 519–531. doi:10.1038/nri3024
61. Beauvillain, C.; Delneste, Y.; Scotet, M.; Peres, A.; Gascan, H.;
Guermonprez, P.; Barnaba, V.; Jeannin, P. Blood 2007, 110,
2965–2973. doi:10.1182/blood-2006-12-063826

doi:10.1021/bm3010885
39. Koudelka, K. J.; Rae, C. S.; Gonzalez, M. J.; Manchester, M. J. Virol.
2007, 81, 1632–1640. doi:10.1128/jvi.00960-06
40. Nam, H. Y.; Kwon, S. M.; Chung, H.; Lee, S.-Y.; Kwon, S.-H.; Jeon, H.;

License and Terms

Kim, Y.; Park, J. H.; Kim, J.; Her, S.; Oh, Y.-K.; Kwon, I. C.; Kim, K.;
Jeong, S. Y. J. Controlled Release 2009, 135, 259–267.
doi:10.1016/j.jconrel.2009.01.018
41. Jung, B.; Rao, A. L. N.; Anvari, B. ACS Nano 2011, 5, 1243–1252.
doi:10.1021/nn1028696
42. Singh, P.; Prasuhn, D.; Yeh, R. M.; Destito, G.; Rae, C. S.; Osborn, K.;
Finn, M. G.; Manchester, M. J. Controlled Release 2007, 120, 41–50.

This is an Open Access article under the terms of the
Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0). Please note
that the reuse, redistribution and reproduction in particular
requires that the authors and source are credited.

doi:10.1016/j.jconrel.2007.04.003
43. Rae, C. S.; Wei Khor, I.; Wang, Q.; Destito, G.; Gonzalez, M. J.;
Singh, P.; Thomas, D. M.; Estrada, M. N.; Powell, E.; Finn, M. G.;
Manchester, M. Virology 2005, 343, 224–235.
doi:10.1016/j.virol.2005.08.017

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(https://www.beilstein-journals.org/bjnano)

44. Lunov, O.; Syrovets, T.; Loos, C.; Beil, J.; Delacher, M.; Tron, K.;
Nienhaus, G. U.; Musyanovych, A.; Mailänder, V.; Landfester, K.;
Simmet, T. ACS Nano 2011, 5, 1657–1669. doi:10.1021/nn2000756
45. Carignan, D.; Herblot, S.; Laliberté-Gagné, M.-È.; Bolduc, M.;

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.11.28

Duval, M.; Savard, P.; Leclerc, D. Nanomedicine (N. Y., NY, U. S.)
2018, 14, 2317–2327. doi:10.1016/j.nano.2017.10.015
46. Veronese, F. M.; Pasut, G. Drug Discovery Today 2005, 10,
1451–1458. doi:10.1016/s1359-6446(05)03575-0
47. Shaw, A. R.; Suzuki, M. Mol. Ther.–Methods Clin. Dev. 2019, 15,
418–429. doi:10.1016/j.omtm.2019.11.001
48. Xu, W.; Atkinson, V. G.; Menzies, A. M. Eur. J. Cancer 2020, 127,
1–11. doi:10.1016/j.ejca.2019.12.007
49. Dowdy, S. F. Nat. Biotechnol. 2017, 35, 222–229.
doi:10.1038/nbt.3802
50. Choi, Y. G.; Dreher, T. W.; Rao, A. L. N. Proc. Natl. Acad. Sci. U. S. A.
2002, 99, 655–660. doi:10.1073/pnas.022618199
51. Choi, Y. G.; Rao, A. L. N. J. Virol. 2003, 77, 9750–9757.
doi:10.1128/jvi.77.18.9750-9757.2003
52. Clark, A. S.; West, K.; Streicher, S.; Dennis, P. A. Mol. Cancer Ther.
2002, 1, 707–717.

382

