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Gelatin-methacryloyl hydrogels
containing turnip mosaic virus for
fabrication of nanostructured
materials for tissue engineering
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Current tissue engineering techniques frequently rely on hydrogels to support
cell growth, as these materials strongly mimic the extracellular matrix. However,
hydrogels often need ad hoc customization to generate specific tissue
constructs. One popular strategy for hydrogel functionalization is to add
nanoparticles to them. Here, we present a plant viral nanoparticle the turnip
mosaic virus (TuMV), as a promising additive for gelatin methacryloyl (GelMA)
hydrogels for the engineering of mammalian tissues. TuMV is a flexuous,
elongated, tubular protein nanoparticle (700-750 nm long and 12-15nm
wide) and is incapable of infecting mammalian cells. These flexuous
nanoparticles spontaneously form entangled nanomeshes in aqueous
environments, and we hypothesized that this nanomesh structure could
serve as a nanoscaffold for cells. Human fibroblasts loaded into GelMA-
TuMV hydrogels exhibited similar metabolic activity to that of cells loaded in
pristine GelMA hydrogels. However, cells cultured in GelMA-TuMV formed
clusters and assumed an elongated morphology in contrast to the
homogeneous and confluent cultures seen on GelMA surfaces, suggesting
that the nanoscaffold material per se did not favor cell adhesion. We also
covalently conjugated TuMV particles with epidermal growth factor (EGF) using
a straightforward reaction scheme based on a Staudinger reaction. BJ cells
cultured on the functionalized scaffolds increased their confluency by
approximately 30% compared to growth with unconjugated EGF. We also
provide examples of the use of GelMA-TuMV hydrogels in different
biofabrication scenarios, include casting, flow-based-manufacture of
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filaments, and bioprinting. We envision TuMV as a versatile nanobiomaterial that
can be useful for tissue engineering.
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Introduction

Modern tissue engineering relies heavily on hydrogels to
support cell growth mainly because these materials closely
resemble the extracellular matrix (ECM). Photo-crosslinkable
gelatin methacryloyl (GelMA) is one of the most frequently
used hydrogels for producing scaffolds and bioinks due to its
proven functionality in a wide range of biological applications
(Yue et al,, 2015) and its suitable rheological properties for
extrusion bioprinting (Pedroza-Gonzalez et al., 2021). The
versatile biofunctionality of GeIMA arises largely from the
presence of gelatin (derived from collagen, its primary source),
which contains arginine-glycine-aspartic acid (RGD) motifs
that enable cell attachment (Yue et al., 2015; Khashayar et al.,
2018). GelMA  hydrogels
supplementation with additional chemical and physical cues

However, often  require
to turn them into microenvironments that more closely mimic
the ECM of specific native tissues (Annabi et al.,, 2014; Yue
et al., 2015; Byambaa et al., 2017; Leijten et al., 2017).
Several strategies have been implemented to engineer suitable
hydrogels for tissue engineering. Examples include the addition
of micro- and nanoparticles to enhance the mechanical and
rheological properties of the hydrogels (Mamaghani et al,
2018; Maharjan et al., 2019; Alcala-Orozco et al., 2020; Bakht
et al, 2021; Boularaoui et al, 2021), to provide conductive
properties (Shin et al., 2014; Min et al,, 2018; Lee et al.,, 2019),
to serve as vehicles for drugs, or to serve as controlled
release systems of chemical compounds needed to trigger cell
growth proliferation, differentiation, or tissue maturation (Paul
et al., 2014; Modaresifar et al., 2017; Samanipour et al., 2020;
Tavares et al., 2021). The nanoparticles used in tissue engineering
applications are often made of relatively inert materials
(i.e., carbon, silica, or metallic nanoparticles) (Hasan et al., 2018).
Functionalization strategies have been devised to engineer
nanoparticles to make them more useful for tissue engineering
(Elkhoury et al., 2019). For example, nanoparticles have been
functionalized with growth factors (Fathi-Achachelouei et al.,
2020), peptides (Babitha et al., 2018), cell attachment sites (Lee
et al., 2016), antioxidant molecules (Di et al., 2020), and
antibacterial compounds (Godoy-Gallardo et al., 2021),
among others. Naturally occurring nanoparticles, such as
filamentous viruses (i.e., bacteriophages and plant viruses),
are now also increasingly

recognized as promising

nanomaterials and are showing wide use in tissue
engineering (Merzlyak et al., 2009; Lauria et al., 2017; Lin

et al., 2020; Dickmeis et al., 2021; Jackson et al., 2021;
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nanomesh, tissue engineering, bioprinting,

Venkataraman and Hefferon, 2021) and other biomedical
applications (Steinmetz and Evans, 2007; Peivandi et al,
2021).

Filamentous viruses are naturally occurring long and hollow
protein-based nanoparticles that can be either flexible [like the
M13 bacteriophage or the turnip mosaic virus (TuMV)] or rigid
[like the tobacco mosaic virus (TMV)] (Zanotti and Grinzato,
2021). The dimensions of filamentous viruses vary between
300 and 900nm in length and 7 and 15nm in width
(Koudelka et al., 2015). Molecular cloning has enabled the
production of viruses as long as 8,000 nm (Jackson et al.,
2021). A frequent feature of filamentous viruses is that their
capsid consists of a single coat protein (CP) that is repeated
thousands of times (Zanotti and Grinzato, 2021). In other words,
these viruses are essentially protein-based nanoparticles, which
means that they can be conveniently engineered by genetic,
chemical, or physical methods, thereby offering a versatile
platform for a variety of tissue engineering applications
(Yildiz et al., 2012; Song et al., 2015; Gonzélez-Gamboa et al.,
2017; Yuste-Calvo et al, 2019; Veldzquez-Lam et al., 2020).
However, some issues remain that may limit their applicability.

Filamentous plant viruses and bacteriophages are, in
principle, incapable of infecting mammalian cells. (Lauria
et al., 2017). Nevertheless, recent evidence now shows that
bacteriophage interactions with eukaryotic cells may pose
health risks (Podlacha et al., 2021), and more research is
needed before plant viruses can be declared safe for use in
hydrogels destined for medical implantation. In terms of
nanoparticle production, however, the ability to use plants as

“green Dbioreactors” presents some advantages over the
traditional culture of bacterial viruses. For instance, plant
production does not carry the risk of endotoxin

contamination (Magnusdottir et al., 2013) associated with the
use of the Escherichia coli cultures normally used to propagate
bacteriophages. Plant-based production also does not involve the
sophisticated equipment and downstream processing required
for bacterial-based production (Castifieiras et al., 2018; Schneier
et al., 2020).

The use of plant viral nanoparticles (VNPs) as hydrogel
additives for tissue engineering has been explored before. For
example, Luckanagul et al. demonstrated the biocompatibility
(i.e., low immunogenicity) of hydrogels loaded with TMV and
implanted into a mouse model (Luckanagul et al, 2015).
Similarly, cultures of a BMSC cell line in a TMV-based HA
hydrogel exhibited excellent cell survival and chondrogenesis
(Maturavongsadit et al., 2016). Genetically modified potato virus
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FIGURE 1

TuMV architecture and size. (A) Schematic representation of
TuMV size and architecture. The TuMV capsid consists of repeated
protein units (shown as gray spheres) that contain lysine amino
acid groups that can be chemically functionalized (shown as
black dots). Schematic representation of aggregated TuMV
forming a nanomesh. (B) AFM characterization of TuMV
nanomeshes deposited on a silica substrate. (C) Schematic
representation of the relative size of mammalian cells deposited
on a TuMV nanomesh surface.

X (PVX) nanoparticles also enhanced cell attachment and
promoted an increase in the cell area of bone tissue derived
from human mesenchymal stem cells (hMSCs) (Lauria et al.,
2017). Recently, Lin et al. demonstrated that the addition of very
low quantities of PVX to MSCs cultured on hydrogels enhanced
osteogenesis and mineralization (Lin et al., 2020). The use of this
plant VNP has also shown advantages in the control of cell
orientation, which is relevant for tissue engineering. TMV has
been successfully used as a substrate for the culture of
C2C12 cells. The production of surfaces with aligned TMV
nanoparticles using a controlled fluidic system resulted in an
anisotropic nanotopography that promoted the orientation and
myogenic differentiation of cultured myoblasts (Zan et al., 2013).

In the present study, we explored the use of TuMV as a
nanoadditive for GelMA hydrogels. TuMV is a flexuous
filamentous plant virus that belongs to the Potyviridae family.
Its specific dimensions are a length of approximately
700-750 nm and a width of 12-15 nm. Its capsid is composed
of approximately 2000 repetitions of a single capsid protein,
arranged in a helical symmetry, with 8.8 subunits per turn on
average (Cuesta et al, 2019; Yuste-Calvo et al, 2019). In a
previous report, we provided proof-of-concept data showing
that hydrogels coated with TuMV nanoparticles enhance cell
attachment and orientation in engineered skeletal-muscle
constructs (Frias-Sanchez et al., 2021).

Frontiers in Bioengineering and Biotechnology

03

10.3389/fbioe.2022.907601

Here, we explored the use of TuMV nanoparticles in their
naive version and after functionalization with epidermal growth
factor (EGF) in hydrogels destined for culturing fibroblasts (BJ
cells) or myoblasts (C2C12 cells). BJ fibroblasts and C2C12 cells
are two cell lines frequently used in tissue engineering labs
around the world. Therefore, we believe they are convenient
models for demonstrating the versatility and wide range of
applications provided by the addition of TuMV nanoparticles
to tissue engineering applications.

We also report the suitability of this GeIMA-TuMV hydrogel
for use in different biofabrication techniques (i.e., casting, surface
chaotic flows, and 3D bioprinting).

Results and discussion

We report the use of a flexuous plant potyvirus, TuMV
(Figure 1A), for functionalization of GelMA hydrogels for
tissue engineering purposes. The TuMV nanoparticles were
produced and purified from Brassica juncea plants following a
previously reported protocol (Cuesta et al, 2019). We first
the of TuMV by atomic
microscopy (AFM) (Figure 1B) by depositing a drop of a
TuMV nanoparticle suspension onto a silica surface and

assessed architecture force

drying at room temperature. The TuMV formed a dense and
entangled nanomesh, as revealed by AFM observations
(Figure 1B). Similar nanotopographies have been reported for
other filamentous viruses, such as the M13 bacteriophage and
PVX (Zan et al., 2013; Lee et al., 2016; Lauria et al., 2017).

We hypothesized that these TuMV nanomeshes could serve
as functional nanoscaffolds for mammalian cell culture. Relative
to the typical size of a mammalian cell (Figure 1C), the TuMV
nanomeshes present a vast amount of surface area that could
foster cell attachment and proliferation. We tested this by
culturing human BJ fibroblasts on pristine GelMA hydrogels
and on GelMA coated with TuMV nanoparticles (Figure 2A). In
these experiments, we monitored the metabolic activity of the
cultures every 24 h for 72 h and assessed both the area covered by
cells and the cell morphology at the end timepoint.

Cells cultured on both the pristine GelMA and GelMA-
TuMV exhibited similar trends in metabolic activity over
time, as shown by PrestoBlue™ assays (Figure 2B). LIVE/
DEAD” assay micrographs (Figure 2A) indicated very high
cell viability (ie., above 90%) on both materials (i.e., most
cells exhibited the green fluorescence signal characteristic of
living cells, whereas only a very small number of cells showed
red staining indicating dead cells). However, we observed a
higher confluence in the cells cultured on pristine GelMA
than on the GelMA-TuMV hydrogels (Figure 2C).

Previous studies have reported similar trends. For instance,
Lee et al. (2016) observed high viability of pre-osteoblast cultures
in alginate-based bioinks containing M13 bacteriophages. They
compared the performance of wildtype phages and phages

frontiersin.org
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BJ fibroblasts cultured on GelMA hydrogels and on GelMA coated with TuMV. (A) LIVE/DEAD” micrographs on day 3. Scale bar 200 pym. (B)
Metabolic activity measured by PrestoBlue™ assay. (C) Evaluation of cell coverage area, and (D) cell morphology assessment conducted by image

analysis in LIVE/DEAD™ micrograph at day 3.

genetically modified to display RGD peptides on their surfaces
(RGD-phage) in cell culture experiments. The authors found that
the cell viability was high for the alginate hydrogels enriched with
both wildtype and RGD-functionalized phages. However, the
proliferation rates observed with the wildtype phage-loaded
bioinks were lower than those observed for the RGD-alginate
bioink and alginate containing the RGD phages (Lee et al., 2016).
In our experiments, the effect of the presence of TuMV on cell
morphology was clear (Figure 2D). Cells formed aggregates and
developed a significantly more elongated morphology when
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cultured on GelMA-TuMV hydrogels
GelMA. We conducted image analysis to quantitatively

than on pristine

compare the morphology of cells cultured on both substrates.
Cell elongation was analyzed by calculation of the form factor, an
indicator frequently used to characterize cell roundness. Form
factors of cells with a more rounded morphology tend to 1, while
those describing very elongated cells tend to 0.01 (Figure 2Di).
Fibroblasts cultured on GelMA-TuMV exhibited significantly
lower form factors (0.02 + 0.01) than those cultured on pristine
GelMA (0.11 + 0.02). In other words, cells developed longer and
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TuMV-EGF bioconjugation and its effect on cell proliferation. (A) Bioconjugation strategy to tether EGF onto TuMV. (i) Schematic representation
of the conjugation via a Staudinger reaction between phosphine and azide. (ii) Dot-Blot immunoassay revealing the successful conjugation of EGF on
TuMV surface. (i) Morphology of TuMV and TuMV-EGF nanomeshes visualized by TEM. Scale bars 200 nm. (B) LIVE/DEAD® assay of BJ fibroblasts
cultured on GelMA coated with TuMV [GelMA-TuMV (GT)], GelMA with added EGF in the cell culture media [GelMA + EGF (G + E)], and GelMA
coated with bioconjugated TuMV (GelMA-TuMV-EGF [GTE]) for 72 h. Scale bars = 200 um. (C) Confluence, and (D) counts of live cells and dead cells

evaluated by image analysis from LIVE/DEAD® micrographs (n = 4).

thinner morphologies when cultured in the presence of TuMV
than when cultured without TuMV (Figure 2Dii).

This finding is consistent with previous reports that
nanotopographic features provided by filamentous viruses
influenced cell morphology. For instance, Yoo et al. found
that fibroblasts
morphologies when cultured on patterned surfaces containing

human developed more elongated
M13-phage functionalized with RGD peptides than on substrates

containing RGD peptides (but free of VNPs) (Yoo et al., 2011).
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The same authors also tested phages functionalized with RGE
peptides as a non-cell-adhesive control. As expected, cell
attachment and elongation were lower in cultures containing
RGE peptides than in the RGD-phage counterparts, but the cells
still exhibited a more elongated morphology when cultured on
RGE-phage substrates than on substrates free of VNPs. In
another study, Merzlyak et al. (2009) observed that neural
progenitor cells (NPCs) cultured on MI3-phage casted

surfaces tended to form cell clusters, whereas NPCs cultured
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on laminin-coated surfaces spread homogenously. This
differential behavior was attributed to a poor affinity between
the cells and the phage-coated surface. The same authors also
demonstrated that functionalizing the capsid coat protein (CP) of
the phage with protein adhesive sites (e.g., RGD and a laminin-
like peptide) enhanced cell spreading on the phage-coated
surfaces (Merzlyak et al., 2009).

Our results show that the addition of non-functionalized
TuMV to GelMA hydrogels induces clear differences in the
resulting morphology and confluence of the cultured cells.
However, these differences do not translate into either a more
effective attachment or better proliferation. GelMA hydrogels
naturally contain RGD domains that are preserved from collagen.
However, when the GeIMA surface is covered with the TuMV
nanomesh (a material that does not contain specific cell-adhesion
sites), cell attachment is partially obstructed. The lengthened
morphology may be a response of the cells when they sense the
dense nano-topographical features when growing on a substrate
with relatively poor affinity for cell adhesion.

Overall, these results suggest that cells respond to the
nanoscaffold provided by the TuMV nanomesh, and that the
addition of TuMV to GelMA has a clear effect on the morphology
of fibroblasts by elongation.  This
morphological change to TuMV
interference with the proper attachment of the cells to GelMA

triggering  unusual
probably arises due

surfaces but does not negatively affect cell viability.

Engineering GelMA-TuMV hydrogels with
epidermal growth factor

We also functionalized the TuMV capsid with epidermal
growth factor (EGF). Our aim in this set of experiments was to
demonstrate the tailoring of the surface of TuMV particles to
enhance their functionality for tissue engineering purposes. EGF
has been shown to stimulate or mediate cell attachment (Thorne
et al, 1987; Zhang et al, 1996; Pansani et al, 2019) and
proliferation (Thones et al, 2019; Hu et al, 2021). We
exploited the readily available lysine residues projected on the
TuMYV surface (Cuesta et al., 2019) to graft the EGF molecules
(Figure 3A).

We first grafted phosphine and azide groups to the
N-terminal domains of the lysine residues exposed at the
TuMV surface and EGF, respectively, using an NHS-ester
reaction (Figure 3Ai). We then conducted a Staudinger
reaction (Saxon and Bertozzi, 2000), as reported previously
by our group (Yuste-Calvo et al., 2019), to functionalize the
TuMV nanoparticle. This strategy involves the reaction
between phosphine and azide groups that occurs under
physiological conditions. We confirmed the successful
TuMV-EGF As
expected, samples containing EGF (either conjugated to
TuMV or as reacted with anti-EGF

conjugation using Dot-Blot assays.

free molecules)
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antibodies. Samples containing TuMV (conjugated or
pristine) reacted with anti-TuMV antibodies (Figure 3Aii).
We did not conduct an experimental determination of the
degree of EGF functionalization in our TuMV meshes.
However, we can provide a good approximation of the EGF
TuMV-EGF based on

arguments, because the entire train of the reaction is

content in our stoichiometric
conducted aiming for a high degree of conjugation. First,
EGF is reacted with a 3-fold excess of HHS-azide. Similarly,
the ligation of TuMV to the phosphine reagent is conducted
with a 3-fold excess of NHS-phosphine.

Since the TuMYV capsid consists entirely of the capsid protein
(CP), the molecular weight of the CP (i.e., 33 kDa) is assumed to
be the molecular weight of TuMV and is used to convert mass to
molar quantities. Finally, the reaction between the azide-labeled
EGF and the phosphine-labeled TuMV is conducted in a 100%
excess of EGF-azide. In addition, both the azide-NHS and the
phosphine-NHS react with lysine residues, and more than one
lysine residue is available per molecule in both the CP and the
EGF molecules. The CP of TuMV contains 22 lysine residues
(Yuste-Calvo et al., 2019). EGF possesses two lysine residues; one
of them is available in the proximity of the C-terminal.

Considering all these stoichiometric arguments, a high
degree of functionalization of TuMV nanoparticles with EGF
should be achieved (i.e., ~0.18 pg of EGF per ug of TuMYV if at
least one EGF molecule reacts per CP unit). The Staudinger
reaction (the reaction between the azide compound and the
phosphine compound) also normally has high conversion
yields (i.e., above 90%) (Sundhoro et al., 2017; Bednarek et al.,
2020).

Further evaluation of the morphology of TuMV nano-
meshes before and after EGF conjugation using transmission
electron microscopy (TEM) (Figure 3Aiii) revealed no major
differences in size (width/length) or morphology between the
TuMV. These
observations are consistent with previous work reporting the

conjugated and pristine morphological
covalent functionalization of TuMV with different types of
molecules (Yuste-Calvo et al., 2019; Veldzquez-Lam et al., 2020).

We assessed the performance of the TuMV-EGF as a cell
nanoscaffold using human fibroblasts. For this, BJ cells were
cultured for 72 h in three types of hydrogels: GelMA coated with
EGF-conjugated TuMVs (GelMA-TuMV-EGF), GelMA coated
with pristine TuMV (GelMA-TuMV), and GelMA with EGF
added to the culture medium (GeIMA + EGF). We observed
significantly higher cell-confluence values (i.e., the area covered
by cells) in GelMA-TuMV-EGF samples than in GelMA-TuMV
or GelMA + EGF cultures (Figures 3B,C).

Consistently, the number of cells per unit of area was higher
in GelMA-TuMV-EGF samples than in their counterparts
(Figure 3D). LIVE/DEAD assays (Figure 3B) revealed that all
the tested conditions resulted in cell viabilities higher than 98%
(Figure 3D). Fibroblast cultures on TuMV-EGF substrates
showed a more homogeneous coverage and cell morphology
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GelMA-TuMV hydrogel constructs produced by different biofabrication techniques. (A) Disk-shaped constructs produced by casting in ultra-

low attachment (ULA) plates. (i) Schematic representation of the fabrication process. (ii) LIVE/DEAD " assay of BJ fibroblasts cultured on the disks after
7 days of culture. Scale bar = 500 um. (B) Fiber-shaped constructs produced by surface chaotic flows. (i) Schematic representation of the fabrication
process, (i) Actin/DAPI staining of C2C12 myobilasts cultured on the TuMV coated GelMA fibers over time. (iii) Actin/DAPI staining of C2C12 myoblasts
cultured on pristine GelMA fibers and GelMA-TuMV fibers after 21 days of culture. Scale bars = 100 pm

than cultures growing on GelMA and GeIMA with unconjugated GelMA-TuMV hyd rogels used in
EGF. These results suggest that the multimeric presentation of biofabrication
EGF on the surface of TuMV (over 2000 theoretical sites of

conjugation per nanoparticle) may effectively enhance the We also evaluated the use of GelMA-TuMV to fabricate
surface area that mammalian cells sense for attachment or constructs using different biofabrication strategies. First, we
may stimulate fibroblast proliferation (Yuste-Calvo et al., 2019). explored the manufacturing of GelMA disks coated with
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TuMYV nanoparticles and then seeded them with BJ fibroblasts on
their surfaces. Briefly, GelMA disks (1.6 mm in diameter) were
produced by simply adding a drop of GelMA pregel to an ultra-
low-attachment (ULA) well and subsequently photocrosslinking
using UV light. The GelMA disks were then coated with a
suspension of TuMV (10 pg/ml), incubated overnight at 4°C,
and seeded with BJ cells (Figure 4Ai). The observed cell
confluence was significantly higher and more homogeneous

Frontiers in Bioengineering and Biotechnology

08

on GelMA-TuMV-EGF disks than on GelMA and GelMA +
EGF disks (Figure 4Aii). Interestingly, the disks coated with
TuMYV conserved their shape over the culture time, while those
without TuMV deformed and folded. These results suggest that
GelMA-TuMV-EGF provides a hierarchical scaffold (at the
micrometer and nanometer scales) that provides functional
molecules locally (EGF) for cell attachment, proliferation, and
spreading, thereby fostering the generation of confluent
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microtissues in a few days (7 days) (Figure 4Aii). We envision
that this simple strategy for the fabrication of densely populated
hydrogel disks could enable the facile fabrication of thick
multilayered constructs simply by stacking multiple disks.

We also explored the fabrication of thin GelMA filaments
coated with TuMV nanoparticles for the potential development
of
(C2C12 cells). We produced long (ie., approximately 5cm
long) and thin (i.e, 100-300 um thick) filaments of GelMA
using surface chaotic flows (Figure 4Bi). For this, we used an

skeletal-muscle-like tissues using murine myoblasts

in-house constructed device (the mini Journal Bearing), as
reported previously by our group (Frias-Sdnchez et al., 2021)

Similar to the GelMA disks, these filaments were coated with
a TuMV suspension (10 pg/ml) and then surface seeded with

successfully supported the attachment and proliferation of
C2C12 cells for extended culture periods (up to 28 days). We
observed a confluent cell population and a dominant orientation
on the surface of the filaments, particularly at its narrower
sections (Figure 4Bii). Similar cell behaviors were observed in
both GelMA and GelMA-TuMV filaments.
consistently observed a stronger cell attachment to GelMA-
TuMV surfaces than to pristine GelMA filaments. We also
observed a higher occurrence of cell detachment over time in
GelMA filaments than in GelMA-TuMYV filaments (Figure 4Biii).

We also explored the use of our hydrogels in 3D printing

However, we

experiments conducted with a commercial extrusion bioprinter
at three different pressure settings (i.e., 20, 30, and 40 KPa). In
this set of experiments, TuMV was dispersed in the bulk phase of
GelMA pre-gels (i.e., not deposited on the surface) to produce
printing inks that were later evaluated in terms of printability.
We tested four materials: pristine GelMA, GelMA loaded with
TuMV (GelMA-TuMV), GelMA loaded with cells (GelMA +
cells), and GelMA loaded with TuMV and cells (GeIMA-TuMV +
cells) (Figure 5Ai).

We first confirmed that the TuMV nanoparticles were
homogeneously dispersed in the GelMA. To do this, we
conjugated TuMV nanoparticles with Alexa Fluor 555 to
render them visible by fluorescence microscopy (Figure 5Aii).
Once the dye was conjugated, we suspended 10 pg/ml of the
VNPs on GelMA and printed lines using a BioX (CELLINK,
Sweden) bioprinter. Figure 5Aiii shows a cross section of the
printed filament evidencing the presence of the TuMV
nanoparticles throughout the sample (the orange signal was
well distributed in the filament slice; Figure 5Aiii). As further
proof-of-concept evidence, we bioprinted lines using GelMA-
TuMV bioinks loaded with C2C12 cells. The bioinks were
suitable for extrusion bioprinting. Figure 5Aiv shows post
printing viabilities for different pressure setting as measured
in LIVE/DEAD assays. In all cases, average cell viabilities
ranged between 82 and 90% and we did not observe a
significant effect of different pressures on cell viability. In
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addition, bioprinted filaments sustained cell growth for long
periods (21 days; Figure 5Av).

The printability of the bioinks was quantitatively assessed by
evaluating the morphology of lines printed with them at three
different extrusion pressures (20, 30, and 40 kPa). Ideally, the
printed lines should be straight, be as thin as the diameter of the
printing nozzle (410 um), and exhibit a uniform thickness along their
length. The properties of the inks should also enable reproducible
printings. We evaluated the thickness of the printed lines (12 arbitrary
sections along the same line) using image analysis (Figures 5B-D).

The rheological and mechanical properties of inks are very
relevant in bioprinting and greatly determine printability
(Schwab et al, 2020). Indeed, the addition of nanoparticles
may affect the properties of the inks. However, in the printing
experiments reported here, we added low concentrations of
nanoparticles to our GelMA ink. Therefore, the rheological
and mechanical properties of GelMA-TuMV inks were
expected to be similar to those exhibited by pristine GelMA
hydrogels. To corroborate this, we evaluated mechanical and the
rheological properties of our GelMA and GelMA-TuMYV inks. As
expected, the compressive modulus of GelMA and GelMA-
TuMV hydrogels was similar (Supplementary Figure S1). The
curves of viscosity versus shear rate curves of pristine GelMA and
GelMA-TuMV inks were also similar (Supplementary Figure
S2A). Consistently, the curves of viscosity at different
temperatures were practically indistinguishable between
GelMA and GelMA-TuMYV inks (Supplementary Figures 2B,C).

We also present an assessment of filament uniformity by
characterizing the variations in thickness along filaments printed
with GelMA, GeIMA-TuMV, and GelMA with cells (Schwab
et al,, 2020). In general, the addition of TuMV particles did not
negatively affect the printability of GelMA-based inks (without
cells) at any of the tested pressure conditions. Our printing
experiments suggest that the shape fidelity was statistically
similar in both GeIMA-TuMV and GelMA. The thicknesses of
the filaments printed with GelMA and GelMA-TuMV were
statistically similar across a wide range of printing pressures.

Our results also suggest that the addition of TuMV particles
to bioinks (i.e., inks containing living cells) represents a simple
strategy to improve printability. Cells generally have an impact
on the rheological properties of inks (Schwartz et al., 2020); the
printability of inks may be negatively affected by the addition of
cells. The addition of TuMV particles to GelMA bioinks
decreased the thickness of the printed lines. The average
thickness was smaller in lines printed with GelMA bioinks
with added TuMV than without added TuMV (Figures 5B,C).
The lines also exhibited a higher homogeneity in thickness when
printed with GelMA-TuMV bioinks than when printed with
bioinks without TuMV; the standard deviation of the thicknesses
was lower for GelMA-TuMV lines than for GelMA lines
(Figure 5D). Interestingly, the average thickness of cell-laden
GelMA lines printed at the highest pressure value (i.e., 40 kPa)
was significantly greater (>1,200 um) with cells (and no TuMV
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added) than without cells (~900 pm). We attribute the difference
in thickness in that printed line mainly to the lower crosslinking
ability of GeIMA inks because of the presence of cells. In general, a
slightly greater thickness is observed in cell-laden lines than in lines
not containing cells. This effect is enhanced by the high pressure,
which causes a higher flow rate and therefore higher mass
deposition per unit time and, consequently, greater thickness.

Remarkably, in these bioprinting experiments at high
pressures, the average thickness is much lower for GelMA-
TuMYV filaments than for GelMA filaments. This suggests that
the addition of TuMV to our bioinks has a positive effect on
shape fidelity at high pressures.

Conclusion

We have introduced the use of flexuous plant viral
nanomeshes (i.e, TuMV particles) that can serve as a
functional additive for GeIMA hydrogels. The TuMV acts as a
nano-topographical scaffold for cells and provides a protein
framework for further biological-specific functionalization. We
illustrate a strategy to develop tailored hydrogels for the
controlled release of EGF. The presence of TuMV-EGF on the
surface of hydrogels promotes cell attachment and accelerated
proliferation of fibroblasts. This results in the development of
tissue constructs with high confluence.

We also explored the use of TuMV particles in three different
biofabrication scenarios. First, we illustrated a simple method for
the fabrication of disks of GeIMA coated with TuMV and seeded
with BJ fibroblasts. We then demonstrated the use of surface
flows to produce long and thin filaments of GelMA surface
coated with TuMV particles to produce highly aligned
microfibers of muscle-like tissue. GelMA bioinks containing
added TuMV particles also exhibited satisfactory printability
in bioprinting experiments using a commercial bioprinter.

These engineered hydrogels functionalized with TuMV
particles have the potential for use in medical scenarios, such
as regenerative treatments for burn injuries, post-surgery
incisions, and chronic wounds. Future work will include the
customization of TuMV-GelMA inks for different applications
through exploitation of the bioconjugation of the TuMV capsid
with various bioactive molecules or peptides.

In the context of tissue engineering applications that involve
implantation, one concern is the fate of TuMV nanoparticles in
the human body. Plant viruses are, in principle, incapable of
infecting mammalian cells (Lauria et al., 2017; Balke and Zeltins,
2020). Due to their protein nature, they are expected to
eventually undergo enzymatic degradation under physiological
conditions (Nkanga et al., 2022). However, to our knowledge, no
experiments have assessed the fate of implanted hydrogels
containing TuMV. In a recent study, Veldzquez-Lam injected
healthy and tumor-induced mice intravenously with TuMV
particles marked with Alexa and traced the particles for
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several days (Veldzquez-Lam, 2021). The TuMV concentration
in blood dropped linearly, suggesting full blood clearance in less
than a week. The accumulation in different tissues was also
measured. By the fourth day of intravenous injection, the highest
accumulation was observed in the liver, distinctly followed by the
tumors, lymph nodes, kidneys, and spleen.

The literature also has no antecedents of the use of TuMV
particles in clinical studies. However, several plant viruses have
been tested in human and veterinary studies in the context of the
development of vaccine platforms (Balke and Zeltins, 2020).
Overall, the results suggest that plant virus-based vaccines
could be introduced into clinical and veterinary practice in
the near future (Folia Biotech Inc, 2000; Chichester et al.,
2018). More research is needed before plant viruses can be
declared safe for use in hydrogels destined for medical
implantation, particularly as several plant viruses have proven
to be potent adjuvants (Folia Biotech Inc, 2000; Sanchez et al.,
2013; Chichester et al., 2018; Nkanga et al., 2022) and may trigger
clinically relevant immune responses if implanted.

Materials and methods

GelMA synthesis

In all the experiments reported here, Gelatin methacryloyl
(GelMA) medium i.e., gelatin methacryloyl with a medium degree
of methacrylation (47-62% methacrylation) as determined by
NMR techniques (Sanchez-Rodriguez, 2019). GelMA medium
was synthesized following the protocols reported elsewhere,
with a few modifications (Bolivar-Monsalve et al., 2021). Briefly,
we dissolved porcine gelatin type A (Sigma-Aldrich, United States)
in Dulbecco’s phosphate-buffered saline (DPBS) (Invitrogen Life
Technologies, United States) at 10% (w/v) under constant stirring
at 400 rpm at 50°C for 1h. Then, 10% (v/v) of anhydride
(Sigma-Aldrich, United States) was added
dropwise to the gelatin solution using a syringe pump at a flow

methacrylate

rate of 0.5 ml/min and magnetic stirring for 1 h. The reaction was
stopped by adding DPBS to the solution at a 1:5 ratio.

Subsequently, the solution was dialyzed against distilled
water at 40°C for 7 days using dialysis tubing and constant
stirring. The dialysis water was continuously refreshed using a
peristaltic pump. Finally, the GelMA was frozen at —80°C, freeze-
dried for 5 days, and stored at 4°C until its use.

TuMV production, conjugation, and
characterization

Production and purification of TuMV
nanoparticles

Turnip mosaic virus (TuMYV, isolate UK 1) was propagated in
plants of Indian mustard (Brassica juncea) and harvested 30 days
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post-inoculation. TuMV nanoparticles were purified from 150 g
of plant material, as described by Sinchez and Ponz (2018).
Briefly, plant tissue was finely ground in 0.5M potassium
phosphate, pH 7.5, 1:2 (w/v), in an electrical tissue grinder, at
4°C. The resulting suspension was extracted with one volume of
chloroform at 4°C. The phases were separated by centrifugation,
and the aqueous phase was filtered through Miracloth
(MerckTM, Germany). The TuMV nanoparticles in the filtrate
were precipitated with 6% PEG 6,000 (w/v) and 4% NaCl (w/v)
and allowed to settle for 90 min at 4°C. The particles were
recovered by centrifugation at 12,000 g for 10 min. The pellet
was resuspended overnight in 0.5M potassium phosphate,
pH 7.5, and 10 mM ethylenediaminetetraacetic acid (EDTA).
The suspension was clarified by centrifugation (10 min at
9,000 g), and the TuMV nanoparticles were pelleted (2h at
80,000 g). The pellet was resuspended in 0.25M potassium
phosphate, pH 7.5, and 10 mM EDTA, and CsCl was added
to a final density of 1.27 g/cm’. The resulting suspension was
centrifuged at 150,000 g for 18 h at 4°C.

A visible band in the gradient containing the TuMV particles
was recovered by punching the tube with a syringe and needle.
This band was diluted in a solution of 0.25M potassium
phosphate and 10 mM EDTA (pH 7.5) and then centrifuged
at 80,000 g for 2 h. Finally, the generated pellet was resuspended
in a glycerol solution (i.e., 50% glycerol (v/v), 5mM Tris, and
5mM EDTA at pH 7.5) at a final concentration of 1 mg/ml and
stored at —20°C until further use. The TuMV nanoparticle
concentration was determined spectrophotometrically using an
absorption coefficient of 2.65 (A0.1%, 1 cm at 260 nm).

EGF conjugation to TuMV

TuMV nanoparticles were centrifuged (50 min, 60,000 g,
4°C) and then resuspended in 10 mM HEPES (Sigma-Aldrich,
United States) at pH 7.5, to a final concentration of 1 mg/ml. The
ligation started with the addition of a 3-fold molar excess of
NHS-phosphine (Thermo Scientific Pierce, United States) to a
1 mg/ml suspension of TuMV nanoparticles, followed by
overnight incubation in the dark at 4°C. The reaction mix was
centrifuged (50 min, 60,000g, 4°C) and the excess NHS-
phosphine was eliminated in the supernatant. The pellet was
washed with 10 mM HEPES and then resuspended to a final
concentration of 1mg/mL. A linker NHS-azide (Thermo
Scientific Pierce, United States) was added to a plant-made
EGF (Agrenvec, Spain) in a 3-fold molar excess, followed by
an overnight incubation in the dark at 4°C. The reaction mix was
filtered through an Amicon (Merck, United States) centrifuge
filter, and the excess NHS-azide was eliminated in the filtrate.
After the reaction between TuMV and the phosphine reagent, we
added a 1-fold molar excess of the modified EGF. The reaction
was incubated overnight in the dark at 4°C. The excess modified
EGF was removed by centrifugation (50 min, 60,000 g, 4°C).
Samples were stored at 4°C for further use.
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Preparation of fluorescent TuMV nanoparticles
TuMV nanoparticles were tagged with Alexa™ FluorTM
555 NHS Ester (Life Technologies, United States) following
the manufacturer’s protocol with some modifications. The
suspension buffer was changed for HEPES 20 mM pH 7.5 by
ultracentrifugation (50 min at 50,000 g). The succinimidyl esters
of AlexaTM FluorTM were covalently attached to primary
amines at the capsid surface. To do this, a three-fold excess of
the Alexa Fluor reagent was added to a 30 pM TuMV suspension.
This mixture was stirred and incubated in the dark for 2 h at
room temperature. Unbonded Alexa was removed by
ultracentrifugation (50 min at 50,000 g) and the pellet was
resuspended with HEPES 20 mM pH 7.5 at 30 uM of TuMV.

Atomic force microscopy

For the characterization with AFM, silica wafers (DonaChip,
Mexico) were cut into ~1.5cm* squares. The surfaces were
washed with 96% ethanol before use, coated with 5puL of
0.02 mg/ml TuMV suspension, and dried overnight in a sterile
environment. The TuMV coverage was analyzed by Ntegra NT-
MDT spectrum Instruments AFM used in semi-contact mode
with silicon probes (Tapl90AI-G®, United States) with a
resonance frequency of 190kHz, a spring constant of
approximately 48 N m™', and a scan rate of 1.0 Hz.

Transmission electron microscopy

Electron microscopy grids (nickel formvar-coated,
400 mesh and copper/carbon-coated, 400 mesh; Cientifica
Senna™, Spain) were placed over a drop of TuMV
nanoparticle suspension, incubated for 10min at room
temperature, and then washed with a 50 mM borate buffer
(pH 8.1). The microscopy grids were stained with 2% uranyl
acetate, and the samples were examined with a transmission

electron microscope (JEM 1400, Spain).

Dot-blot assays

EGF conjugation to TuMV was assessed by adding 10 uL of
sample (pristine TuMV and TuMV conjugated with EGF) to a
dry polyvinylidene difluoride (PVDF) membrane (Trans-Blot
Transfer Medium, Bio-Rad) and allowing the sample to absorb
completely. The membrane was placed overnight in a blocking
solution [2% non-fat dry milk in PBS containing 0.05% Tween 20
(PBST)] at 4°C. The membrane was then washed three times by
5 min immersions in PBST. The membrane was then immersed
in an anti-TuMV antibody (Agdia, United States) solution for 1 h
at room temperature and washed three times as previously
described. The membrane was immersed in an anti-EGF
antibody (Agrenvec, Spain) solution for 1h at room
described.
Subsequently, the membrane was immersed in an anti-mouse

temperature and  washed as  previously

AP (Agdia, United States) antibody (Agrenvec, Spain) solution
for 1 h at room temperature and washed as previously described.
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For visualization, the membrane was incubated in an NBT-BCIP
solution at room temperature until the samples were revealed.

Cell culture experiments

Cell lines

Human BJ fibroblasts (CRL-2522) and C2C12 mouse
(CRL-1772TM) were obtained from ATCC®.
media

myoblasts

Culture and reagents were purchased from
(Invitrogen™, United States), unless indicated otherwise. BJ
cells were cultured in Eagle’s minimum essential medium
(EMEM). C2C12 cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM). The culture media for both cell
lines were supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) penicillin-streptomycin. Cells were grown

at 37°C in a 5% CO, atmosphere.

Cell culture experiments on well surfaces coated
with GelMA

The wells of 96-well plates were coated with 5% GelMA. To
do this, a solution of 5% w/v GelMA prepared in DPBS was
incubated in a water bath at 37°C until complete dissolution. The
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP;
CELLINK, Gothenburg, Sweden) photoinitiator was then
dissolved at a final concentration of 0.067% (w/v). The
GelMA solutions were sterilized by syringe filtration through
0.22 pm polyethersulfone (PES) membranes. A 25 pL volume of
GelMA was deposited in each well and crosslinked by UV light
exposure at 365 nm for 30 s.

TuMYV, EGF, or TuMV-EGF solutions (10 pug/ml) were then
added to the pre-coated wells and allowed to attach for 3 h at 4°C.
DPBS washes were performed to remove non-attached reagents.
BJ fibroblasts (4 x 10* per well) were then seeded and cultured for
72h at 37°C in a 5% CO, atmosphere.

Assessment of metabolic activity

The metabolic activity of the cell cultures was determined
using PrestoBlue™ (Invitrogen) assays. We added 10% (v/v)
PrestoBlue™ reagent (with respect to the culture medium) to
the samples contained in 96-well plates, followed by incubation at
37°C for 1h. The fluorescence intensity was measured with a
(Synergy HTX Multi-mode, BioTek,
United States) at excitation/emission wavelengths of 530/

microplate reader
570 nm. The fluorescence intensities were normalized with
respect to the first reading at 12 h.

LIVE/DEAD® staining

The LIVE/DEAD® assays (Invitrogen) were conducted
according to the manufacturer’s instructions. Briefly, the
culture medium was removed from cells or printed constructs
and replaced by HEPES (2-[4-(2-hydroxyethyl) piperazin-1-yl]
ethanesulfonic acid). The LIVE/DEAD” reagent was then added
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to the samples and incubated for 20 min at room temperature,
followed by three washes with PBS. Fluorescence images were
obtained using an Axio Observer. Z1 microscope (Zeiss, Jena,
Germany) equipped with Colibri.2 LED illumination and an
Apotome.2 system (Zeiss, Jena, Germany).

Actin/DAPI staining

Cell morphology was assessed by actin/DAPI staining. The
samples were washed three times with PBS to remove the
remaining culture medium, and the cells were fixed with
paraformaldehyde (4%, v/v) for 30 min at room temperature.
The cell membrane was permeabilized by incubating the samples
in 0.1% Triton X-100-PBS solution for 5 min. The filamentous
F-actin in the samples was stained with 1X Phalloidin iFluor
647 and nuclei were stained with a 1 ug/ml DAPI solution in PBS
for 90 min at room temperature. The stained samples were
observed using an Axio Observer. Z1 microscope (Zeiss, Jena,
Germany) equipped with Colibri.2 LED illumination and an
Apotome.2 system (Zeiss, Jena, Germany).

Confluence analysis

LIVE/DEAD micrographs were analyzed using Image]/Fiji
software to assess cell confluence. The micrographs were
transformed into a binary color scheme to facilitate the
the The
confluence was calculated as the percentage of the pixels

visualization of the cells occupying surface.
corresponding to cells with respect to the pixels of the total

micrograph area.

Form factor analysis

We assessed the fibroblast morphology after culture in
GelMA and in GelMA containing TuMV. To do this, cells
were first stained with LIVE/DEAD reagents as described. We
then measured the perimeter and area of randomly selected cells
per micrograph (at least 20 cells per micrograph) using Image]J/
Fiji software. We calculated the form factor, as an indicator of cell
morphology, using the formula 4m*(cell area/cell perimeter?).
Values close to one correspond to round cells, while values that
tend toward zero correspond to cells with an elongated and thin
morphology.

Biofabrication techniques

Chaotic 2D printing of GelMA-TuMYV fibers
GelMA-TuMV fibers described
previously (Frias-Sanchez et al., 2021). Briefly, GelMA was
prepared in DPBS at a concentration of 10% (w/v) and 0.067%
(w/v) LAP (CELLINK, Gothenburg, Sweden). Fibers were
generated through chaotic 2D printing with a Mini]B

were fabricated as

device, following a protocol of a 270° counterclockwise
rotation of the inner cylinder, followed by an 810°
clockwise rotation of the reservoir, for one cycle. The
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diameter of the reservoir used during the printing process was
15 mm, and the diameter of the mixing shaft was 5 mm. The
inner and outer cylinders were located at an eccentricity of
2.5 mm to generate the desired chaotic flows. Both cylinders
were set at an angular velocity of 26.5 rpm. A bed of 400 uL
glycerin was used as the supporting sacrificial ink for the
deformation of the 1 pL drop of GelMA ink. After the printing
process, the newly formed fibers were crosslinked with UV
light at 365 nm for 15 s. The GelMA fibers were rinsed in PBS
and placed in 24-well ultra-low-attachment (ULA) plates
(Corning, United States). A coating suspension of TuMV at
10 uL/ml was added to the printed samples and incubated for
24 h at 4°C. Controls were covered in PBS. All samples were
then transferred to a murine myoblast C2C12 cell suspension
(4 x 10* cells/mL) as well in 24-well ULA plates for a 3 h cell
seeding step at 37°C in a humidified 5% CO, atmosphere. After
the seeding period, the cell suspension was replaced with fresh
DMEM medium with 10% (v/v) FBS, and the samples were
returned to the incubator.

TuMV hydrogel disks

GelMA disks of 1.6 mm diameter were manufactured by
adding 25 uL droplets of 5% (w/v) GelMA to 96-well ULA plates.
GelMA disks were later coated with 10 pg/ml of TuMV, EGF, or
TuMV-EGF (conjugated) suspension and allowed to attach for
24 h at 4 °C. Subsequently, 4 x 10* human BJ fibroblasts per well
were seeded and cultured for 7 days.

3D bioprinting

Bioinks were prepared by dissolving GelMA in PBS at a
concentration of 5% (w/v) and adding 0.067% (w/v) LAP
photoinitiator. TuMV or TuMV-Alexa555 were added to
the GelMA solutions to a final concentration of 20 pg/ml.
Prior to cell culture experiments, the hydrogel formulations
were sterilized by filtration through 0.22 um polyethersulfone
(PES) filters. Bioinks were prepared by loading 1 x 10°
C2Cl12 cells/mL in the pristine GelMA or GelMA-TuMV
hydrogels. The ink and bioink formulations were placed in
3 ml sterile cartridges and stored at 4°C overnight to generate a
physical gel.

All printing experiments were performed using a BioX
from Cellink®  (Gothenburg, The
bioprinter cabinet was sterilized following the protocol

bioprinter Sweden).
recommended by the provider. The printing cartridges
containing the inks or bioinks were attached to a sterile high-
precision conical bioprinting nozzle (22G, 410 um diameter) and
mounted in the bioprinter. The print bed was cooled at 4°C.
Straight lines of 14 mm were printed. We performed printings
using three different pressure values (20, 30, and 40 KPa) and a
constant printhead velocity (20 mm/s). The printed lines were
photocrosslinked at 405 nm for 30 s.

The constructs were photographed using a USB microscope
(Opti-TekScope, United States) to assess line thickness variation
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though image analysis using Image]J/Fiji software. To evaluate the
distribution of TuMV within the printed hydrogel, a line printed
with GelMA loaded with TuMV-Alexa555 was cut with a new
scalpel to obtain a cross section slide. The slide was observed
using an Axio Observer. Z1 microscope (Zeiss, Jena, Germany)
LED
Apotome.2 system (Zeiss, Jena, Germany).

equipped with  Colibri.2 illumination and an

The constructs containing C2C12 cells were placed in
DMEM culture medium and incubated at 37°C in a 5% CO,
atmosphere for 21 days. The constructs were stained at the
endpoint using actin/DAPI and observed by microscopy as

described above.

Assessment of the rheological and
mechanical properties of hydrogel
samples

The GelMA and GelMA-TuMV
formulations was evaluated using a TA DHR-2 Discovery

rheology of the

rheometer (TA Instruments, United Kingdom) equipped
with a Peltier unit for temperature control. The parallel
plate geometry (25 mm diameter) was chosen with a gap of
0.2 mm, and inks were tempered at 40°C prior to evaluation.
Viscosities were measured as a function of temperature in a
range from 10 to 40°C (cooling rate of 1°C/min) at a constant
strain of 0.1%. The shear stress response was evaluated by
varying the shear rate between 0.01 and 500 1/s in a rotational
test at room temperature (~22°C).

Cylinders (height: 4 mm, diameter: 14 mm) of GelMA and
GelMA-TuMV hydrogels for use in compressive testing
experiments were prepared by adding 1 ml of hydrogel to the
wells of a 24-well plate and photopolymerizing at 405 nm for
30s. Unconfined compression was conducted in a universal
Testing System (UTS) with an Instron 3,365 dual column

MA) at room
compression rate of 200 um min™".

(Instron, Canton, temperature and a
The compression tests
were replicated at least 3 times, and the mechanical properties
of compression were obtained from the averaged compression

curve.

Statistical analysis

Data are presented as the mean + SD from at least three
repetitions (n = 3). Significant differences (p < 0.05) were found
by analysis of variance (ANOVA) and Tukey post hoc tests.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.907601

Gonzalez-Gamboa et al.

Author contributions

GT-dS, MMA, and FP conceptualized the manuscript; IG-G,
EV-L, and MJ-LZ formally analyzed the data; GT-dS, MMA, and FP
acquired the funding; IG-G, EV-L, MJ-LZ, AIF-S, JAT-N, AM-B,
JLM-A, LW, and PL conducted conceptual and experimental
investigation; FP, LW, PL, and JLM-A provided key resources to
the study; GT-dS and MMA administered the project; GT-dS,
MMA, and FP supervised the team; IG-G, EV-L, MJ-LZ, AIF-S,
and JAT-N provided key information for writing the manuscript;
GT-dS and MMA wrote the original draft; All the authors reviewed
and edited the original draft.

Funding

EV-L, AIF-S, MJ-LZ, and JAT-N acknowledge funding from
scholarships provided by CONACyT (Consejo Nacional de
Ciencia y Tecnologia, México). EV-L acknowledges the Nuevo
Leon Institute for Innovation and Technology Transference for a
PhD student grant (No. 459134, CVU 360539). GT-dS and MMA
acknowledge the institutional funding received from Tecnoldgico
de Monterrey (Grant 002EICISO1). MMA, GT-dS, and IG-G
acknowledge funding provided by CONACyT (Consejo Nacional
de Ciencia y Tecnologia, México) through several grants (SNI
26048, SNI 256730, and SNI 313028). FP acknowledge the
funding received from RTA 2015-00017 from INIA and EU
Arimnet-2 Grant Agreement No. 618127. The CBGP was granted
“Severo Ochoa” Distinctions of Excellence by the Spanish
Ministry of Science and Innovation (SEV-2016-0672 and CEX
2020-000999-S).

References

Alcala-Orozco, C. R, Mutreja, I, Cui, X., Kumar, D., Hooper, G. J., Lim, K. S,,
et al. (2020). Design and characterisation of multi-functional strontium-gelatin
nanocomposite bioinks with improved print fidelity and osteogenic capacity.
Bioprinting 18, e00073. doi:10.1016/j.bprint.2019.e00073

Annabi, N,, Tamayol, A., Alfredo Uquillas, J., Akbari, M., Bertassoni, L. E., Cha,
C., et al. (2014). 25th anniversary article: Rational design and applications of
hydrogels in regenerative medicine. Adv. Mat. 26, 85-124. doi:10.1002/adma.
201303233

Babitha, S., Annamalai, M., Dykas, M. M., Saha, S., Poddar, K., Venugopal, J. R.,
et al. (2018). Fabrication of a biomimetic ZeinPDA nanofibrous scaffold
impregnated with BMP-2 peptide conjugated TiO2 nanoparticle for bone tissue
engineering. J. Tissue Eng. Regen. Med. 12, 991-1001. doi:10.1002/term.2563

Bakht, S. M., Pardo, A., Gémez-Florit, M., Reis, R. L., Domingues, R. M. A., and
Gomes, M. E. (2021). Engineering next-generation bioinks with nanoparticles:
Moving from reinforcement fillers to multifunctional nanoelements. J. Mat. Chem.
B 9, 5025-5038. doi:10.1039/d1tb00717¢

Balke, I, and Zeltins, A. (2020). Recent advances in the use of plant virus-like
particles as vaccines. Viruses 12 (3), 270. doi:10.3390/v12030270

Bednarek, C., Wehl, L, Jung, N., Schepers, U., and Brise, S. (2020). The Staudinger
ligation. Chem. Rev. 120 (10), 4301-4354. doi:10.1021/acs.chemrev.9b00665

Bolivar-Monsalve, E. J., Ceballos-Gonzélez, C. F., Borrayo-Montaio, K. I,
Quevedo-Moreno, D. A., Yee-de Ledn, J. F., Khademhosseini, A., et al. (2021).
Continuous chaotic bioprinting of skeletal muscle-like constructs. Bioprinting 21,
€00125. doi:10.1016/j.bprint.2020.e00125

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.907601

Acknowledgments

The  authors
contributions of Lucia Zurita, José Arnulfo Juarez

acknowledge  the  experimental
Figueroa, Sara Cristina Pedroza Gonzélez, and Victor
Hugo Sdnchez Rodriguez.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fbioe.2022.
907601/full#supplementary-material

Boularaoui, S., Shanti, A., Lanotte, M., Luo, S., Bawazir, S., Lee, S., et al. (2021).
Nanocomposite conductive bioinks based on low-concentration GelMA and
MXene nanosheets/gold nanoparticles providing enhanced printability of
functional skeletal muscle tissues. ACS Biomater. Sci. Eng. 7, 5810-5822. doi:10.
1021/acsbiomaterials.1c01193

Byambaa, B., Annabi, N., Yue, K., Trujillo-de Santiago, G., Alvarez, M. M., Jia,
W., et al. (2017). Bioprinted osteogenic and vasculogenic patterns for
engineering 3D bone tissue. Adv. Healthc. Mat. 6, 1700015. doi:10.1002/
adhm.201700015

Castifieiras, T. S., Williams, S. G., Hitchcock, A. G., and Smith, D. C. (2018). E. coli
strain engineering for the production of advanced biopharmaceutical products.
FEMS Microbiol. Lett. 365, 162. doi:10.1093/femsle/fny162

Chichester, J. A., Green, B. ], Jones, R. M., Shoji, Y., Miura, K., Long, C. A,,
et al. (2018). Safety and immunogenicity of a plant-produced Pfs25 virus-like
particle as a transmission blocking vaccine against malaria: A phase 1 dose-
escalation study in healthy adults. Vaccine 36, 5865-5871. doi:10.1016/j.vaccine.
2018.08.033

Cuesta, R., Yuste-Calvo, C., Gil-Cartén, D., Sinchez, F., Ponz, F., and Valle, M.
(2019). Structure of Turnip mosaic virus and its viral-like particles. Sci. Rep. 91 (9),
15396-6. doi:10.1038/s41598-019-51823-4

Di, H., Qiaoxia, L., Yujie, Z., Jingxuan, L., Yan, W., Yinchun, H., et al. (2020).
Ag nanoparticles incorporated tannic acid/nanoapatite composite coating on
Ti implant surfaces for enhancement of antibacterial and antioxidant
properties. Surf. Coat. Technol. 399, 126169. doi:10.1016/j.surfcoat.2020.
126169

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2022.907601/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2022.907601/full#supplementary-material
https://doi.org/10.1016/j.bprint.2019.e00073
https://doi.org/10.1002/adma.201303233
https://doi.org/10.1002/adma.201303233
https://doi.org/10.1002/term.2563
https://doi.org/10.1039/d1tb00717c
https://doi.org/10.3390/v12030270
https://doi.org/10.1021/acs.chemrev.9b00665
https://doi.org/10.1016/j.bprint.2020.e00125
https://doi.org/10.1021/acsbiomaterials.1c01193
https://doi.org/10.1021/acsbiomaterials.1c01193
https://doi.org/10.1002/adhm.201700015
https://doi.org/10.1002/adhm.201700015
https://doi.org/10.1093/femsle/fny162
https://doi.org/10.1016/j.vaccine.2018.08.033
https://doi.org/10.1016/j.vaccine.2018.08.033
https://doi.org/10.1038/s41598-019-51823-4
https://doi.org/10.1016/j.surfcoat.2020.126169
https://doi.org/10.1016/j.surfcoat.2020.126169
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.907601

Gonzalez-Gamboa et al.

Dickmeis, C., Kauth, L., and Commandeur, U. (2021). From infection to healing:
The use of plant viruses in bioactive hydrogels. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 13, e1662. doi:10.1002/wnan.1662

Elkhoury, K., Russell, C. S., Sanchez-Gonzalez, L., Mostafavi, A., Williams, T. J.,
Kahn, C, et al. (2019). Soft-nanoparticle functionalization of natural hydrogels for
tissue engineering applications. Adv. Healthc. Mat. 8, 1900506. doi:10.1002/adhm.
201900506

Fathi-Achachelouei, M., Keskin, D., Bat, E., Vrana, N. E., and Tezcaner, A. (2020).
Dual growth factor delivery using PLGA nanoparticles in silk fibroin/PEGDMA
hydrogels for articular cartilage tissue engineering. J. Biomed. Mat. Res. 108,
2041-2062. doi:10.1002/jbm.b.34544

Folia Biotech Inc. (2000). Safety and reactogenicity of a PAL combined with
seasonal flu vaccine in healthy adults. (ClinicalTrials.gov Identifier: NCT02188810).
Available at: https:/clinicaltrials.gov/ct2/show/NCT02188810 (Accessed June 5,
2022).

Frias-Sanchez, A. L., Quevedo-Moreno, D. A., Samandari, M., Tavares-Negrete,
J. A., Sanchez-Rodriguez, V. H., Gonzalez-Gamboa, I, et al. (2021). Biofabrication
of muscle fibers enhanced with plant viral nanoparticles using surface chaotic flows.
Biofabrication 13, 035015. doi:10.1088/1758-5090/abd9d7

Godoy-Gallardo, M., Eckhard, U., Delgado, L. M., de Roo Puente, Y. J. D., Hoyos-
Nogués, M., Gil, F. ., et al. (2021). Antibacterial approaches in tissue engineering
using metal ions and nanoparticles: From mechanisms to applications. Bioact. Mat.
6, 4470-4490. doi:10.1016/j.bioactmat.2021.04.033

Gonzalez-Gamboa, 1., Manrique, P., Manrique, P., and Ponz, F. (2017). Plant-
made potyvirus-like particles used for log-increasing antibody sensing capacity.
J. Biotechnol. 254, 17-24. doi:10.1016/j.jbiotec.2017.06.014

Hasan, A., Morshed, M., Memic, A., Hassan, S., Webster, T.]., and Marei, H. E. S.
(2018). Nanoparticles in tissue engineering: Applications, challenges and prospects.
Int. ]. Nanomedicine 13, 5637-5655. doi:10.2147/ijn.s153758

Hu, B., Gao, M., Boakye-Yiadom, K. O., Ho, W., Yu, W, Xu, X,, et al. (2021).
An intrinsically bioactive hydrogel with on-demand drug release behaviors for
diabetic wound healing. Bioact. Mat. 6, 4592-4606. doi:10.1016/j.bioactmat.
2021.04.040

Jackson, K., Peivandi, A., Fogal, M., Tian, L., and Hosseinidoust, Z. (2021).
Filamentous phages as building blocks for bioactive hydrogels. ACS Appl. Bio Mat.
4, 2262-2273. doi:10.1021/acsabm.0c01557

Khashayar, M., Afra, H., and Hassan, N. (2018). Design and fabrication of
GelMA/chitosan nanoparticles composite hydrogel for angiogenic growth factor
delivery. Artific. Cells Nanomed. Biotechnol. 46 (8), 1799-1808. doi:10.1080/
21691401.2017.1392970

Koudelka, K. J., Pitek, A. S., Manchester, M., and Steinmetz, N. F. (2015). Virus-
based nanoparticles as versatile nanomachines. Annu. Rev. Virol. 2,379-401. doi:10.
1146/annurev-virology-100114-055141

Lauria, 1., Dickmeis, C., Roder, J., Beckers, M., Riitten, S., Lin, Y. Y., et al. (2017).
Engineered Potato virus X nanoparticles support hydroxyapatite nucleation for
improved bone tissue replacement. Acta Biomater. 62, 317-327. doi:10.1016/j.
actbio.2017.08.039

Lee,D.Y,, Lee, H,, Kim, Y., Yoo, S. Y., Chung, W. ], and Kim, G. (2016). Phage as
versatile nanoink for printing 3-D cell-laden scaffolds. Acta Biomater. 29, 112-124.
doi:10.1016/j.actbio.2015.10.004

Lee, J., Manoharan, V., Cheung, L., Lee, S., Cha, B. H., Newman, P,, et al. (2019).
Nanoparticle-based hybrid scaffolds for deciphering the role of multimodal cues in
cardiac tissue engineering. ACS Nano 13, 12525-12539. doi:10.1021/acsnano.9b03050

Leijten, J., Seo, J., Yue, K., Trujillo-de Santiago, G., Tamayol, A., Ruiz-Esparza, G. U.,
et al. (2017). Spatially and temporally controlled hydrogels for tissue engineering.
Mater. Sci. Eng. R Rep. 119, 1-35. doi:10.1016/j.mser.2017.07.001

Lin, Y., Schuphan, J., Dickmeis, C., Buhl, E. M., Commandeur, U., and Fischer, H.
(2020). Attachment of ultralow amount of engineered plant viral nanoparticles to
mesenchymal stem cells enhances osteogenesis and mineralization. Adv. Healthc.
Mat. 9, 2001245. doi:10.1002/adhm.202001245

Luckanagul, J. A,, Lee, L. A, You, S., Yang, X., and Wang, Q. (2015). Plant virus
incorporated hydrogels as scaffolds for tissue engineering possess low
immunogenicity in vivo. J. Biomed. Mat. Res. A 103, 887-895. doi:10.1002/jbm.
a.35227

Magnusdottir, A., Vidarsson, H., Bjérnsson, J. M., and Orvar, B. L. (2013). Barley
grains for the production of endotoxin-free growth factors. Trends Biotechnol. 31,
572-580. doi:10.1016/j.tibtech.2013.06.002

Mabharjan, B., Kumar, D., Awasthi, G. P., Bhattarai, D. P., Kim, J. Y., Park, C. H,,
et al. (2019). Synthesis and characterization of gold/silica hybrid nanoparticles
incorporated gelatin methacrylate conductive hydrogels for HOC2 cardiac cell
compatibility study. Compos. Part B Eng. 177, 107415. doi:10.1016/j.
compositesb.2019.107415

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.907601

Mamaghani, K. R., Naghib, S. M., Zahedi, A., Rahmanian, M., and Mozafari, M.
(2018). GelMa/PEGDA containing graphene oxide as an IPN hydrogel with
superior mechanical performance. Mater. Today Proc. 5, 15790-15799. doi:10.
1016/j.matpr.2018.04.193

Maturavongsadit, P., Luckanagul, J. A., Metavarayuth, K., Zhao, X, Chen, L., Lin,
Y., et al. (2016). Promotion of in vitro chondrogenesis of mesenchymal stem cells
using in situ hyaluronic hydrogel functionalized with rod-like viral nanoparticles.
Biomacromolecules 17 (6), 1930-1938.

Merzlyak, A., Indrakanti, S., and Lee, S. W. (2009). Genetically engineered
nanofiber-like viruses for tissue regenerating materials. Nano Lett. 9, 846-852.
doi:10.1021/n18036728

Min, J., Patel, M., and Koh, W.-G. (2018). Incorporation of conductive materials
into hydrogels for tissue engineering applications. Polym. (Basel) 10, 1078. doi:10.
3390/polym10101078

Modaresifar, K., Hadjizadeh, A., and Niknejad, H. (2017). Design and fabrication
of GelMA/chitosan nanoparticles composite hydrogel for angiogenic growth factor
delivery. Artif. Cells Nanomed. Biotechnol. 46 (8), 1799-1808. doi:10.1080/
21691401.2017.1392970

Nkanga, C. L, Ortega-Rivera, O. A., Shin, M. D., Moreno-Gonzalez, M. A., and
Steinmetz, N. F. (2022). Injectable slow-release hydrogel formulation of a plant
virus-based COVID-19 vaccine candidate. Biomacromolecules 23 (4), 1812-1825.
doi:10.1021/acs.biomac.2c00112

Pansani, T. N., Basso, F. G., Souza, L, dos, R., Hebling, J., and de Souza Costa, C.
A. (2019). Characterization of titanium surface coated with epidermal growth factor
and its effect on human gingival fibroblasts. Arch. Oral Biol. 102, 48-54. doi:10.
1016/j.archoralbio.2019.03.025

Paul, A., Hasan, A., Kindi, H. A., Gaharwar, A. K., Rao, V. T. S, Nikkhah, M., et al.
(2014). Injectable graphene oxide/hydrogel-based angiogenic gene delivery system
for vasculogenesis and cardiac repair. ACS Nano 8, 8050-8062. doi:10.1021/
nn5020787

Pedroza-Gonzalez, S. C., Rodriguez-Salvador, M., Pérez-Benitez, B. E., Moisés
Alvarez, M., and de Santiago, G. T. (2021). Bioinks for 3D bioprinting: A
scientometric analysis of two decades of progress. Int. J. Bioprint. 7, 333-391.
doi:10.18063/ijb.v7i2.337

Peivandi, A., Jackson, K., Tian, L., He, L., Mahmood, A., Fradin, C., et al. (2021).
Inducing microscale structural order in phage nanofilament hydrogels with
globular proteins. ACS Biomater. Sci. Eng. 8, 340-347. doi:10.1021/
acsbiomaterials.1c01112

Podlacha, M., Grabowski, L., Kosznik-Kawénicka, K., Zdrojewska, K., Stasiloj¢,
M., Wegrzyn, G., et al. (2021). Interactions of bacteriophages with animal and
human organisms—Safety issues in the light of phage therapy. Int. J. Mol. Sci. 22,
8937. doi:10.3390/ijms22168937

Samanipour, R., Wang, T., Werb, M., Hassannezhad, H., Rangel, J. M. L., Hoorfar,
M., et al. (2020). Ferritin nanocage conjugated hybrid hydrogel for tissue
engineering and drug delivery applications. ACS Biomater. Sci. Eng. 6, 277-287.
doi:10.1021/acsbiomaterials.9b01482

Sénchez, F., and Ponz, F. (2018). “Presenting peptides at the surface of potyviruses
in planta,” in Virus-Derived Nanoparticles for Advanced Technologies (New York,
NY: Humana Press), 471-485.

Sénchez, F., Sdez, M., Lunello, P., and Ponz, F. (2013). Plant viral elongated
nanoparticles modified for log-increases of foreign peptide immunogenicity and
specific antibody detection. J. Biotechnol. 168 (4), 409-415. doi:10.1016/j.jbiotec.
2013.09.002

Sénchez-Rodriguez, V. H. (2019). On the improvement of the process of synthesis
of gelatin methacryloyl (GelMA) hydrogels and development of a hybrid
nanoparticle-GelMA-based bioink for tissue engineering (México: Tecnoldgico de
Monterrey). Master’s degree thesis.

Saxon, E., and Bertozzi, C. R. (2000). Cell surface engineering by a
modified Staudinger reaction. Science 287, 2007-2010. doi:10.1126/science.
287.5460.2007

Schneier, M., Razdan, S., Miller, A. M., Briceno, M. E., and Barua, S. (2020).
Current  technologies to endotoxin detection and removal for
biopharmaceutical purification. Biotechnol. Bioeng. 117, 2588-2609. doi:10.
1002/bit.27362

Schwab, A., Levato, R., D’Este, M., Piluso, S., Eglin, D., and Malda, J. (2020).
Printability and shape fidelity of bioinks in 3D bioprinting. Chem. Rev. 120,
11028-11055. doi:10.1021/acs.chemrev.0c00084

Schwartz, R., Malpica, M., Thompson, G. L., and Miri, A. K. (2020). Cell
encapsulation in gelatin bioink impairs 3D bioprinting resolution. J. Mech.
Behav. Biomed. Mat. 103, 103524. doi:10.1016/j.jmbbm.2019.103524

Shin, S. R., Aghaei-Ghareh-Bolagh, B., Gao, X., Nikkhah, M., Jung, S. M,
Dolatshahi-Pirouz, A., et al. (2014). Layer-by-Layer assembly of 3D tissue

frontiersin.org


https://doi.org/10.1002/wnan.1662
https://doi.org/10.1002/adhm.201900506
https://doi.org/10.1002/adhm.201900506
https://doi.org/10.1002/jbm.b.34544
https://clinicaltrials.gov/ct2/show/NCT02188810
https://doi.org/10.1088/1758-5090/abd9d7
https://doi.org/10.1016/j.bioactmat.2021.04.033
https://doi.org/10.1016/j.jbiotec.2017.06.014
https://doi.org/10.2147/ijn.s153758
https://doi.org/10.1016/j.bioactmat.2021.04.040
https://doi.org/10.1016/j.bioactmat.2021.04.040
https://doi.org/10.1021/acsabm.0c01557
https://doi.org/10.1080/21691401.2017.1392970
https://doi.org/10.1080/21691401.2017.1392970
https://doi.org/10.1146/annurev-virology-100114-055141
https://doi.org/10.1146/annurev-virology-100114-055141
https://doi.org/10.1016/j.actbio.2017.08.039
https://doi.org/10.1016/j.actbio.2017.08.039
https://doi.org/10.1016/j.actbio.2015.10.004
https://doi.org/10.1021/acsnano.9b03050
https://doi.org/10.1016/j.mser.2017.07.001
https://doi.org/10.1002/adhm.202001245
https://doi.org/10.1002/jbm.a.35227
https://doi.org/10.1002/jbm.a.35227
https://doi.org/10.1016/j.tibtech.2013.06.002
https://doi.org/10.1016/j.compositesb.2019.107415
https://doi.org/10.1016/j.compositesb.2019.107415
https://doi.org/10.1016/j.matpr.2018.04.193
https://doi.org/10.1016/j.matpr.2018.04.193
https://doi.org/10.1021/nl8036728
https://doi.org/10.3390/polym10101078
https://doi.org/10.3390/polym10101078
https://doi.org/10.1080/21691401.2017.1392970
https://doi.org/10.1080/21691401.2017.1392970
https://doi.org/10.1021/acs.biomac.2c00112
https://doi.org/10.1016/j.archoralbio.2019.03.025
https://doi.org/10.1016/j.archoralbio.2019.03.025
https://doi.org/10.1021/nn5020787
https://doi.org/10.1021/nn5020787
https://doi.org/10.18063/ijb.v7i2.337
https://doi.org/10.1021/acsbiomaterials.1c01112
https://doi.org/10.1021/acsbiomaterials.1c01112
https://doi.org/10.3390/ijms22168937
https://doi.org/10.1021/acsbiomaterials.9b01482
https://doi.org/10.1016/j.jbiotec.2013.09.002
https://doi.org/10.1016/j.jbiotec.2013.09.002
https://doi.org/10.1126/science.287.5460.2007
https://doi.org/10.1126/science.287.5460.2007
https://doi.org/10.1002/bit.27362
https://doi.org/10.1002/bit.27362
https://doi.org/10.1021/acs.chemrev.0c00084
https://doi.org/10.1016/j.jmbbm.2019.103524
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.907601

Gonzalez-Gamboa et al.

constructs with functionalized graphene. Adv. Funct. Mat. 24, 6136-6144. doi:10.
1002/adfm.201401300

Song, L., Wang, S., Wang, H., Zhang, H., Cong, H,, Jiang, X., et al. (2015).
Study on nanocomposite construction based on the multi-functional
biotemplate self-assembled by the recombinant TMGMYV coat protein for
potential biomedical applications. J. Mat. Sci. Mat. Med. 26, 97-12. doi:10.
1007/s10856-014-5326-x

Steinmetz, N. F., and Evans, D. J. (2007). Utilisation of plant viruses in
bionanotechnology. Org. Biomol. Chem. 5, 2891-2902. doi:10.1039/b708175h

Sundhoro, M., Jeon, S., Park, J., Ramstrém, O., and Yan, M. (2017). Perfluoroaryl
azide staudinger reaction: A fast and bioorthogonal reaction. Angew. Chem. Int. Ed.
Engl. 56, 12285-12289. doi:10.1002/ange.201705346

Tavares, M. T., Gaspar, V. M., Monteiro, M. V., S Farinha, J. P., Baleizdo, C., and
Mano, J. F. (2021). GelMA/bioactive silica nanocomposite bioinks for stem cell
osteogenic differentiation. Biofabrication 13, 035012. doi:10.1088/1758-5090/
abdc86

Thénes, S., Rother, S., Wippold, T., Blaszkiewicz, J., Balamurugan, K., Moeller,
S., et al. (2019). Hyaluronan/collagen hydrogels containing sulfated
hyaluronan improve wound healing by sustained release of heparin-binding
EGF-like growth factor. Acta Biomater. 86, 135-147. d0i:10.1016/j.actbio.2019.
01.029

Thorne, H. J,, Jose, D. G., Zhang, H. -Y., Dempsey, P. J., and Whitehead, R. H.
(1987). Epidermal growth factor stimulates the synthesis of cell-attachment
proteins in the human breast cancer cell line PMC42. Int. J. Cancer 40,
207-212. doi:10.1002/ijc.2910400214

Velazquez-Lam, E. (2021). Biotechnological engineering of turnip mosaic virus-
derived nanoparticles by functionalization with natural compounds with
different biological activities (Madrid, Spain: Universidad Politécnica de
Madrid). PhD thesis.

Frontiers in Bioengineering and Biotechnology

16

10.3389/fbioe.2022.907601

Veldzquez-Lam, E., Imperial, J., and Ponz, F. (2020). Polyphenol-functionalized
plant viral-derived nanoparticles exhibit strong antimicrobial and antibiofilm
formation activities. ACS Appl. Bio Mat. 3, 2040-2047. doi:10.1021/acsabm.
9b01161

Venkataraman, S., and Hefferon, K. (2021). Application of plant viruses in
Biotechnology, medicine, and human health. Viruses 13, 1697. doi:10.3390/v13091697

Yildiz, I, Tsvetkova, I., Wen, A. M., Shukla, S., Masarapu, M. H., Dragnea, B.,
et al. (2012). Engineering of Brome mosaic virus for biomedical applications. RSC
Adv. 2, 3670. doi:10.1039/c2ra01376b

Yoo, S. Y., Chung, W. J., Kim, T. H,, Le, M., and Lee, S. W. (2011). Facile
patterning of genetically engineered M13 bacteriophage for directional growth of
human fibroblast cells. Soft Matter 7, 363-368. doi:10.1039/c0sm00879f

Yue, K., Trujillo-de Santiago, G., Alvarez, M. M., Tamayol, A., Annabi, N., and
Khademhosseini, A. (2015). Synthesis, properties, and biomedical applications of
gelatin methacryloyl (GelMA) hydrogels. Biomaterials 73, 254-271. doi:10.1016/j.
biomaterials.2015.08.045

Yuste-Calvo, C., Gonzilez-Gamboa, I., Pacios, L. F., Sanchez, F., and Ponz, F.
(2019). Structure-based multifunctionalization of flexuous elongated viral
nanoparticles. ACS Omega 4, 5019-5028. doi:10.1021/acsomega.8b02760

Zan, X., Feng, S., Balizan, E., Lin, Y., and Wang, Q. (2013). Facile method for
large scale alignment of one dimensional nanoparticles and control over
myoblast orientation and differentiation. ACS Nano 7, 8385-8396. doi:10.
1021/nn403908k

Zanotti, G., and Grinzato, A. (2021). Structure of filamentous viruses. Curr. Opin.
Virol. 51, 25-33. doi:10.1016/j.coviro.2021.09.006

Zhang, M., Singh, R. K., Wang, M. H., Wells, A., and Siegal, G. P. (1996).
Epidermal growth factor modulates cell attachment to hyaluronic acid by the
cell surface glycoprotein CD44. Clin. Exp. Metastasis 143 (14), 268-276. doi:10.
1007/BF00053900

frontiersin.org


https://doi.org/10.1002/adfm.201401300
https://doi.org/10.1002/adfm.201401300
https://doi.org/10.1007/s10856-014-5326-x
https://doi.org/10.1007/s10856-014-5326-x
https://doi.org/10.1039/b708175h
https://doi.org/10.1002/ange.201705346
https://doi.org/10.1088/1758-5090/abdc86
https://doi.org/10.1088/1758-5090/abdc86
https://doi.org/10.1016/j.actbio.2019.01.029
https://doi.org/10.1016/j.actbio.2019.01.029
https://doi.org/10.1002/ijc.2910400214
https://doi.org/10.1021/acsabm.9b01161
https://doi.org/10.1021/acsabm.9b01161
https://doi.org/10.3390/v13091697
https://doi.org/10.1039/c2ra01376b
https://doi.org/10.1039/c0sm00879f
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1016/j.biomaterials.2015.08.045
https://doi.org/10.1021/acsomega.8b02760
https://doi.org/10.1021/nn403908k
https://doi.org/10.1021/nn403908k
https://doi.org/10.1016/j.coviro.2021.09.006
https://doi.org/10.1007/BF00053900
https://doi.org/10.1007/BF00053900
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.907601

	Gelatin-methacryloyl hydrogels containing turnip mosaic virus for fabrication of nanostructured materials for tissue engine ...
	Introduction
	Results and discussion
	Engineering GelMA-TuMV hydrogels with epidermal growth factor
	GelMA-TuMV hydrogels used in biofabrication

	Conclusion
	Materials and methods
	GelMA synthesis
	TuMV production, conjugation, and characterization
	Production and purification of TuMV nanoparticles
	EGF conjugation to TuMV
	Preparation of fluorescent TuMV nanoparticles
	Atomic force microscopy
	Transmission electron microscopy
	Dot-blot assays

	Cell culture experiments
	Cell lines
	Cell culture experiments on well surfaces coated with GelMA
	Assessment of metabolic activity
	LIVE/DEAD® staining
	Actin/DAPI staining
	Confluence analysis
	Form factor analysis

	Biofabrication techniques
	Chaotic 2D printing of GelMA-TuMV fibers
	TuMV hydrogel disks
	3D bioprinting

	Assessment of the rheological and mechanical properties of hydrogel samples
	Statistical analysis

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


