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Abstract

A major aim of tissue engineering is to develop biomimetic scaffolding materials that can guide the
proliferation, self-renewal and differentiation of multipotent stem cells into specific lineages. Cellular
functions can be controlled by the interactions between cells and biomaterials. Therefore, the surface
chemistry and topography of support materials play a pivotal role in modulating cell behaviors at many
stages of cell growth and development. Due to their highly ordered structure and programmable surface
chemistries, which provide unique topography as biomaterials, viral nanoparticles have been utilized as
building blocks for targeted cell growth and differentiation. This review article discusses the fabrication of
two-dimensional virus-based thin film on substrates and highlights the study of the effect of chemical and
physical cues introduced by plant virus nanoparticle thin films on the promotion of osteogenic

differentiation of BMSCs.
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Introduction

A major aim in tissue engineering is the
development of biomimetic scaffolding materials that
can guide the proliferation, self-renewal and
differentiation of multipotent stem cells into specific
lineages. Stem cells can be collected from adipose
tissue, bone marrow, placenta, and skeletal
muscles.[1] Bone marrow derived mesenchymal stem
cells (BMSCs) are a  sub-population of
non-hematopoietic bone marrow stroma,[2-4] which
have the capability to self-renew and differentiate to
various lineages, such as adipocytes, osteocytes,
chondrocytes, hepatocytes, neurons, muscle cells, and
epithelial cells.[4-9] Due to their pluripotent potential,
less controversial use than embryonic stem cells, ease
of isolation, and rapid expansion,[10] BMSCs are an
ideal source of adult stem «cells to study
material-mediated differentiation.

Many cellular functions are dictated by the
interactions between cells and biomaterials.[11-13]
Cell-material interactions can direct cell shape and
cytoskeletal organization, which in turn control

biological processes, such as cell adhesion, growth,
differentiation, and apoptosis.[14-17] Mammalian
cells can sense and interact with the extracellular
microenvironment at the nanometer scale despite
their micrometer dimensions.[18, 19] Consequently,
the surface chemistry and topography of support
materials play a pivotal role in modulating cell
behaviors at many stages of cell growth and
development.[13, 20-28] The interactions of cells with
nanometric surfaces often lead to a series of gene and
protein regulation events that start as early as the cells
begin to sense their surrounding environment.[28]
Therefore, understanding the various topographical
cues that are responsible for cellular behaviors is key
to applications, such as regenerative medicine and
tissue engineering. These applications require the
engineering of a  programmable two- or
three-dimensional biomaterial with micro and/or
nanometer features that could mimic certain aspects
of the extracellular environment such as the spatial
arrangement and density of ligands. [16, 20, 29] One
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class of such biomaterials is virus, protein assemblies
that offer nanoscale surface morphology and
polyvalent ligand display.[30] Hence, virus
nanoparticles have emerged as attractive building
blocks  for  targeted cell growth  and
differentiation.[31-35]

Virus nanoparticles are typically comprised of
self-assembled coat protein subunits, which form the
virus capsid that encapsulates the genomic RNA.
Figure 1 shows the structural features of some
representative viruses. Viral nanoparticles can be
categorized into three groups based on their particle
shapes: (1) rod shape virus, (2) filamentous virus, and
(3) spherical virus. In comparison to other substrates
such as synthetic polymer, polysaccharides, and
peptide assemblies, virus nanoparticles offer several
advantages. First, they possess uniform size, highly
ordered and well-resolved 3D structure, and high
harvesting yield and purity.[36, 37] The symmetrical
arrangement of the viral coat proteins makes virus
particles an ideal scaffold for displaying identical
copies of functional groups for multivalent ligand
display. Furthermore, the chemical and genetic
modifications of virus surfaces to incorporate new
functional groups have been extensively studied,
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which provides a library of viruses with different
surface properties.[31-33, 38]

The surface nanotopography and polyvalent
nature of viruses can be exploited to tune cellular
response. A great number of studies have
demonstrated the promotion of osteogenic
differentiation of BMSCs by two dimensional (2D)
virus thin film coated substrates. Based on the
extensive amount of work reported, this review
highlights the effect of chemical and physical cues
introduced by virus nanoparticles on the osteogenesis
of mesenchymal stem cells. The fabrications of virus
thin films by the drop-coating and the layer-by-layer
methods are compared. The influences of viral
particle shapes, nanoscale features, and surface
chemistry on the osteogenesis of BMSCs by utilizing
substrates fabricated from several different wild-type,
modified, and mutant viruses will be discussed in
details, with the goal of delineating, where possible,
the effect of each factor. With this review, we would
like to highlight the special nanotopographical
features offered by the virus substrate and how such
kind of materials can be employed to direct cell
differentiations for research and tissue engineering
applications.

Virus Symmetry Dimensions pl Number of MW of Size of genome (Da) Viral classification
subunits subunit (Da) (genus)
Tobacco mosaic  |Helical 300 % 18 nm 35 2130 17 kDa 5sRNA 6.3 kb Tobamovirus
virus (IMV)
Turnip yellow Icosahedral [~ 28 nm 3.77-3.95 180 20 kDa 1.9x10¢Da Tymovirus group
mosaic virus
(TYMV)
Cowpea mosaic  |Icosahedral ~28 nm 5.5 601 and 605 |40-45 kDDa and |2ssRNAs Comovirus
virus (CPMV) subunits 21-27 kDa (3.94 x 105 Da)
5.16 x105 and 5.98 x 10¢ Da)
Turnip vein Rod 300 x 18 nm 3.55 ~ 2000 17 kDa Positive sense RNA, 6.3 kb [Tobamovirus
cleaning virus
(TVCV)
Potato virus X Filamentous [470-580 » 5nm  [4.4 1300 18 kDa Single ssRINA (5.9-7.0 kb) Potexvirus
(PVX)

Figure 1. (A-l) Molecular models showing surface topography of typical plant viruses discussed in this review. (A-B) Tobacco mosaic virus (TMV); (C) Potato virus
X (PVX); (D-E) Turnip yellow mosaic virus (TYMV); (F-G) Turnip vein clearing virus (TVCV); (H-1) Cowpea mosaic virus (CPMV). Scale bar indicates 10 nm in (A,
C, D, F and H) and 5 nmin (B, E, G and I). The models were generated using Pymol (www.pymol.org) with co-ordinates obtained from RCSB protein data bank.

Reproduced with permission from ref 36. Copyright 2015 Wiley Online Library.
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Biomaterials Surface Modification by
Virus Thin Films

Typically, for cell studies, two-dimensional virus
thin-films can be fabricated using one of two methods:
1) drop-coating (or dip-coating) and 2) layer-by-layer
(LbL) assembly. Both methods rely on the charged
surface of the virus nanoparticles to electrostatically
coat the virus on the surface. At neutral pH, the virus
nanoparticles have surface charges due to the net
excess of either negatively or positively charged
amino acids, such as the negatively-charged aspartic
acid and glutamic acid or the positively-charged
lysine, arginine, and histidine.
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Figure 2. Schematic illustration of the two typical methods to fabricate virus
thin films. (A) Drop coating or dip-coating of viral thin films via electrostatic
attractions. (B) Layer-by-layer approach with polyelectrolytes.

Direct deposition via electrostatic interactions

Given that most viral particles have a surface
charge at neutral pH (see the pl values of selected
viral particles in Figure 1), they can be directly
deposited via electrostatic interactions onto surfaces
containing oppositely charged functional groups. For
example, tobacco mosaic virus (TMV), turnip vein
clearing virus (TVCYV), potato virus X (PVX), turnip
yellow mosaic virus (TYMV), and cowpea mosaic
virus (CPMV) all have isoelectric points (pl) below
5.5, leading to an overall negative particle surface
charge at neutral pH condition. Thus, surfaces
containing positively charged functional groups could
provide the interactions strong enough to adsorb the
negatively charged viral particles.

Kaur et al. developed a drop-coating protocol, in
which glass slide modified with aminopropyl-
triethoxysilane (APTES) was utilized to construct
virus-coated substrates.[1] The primary amine
functional group of APTES presents a positive charge
upon protonation under neutral condition. This
coating method involves dropping a small amount of
aqueous virus solution on the silanized glass, which is
then left to dry under a sterile tissue culture hood.
TYMV, TMV, TMV-Phosphate, and TMV-RGD were
all successfully coated on silanized glass using this
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method. However, while this method results in high
coverage of virus nanoparticles on the substrate
surface, the coating protocol is very tedious due to
many careful cycles of washing and drying, requires
skillful personnel to prepare the substrates, and
suffers from the bad reproducibility. Furthermore,
coffee ring effect, whereby a circular pattern is left
after a puddle of particle-laden liquid evaporates, was
also commonly detected on the substrates prepared
by this method if the virus solution did not fully cover
the substrate.[39] A thicker virus layer could be
detected around the edge and only non-uniform
coatings were obtained, which led to un-predictable
roughness of the substrates.

To avoid the coffee ring effect, Matavarayuth et
al. tested 12-well plates with amine-conjugated
surface  (poly-d-lysine (PDL)), an alternative
positively charged surface, for virus coating.[40] With
this material, the procedure for coating is easier than
silanized glass but a consistent and uniform coating
could not be achieved either. In particular, during the
drying process, more virus particles were drawn to
the wall of the well, leaving the center of each well
with much less virus particle. Nevertheless, atomic
force microscopy (AFM) micrographs confirmed the
presence of viral particles on the PDL-coated surface
and revealed a nearly complete coverage of substrates
by intact viral particles. The virus particles were
mostly randomly adsorbed on the PDL-coated 12-well
plates with some area of the virus-coated substrates
exhibiting directional virus coating, which could be
attributed to the natural irregularity of the cell culture
surface of 12-well plate. With this method, five
different types of viruses were successfully coated
onto the surface of the well plate. Root mean square
roughness analysis of virus-coated substrates from
data collected from AFM micrographs (n = 4)
indicated that there is no significant difference of
microscale  roughness among the different
virus-coated substrates.

Fabrication of virus thin films by layer-by-layer
deposition method

In contrast to the non-uniform coating that may
result from the drop-coating method, electrostatically
driven layer-by-layer (LbL) deposition has been
reported to generate a virus nanoparticle coating in a
controllable and reproducible manner while
maintaining  the  integrity @ of the  virus
nanoparticle.[41-45] The LbL method involves coating
alternating layers of positively charged and
negatively charged polymers, called polyelectrolytes,
before the final coating with the building block of
interest. Since polyelectrolytes are polymers with
electrolyte-bearing repeating units (i.e. polycations or
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polyanions), they have properties of both polymers
and electrolytes. Given that polycations and
polyanions can interact and form polyelectrolyte
complexes,[46, 47] Drecher et al. demonstrated in the
1990s that by simply depositing alternating layers of
polycations and polyanions, he could use the LbL
technique to form polyelectrolyte multilayer films
(PEMs) with the ability to change the surface charge
of the resulting film to the same charge as that of the
final polyelectrolyte layer.[48] For the purpose of
fabricating 2D virus thin film, the last polyelectrolyte
coating typically has a charge in contrast to that of the
virus nanoparticle surface charge in order to attract
the virus nanoparticles. In a way, the virus
nanoparticle can be considered a weak polyelectrolyte
due to its surface charge.

The thickness of each deposited layer using the
LbL assembly technique is influenced by several
factors, which include solvent quality,[49]
temperature,[50, 51] salt concentration,[52] pH,[53]
and polyelectrolyte charge density.[54] PEM thickness
and mass increase linearity with the number of
deposited layers N wunder salt-free conditions,
whereas they exponentially rise with N at high salt
conditions.[55] Since the LbL deposition process is a
surface charge dominated adsorption process, altering
the polymer solution pH, which adjusts the degree
ionization of the polymer functional group in a
pKa-dependent manner, can also change the thickness
of the PEM.[53] Therefore, salt addition and the pH
adjustment to near the isoelectric point (pI) of the
polymer solution should increase the amount of viral
particles adsorbed.

Despite the benefit of a stable, uniform layer of
virus coating, few studies have successfully grown
stem cells on virus-coated substrates using the LbL
technique potentially due to the poor biocompatibility
of certain polyelectrolytes with stem cells in vitro.
Indeed, the choice of the polyelectrolytes appears to
be crucial for cell studies. For example, poor
biocompatibility was observed on TMV-coated
substrate when poly(diallyl dimethyl ammonium
chloride) (PDDA) and poly(styrene sulfonate) (PSS)
were used as polyelectrolytes.[56] In one successful
study, Zan et al. coated TYMV-RGD44, a genetic
mutant of TYMV, on substrate using the LbL
technique for BSMCs studies.[57] The PEM consisted
of alternating layers of poly(allyamine) hydrochloride
(PAH) and poly(acrylic acid) (PAA), chosen for their
good biocompatibility. The greatest coverage of
TYMV-RGD44 (pl 3.7) on the PEM terminating in
PAH was achieved when the virus solution pH was 4,
close to the isoelectric point of the virus. In another
study, Lee et al. successfully assembled TMV- and
TMV-RGD1-coated substrates by depositing a virus
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layer on a 7-layer PEM film of alternating PAH and
PSS and used those virus-coated thin films for stem
cell studies.[58] In an unpublished study, the
PSS-PAH and PAA-PAH pairs of polyelectrolytes
were tested for fabrication of the five virus particles
coated substrates. Interestingly, while both of the
polyelectrolytes pairs gave uniform coating with high
coverage of virus particles, cells could not survive on
the LbL substrates after a few days of culturing.[59]
These results suggest the development of
biocompatible polyelectrolytes is necessary for the
LbL method to be fully applicable for long-term stem
cell studies.

Viral Particle Coated Substrates Promote
Osteogenesis of MSCs

Naturally available in different sizes, shapes,
and a wide array of coat protein surface chemistries,
virus nanoparticles are ideal building blocks to study
the effect of nanoscale topographies on the
differentiation of BMSCs. Unsurprisingly, many of the
early studies looked at naturally occurring, or
wild-type virus nanoparticles.

Virus thin film can promote osteogenesis of
BMSCs

The promotion of osteogenesis of BMSCs was
first reported for silanized tissue culture plastic
drop-coated with turnip yellow mosaic virus (TYMV),
an icosahedral virus around 28 nm in diameter.[1] The
TYMYV coated substrate was not only able to support
the osteogenic differentiation of BMSCs, but it also
induced cell maturation and an increase in
mineralization 7 days earlier compared to control
substrate with no virus coating. BMSCs cultured on
the TYMV-coated substrate formed nodular
structures starting at day 7. Since alkaline
phosphatase (ALP) is a marker enzyme for cells
undergoing differentiation from pre-osteoblast to
osteoblast, the nodular structures were tested for ALP
activity.[1] The cells around the nodules showed
strong staining for ALP activity, while the nodule
exhibited weak ALP activity. This was attributed to
the fact that while ALP level increases during
proliferation and maximizes during mineralization, it
declines in heavily mineralized cell cultures,
suggesting that the cells have already begun
mineralization.[1] The mineralization was confirmed
by Alizarin Red staining, which detected calcium
deposition from mineralization. In addition, real-time
quantitative PCR (RT-qPCR) showed that the
expression of the non-collagen gene, osteocalcin, an
osteoblast differentiation and mineralization specific
marker, was upregulated 690 folds for cells grown on
the TYMV-coated substrate at day 14, while that for
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cells grown on control substrate took 21 days before
reaching only 400 folds expression level. Expressed
only during the post-proliferative period, osteocalcin
reaches its maximum  expression  during
mineralization and accumulates in the mineralized
bone.[60-62]

To determine if virus nanoparticles resembling
fibrillar proteins in the extracelluar matrix (EMC)
could also temporally improve the osteogenic
differentiation of BMSCs, a later study showed that
substrate covered by rod shape tobacco mosaic virus
(TMV) upregulated osteo-specific genes, such
osteocalcin, and osteopontin, in addition to bone
morphogenetic protein-2 (BMP2), an early osteogenic
marker.[63, 64] Osteopontin, another early marker of
osteoblastic differentiation, is a bone protein that
serves as a bridge between the cells and the
hydroxyapatite through the RGD and polyaspartate
sequences in  its  structure.[65] < Maximum
osteo-specific gene expression was achieve day 14,
which was 7 days earlier than BMSCs cultured on
tissue culture plastic (TCP). The importance of the
surface provided by the virus particle was supported
by a follow-up study, which confirmed that cell
culture media supplemented with TMV solution
failed to mediate osteogenesis, suggesting that the
virus did not act as soluble inducer.[63]

Effect of virus particle shape and virus surface
nanoscale topography on stem cells
differentiation

Given that the initial studies indicated that two
different virus particles could promote osteogenic
differentiation, it was ambiguous whether the shape
of the virus nanoparticle, the nanoscale topography
provided by the surface chemistries of the virus
particle, or the combination of the two is responsible
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for providing the cues crucial for the enhanced
osteogenesis. In an attempt to delineate this, a study
was conducted in which five viral nanoparticles with
distinct morphology and nanotopography were used
to generate a series of plant virus nanoparticle coated
substrates to investigate cellular responses to the
different types of topographical cues. Of the five
viruses employed, two were rod-shaped (TMV and
TCVV), one was filamentous (PVX), and two were
spherical (CPMV and TYMV) (Figure 1). The two
combinations of same-shape (and dimensions, see
Figure 1) viruses with different surface chemistries
allowed the effect of particle shape on the
osteogenesis of BMSCs to be determined. The results
showed that four of these virus-based scaffolds
accelerated and enhanced osteogenic differentiation
of BMSCs.[40]

Analysis of the expression level of three
osteogenic markers (Figure 3) showed that cells
grown on all virus based substrates (TMV, TVCV,
PVX, and TYMV), except the CPMV coated substrate
exhibited enhanced expression of all three
osteospecific genes (BMP2, osteocalcin (BGLAP), and
osteopontin (SPP1)) compared to cells grown on bare
PDL substrate. Comparison of the spherical-shaped
viral particles showed that while TYMV-coated
substrates increased BMP2 gene expression by 4 folds
and dramatically enhanced expression of BGLAP and
SPP1, there was no significant difference in these gene
expressions between cells plated on PDL and CPMV
substrates. An interpretation of this result where the
same shape virus particles do not necessarily promote
stem cell differentiation is that the shape of the virus
nanoparticle is not the major or only cue leading to
the enhanced osteogenesis of BMSCs.[40]
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Figure 3. RT-qPCR analysis showed significant osteogenic markers upregulation in cells grown on TMV, TVCV, PVX, and TYMV (but not on CPMV). (A) BMP2 gene
expression was analyzed 6 hours after osteogenic induction. (B) Osteocalcin and (C) Osteopontin genes expression were analyzed on day 7 after osteogenic
induction. This result suggests early osteoblastic differentiation of BMSCs on the four virus coated substrates.
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Corroborating the gene expression data are
immunofluorescence imaging of BMP2 (Figure 4) and
osteocalcin (Figure 5), which revealed the localization
of the morphogens in the cell aggregates on the four
virus coated substrates.[40] BMSCs cultured on the
substrates coated with TMV, TVCV, PVX, and TYMV
developed greater cell nodules, a prominent feature of
BMSCs undergoing osteogenesis. Additionally, these
cell clusters displayed strong positive staining for
BMP2 in cell aggregates (Figure 6), whereas no
fluorescence signal was detected in cells grown on the
PDL control and CPMV substrates. Likewise, at day
14 the osteocalcin marker was found exclusively in
cells aggregates on TMV, TVCV, PVX, and TYMV
substrates as determined by immunohistochemical
staining.[40]

Nuclei BMP2

47

Consistent with the analysis of osteo-specific
markers, analysis of alkaline phosphatase (ALP)
activity and calcium mineralization also supported
the osteogenic differentiation of cells on the four virus
based scaffolds. Cytochemical analysis of the
osteogenesis process of BMSCs on PDL and virus
coated substrates at day 4 and 7 after osteogenic
induction suggested that cells on TMV, TVCV, PVX,
and TYMV substrates had an increase in ALP activity
at day 4, whereas the enzyme activity was not altered
on CPMV substrates when compared to PDL control.
For cells on TMV and TVCV substrates, the enzyme
activity fell to baseline at day 7 (Figure 6A), suggesting
that cells on these two virus substrates differentiated
and started mineralization earlier than cells on other
substrates.[66]

Actin

Overlay

Figure 4. BMP2 immunohistochemical staining suggests the protein expressions are localized to the cell aggregates; most are found on TMV, TVCV, PVX, and TYMV
substrates. Scale bar is 200 pm. Color representation: nucleus (blue), BMP2 (green), actin (red). Reproduced with permission from ref 36. Copyright 2015 Wiley

Online Library.
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Figure 5. The Immunohistochemical staining of osteocalcin in BMSCs cultured on PDL and different virus nanoparticles coated substrates under osteogenic
conditions. Immunohistochemical staining reveals that osteocalcin, a canonical osteogenic marker, is exclusively located in cell aggregates growing on TMV, TVCV,
PVX, and TYMV substrates (not for CPMV coated substrate). Color representation: nucleus (blue), osteocalcin (red). Scale bar is 100 pm.
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Figure 6. Cytochemical analysis of the bone differentiation process of BMSCs on PDL and viruses coated substrates at 4 and 7 days after osteogenic induction. (A)
Alkaline phosphatase activity of cells cultured on different substrates. Cells on TMV, TVCV, PVX, and TYMYV substrates have an increase in enzyme activity at day 4,
while the enzyme activity of cells on CPMV substrates is not different from cells cultured on PDL control. On day 7, alkaline phosphatase activity reduces to baseline
for cells on TMV and TVCV substrates. The data are expressed as mean * s.d. (n = 3, ¥ p < 0.05, ** p < 0.01, **** p < 0.0001 based on ANOVA) (B) Absorbance at
548 nm is normalized to cell number to indicate a relative amount of calcium deposit at day 7 stained by alizarin red solution. The mineralization of cells on TMV
substrates doubles that of PDL, while PVX and TYMV substrates increase the mineralization by 4 folds. TVCV substrates slightly increase the mineralization of cells
compare to PDL control substrates. These evidences suggest an improvement in osteogenesis by virus coated substrates. The data are expressed as mean * s.d. (n
=3, ¥ p <0.01, ¥*p <0.001, *** p <0.0001 based on ANOVA). (C) Alizarin red staining of each sample at day 7. Cells on virus substrates are positively stained
for calcium deposition, whereas negatively stain is observed on PDL substrates. Reproduced with permission from ref 36. Copyright 2015 Wiley Online Library.
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Additionally, cells on the four virus substrates at
day 7 were positively stained by Alizarin red S, which
showed deep red color for calcium deposition in large
cell nodules, whereas negative stain was observed on
PDL substrates (Figure 6B). The nodules in cells on
CPMYV substrate were also stained with Alizarinred S,
however, they were much smaller compared to
nodules in the other four virus substrates.
Quantification by UV-Vis absorbance of the dissolved
Alizarin red S dye from the cell nodules indicated that
the mineralization of cells relative to that on PLD was
doubled on TMV substrates, and quadrupled on the
PVX and TYMV substrates, but only insignificantly
increased on TVCV substrates (Figure 6C). However,
given that the calcium mineralization accumulates,
the difference in calcium deposition between each
substrate and the difference of the mineralization
between cells on TVCV and PDL coated substrates
could increase at a longer incubation time. As
expected, cells on CPMV substrate have comparable
calcium mineralization to cells on PDL control.

The combined results from RT-qPCR,
immunohistochemical staining, enzyme activity and
calcium mineralization unambiguously indicate that
™™V, TVCV, PVX, and TYMV substrates can
accelerate and enhance osteogenesis of BMSCs. In this
study, the researchers have confirmed that it is the
topography created by deposition of virus
nanoparticles on substrates and not the underlying
material that mediates such differentiation.

Modification of Viral Particles Can
Augment the Cellular Responses

The different degree of cellular modulation by
substrates coated with same shape wild type viruses
in the study by Metavarayuth et al. suggested that
surface topography is important for osteogenic
differentiation. Indeed several studies looked into the
effect of modified surface chemistry of virus
nanoparticles on the differentiation of stem cells.
These studies typically compared cellular responses
on wild-type virus coated substrates to those on
modified virus-coated substrates. The modification
can be achieved through either chemical or genetic
modifications. Furthermore, through chemical or
genetic modifications, the symmetrical arrangement
of the repeating protein subunits of the virus
nanoparticles serves as a handle to display functional
groups in a controllable and multivalent fashion.

Chemically modified virus particles enhance
cellular responses

The iconic rod shape TMV has been used in
many studies as a model to display multivalent
functional ligands in high density and highly ordered
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arrangement for BMSCs differentiation. Kaur et al.
introduced functional phosphate for calcium
incorporation onto each of 2130 TMV protein subunits
via the copper(]) catalyzed azide-alkyne cycloaddition
(CuAAC) reaction®® TMV-phosphate substrate
displayed significantly higher up-regulation of
osteocalcin and osteopontin  during BMSCs
differentiation as compared to wild-type TMV
substrate. From day 7 to day 14 and 21, cells on
TMV-phosphate  transformed to a  more
polygonal-like shape from a well-spread morphology.
More importantly, when deposited on Ti substrate,
TMV-phosphate showed improved osteogenic
differentiation of BMSCs,[67] highlighting the
potential application for bone tissue engineering,.
Chemical modification of the TMV coat protein
by click chemistry was also employed to display
multivalent peptide fragments on TMV particle.
Sitasuwan et al. utilized CuAAC reaction to click
azide-derivatized RGD peptides to the tyrosine
residues of TMV  outer  surface.  The
RGD-functionalized TMV particles were then directly
deposited onto 2D substrate, where they enhanced
initial BMSCs adhesion and promoted osteogenesis
compared to wild-type TMV coated substrates.[68]

Genetically engineered mutant virus particles
improve cellular responses

Besides chemical modification of the virus coat
protein, genetic mutation was also employed to alter
the surface chemistry of the virus nanoparticles. Lee et
al. created a library of mutants TMV with cell-binding
peptide fragments from different extracellular matrix
proteins inserted near the carboxyl end of TMV coat
protein in order to gain better understanding of
multivalent interaction between cells and extracellular
matrix.[31] Multivalent interactions between cell
surface receptors and the binding ligands are crucial
for cellular function.[69, 70] It is known that the
density and arrangement of the ligands play an
important role in initial cell adhesion as well as the
activation of the signaling processes leading to
different differentiation pathways.[71] Indeed, cell
adhesion studies revealed that RGD peptide inserted
TMV mutants can augment cell attachment to virus
substrate better than mutants integrated with peptide
fragments from fibronectin and collagen proteins. The
library created by Lee et al. provided alternative TMV
mutants with enhanced cell-material interaction and
cell adhesion, which can ultimately promote cell
differentiation. In a follow-up study by Lee et al., one
of the TMV mutants (TMV-RGD1) was shown to
induce rapid onset of key bone differentiation makers,
such as osteocalcin and BMP-2 in BMSCs within two
days in serum-free osteogenic media (Figure 7).[58]
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Nucleus
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Figure 7. TMV-RGD1 mutant induces rapid bone differentiation of BMSCs in serum-free osteogenic media after 2 days of induction (A) A canonical osteogenic
marker, osteocalcin, is exclusively found on cell aggregates growing on TMV-RGDI coated substrates. For cells on TMV, the isolated cells express low levels of
osteocalcin. Nucleus stained with DAPI (blue), actin stained phalloidin-FITC (green), and osteocalcin (red). (B) BMP-2 expression, an early marker of osteogenesis,
was quantified by probing with anti-BMP2 primary antibody followed by anti-mouse goat IgG-HRP with TMB solution. Error bars denote £ SEM (n = 12). *p < 0.05
using two-tailed equal variance Student t test comparing TMV-RGDI to all substrates.
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Apart from TMV, other plant viruses have also
been inserted with peptide fragments to promote cell
adhesion and alter cell differentiation.[31, 72-74] In a
study by Zan et al., an RGD motif was genetically
displayed on the coat protein of the TYMV capsid.
Composite films composed of either wild-type TYMV
or TYMV-RGD44, in combination with poly
(allylamine hydrochloride) (PAH), were fabricated by
a layer-by-layer adsorption of virus and PAH.[57] The
deposition process was confirmed by quartz crystal
microbalance, UV-visible spectroscopy and atomic
force microscopy. BMSC adhesion assays showed
enhanced cell adhesion and spreading on
TYMV-RGD44 coated substrates compared to native
TYMV.

Another virus that has been extensively studied
for osteogenic differentiation is M13 bacteriophages.
Yoo et al. reported a M13 matrix engineered with
collagen-derived DGEA-peptides that could induce
the osteogenic differentiation of pre-osteoblasts with
outgrown morphology and osteogenic protein
expression.[75] Mao and co-workers fabricated
aligned virus films with genetically engineered M13
to observe MSCs responses on different peptide
sequences (Figure 8).[38] One of the sequences was
PDPLEPRREVCE, which was derived from
osteocalcin,[76] and another was YGFGG, the core
domain of the osteogenic growth peptide.[77] These
peptides were ligated to the major coat protein of M13
phages, and were displayed on the side walls of M13
surface (PD-phage and YG-phage). MSCs cultured on
wild type (WT) phage and YG-phage film
demonstrated a spindle-like cellular morphology with
significant elongation and alignment along the phage
bundles. While cells seeded on the PD-phage films
were more spread out with several filopodia

protrusion. It was reported that the elongation and
stretching of hMSCs favored the osteogenic lineage
commitment.[78] Further studies were designed to
test if the engineered phage films could specifically
promote the differentiation of MSCs into
osteoblasts.[38] When cultured in osteogenic media
for 2 weeks, higher expression levels of osteocalcin
and osteopontin were observed in MSCs seeded on
the WT, YG-, and PD-phage films compared to
poly-lysine film. MSCs grown on the PD-phage film
aggregated to form calcified nodule-like structures
because of the strong negative charge (-35 mV) on the
PD-phage surface, which would attract the calcium
ions to induce mineralization. Gene expression
analysis confirmed that MSCs on both WT and
engineered-phage films showed significantly higher
upregulation of osteoblast gene expression than
poly-lysine film. Specifically, the YG-phage could
significantly up-regulate expression of Runx2, a
master transcription factor in MSCs
differentiation,[79] as compared to WT or PD-phage
film, which indicated that the YG peptide regulated
the MSCs growth and differentiation into osteoblast
cells via Runx2 pathway.[80] Mineralization study
also showed that MSCs on phage films have 1.5 times
more calcium-containing matrix cells than non-phage
containing films (Figure 8B-D).

To study the effect of biological cues on the
osteoblastic differentiation of MSCs, the other
peptides including RGD and PHSRN were displayed
on M13 in their follow-up research.[34] The results
indicated that the displayed functional peptides could
induce the osteoblastic differentiation of MSCs in the
primary media without any osteogenic supplements
and could be further enhanced in osteogenic media.
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Figure 8. Schematic illustration of the formation of the phage film by using layer-by-layer method and the MSCs growth on the phage film. The phage nanofibers were
assembled into parallel aligned bundles separated by grooves. The resulted pattern directed MSCs orientation along the phage bundles. (A) The functional peptides
displayed on the phage surface (PD and YG) combined with the effect of stretched morphology stimulated the MSCs osteogenesis as shown by mineralization assay.
(B-D) Optical images of mineralized nodules on MSCs cultured on films derived from glass slide with poly-lysine coated (control) (B) and PD-phage (C). The levels
of mineralization formed by MSCs seeded on the different types of substrates (D). Adapted with permission from ref 34. Copyright 2011 Elsevier

Plant virus functionalized 3-D scaffolds for
bone differentiation

The  superior osteogenic  differentiation
potentials of wild-type and mutant virus substrates
can also be translated to 3D scaffolds. Luckanagul et
al. constructed porous alginate hydrogels (PAH)
functionalized with TMV (TMV-PAH) and
TMV-RGD1 mutant (RGD-PAH).[80, 81] As shown in
Figure 9A, the BMSCs could adhere to the hydrogels
and spread out. Due to the RGD sequence, RGD-PAH
showed significant improvement in cell attachment at
8 h, and exhibited the highest cell metabolic activity at
day 8 as compared to PAH and TMV-PAH. In
addition, RGD-PAH accelerated osteogenesis of
BMSCs, whose ALP activity was significantly higher
among three samples on day 3 (Figure 9B). The
amount of calcium deposited in both TMV-PAH and
RGD-PAH were significantly higher than that in PAH
(Figure 9C). Moreover, the accumulation of
osteospecific markers, such as osteocalcin, at day 10
for PAH and day 13 for both TMV-PAH and
RGD-PAH, indicated that virus incorporation into 3D
matrices did not impair the differentiation potential of
BMSCs into osteogenic lineage. Similarly, an
injectable hydrogels has been developed by
Maturavongsadit et al. to mimic the cartilage
microenvironment using hyaluronic acid (HA)
derivatives as starting materials.[82]
Cysteine-inserted TMV mutant (TMVlcys) was
incorporated into methacrylated hyaluronic acid
(MeHA) polymers by thiol-ene "click" chemistry to
form hydrogels under physiological condition. The
resulting hydrogels could promote in vitro
chondrogenesis of BMSCs as well as the expression of

BMP-2 proteins.

A later study by Luckanagul et al. showed that
the plant virus incorporated hydrogels possessed
extremely low immunogenicity in an in vivo study
with mouse model.[83] In a rat model with cranial
bone defect, TMV-functionalized hydrogel scaffolds
showed great biocompatibility when implanted in the
defect site.[84] The rats showed no sign of distress and
the weight gains were comparable to those in the
control group. Furthermore, neither increase in white
blood cells counts nor spleen weight change or organ
damage was observed from the blood test results from
different time points after implantation. More
importantly, this versatile bionanoparticle-based
hydrogel platform can support bone regeneration and
ultimately repair the cranial defect in laboratory rats
based on the results from two analyses: (1) micro
computed tomography (microCT) and (2) histological
analysis of tissue excises using Masson’s trichrome
staining technique. The results also suggested that the
bone regeneration could be accelerated by
incorporating TMV particles into the 3D hydrogel
scaffold.[84]

Mechanistic Analysis of the
Nanotopographical Cues Offered by
Viral Scaffolds

The adhesion strength of cells to a substrate can
influence cell shape and size[85] In addition,
integrin-mediated focal adhesion has been shown to
be an important regulator of osteogenesis.[86, 87] It is
hypothesized that too strong of a cell-substrate
binding may inhibit osteogenic differentiation. This
hypothesis is supported by observation made by
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Mendonga et al. whereby osteogenic differentiation
was higher for stem cells that attached weakly on
rough titanium disks than for cells that attached
strongly on smooth substrate.[88] This lower
observed osteogenic differentiation in tightly attached
cells could possibly be due to the limitation of cell
movement or migration. The strength of cell adhesion
and larger focal adhesion size are correlated to an
increase in localization of vinculin, a protein of the
focal adhesion complexes (FAC).[89] For native virus
coated substrates, cells seem to adhere more loosely
on these surfaces as indicated by analysis of vinculin
using fluorescence imaging.[40, 63] The study by
Matavarayuth et al. showed that the average focal
adhesion sizes were reduced when cells were grown
on PDL and TMV, TVCV, PVX, and TYMV but not
CPMYV substrates for 24 hours prior to osteoinduction
(Figure 10).

These results suggest that BMSCs attached to

52

TMV, TVCV, PVX, and TYMV substrates weakly,
whereas the larger size of FACs dictated stronger
cell-substrate adhesion in PDL and CPMV
substrates.[90] The significantly smaller focal
adhesion (FA) size for cells on the TMV, TVCV, PVX,
and TYMV substrates might increase cellular motility
and facilitate the formation of cell aggregates within 6
hours of osteoinduction. The larger FA size observed
in CPMV sample, which did not improve osteogenic
differentiation, might be attributed to the expression
of vimentin binding ligand on CPMV coat
proteins.[91] The vimentin cytoskeleton is shown to
regulate focal contact size and helps to stabilize
cell-matrix adhesion in endothelial cells.[92] Since
vimentin is a major cytoskeletal component of
mesenchymal cells, the presence of vimentin-binding
ligands on CPMV substrate could supply additional
adhesion points and consequently led to higher
adhesion strength of cells.
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Figure 9. (A) SEM images of a single cell inside TMV-PAH. (

B) Alkaline phosphatase activity assay of BMSCs (P <0.05). (C) Calcium deposition of BMSCs quantified

on day 6 (P <0.05). (D) Confocal images of differentiated BMSCs in 3D composite hydrogels stained for nucleus (blue), actin (green), and osteocalcin (red) illustrated
the accumulation of osteocalcin after day 10 (PAH) and day 13 (TMV-PAH and RGD-PAH). Scale bar = 50 pm.
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images of cells on different substrates at 24 hours prior to osteoinduction (top panel). Color representation: nucleus (blue), vinculin (green), phalloidin (red). The
bottom panel demonstrates vinculin masking and selection of vinculins for size analysis. The selected vinculin spots are highlighted in blue. Scale bar is 50 pm. (B)
Average vinculin size of cells on different substrates. The data were expressed as mean * s.d. (n = 3, * represents p < 0.05 based on ANOVA). Reproduced with

permission from ref 36. Copyright 2015 Wiley Online Library

Several reports have previously described that
elongated shapes and geometries that present features
of subcellular concavity at the cell perimeter increase
the cytoskeletal tension in mesenchymal stem cells
(MSCs), thus promoting the preference for
osteogenesis.[93, 94] These similar geometries of
BMSCs were also observed in the five viruses
substrates study for the aforementioned virus
substrates that promoted osteogenesis of BMSCs.
Representative actin and vinculin immunofluorescent
heat maps of cells initially adhered on PDL and each
virus-coated substrate confirmed that cells on TMV,
TVCV, PVX, and TYMV were more elongated with
higher actin stress fiber on the long axis of cells.
Additionally, the majority of them had concave
features that led to high cytoskeleton tension in the
region. Furthermore, vinculin proteins of cells that
grew on these four substrates were highly localized at
the protrusion area, in contrast to those of cells on
PDL and CPMV coated substrates. The majority of
cells on PDL and CPMV coated substrates were
rounded in shape with evenly distribute actin

filaments and vinculin around cell perimeter (Figure
11). Moreover, the overall morphology of cells on each
virus substrate, which can be investigated from Figure
5 and Figure 10, reveals that cells on CPMV have a
more spread out shape compared to cells on other
virus substrates. The morphology data and
immunofluorescence heatmaps, along with small FA
size suggest that loose attachment of cells on the four
unfriendly virus (TMV, TVCV, PVX, and TYMV)
coated substrates resulted in cytoskeleton tension,
thereby enhancing osteogenic differentiation of
BMSCs.

Interestingly, the effect of nanoparticle
morphology on differentiation is negligible; as
observed from all experiments, osteogenic
differentiation is comparable in cells cultured on
substrates coated with different shapes of viruses.
Additionally, cells differentiation can be different on
same shape of virus coated substrates as distinct
results were observed from BMSCs on substrates
coated with TYMV or CPMV, both of which are
spherical virus nanoparticles.
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Figure 11. Representative actin (top panel) and vinculin (bottom panel) immunofluorescent heat maps of cells culture on PDL and virus coated substrates.

Reproduced with permission from ref 36. Copyright 2015 Wiley Online Library

There are several signaling cascades that cells
use to confer information about their cellular
microenvironment through integrins, a group of
transmembrane proteins that bind to ECM proteins,
such as collagen, fibronectin, laminin, and vitronectin.
One of these major pathways is the MAPK/ERK
pathway. Kearney et al. suggested that stress and
strain from the extracellular matrix environment
induce cell osteogenesis through 46 mitogen-activated
protein kinases (MAPKSs).[95] In addition, RhoA, a
member of the larger Rho-family of GTPases, has been
widely implicated to control cell migration[96-98] in
integrin-mediated signaling.[99-101] Mediated in part
by one of its downstream effectors, the Rho-associated
protein kinase, or ROCK, RhoA plays a central role in
the assembly of actin stress fibers in response to
various stimuli.[102-104] RhoA has also been
associated with the cellular response to mechanical
stress and the maintenance of tensional
homeostasis.[105-110] A number of studies have
shown that RhoA regulates the switch between
adipogenesis and myogenesis,[111] and that
osteogenic commitment also relies on RhoA-ROCK
signaling.[112] The nanotopography from virus
substrates was shown to effect osteogenesis in the
same fashion as other physical cues that induced cell
differentiation. The signaling cascade (Figure 12)
starts at the important integrin mechanoreceptors that
sense the stimulation from the virus substrate and in
turn activate ERK1/2 by activating FAK. The
activated ERK1/2 leads to the expression of BMP2
through activation of NF-kB. Consequently, the
increased BMP2 results in the activation of
BMPs/Smad pathway and finally leads to the
expression of Runx2 and other osteospecific genes.
Matavarayuth et al. showed that inhibition of BMP2
by Noggin led to significantly reduced osteogenesis of
BMSCs on TMV substrates in a concentration

dependent manner.[59] This result verified BMP2 as
the key modulator of virus coated substrate-mediated
osteogenic  differentiation of stem cells. The
RhoA/ROCK pathway was suggested as the
downstream cascade of the centralized BMP2
modulator, which supports by a study by Wang et
al.[113] that demonstrated BMP2-induced
osteogenesis regulated by RhoA/ROCK, cell shape,
and cytoskeleton tension. In addition, PCR array
screening for genes involved in the movement of cells
on TMV substrates confirms the association of cell
adhesion and migration processes to the osteogenic
differentiation phenomenon.[56] Specifically, many
genes that were significantly changed in expression
level were associated with RhoA/ROCK pathway.
More importantly, the treatment of cells on TMV
substrate with ROCK inhibitor, Y27632 intensely
attenuated osteoblastic differentiation of cells.[59]

Collectively, these results suggest that structural
changes to the cytoskeleton play key roles in
determining MSC differentiation. Although it is well
established that RhoA affects focal adhesions and
stress fibers, and plays a crucial role in determining
osteogenic-adipogenic  fate decisions,[112] the
downstream effects of such factors on other MSC
differentiation pathways are less clear.

Conclusion and Perspective

Success in tissue engineering depends on ability
of biomaterials to mimic the extracellular matrix
environment and  display  biological and
topographical cues for controlled cell signaling.
Interest in applying viral nanoparticle to tissue
engineering has been drastically increased due to the
capability of the bionanoparticles to modulate cell
behaviors. The advantages of exploiting viruses as
platforms to construct substrates for tissue
engineering include the robustness of virus
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nanoparticles to genetic and chemical modifications to
display biological cues for cellular activities,[114, 115]
their ability to present functional molecules in a
multivalent and often high density fashion to enhance
the cell-material interaction,[58, 116] and a variety of

well-developed  strategies to assemble virus
nanoparticles into well-defined structures with
nanoscale  topography in two and three

dimensions.[114] Specifically for 2D scaffolds, direct
deposition and layer-by-layer assembly are highly
employed. Although, the latter creates highly uniform
virus-coated surface, the biocompatibility of the
assembled system is still in question. On the other
hand, while direct deposition of virus suffers from
unpredictable surface roughness, it has created
virus-coated substrates that could support cell
proliferation, direct cell orientation and promote cell
differentiation. The examples discussed in this review
demonstrate the ability of virus-based biomaterial to
regulate differentiation of bone marrow derived
mesenchymal stem cells to osteoblasts, suggesting

their potential application in bone tissue engineering.

The underlying mechanisms for the enhanced
osteogenesis of BMSCS on native as well as
genetically- or chemically-modified viruses coated on
substrates is proposed to be related to the stress
created by the wunfavorable surface from
nanotopographical cues of viral nanoparticles. This
stress causes the reduction in FA size, which in turn
increases cell motility and facilitates the formation of
cell aggregates. The unfavorable surface may also
obstruct cell spreading and, therefore, increase
cytoskeleton tension, which results in a high aspect
ratio or subcellular concavity at the cell perimeter,
thus promoting osteogenesis. The proposed signaling
cascade of virus-substrate-mediated osteogenesis of
MSCs  initiates when integrin senses the
nanotopographical cues of the virus particles and
upregulates BMP2 production through activation of
the MAPK/ERK pathway. The key BMP2 protein then
induces osteogenesis via RhoA/ROCK signaling
pathway.
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Figure 12. Proposed signaling cascade of virus substrates mediated osteogenesis of MSCs.
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While much progress has been made using 2D
virus-coated substrates to conduct fundamental
studies on the osteogenesis of BSMCs, there remain
challenges for virus scaffolds in tissue engineering
application. For example, virus-based biomaterials
lack the desirable elastic stiffness and compressive
strength to serve as ideal scaffolds for bone tissue
engineering.[117] Considering the future -clinical
application, the potential toxicity of the virus
nanoparticles in the human body must be also be
addressed, with evaluation of the potential immune
responses and the inflammatory reactions cause by
the nanoparticles. On the other hand, we can envision
designing synthetic scaffolds that mimic the
nanotopographical cues of virus-coated substrates to
stimulate the osteogenic related differentiation of
stem cells, which might offer an innovative strategy to
design bone regeneration materials.[26, 118]
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