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Abstract—Structurally modified virus particles can be obtained from the rod-shaped or filamentous virions of plant viruses
and bacteriophages by thermal or chemical treatment. They have recently attracted attention of the researchers as promising
biogenic platforms for the development of new biotechnologies. This review presents data on preparation, structure, and
properties of the structurally modified virus particles. In addition, their biosafety for animals is considered, as well as the areas
of application of such particles in biomedicine. A separate section is devoted to one of the most relevant and promising areas
for the use of structurally modified plant viruses — design of vaccine candidates based on them.
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INTRODUCTION

In the last decade, the structurally modified particles
derived from plant viruses or bacteriophages have become
an attractive protein platform for various applications in
biotechnology and biomedicine [1-8]. Such particles are
produced by thermal or chemical treatment of virions of
rod-shaped and filamentous viruses [9-12].

Studies of the structural rearrangement of virions,
properties of the resulting particles, and their interaction
with mammalian cells/organisms are important research
tasks. This is of fundamental importance and may also
facilitate creation of new biotechnological platforms for
antigen presentation, drug delivery, and biomarker pro-
duction.

Structural transition from “rods” to “spheres” for
the tobacco mosaic virus (TMV) (family Virgaviridae, ge-
nus Tobamovirus) was first described in 1956 by Hart [13].

Abbreviations: AltMV, alternanthera mosaic virus; Gd, Gadolin-
ium (III) ions; CP, coat protein; MRI, magnetic resonance im-
aging; PVX, potato virus X; SP, spherical structurally modified
particles; TMYV, tobacco mosaic virus.

* To whom correspondence should be addressed.

However, the detailed study of the process occurred
much later at the Department of Virology, Faculty of
Biology, Moscow State University [1, 10]. These stud-
ies served as an impetus for scientific experiments and
biomedical developments in Russia and other countries
[2-4,7, 14-22]. In particular, American researchers used
the structurally modified TMV particles to develop con-
trast agents for magnetic resonance imaging (MRI) [2],
as well as to deliver drugs to tumor tissues during chemo-
therapy [3].

Most of the results related to the structurally mod-
ified viruses have been demonstrated for TMV. Never-
theless, the possibility of structural modification has also
been shown for other plant viruses [ 11, 12, 23] and for bac-
teriophages [9, 24].

The conditions for structural modification may dif-
fer for the viruses with same morphology, therefore, the
study of structural modification of virions provides new
fundamental knowledge about the structure and stability
of viruses.

This review is devoted to the analysis of the accumu-
lated data on the structure, properties, safety, and prac-
tical application of the structurally modified plant and
bacterial viruses.
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STRUCTURALLY MODIFIED PLANT VIRUSES

Structurally modified tobacco mosaic virus particles.
Characteristics and properties. Tobacco mosaic virus is
a rod-shaped virus, 300 nm long and 18 nm in diameter.
TMYV has a capsid consisting of 2130 identical coat pro-
tein (CP) subunits, which are assembled around the viral
single-stranded RNA. In this way, a helical structure with
2-nm diameter central cavity is formed [25]. TMV occu-
pies a unique place in the history of virology and is one of
the most studied viruses. TMV research has largely deter-
mined fundamental ideas of the modern molecular virol-
ogy. The accumulated knowledge has made it possible to
develop new platforms based on TMYV for application in
medicine and biotechnology [26].

In 1956, Hart [13] used electron microscopy to study
a heat-treated TMV. He reported that 10 second incuba-
tion at 80-98°C resulted in swelling of TMV particles at
one or both ends, followed by transformation into “ball
particles”. The volume of these particles was compara-
ble to the volume of the initial viral “rods”. These studies
were not continued and, one might say, were “forgotten”
until 2011. In that year, the article by Atabekov et al. [10]
was published in which such particles were again obtained
and studied using modern experimental methods and ap-
proaches. This publication gave rise to a whole series of
studies devoted to the particles obtained by thermal re-
arrangement of TMV. In these works, formation condi-
tions, physicochemical properties, and structure of these
particles were studied in detail. These structures have
been called “spherical particles” (SPs) [1, 10, 27-31]. The
conducted studies have shown that it is possible to obtain
TMYV SPs of a given size by thermal treatment of the native
virus particles. The structurally modified TMV particles
were studied using various methods (electron microsco-
py, nanoparticle tracking analysis, dynamic light scatter-
ing). These methods complemented each other, which
made it possible to thoroughly describe the produced SPs.
Structural transition of the TMV virions into SPs occurs
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through intermediate forms. In the first stage, structures
with swelling on one or both ends are formed, which are
further transformed into spherical particles. TMV SPs are
highly stable and uniform in shape. They do not form ag-
gregates and do not change shape and size when stored for
at least 6 months. The same has been observed for the SPs
undergoing sedimentation by centrifugation at 10,000g,
reheating to a temperature of 98°C and cooling, repeat-
ed freezing to —20°C followed by thawing [10]. A number
of studies have demonstrated the possibility of obtaining
TMYV SPs in preparative amounts [19, 32]. An important
feature of the TMV SPs is that their size depends on the
concentration of the original virus in the sample, which
makes it possible to obtain SPs of a given diameter [10, 32]
(Fig. 1).

Unlike TMV virions, TMV SPs do not contain RNA,
and the protein isolated from them cannot be assembled
into a regular structure. This indicates that thermal de-
naturation is irreversible in this case [10]. The TMV SPs
protein was studied by the methods of circular dichro-
ism, Raman spectroscopy, and fluorescence spectrosco-
py. In terms of structural characteristics, it turned out to
be significantly different from the CP in the native TMV.
Rearrangement of the TMV virions into SPs is accompa-
nied by the increase in particle density. At the same time,
there is a transition of CP subunits into a structure with
a low content of a-helices and significant proportion of
B-structures. The appearance of cross-f-structures is ev-
idenced, in particular, by the strong reaction of TMV SPs
with thioflavin T [28]. Using the tritium planigraphy tech-
nique, composition of amino acids on the surface of SPs
was compared with the TMV virions. It was found that the
surface of SPs is much more hydrophobic due to the fact
that the SPs are assembled from the thermally denatured
protein subunits. Thus, under conditions of thermal de-
naturation, CP subunits of TMV acquire a specific con-
formation favorable for the assembly of stable SPs. The
amino acid composition of the surface of SPs differs sig-
nificantly from that of TMV virions [31].

contrasting with 2% uranyl acetate, scale bar 200 nm; b) TMV SPs, transmission electron microscopy, scale bar 2 um. Images were obtained at the
Department of Virology, Faculty of Biology, Lomonosov Moscow State University.
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Table 1. Prototypes of TMV SPs based vaccine candidates
Vaccine candidate Valence Antigen References
Rubella virus monovalent epitope of E1 protein [4]
Avian influenza virus polyvalent epitopes of HA and M2 proteins [41]
Rabies virus monovalent inactivated virion [42]
Rotavirus monovalent epitope of VP6 protein [40]
Puumala virus (hantavirus) monovalent inactivated virion [38]
Coronavirus SARS-CoV-2 polyvalent RBD domzin, consetved fragments 7]
Bacillus anthracis bacterium monovalent protective antigen — PA [35]

As a result of thermal rearrangement, TMV SPs ac-
quire properties different from those of virions. In par-
ticular, they have unique adsorption capabilities. Protein
molecules of various sizes and amino acid profile (includ-
ing antigens of human pathogens) can be adsorbed on
the surface of TMV SPs. Moreover, SPs can adsorb poly-
mers and native virus particles of small size and spheri-
cal shape [1, 4, 7, 27, 29, 30, 33-35]. The process of ob-
taining complexes of SPs with target agents is extremely
simple: it involves short incubation (10-15 min), during
which the molecules or virions bind to the surface of
SPs via non-covalent bonds. In a number of studies, our
group demonstrated another feature of TMV SPs — in-
crease in the immune response to antigens of various
nature and molecular weight adsorbed on the surface of
SPs[1, 4, 7, 34].

All these properties made it possible to consider the
possibilities of using TMV SPs as a biogenic protein plat-
form and to develop approaches for their practical appli-
cation.

Application of TMV SPs in the development of vac-
cines. Modern vaccinology is associated with the use of
recombinant bacterial and viral antigens. Search for nov-
el safe adjuvants is an important task. They are needed
to improve immunogenicity of the antigens, reduce the
dose of active vaccine substances and cost of its produc-
tion. Adjuvants not only enhance immune response and
its duration, but can also influence the type of response
(humoral and/or cellular). Adjuvants stimulate immune
response to different antigens with different efficacy: for
example, adjuvants based on aluminum compounds are
ineffective in some cases [36-39].

TMYV SPs certainly have potential for vaccine devel-
opment. They were used to form complexes with recom-
binant antigens of coronavirus [7], rubella virus [4], ro-
tavirus [40], anthrax [35], and avian influenza virus [41]
(Table 1).

The resulting compositions of TMV SPs in complex

with antigens (vaccine candidates) are at various stages of
development. In all cases, the possibility of adsorption of
recombinant antigens and antigenic specificity of the pro-
teins in the compositions of SPs has already been shown
by methods of fluorescence microscopy, immunoelectron
and/or immunofluorescence microscopy. In the recent-
ly published article, TMV SPs were used as a platform
(depot) and adjuvant in the development of the vaccine
candidate against COVID-19. It has been shown that the
TMV SPs significantly enhance immunogenicity (total
IgG titers) of the recombinant antigens and contribute to
the stimulation of a balanced Th1/Th2 immune response.
When immunizing Syrian hamsters, the candidate vac-
cine induced production of the antibodies that neutralize
SARS-CoV-2, suggesting that this approach is promising
[7]. The adjuvant properties of TMV SPs have also been
shown in other studies. One example is a rubella vaccine
candidate. It is a composition consisting of the anti-
gen (tetraepitope A of glycoprotein E1) in complex with
TMYV SPs. This complex provides a significant increase in
antibody titer (~10-fold) compared to immunization with
only antigen itself or a mixture of antigen with aluminum
hydroxide adjuvant [4]. Currently, preclinical trials of the
rubella vaccine candidate based on the TMV SPs have
been successfully completed.

When immunizing animals, SPs significantly en-
hance humoral immune response to the inactivated
Puumala virus vaccine and have adjuvant activity in terms
of the production of cytokines IL-12 and IFN-vy [38]. In
addition, it has been shown that the SPs enhance protec-
tive properties of the widely used non-adjuvanted inacti-
vated rabies vaccine produced in Russia — Rabikan. The
result was increase in the protective activity of the Ra-
bikan vaccine when used together with TMV SPs, com-
parable to the effect of incomplete Freund’s adjuvant [42]
(Table 1).

A number of studies have shown that when animals
are immunized with the vaccine candidates based on
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TMYV SPs, most of the antibodies are produced against
the target antigen, and not against the protein particle
used as an adjuvant [4, 7].

Another application of TMV SPs in the vaccine de-
velopment is stabilization of antigens during storage. It
is known that proteins — components of drugs — can be
subjected to spontaneous degradation during production
and storage. Our study has shown the possibility of sta-
bilizing the protective antigen, which is the main antigen
of the anthrax pathogen, by adsorbing it on the surface
of TMV SPs. The recombinant protective antigen (rPA)
is the main component of almost all currently developed
vaccines. Instability of this protein is mainly associat-
ed with the presence of proteolytic sites, as well as with
spontaneous deamidation of asparagine residues, leading
to degradation of rPA. The rate of deamidation is greatly
increased when aluminum hydroxide is used as an adju-
vant, which considerably reduces protective properties
of the vaccines during storage and clinical applications
[43, 44]. Our studies have shown that a good way to
achieve high storage stability is to introduce amino acid
substitutions for the sites responsible for protein desta-
bilization into rPA and then adsorb it on the surface of
TMV SPs [8, 35].

Application of TMV SPs as carriers for functionally
active molecules and in antitumor therapy. Methods for
covalent binding of the functionally active molecules to
TMYV SPs, as well as methods for encapsulation of the
molecules during thermal rearrangement of SPs have
been developed in a number of studies.

The study by Dr. N. F. Steinmetz research group
showed that the TMV SPs could be effectively used for
bioconjugation via the functional side chains of amino
acid residues of lysine (amino group), aspartic and glu-
tamic acids (carboxyl group), and cysteine (thiol group)
on their surface [3]. Chemical modification of TMV SPs
expands the possibilities of their use in the formation of
complexes with the functionally active compounds for
various biomedical applications. In particular, the possi-
bility of TMV SPs conjugation was shown in an experi-
ment in which the carboxyl groups of their glutamic ac-
ids were covalently bound to the chemotherapeutic drug
doxorubicin. In the same study, the authors tested the
possibility of non-covalent encapsulation of doxorubicin
by simply adding it to the TMYV virions during thermal
rearrangement. Using two breast cancer cell lines, both
approaches demonstrated effective drug delivery (cell up-
take) and cancer cell killing.

In another study by the same group of scientists, the
properties of TMV virions and TMV SPs in stimulating
an antitumor response were compared. BI6F10 melano-
ma cells, a highly aggressive and poorly immunogenic
tumor model, widely used to study various drugs in im-
munotherapy, were used for this propose [22]. Previous-
ly, antitumor activity of various plant viruses, from ico-
sahedral cowpea mosaic virus (CPMYV) to filamentous
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potato virus X (PVX) and papaya mosaic virus [45-47]
was shown using this model. An impressive result was
shown in the experimental mouse model with induced
melanoma: intratumoral administration of a suspension
of TMV or TMV SPs led to the decrease in the rate of tu-
mor growth and increase in the survival time of animals.
However, analysis of these TMV-based drugs showed
lower efficacy in the experiments compared to CPMV.
The authors note that the TMV SPs with a too large di-
ameter (about 250 nm) were used in the work. They sug-
gest that even more effective protection can be achieved
by using particles with smaller diameter [22].

Wau et al. [20] used B-cyclodextrin (B-CD) to chem-
ically modify the surface of TMV virions. Upon thermal
rearrangement of such particles, SPs with an average di-
ameter of 88 nm were formed. SPs modified with 3-CD
were able to form a complex with adamantane (a chem-
ical compound and its analogs used in treatment of var-
ious diseases) [20]. Previously, the same authors studied
the possibility of assembling such complexes based on
the native TMV virions, modified by $-CD. In addition
to adamantane, these complexes could include folic acid,
rhodamine B, doxorubicin, or polyethylene glycol [48].
Based on these data, the scientists suggested that the
described approach for the assembly of supramolecular
complexes is promising.

Some other studies have demonstrated the possi-
bility of immobilization of gold and silver nanoparticles
on the surface of TMV SPs [21, 49]. These results may
have potential applications, for example, in the devel-
opment of biosensors, as well as in antitumor and an-
tibacterial therapy. Unfortunately, there are no new
studies published by these scientific teams. Promising
results on immobilization of the metal ions on the sur-
face of TMV SPs were obtained by Dr. N. F. Steinmetz
research group. The scientists modified inner surface
of the TMYV virions with gadolinium (IIT) (Gd) chelate
complexes, widely used in clinical practice as contrast
agents for MRI. The complexes of TMV SPs-Gd (diame-
ter 170 nm) provided higher relaxation time compared to
the free chelate complexes of Gd or TMV-Gd. The re-
laxation time was comparable to such highly contrasting
agents for MRI as synthetic dendrimers conjugated with
a Gd chelate complex [2, 14]. To prolong the action of
the complexes in the body, the scientists coated the TMV
SPs—Gd complexes (75 nm in diameter) with the biolog-
ically inert and stable silica (silicon dioxide). Mineraliza-
tion of TMV SPs—@Gd led to an almost threefold increase
in the relaxation time. In addition, such complexes were
more rapidly absorbed by macrophages and were protect-
ed from antibody recognition. The authors concluded
that the silica-coated SP TMV—Gd can be used in MRI
diagnostics of diseases associated with inflammatory pro-
cesses [18].

A large arsenal of approaches, previously tested and
studied using virions of various plant viruses, is used to
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Fig. 2. Possible areas of application of TMV SPs.

study possible applications of TMV SPs in biotechnology
and medicine. These particles are able to enter cells, and
are also capable of chemical bioconjugation and non-co-
valent encapsulation of various therapeutically significant
compounds. Due to these properties, TMV SPs could be
an attractive platform for the delivery of drugs or contrast
agents and could find their application in medicine. The
principal possible areas of application of TMV SPs are
shown in Fig. 2.

Structurally modified particles from plant viruses
with different morphology. Currently, TMV is represented
in biotechnological and biomedical research more than
other phytoviruses. However, some other plant viruses
with morphology/structure different from TMV can be
structurally modified by physical impact. The structural-
ly modified spherical particles were obtained by thermal
treatment of virions of plant viruses belonging to various
taxonomic groups. These include the rod-shaped virions
of a representative of the genus of tobamoviruses — Dol-
ichos enation mosaic virus (DEMV) (Sunn-hemp mo-
saic virus), hordeiviruses — barley stripe mosaic virus
(BSMYV) [23]; filamentous virions of potyviruses — po-
tato virus A (PVA) [50] and potexviruses; alternanthera

4 Fluorophore

mosaic virus (AltMV) [12] and potato virus X (PVX)
[11]. It should be noted that the attempts of tempera-
ture-induced rearrangement of the virions of plant virus-
es with icosahedral symmetry type were unsuccessful. In
particular, heat treatment of spherical cauliflower mosa-
ic virus (CaMV) and bean mild mosaic virus (BMMYV)
virions did not result in structural modification, and no
changes in virion morphology and size was detected [23].
Thermally-induced rearrangement of virions of oth-
er rod-shaped or filamentous plant viruses into spherical
particles occurs in the same way as in TMV: in two stages
through formation of intermediate forms. The complete
structural rearrangement of BSMV, DEMYV, and AltMV
virions occurs at 94°C, and of PVX — at 90°C (Table 2).
Differences in the temperatures and conditions of
thermal rearrangement of the morphologically similar
plant viruses (PVX and AltMV) indicate differences in
the structure and stability of their virions. It was shown
that AltMV SPs and PVX SPs do not contain RNA.
Studies of the protein structure revealed differences in
the secondary and tertiary structures of CP in SPs and in
native virions [11, 12]. Similarly to the TMV SPs, struc-
tural transition of AItMV and PVX virions is accompa-
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Table 2. Possibility of thermally-induced rearrangement of plant viruses and properties of SPs obtained from them

™V DEMV BSMV AltMV PVX PVA BMMV CaMV
Virga- Virga- Virga- . . Caulimo-
. viridae, viridae, viridae, Alp_haﬂem Alphaﬂem Potyviridae, Tombus- viridae,
Family, Genus ; viridae, viridae, . g .
Tobamo- | Tobamo- | Hordei- . . Potyvirus viridae Caulimo-
. . . Potexvirus Potexvirus .
virus virus virus virus
. rod- rod- rod- . .
Virion morphology shaped shaped shaped filamentous | filamentous | filamentous | icosahedral | icosahedral
Genome RNA RNA RNA RNA RNA RNA RNA DNA
Transformation yes yes yes yes yes yes no no
into SPs
Structural
transition 94 94 94 94 90 60* — —
temperature,”C
Size dependency
on concentration yes yes no yes yes n/a - -
Presence of cross- os n/a n/a os os os _ _
[-structures in SPs Y Y M Y
Change in the
surface amino acid yes n/a n/a yes n/a n/a — —
composition
Adsorption
properftigs yes n/a n/a yes yes n/a — —

Note. n/a — not assessed.

* Conditions for PVA SPs formation differ from the conditions for obtaining SPs from other plant viruses.

nied by the appearance of a larger fraction of B-struc-
tures in the protein. The adsorption properties of SPs and
their ability to bind model antigens on their surface were
analyzed. The obtained characteristics of PVX SPs and
AItMV SPs indicate potential possibility of their use as
platforms for presentation of the target antigens and for-
mation of the functionally active complexes. Moreover,
presence of the chemically reactive amino acids on the
surface has been shown for AItMV SPs [12].

Studies of the structurally modified spherical parti-
cles obtained from various representatives of plant viruses
should be continued. It is very likely that the properties
and features that distinguish them from TMV SPs would
provide additional information about the structure of vi-
rions, and would also be useful for creating biogenic plat-
forms.

Safety of SPs application. Plant viruses are safe for
mammals, they are not pathogenic for them and cannot
replicate in human cells [51]. The possibility of biodeg-
radation of the TMV SPs protein was studied in vitro:
TMYV SPs undergo complete proteolysis in the presence
of proteinase K, while native virions remain resistant
to the enzyme [27]. Biodistribution profile of the TMV
SPs with a diameter of about 50 nm was studied in mice:
SPs predominantly accumulated in the spleen and liver
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4 h after injection and were cleared from circulation by
macrophages. Twenty-four hours after administration,
SPs were not found in animal tissues. This gives them
an advantage over synthetic materials of non-biological
origin, which can persist in tissues for a long period and
whose biodegradation is accompanied with formation of
by-products leading to the induction of oxidative stress,
as well as apoptosis [52]. TMV SPs show good compat-
ibility with blood (does not cause hemolysis or clotting)
and tissues (no signs of inflammation, apoptosis, degen-
eration or necrosis) [15]. Further studies were carried out
on three animal models (mice, rats, rabbits): introduc-
tion of the 300-nm diameter TMV SPs intramuscularly
or intraperitoneally did not cause any toxic effects. The
evaluation included preclinical studies of local tolerabil-
ity after a single administration, as well as local and sys-
temic effects after repeated administration of SPs, such
as physiological, histological, and hematological chang-
es. Reproductive toxicity has also been studied [53, 54].
Furthermore, safety of the SPs in the composition of the
rubella vaccine candidate has been demonstrated in pre-
clinical studies in three animal species (mice, rats, rab-
bits) [4].

Thus, TMV SPs are biologically compatible with an-
imal cells, biodegradable, and safe.
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STRUCTURALLY MODIFIED
BACTERIOPHAGE PARTICLES
AND THEIR APPLICATIONS

The possibility of producing structurally modified
spherical particles was demonstrated for the bacterio-
phage M13 (family Inoviridae, genus Inovirus). M13 vi-
rions have a filamentous shape with a length of 880 nm
and a diameter of 6.5 nm [55]. The virion of Inovirus M 13
bacteriophage contains a single-stranded circular DNA
(6407 nt), which is packaged within approximately 2700
copies of the p8 major coat protein [5, 24, 56]. The p8
consists of almost 100% a-helices [9]. The capsid also in-
cludes minor coat proteins: p3, p6, p5, p9 [5]. It is inter-
esting to note that in this case, structural transition does
not occur under the effect of high temperature, but upon
short-term treatment of the suspension of phage particles
with an equal volume of chloroform at 24°C [9]. The pos-
sibility of structural modification has also been demon-
strated for other representatives of the [Inovirus genus:
for bacteriophages fd and f1 [24, 57]. It has been shown
that treatment with chloroform results in the changes in
hydrophobic interactions between the p8 protein sub-
units, and 2/3 of the viral DNA is released through a
pore formed by five subunits of the p3 minor coat pro-
tein. Thus, treatment of the virions of filamentous bacte-

M13 Phage

Diagnostics
[
Metal
nanoparticle

Fig. 3. Possible areas of application of M 13 SPs.

KONDAKOVA et al.

riophages with chloroform leads to formation of spherical
particles with asymmetric arrangement of p8 and p3 pro-
teins [5, 9, 57]. The size of spherical particles formed as
a result of the structural rearrangement of M 13 bacterio-
phage (M 13 SPs), according to transmission electron mi-
croscopy, is about 39 nm and remains stable for 12 h when
incubated on ice or at room temperature. However, with
longer incubation, the size of M13 SPs becomes more
variable and may increase [24]. With the structural mod-
ification of M13, as in the case of the TMV coat protein,
a decrease in the content of a-helices in the p8 protein is
observed [9]. Contrasting M 13 SPs with phosphotungstic
acid revealed the presence of cavity in these nanoparti-
cles [24]. It should be noted that the TMV SPs, unlike
M13 SPs, are not hollow [32]. Lowering the treatment
temperature with chloroform to 2°C made it possible to
observe formation of an intermediate form during the
structural transition of filamentous virions into M 13 SPs.
The intermediate form is represented by a 250 nm long
and 15 nm wide rod-shaped particle, which has a hollow
central channel and broadening at one end, the increase
of which subsequently leads to formation of the spherical
particle [9].

The possibility of structural modification of filamen-
tous bacteriophages under the effect of chloroform was
demonstrated in the early 1980s [9]. However, only in

Chloroform
Bactericidal
. agents
[ ]

.

F-pilus
or other bacterial cell receptors
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2007 Olsen et al. [58] highlighted the possibility of using
spheroids from filamentous bacteriophages of the Inovi-
ridae family as components of biosensors for Sa/monella
typhimurium. For this purpose, filamentous bacteriophag-
es with affinity to S. fyphimurium were obtained by phage
display. After treatment with chloroform, these phages
turned into spherical particles. The resulting SPs were
subsequently used to create an affinity monolayer of the
biosensor. The work described above, as well as a number
of publications on TMV SPs and demonstration of their
biotechnological potential, arouse interest in SPs based
on filamentous bacteriophages [1, 2, 10, 58]. A group of
scientists from the University of California has published
a number of papers on the production and application of
M13 SPs, with affinity to gold [6, 55, 59]. The interme-
diate forms and the M13 SPs themselves were covered
with gold, and in both cases ability of the particles to
act as a photothermally-induced antibacterial agent was
shown using the example of Escherichia coli cells. It is in-
teresting that the size of the formed intermediate forms
(161 £ 33 nm) and SPs (60 nm) carrying the gold-binding
peptide in the p8 protein differed from the SPs and in-
termediate forms of the native M13. It should be noted
that the minor capsid protein p3 in the composition of the
intermediate forms and M 13 SPs retains its ability to bind
to E. coli receptors. Due to this, these particles can be
considered as a targeted antibacterial agent capable of in-
ducing photothermal lysis of the target bacterial cells. The
authors of this study suggest that, by modifying the p3
protein, it is possible to expand the spectrum of bacteria
with which the structurally modified M 13-based particles
coated with gold can bind [6]. In another work, the same
scientific group simultaneously modified the p8 (modi-
fied with a gold-binding peptide) and p3 (modified with
a zinc-binding peptide) proteins of bacteriophage M13.
Subsequent treatment with chloroform led to formation
of bifunctional M 13 SPs. Next, Au and ZnS were synthe-
sized on the surface of bifunctional M 13 SPs, and thus the
hybrid nanostructures asymmetrically coated with gold
and zinc sulfide were obtained [5]. It was shown previ-
ously that the Au/ZnS nanoparticles can be considered as
regenerable catalysts for photocatalytic reactions [60].

Taking into account the above results, it can be as-
sumed that SPs obtained by treating filamentous bacte-
riophages of the Inoviridae family can be used for the
development of bactericidal agents, biosensors for di-
agnostics, and also as a scaffold for the design of hybrid
nanostructures (Fig. 3).

CONCLUSIONS
Half a century after the discovery of structural rear-
rangement of the rod-shaped TMYV virions into SPs via
thermal treatment, the intensive development of biomed-

icine aroused interest in a more detailed study of this phe-
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nomenon. This has led to numerous publications on the
properties and application of the structurally modified
viral particles. Studying conditions and features of struc-
tural modification of the morphologically similar virus
particles could provide important fundamental knowl-
edge about organization, structure, and stability of viri-
ons. Most of the studies devoted to characterization and
search for potential areas of application of the structur-
ally modified plant virus particles were carried out with
TMYV SPs. The unique adsorption properties of TMV SPs
and their effective adjuvant properties, as well as wide
possibilities for surface modification of TMV SPs, make
them a promising platform for various biotechnologies.
They are biocompatible, safe and biodegradable, which
is a clear advantage for possible use of SPs in medicine.
TMYV SPs have antitumor activity, could become a plat-
form/adjuvant for developing vaccine candidates against
viral and bacterial infections, and could also find applica-
tion in diagnostics and microelectronics.

However, studies on the possibility of application
of the structurally modified viral particles should not be
limited only to TMV SPs. It is possible that similar parti-
cles obtained from the virions of other plant viruses could
be used to obtain biogenic platforms with new properties
that are different from the TMV SPs. The ease of isolation
and purification of plant viruses, high potential for scaling
up their commercial production, and safety for humans
and animals are important advantages of plant virus SPs
over other biopolymers and synthetic nanomaterials.

In addition to the structurally modified particles of
plant viruses, attention should be paid to the works on
generating SPs from filamentous bacteriophages. A num-
ber of areas of their possible application have been sug-
gested. Thus, SPs based on M 13 are of particular interest
as photothermal bactericidal agents and as a scaffold/car-
rier for formation of complexes with various metal com-
pounds. Efficient methods have already been reported for
obtaining bacteriophage M 13 in quantities necessary for
practical use and with high degree of purity [61]. This also
makes it possible to consider it as a promising object for
future developments.

It should be noted that at present the range of prac-
tical applications of the structurally modified viral parti-
cles correlates with the approaches proposed earlier for
virions and virus-like particles of plant viruses [62-64].
The studies of the native virions of plant viruses and bac-
teriophages played a significant role in the work with the
structurally modified particles. It may be expected that,
due to their unique characteristics, these particles could
also find application in new areas of biotechnology and
medicine.

The presented data allow, in our opinion, to make
an unambiguous conclusion that the study of structur-
ally modified viral particles is a very promising area of
research. The results of such studies may be of practical
importance for modern virology and biotechnology.
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