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Abstract: This Special Issue highlights the recent developments and future directions of virus-based
nanomaterials and nanostructures in energy and biomedical applications. The virus-based biomimetic
materials formulated using innovative ideas presented herein are characterized for the applications of
biosensors and nanocarriers. The research contributions and trends based on virus-based materials,
covering energy-harvesting devices to tissue regeneration over the last two decades, are described
and discussed.

Keywords: virus-based nanomaterials; energy devices; biomedical applications; self-assembly;
piezoelectric biomaterials

Virus-based biomimetic materials derived from plant viruses and bacteriophages rarely generate
harmful side effects in human beings since phages do not consist of mammalian promoter sequences
in their genomes [1]. The structures of viruses consist of two or three parts: (1) the genetic material
composed from either DNA or RNA, which carries genetic information; (2) a protein coat, called
the capsid, which surrounds and protects the genetic material; and in some cases (3) an envelope
of lipids that surrounds the protein coat [2]. Advantageously, the monodispersed phages can
self-assemble to develop rope-like bundles or liquid crystals and their surface can be modified either
by chemical or genetic modifications [1,3]. Due to these unique properties, many research findings
based on phage-based biomaterials have been developed for applications in drug delivery, biosensors,
biomedical imaging, tissue regeneration, energy, and catalysis [4,5].

The current Special Issue, including 11 original research works, focuses on highlighting the
progress, challenges, and future directions in the area of virus-based nanomaterials and nanostructures
with multiple applications in biomedicine and energy. Researchers have studied mineralization,
magnetization, bioconjugation, and drug delivery for the development of biosensors and vaccines [6-12].
Research findings of virus-based biomimetic materials in energy, biosensors, and tissue regeneration
over the last two decades are comprehensively discussed in reviews [13-16].

Kim et al. propose an M13-bacteriophage-based colorimetric multi-array biosensor that can classify
four different antibiotics (duricef, citopcin, amoxicillin, and rifampin) and hormone (estrogen) drugs
including mercilon, gestodene, estrone, and estradiol by analyzing the color change [6]. The sensor can
be fabricated using self-assembly of genetically engineered M13 bacteriophages, which incorporates
peptide libraries on its surface. The fabricated sensor platform consists of a sensor chip that is 1 cm?
wide, a chamber of about 30 cc capacity, and a small webcam. This biosensor system is inexpensive
and easy to apply in monitoring the environment and health care. The color change in the biosensor is
caused by a reaction between the sensor array and external substances, detected by a complementary
metal-oxide—semiconductor detector, and followed by employing hierarchical cluster analysis.

Yuste-Calvo et al. developed turnip mosaic virus (TuMV)-based nanoparticles to detect antibodies
with high sensitivity [7]. TuMV is a virion with an elongated and flexuous structure. It is 700 nm long
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and 12 nm wide. Nearly 2000 copies of coat protein are present in each particle. The research group
modified TuMYV virus-like particles (VLPs) with a peptide from the chaperonin Hsp60, which is known
to be involved in inflammation processes and autoimmune diseases. The quantitative detection of
anti-Hsp60 autoantibodies is demonstrated through the multimeric presentation of the epitopes on
TuMV VNPs through an in vivo murine (adult C57BL/6]) model. In particular, the high sensitivity of
the developed Hsp60-VLPs provides a novel effective tool for diagnosis, progression, and prognosis in
inflammation-mediated disorders. The model is suggested to reproduce the clinical, histopathological,
and immune characteristics observed in humans by the induction of chronic colitis associated with
diarrhea and weight loss.

Damm et al. functionalized the surface of calcium phosphate (CaP) nanoparticles with stabilized
trimers of the HIV-1 envelope (Env), resulting in Env-CaP-p30 nanoparticles, to demonstrate improvement
of Env antibody responses by intrastructural help (ISH) [8]. The Env trimers (MW = 140 kDa) are coupled to
the nanoparticle surface using sulfosuccinimidyl-trans-4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(sulfo-SMCC) cross-linker, which reacts primary amines in Env with the thiol groups on the nanoparticle
surface. The in vitro studies explored the Env-CaP-p30 nanoparticles” induction of the activation of naive
Env-specific B-cells in contrast to soluble Env trimers. The authors applied the nanoparticles to study the
effects of ISH in mice immunized with a licensed vaccine against tetanus toxoid.

Atanasova et al. determined whether the surface hydrophilicity of tobacco mosaic virus
(TMV) particles can be manipulated through covalent attachment of polymer molecules [9].
Three different polymers, namely perfluorinated poly(pentafluorostyrene) (PES), the thermo-responsive
poly(propylene glycol) acrylate (PPGA), and the block copolymer polyethylene-block-poly(ethylene
glycol), were examined. In this study, wild-type tobacco mosaic virus (wt-TMV) and a TMV-cysteine
(Cys) mutant presenting thiol groups help with the covalent binding of the organic molecules.
The covalent attachment makes the virus surface hydrophobic without affecting the integrity of the
capsid and suppresses the virus mineralization by inorganic deposits. The growth mechanism of
the inorganic material on the virus surface was analyzed in terms of the optical properties, bandgap
(Eg), and particle size of solution-grown zinc sulfide (ZnS) nanoparticles. The authors concluded
from the ZnS mineralization test that the degree of the virus hydrophobicity can be tuned by the
polymer properties.

Suhaimi et al. developed a vaccine by expressing Neospora caninum profilin (NcPROF) in silkworm
larvae by recombinant Bombyx mori nucleopolyhedrovirus (BmNPV) bacmid [10]. They investigated
three NcPROF-based constructs for the recombination viz. native NcPROF fused with an N-terminal
protective antigen (PA)tag (PA-NcPROF), PA-NcPROF with the signal sequence of bombyxin from
B. mori (bx-PA-NcPROF), and bx-PA-NcPROF with additional C-terminal transmembrane and
cytoplasmic domains of GP64 from BmNPV (bx-PA-NcPROF-GP64TM). Only bx-PA-NcPROF-GP64TM
was found to be secreted as nanoparticles with binding affinity to its receptors and pelleted, whereas
the remaining two were not.

Rybka et al. characterized the assembly of hepatitis B virus capsid protein into virus-like particles
(HBc VLPs) with the magnetic core of superparamagnetic iron oxide nanoparticles (SPIONs) [11].
The synthesized SPIONs were functionalized with two different ligands—1,2- istearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy-(polyethyleneglycol)] (PL-PEG-COOH) or dihexadecyl phosphate
(DHP)—to further assess crucial parameters guiding SPION-HBc VLP assembly. They evaluated the
mechanism of self-assembly as well as the antigenicity of SPION-HBc VLPs.

Finbloom et al. investigated three morphologically distinct VLPs, namely a 27 nm MS2 sphere,
an 18 nm tobacco mosaic virus (TMV) disk, and a 50 nm nanophage filamentous rod conjugated
to doxorubicin (DOX), for their drug delivery potential to glioblastoma [12]. Although all VLPs
exhibited adequate drug delivery and cell uptake in vitro, the authors found that the survival
rates of glioma-bearing mice treated with TMV showed the best responses in vivo. The results
of physicochemical and biological characterizations suggested that these VLPs can be promising
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nanocarriers for the convection-enhanced delivery (CED) of traditional chemotherapeutics such as
DOX in glioblastoma treatment.

Shin et al. provide a comprehensive review of the principles, properties, and role of organic
piezoelectric biomaterials in energy and biomedical applications [13]. The biomedical devices featuring
the biocompatible piezoelectric materials are useful in energy-harvesting devices, sensors, and scaffolds
for cell and tissue engineering. The review addresses how to tackle issues related to the better
integration of organic piezoelectric biomaterials into biomedical devices. When mechanically agitated,
piezoelectric materials accumulate an electric charge. Although organic piezoelectric biomaterials
possess weak piezoelectricity compared with their inorganic counterparts, they can serve as the
functional materials in the field of medically mountable and implantable applications when they are well
processed. Piezoelectric mechanisms and the properties of the materials, including collagen, glycine,
M13 bacteriophage, silk, cellulose, diphenylalanine, and poly(vinylidene fluoride), are discussed
throughout the review.

Park et al. describe methods to fabricate M13-bacteriophage-based piezoelectric energy-harvesting
devices to develop high-performance and biocompatible energy devices for a wide range of
practical applications [14]. Due to surface modification, M13 bacteriophages overcome other
natural biomaterials with limitations in mass production and low piezoelectric properties. M13
bacteriophages exhibit unique features such as similar structures with collagens, mass amplification,
genetic modification, liquid—crystalline phase transition, and excellent piezoelectric properties, which
distinguish them from other materials. Among the M13-phage-based piezoelectric energy-harvesting
devices, vertically aligned phage films exhibited the highest performance with a peak voltage of 2.8 V
and a peak current of 120 nA. The review suggests some strategies, such as fabricating triboelectric
devices based on M13 phages and developing composite structures composed of organic and inorganic
biomaterials, to enhance the power of devices.

In another review, Moon et al. highlight the recent progress made in the application of
M13-bacteriophage-based sensor systems and discuss future M13 bacteriophage technology [15].
Genetic engineering provides many possibilities to use M13 bacteriophages as the core material of
sensors. Due to this engineering, these bacteriophages exhibit specific binding affinity to target
materials, including chemicals and biological materials. The modification mainly occurs on the pVIII
protein of the M13 bacteriophage. M13 bacteriophages display similar structure and behavior to
liquid crystals during fabrication. The crystal structure of self-assembled M13 bacteriophages exhibits
different phases, i.e., nematic, cholesteric, and smectic at low, medium, and high concentrations,
respectively. Using a natural M13 bacteriophage without any genetic engineering also provides the
opportunity to interact with ligands due to an abundant negative charge on the surface protein.
The charge distribution of the C-terminus (positive) and N-terminus (negative) induces a strong dipole
to M13 bacteriophages providing a natural negative charge, which enables them to interact with
positively charged materials including carbon nanofibers. The sensing potential of M13 bacteriophages
toward proteins, microorganisms, chemicals, and color is discussed throughout this review.

Raja et al. describe the emerging trend of virus-based biomimetic materials in tissue regeneration [16].
The review outlines the integration of the virus into biomaterials with different morphologies such as
hydrogels, two-dimensional substrates, and nanofibers in the field of tissue regeneration. It discusses
remarkable properties of medicinally valued viruses including fd, M13, TMV, T7, and Potato virus X (PVX).
Apart from tissue regeneration, the review covers other biomedical applications such as drug delivery,
bioimaging, and biosensing. In conclusion, the authors recommend a systematic study using virus-based
biomimetic materials to explain the different phases of tissue regeneration. Sophisticated techniques
and methodologies are required to estimate the number of peptides expressed on each phage particle.
Nonetheless, many viral nanocomposites in the form of polymeric micelles, vesicles, and dendrimers
remain to be developed.

In conclusion, as the Editors of this Special Issue, we would like to thank all the authors and
reviewers, who contributed to this Special Issue with innovative ideas and constructive reviewers’
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comments. We would like to express appreciation for the consistent support from the Editorial
Office. We are sure that this Special Issue will provide our readers with a platform to understand
the advantageous properties of benevolent virus-based nanomaterials and nanostructures with their
pivotal roles in energy and biomedical applications.
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Abstract: Owing to the astonishing properties of non-harmful viruses, tissue regeneration using
virus-based biomimetic materials has been an emerging trend recently. The selective peptide
expression and enrichment of the desired peptide on the surface, monodispersion, self-assembly,
and ease of genetic and chemical modification properties have allowed viruses to take a long
stride in biomedical applications. Researchers have published many reviews so far describing
unusual properties of virus-based nanoparticles, phage display, modification, and possible biomedical
applications, including biosensors, bioimaging, tissue regeneration, and drug delivery, however the
integration of the virus into different biomaterials for the application of tissue regeneration is not yet
discussed in detail. This review will focus on various morphologies of virus-incorporated biomimetic
nanocomposites in tissue regeneration and highlight the progress, challenges, and future directions
in this area.

Keywords: virus; tissue regeneration; biomimetic nanocomposites; phage display

1. Introduction

1.1. Emerging Trends in Tissue Regeneration

Tissue engineering is a part of the regenerative medicine field, which emphasizes the fabrication
of various functional biological constructs to reduce the increased demand for donor organs [1].
The shortage of organ donors and the increased number of people undergoing transplantation have
necessitated the development of effective biomimetic materials adopting advanced technologies [2].
The aim of the field is to harness nature’s ability to treat the damaged tissues., ensuring biocompatibility
and supporting cellular biological events. When muscles are damaged by incidents such as illness,
accidents, and microbial invasion, they lose integrity for healthy functioning at the cellular level and
subsequently follow a cascade of biochemical events, including hemostasis, inflammation, proliferation,
and maturation, to restore integrity [3]. However, the first ever immediate response after an injury
is the production of reactive oxygen species by NADPH oxidase before inflammatory reaction [4].
Moreover, the time consumption to retain normal function in the dysfunctional organ is dependent
on one’s age and the seriousness of the damage. When tissue fails in the ability for self-regeneration,
especially in a pathological condition, the external application of a scaffold becomes inevitable [5].

Nanomaterials 2019, 9, 1014; doi:10.3390/nan09071014 7 www.mdpi.com/journal/nanomaterials
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Stainless steel was first implanted as an artificial hip in 1929, which paved the way for the
researchers to design biomimetic materials to replace body organs [6]. However, tissue and organ
failure were considered as major medical complications until 1954, as there were not enough remedies
to treat dysfunctional organs. The Nobel Laureate in medicine, Joseph Murray, transplanted a healthy
kidney to a genetically identical twin brother successfully [1]. Following this historical incident,
the researchers began to utilize cell structures to treat damaged tissues. These structures are autografts,
isografts, allografts, and xenografts, which are biological tissues harvested from a patient’s organ,
a genetically identical twin, a genetically non-identical individual of the same species, and a donor
of a different species, respectively [7]. The autograft has some advantages over other forms of grafts,
with no rejection concerns. However, it requires a secondary procedure for the reconstructive surgery
and faces donor site complication.

Meanwhile, isografts, allografts, and xenografts express slight or significant degrees of rejection as
the Major Histocompatibility Complex (MHC) recognizes them as foreign antigens causing cytotoxic
T-cell-mediated demolition. Unlike autografts, other forms of grafts eliminate the need for the
secondary procedure without the donor site complications [8]. Though researchers are involved
in finding therapeutic techniques, such as immunosuppressive medications, infectious prophylaxis,
and DNA-based tissue typing, graft-versus-host disease (GVHD) remains a hurdle limiting the use of
grafts in tissue regeneration [9].

The extracellular matrix (ECM) is an important component in tissues, which has the intrinsic
cues to provide sites with all their cellular activities, including migration, orientation, shape, plasticity,
and cell-matrix and cell—cell interactions [10]. The ECM is a complex three-dimensional network
comprising proteins, such as collagen, elastin, and laminin, proteoglycans, and glycoproteins [11].
It acts as a glue and platform to bind cells together with the connective tissues. The decellularized
extracellular matrix (DECM), a water-insoluble matrix, can be prepared from any organ or tissue by
removing cellular components from ECM. In recent years, DECM has been used as a scaffold to hold
the cells together and maintain integrity during wound healing processes [12]. Over the past two
decades, the researchers have been inclined towards the preparation of artificial biomimetic grafts from
the naturally available biomacromolecules, synthetic polymers, and ceramic materials, to replace tissue
grafts and DECM. The remarkable features of artificial grafts are that they are economically inexpensive,
their ease of preparation and storage, biocompatibility, and the tuning of the physicochemical and
biological properties [13]. The most widely studied natural polymers include collagen, chitosan,
hyaluronic acid, carboxymethyl cellulose, alginate, and silk fibroin, which have been reported to trigger
alessimmunogenic reaction in the human body, while the synthetic polymers, such as polycaprolactone,
polyvinyl alcohol, nylon, and polyphosphazene, provide longer shelf life. To obtain combinatorial
properties, nowadays researchers utilize a blend of polymers and their derivatives [14,15]. Ceramic and
bioglass materials exhibit osteoconductive properties, showing remarkable mechanical strength and
resistance to deformation, and hence, they have been widely used for bone tissue regeneration [16].
While designing a synthetic biomimetic scaffold, it is a requisite to create a benign microenvironment
in a way that mimics the ECM niche for the application of effective tissue regeneration.

In the past ten years, researchers have explored a variety of biomimetic nanocomposites
by incorporating bioactive molecules, such as growth factors, cytokines, genes, antibiotics,
and anti-inflammatory drugs within the scaffold to increase tissue regeneration potential [17,18].
As the direct administration of therapeutic medications is not effective, leading to overdose toxicity
and short time exposure to biological tissue, these biomimetic nanocomposites were much appreciated
by chemists, biologists, and nanotechnologists [19]. Mostly, the bioactive molecules are cross-linked
with the primary polymeric component by physical, chemical, and enzymatical treatment with or
without the aid of cross-linkers and their release from the matrix is adjusted for either immediate,
sustained, or slow release, according to the desired site of the target tissue. The drug release rate from
the biomaterial majorly involves simple diffusion, erosion, or degradation of the matrix and swelling
of the polymeric scaffold [5]. After the advent of nanotechnology, the nanoparticles were entrapped
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into the scaffold to exploit their medicinal properties. A composite of collagen and silver nanoparticles
has been used to augment the burn tissue repair process [20]. Mieszawska et al. studied a composite
film composed of silk and nanoclay to serve as a supportive biomaterial to improve bone tissue
regeneration [21]. The in vivo effects of reduced graphene oxide and hydroxyapatite nanocomposite
powders were investigated on critical-sized calvarial defects in a rabbit model and it was reported
that the nanocomposite stimulated osteogenesis and enhanced bone formation without inflammatory
responses [22]. Our research group also studied the influence of graphene oxide dispersed into
a polylactic-co-glycolic acid (PLGA) electrospun nanofiber towards stimulation of myogenesis and
enhanced vascular tissue regeneration [23,24]. The nanoparticles with diameters in the range of
50-700 nm acted as therapeutic drug carriers to pass through the capillaries into cells, facilitating the
regeneration of new tissues [5,25].

Cell-laden scaffolds have also received attention among researchers aiming to achieve
a tissue-imitating engineered graft. Kizilel et al. encapsulated pancreatic islets into nano-thin
polyethylene glycol coating for enhanced insulin secretion [26]. Yoon et al.  fabricated
a three-dimensional layered structure using the blend of collagen epidermal keratinocytes and
dermal fibroblasts to progress migration and proliferation of keratinocytes and fibroblasts during
the skin repair process [27]. Within this context, microbe-based biomimetic materials have appeared
as an emerging trend in tissue regeneration in recent times. Virus-based biomaterials have many
biomedical applications, including cancer markers, antibacterial materials, drug carriers, and tissue
regeneration [28]. Not only do they encapsulate and release the therapeutic agents to the target site,
but the morphology of biomaterials also plays a pivotal role in altering physicochemical and biological
properties. In this review, we have focused on summarizing the impacts of various virus-incorporated
biomimetic nanocomposites with different morphologies, such as nanoparticles, nanofibers, hydrogels,
and organic-inorganic hybrids, in the field of tissue regeneration. The same has been schematically
shown in Figure 1. The nanoparticles that have a large surface area to volume have proven their
effectiveness with long-term functionality and stability in the biological milieu. The nanoparticles can
diffuse across the cell membrane and interact with cellular biomacromolecules residing inside the
cell [20]. Remarkably, the hydrogel provides wettability and cell migration, while the nanofibrous
matrix ensures air permeability and mechanical properties in tissue regeneration [29,30].
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Figure 1. A compendium of tissue regeneration functionality of various virus incorporated biomimetic
nanocomposites. Plant-based viruses Tobacco Mosaic Virus (TMV) and Potato Virus X (PVX) and
bacteriophage M13 were shown. Reproduced with permission from [31]. Copyright Elsevier, 2010.

1.2. Remarkable Properties of Medicinally Valuable Viruses

Not all viruses cause infectious diseases in the human body. Viruses can be classified as lytic,
temperate, or lysogenic based on the level of adverse effects produced in its host [32]. During infection,
lytic phages kill the host bacteria, triggering the release of progeny. Lysogenic phages do not affect
the host cell and infection occurs with replication of the phage genome but not the host bacterial
genome. Temperate phages reside in host bacteria for amplification with no lysis, however some
phages, including the A phage, exceptionally, have both categories and thrive following either lytic
or lysogenic cycles. The lytic phages, including T1-T7, contain a head and flexible tail but lack
filaments. The T7 phage belongs to the Podoviridae family and structurally has an icosahedral head
and a short tail. They were reported to lyse the host cell within a minute by secreting the lysozyme
enzyme [33]. Professionally, T4 phages have found applications in food preservation, antibiotics,
detection of bacteria, DNA and protein packing systems, and DNA-based vaccines. The literature
reports revealed that Podovirus P22 assisted the assembly of cadmium sulfide nanocrystals to improve
photosensitization in tissue imaging [34]. The filamentous phages, including Ff, f1, M13, N1, and Ike,
are the examples of temperate phages. As they can act as a template for the synthesis of nanomaterials,
the general applications of temperate phages are huge compared to lytic phages [33].

Virus-based biomimetic materials are generally derived from plant viruses and bacteriophages,
as they rarely generate harmful side effects in human beings. Generally, bacteriophages (excluding
fd and M13) are categorized into filamentous type of viruses, follow a non-lytic mode to infect and
thrive in bacteria. It has been reported that these phages do not consist of mammalian promoter
sequences in their genome, and hence, do not instigate dreadful human diseases [35]. In the human
body, bacteriophages are present abundantly in the gut, bladder, and oral cavity, functioning to shape
bacterial metabolisms and populations of microbial communities. It has been described that the
potential role of phages increases from childhood to adulthood [36]. The monodispersed phages
can self-assemble themselves into hierarchically ordered structures, such as rope-like bundles and
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liquid crystals. The protein surface can be modified either by covalent and non-covalent interactions
or genetic alterations [35]. These unique properties have prompted the researchers to take a long
stride in utilizing the phage-based biomaterials towards a wide range of biomedical applications,
including biomedical imaging, drug delivery, biosensors, tissue regeneration, energy, and catalysis [37].

Owing to economically inexpensive, large scale production, ease of manipulation, and stability
against a wide range of pH and temperature, a variety of phage-based biomimetic nanocomposites
have been constructed for the application of effective tissue regeneration [38]. As far as morphology is
concerned, a typical phage has a diameter of 68 A° and a length in the range of 800-2000 nm. The circular
single-stranded DNA (ssDNA) of the phage encodes 10 genes containing 5000-8000 nucleotides,
which encode a highly ordered major coat protein (p8) located around the center of phage, two minor
coat proteins (p7 and p9) at one end, and two others (p3 and p6) at another terminal portion of the phage.
The helical arrays of major coat proteins assemble to form the capsid shell. Generally, minor coat proteins
display larger sized peptides than the major coat protein (p8) [39]. The major coat protein, p8, of M13
phage, has different segments, such as the N-terminal amphipathic, hydrophobic transmembrane (TM),
and DNA binding segments. The small residues (Gly, Ala, and Ser) present on these segments have
been reported to be involved in helix-helix axial and lateral interactions, which facilitate extrusion of
the virion from the membrane during assembly, and hence have been known as conserved regions
in the DNA sequence. Fiber diffraction and spectroscopic data show that M13 differs from fd at
the 12th residue, where M13 replaces Asp of fd with Asn [40]. Filamentous phages are defined as
non-enveloped bacterial viruses, having some properties in common, namely, life cycles, organization,
and morphology.

The ssDNA has a left-handed helix structure possessing strong interactions with the positively
charged inner surface of the capsid shell. The diffraction pattern studies classified filamentous phages
into two distinct groups. Class I symmetry group consists of fd, M13, If1, and IKe, which are consistent
with 5-fold symmetry. Class II symmetry group includes Pf3, Pfl, and Xf, wherein the helices are
arranged with a rising per monomer of about 3.0 A° [39]. The aligned solid-state NMR studies
proved that fd has O-P-O phosphate linkages in an ordered manner, whereas Pf1 did not possess such
linkages [41]. According to NMR studies, phage fd has strong electrostatic interactions between the
negatively charged phosphate backbone of the ssDNA nucleotide and two of four positively charged
amino acid residues present at the C-terminal portion of the major coat protein, which is attributed
to stabilization of the DNA core structure. The literature reports revealed that M13 and IKe showed
similarity in 7t— interactions between the residues of Tyr9 of one p8 and Tyr29 of an adjacent p8 [42].

Infection of E. coli by phage is initiated by the attachment of N-terminal amino acids of p3,
which is present in the specialized threadlike appendage, F pilus. Subsequently, the coat protein of
the phage dissolves onto the envelope of the host, which allows the only ssDNA into the cytoplasm.
The host machinery synthesizes a complementary DNA strand with the involvement of two virally
encoded proteins, p2 and p10, which leads to the formation of a double-stranded replicative form.
The replicative form acts as a template to transcript phage genes for the synthesis of progeny ssDNAs.
These progeny phage particles discharge from the bacterial cell envelope through the membrane pore
complex, acquire coat proteins from the membrane, and appear as mature virions. The fact is that the
infected cells undergo division at a slower rate than the uninfected cells [39].

In recent times, the researchers have sought to explore multifunctional phage-based biomaterials
by precisely adjusting the surface chemistry of phage nanofibers. Covalent, non-covalent, and genetic
modifications of phage coat proteins have been described comprehensively by the researchers.
The genetic modification of phage coat proteins would display various foreign peptides with different
functional groups at the side wall and the two termini of the phage. The endogenous amino acids
of phage coat proteins are genetically combined with the foreign amino acid sequence in order to
form a hybrid fusion protein, which is incorporated into phage particles and released from the cell
subsequently. As a result, the foreign peptide is displayed on the surface of the phage coat protein [35].
The phage display is generally specified after N-terminal modification in its respective coat proteins. For
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example, if the N-terminus of p3 of the phage undergoes modification, the resulting phage is designated
as a p3 display. When two or more coat proteins are controlled for modification in the same phage,
then they can be known as double display, and so on [43]. In the phage coat protein, the carboxylates
of aspartic and glutamic acid residues, the amine of lysine, and the phenol of tyrosine are the majorly
available functional entities for the chemical modification. Introducing aldehyde into the reactive
amine group has been involved in a wide range of bio-conjugation reactions, whereas the cross-linkage
of p-azidophenylalanine has provided an azide handle on the phage surface, which can be easily
modified for further reactions [44,45]. The EDC treatment has been helpful in cross-linking the reactive
carboxylate groups with amine-functionalized moieties in phage proteins [46]. Strong nucleophile
selenocysteine has been successfully genetically incorporated into phage protein using an opal stop,
codon suppressing mRNA [47].

The phage-display library, with a heterogeneous mixture of phages carrying different foreign DNA
insert, was created for selective binding of phage proteins with the target ligands, such as polymers,
proteins, organic and inorganic crystals, small molecules, such as trinitrotoluene, and cells [48-51].
Among the phage-display libraries, the reports of p3 and p6 libraries have been well documented
in research publications. Conventionally, research studies have adopted the biopanning method to
find extensive use of phage particles in tissue regeneration. Biopanning is a typical technique to
form a population of enriched phage-displayed peptides and specifically identify a target binding
peptide [52]. According to this selection procedure, initially, a phage-display random library is
incubated with the targets. Subsequently, the non-bound phage particles are eliminated with the help
of detergent solubilized buffer. The target-bound phage particles are then eluted using a specialized
buffer maintaining acidic pH around 2.2, and the amplification process is followed by infection
of host bacteria. The resulting amplified phages form a newly enriched sub-library with more
specificity to interact with the targets. The procedure is repeated several times until a only few
desired peptides are predominantly available in the sub-library [53]. In the subsequent section, we will
investigate the contribution of plant virus and phage-based biomimetic nanocomposites in the field of
tissue regeneration.

2. Different Morphologies of Virus-Incorporated Biomimetic Nanocomposites in
Tissue Regeneration

2.1. Virus-Based Nanoparticles

Many plants and phage-based viral nanoparticles have been employed so far for tissue regeneration.
Plant viral nanoparticles are mono-dispersed, meta-stable, and structurally uniformed [54]. Li revealed
that when the virus-based nanoparticle is more robust, the functional nanostructure is more stable,
but at the same time they might be harmful to the encapsulated cargo [55].

Though the unmodified TMV nanoparticles have the potential to accelerate osteogenic
differentiation in adult stem cells, the lack of affinity to the mammalian cell surface diminishes
the cell adhesion property. Hence, the researchers opt for either genetic or chemical modification in
viral nanoparticles in order to increase the cell binding capacity and find versatile biomedical
applications. Sitasuwan et al. [62] modified the surface of a TMV nanoparticle by coupling
azide-derivatized Arg-Gly-Asp-(RGD) tripeptide with tyrosine residues through Cu (I) catalyzed
azide-alkyne cycloaddition reaction. When incorporated into the artificial scaffold, the RGD peptides
overexpressed on ECM increase initial cell attachment by binding integrin receptors. The spacing
between RGD motifs alter biological events, such as fibroblast adhesion and spreading (<440 nm),
focal adhesion assembly (<140 nm), and induction of stress fiber formation (<60 nm). Owing to lack
of mammalian cell infectivity, cost-effectiveness, and highly uniform size, plant viral nanoparticles
have gained attention among nano and biomedical researchers. The Tobacco Mosaic Virus (TMV)
constitutes a rod-like shaped nanoparticle with a diameter of 18 nm and length of 300 nm. The TMV
nanoparticle consists of a capsid with 2130 identical coat protein subunits, which are responsible for
assembling into a helical structure around the ssRNA. When each subunit is modified, the resulting
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TMV is a polyvalent nanoparticle. The TMV can withstand temperatures up to 60 °C and can be stable
in a pH range of 2-10. The TEM micrograph of wild type TMV is shown in Figure 2a [56].

Figure 2. TEM micrographs of wild type Tobacco Mosaic Virus (TMV) nanoparticles, scale bar 200
nm (a) and TMV/PANI/PSS nanofiber (b) generated by flow assembly method, scale bar 500 nm.
Reproduced with permission from [56]. Copyright American Chemical Society, 2015. (c) SEM
micrograph of freeze-dried capsules of T4 bacteriophage/alginate water in oil emulsion in chloroform,
scale bar 5 um. (d) SEM and TEM micrographs (e) of PEO electrospun nanofiber containing T4
bacteriophage/alginate have been shown scale bars of 10 pm and 100 nm, respectively. The arrow
indicates the presence of T4/alginate into the nanofiber. Reproduced with permission from [57].
Copyright John Wiley and Sons, 2013. (f) SEM image of the 3D printed bioceramic bone scaffold
consisting of biphasic calcium phosphate with pores filled with a matrix of chitosan and RGD phage,
scale bar 200 um. Reproduced with permission from [58]. Copyright John Wiley and Sons, 2014. (g) SEM
micrograph of porous alginate hydrogel containing TMV particles displaying interconnected channels
and macropores, scale bar 100 um. Reproduced with permission from [59]. Copyright American
Chemical Society, 2012. (h) The TEM image of a mineralized E8-displaying phage bundle formed after
90 h incubation in the solution containing calcium and phosphate ions, scale bar 100 nm. Reproduced
with permission from [60]. Copyright John Wiley and Sons, 2010. (i) The TEM image of the HAP-fd
phage bundle with scale bar 100 nm. The circle indicates the presence of hydroxyapatite nanoparticles
in the fibrous structure. Reproduced with permission from [61]. Copyright American Chemical
Society, 2010.

In the human body, bone tissue regenerates to a greater extent when compared to other types of
tissues. However, the regeneration process is complicated in the case of tumor resection, hip implant
revision, and major fractures [63]. Pietal. constructed a cartilage targeting gene delivery nanocomposite
system by conjugating polyethylenimine (PEI) with M13 phage-displayed chondrocyte-affinity peptide
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(CAP), DWRVIIPPRPSA, which was isolated after two rounds of biopanning. During incubation,
the phages expressing CAP showed higher affinity towards rabbit chondrocytes at 265.5-fold when
compared to unmodified phages. They reported that the CAP-conjugated PEI particles had no
species specificity in binding chondrocytes of rabbit and humans. Furthermore, most of the particles
were found to enter chondrocytes without being trapped in ECM, which acknowledges their larger
transfection efficiency [64].

T7 viral nanoparticles were explored to display two different functional peptides CARSKNKDC
(CAR) and CRKDKC (CRK) to target the microvasculature of regenerating wound tissue, including
skin and tendon [25]. Skin disintegration may occur in many ways, such as bruising, abrasion,
hacking, burning, stabbing, and laceration. It was observed that CAR was similar to heparin-binding
sites, whereas CRK was homologous to a segment of thrombospondin type I repeat. Interestingly,
CAR displayed a dominant function in the early stages of skin wound healing, while CRK showed
preferences in the later stages of the same process. As the terminal residues contain cysteine,
the screened peptides had more feasibility to be involved in disulfide bond formation to form
a molecular cycle structure. The CAR-expressing T7 phage nanoparticles had been found to appear
in wound sites 100-140-fold more efficiently than the non-recombinant phage nanoparticle [65].
The biomedical application of siRNAs is minimal owing to their low absorption across the stratum
corneum, a horny outer layer of skin. Hsu et al. [66] explored M13 phage (from Ph.D-C7C library)
viral nanoparticle-expressing skin penetrating and cell entering (SPACE) peptide with the sequence
of AC-KTGSHNQ-CG in order to reach therapeutic macromolecules, including siRNAs, into the
skin-associated cells. The in vitro physicochemical studies explored that the various macromolecules,
including siRNA, penetrated across the stratum corneum into the epidermis layer of skin through the
macropinocytosis pathway when the molecules were conjugated with SPACE.

A muscle binding M13 phage nanoparticle with peptide sequence ASSLNIA was identified to
possess more excellent selectivity (at least five-times more) compared to the control phage nanoparticle.
While investigating overall muscle selectivity on different organs, the muscle binding affinity was found
to be 9-20-fold for the skeletal and 5-9-fold for cardiac muscle [67]. Sun et al. synthesized functional
multivalent M13 phage (Ph.D.-7™ display library) nanoparticles to express RIYKGVIQA and SEEL
sequences, which are found in Nogo-66, a neurite outgrowth inhibitory protein. They selectively bound
negative growth regulatory protein 1 (NgR1) with electrostatic forces of repeated leucine residues,
enhancing neural differentiation of pc12 cells. Hence, this specific engineered viral nanoparticle has
been appreciated for its potential use in neurite tissue regeneration, including spinal cord injury,
optic nerve injury, ischemic stroke, and neurodegenerative diseases [68]. Collett et al. suggested
that hepatitis C virus-based nanoparticles could act as a quadrivalent vaccine to trigger humoral and
cellular immune responses. They explored biophysical, biochemical, and biomechanical properties
of nanoparticles using Atomic Force Microscopy and observed that glycosylation occurred on the
surface of the nanoparticle with ordered packing of the core [69]. The literature reports revealed that
Sendai virus vectors displaying cardiac transcription factors could efficiently reprogram both mouse
and human fibroblasts into induced cardiomyocyte-like cells in vitro. In addition, they could reduce
scar formation, maintaining cardiac function in myocardial infarction affected animals [70].

The phosphate tailored TMV nanoparticle was demonstrated to induce expression of osteospecific
genes of rat bone marrow stem cells (BMSCs), including osteocalcin and osteopontin, when compared
to unmodified TMV nanoparticles. As shown in Figure 3d—f, the enhanced cell attachment and
spreading of BMSCs were observed in phosphate grafted TMV (TMV-Phos) coated Ti substrates more
than TMV coated substrates after 14 days of incubation in cell culture [73].
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Figure 3. (a) Field emission scanning electron micrographs of Baby Hamster Kidney cells after 1 h
incubation on electrospun nanofibrous substrates PVA, PVA-TMV, and PVA-TMV/RGD. Scale bar 2 um.
Reproduced with permission from [71]. Copyright John Wiley and Sons, 2014. (b) Immunofluorescence
staining of longitudinal sections of total cyst area in spinal cord injury (SCI)-treated female
Sprague-Dawley rats during the chronic phase. The synthesis of GAP-43 immunopositive fibers
was significantly greater in bone marrow homing peptide-expressed phages (4G-BMHP1) treated
group when compared to control groups (SCI control and saline). Scale bar 400 mm. The percentage
of immunopositive fibers into the cyst area per total cyst area is represented in a bar graph (c) from
six independent experiment results, and the values are reported with + SEM. Significant factor
*p < 0.05, 4G-BMHP1 vs. SCI control; 4G-BMHP1 vs. saline. Reproduced with permission from [72].
Copyright PLOS, 2011. (d) Bright-field optical microscope images of histochemical staining of alkaline
phosphatase (ALPL) in bone marrow-derived stem cells (BMSCs) in TMV and phosphate grafted TMV
(TMV-Phos)-coated Ti substrates after 14 days of culture. BMSCs have been shown to form neighboring
well-spread cells under osteogenic conditions, which are stained highly positive for ALPL. Scale bar is
100 um. (e,f) SEM micrographs and EDX analyses of TMV and TMV-Phos coating on Ti substrates.
Scale bar for SEM is 100 um. Reproduced with permission from [73]. Copyright Elsevier, 2010.

Virus-Incorporated 2D Films and Nanofibers

A combinatorial biomaterial consisting of PVX-based cyclic RGD, containing filament (RGD-PVX)
and polyethylene glycol conjugated stealth filament (PEG-PVX), was developed to analyze
biodistribution in mice xenograft models. The comparative studies demonstrated that PEG-PVX
was preferentially accumulated into tumor cells, while RGD-PVX was trapped into the lung site in
a large quantity. It has been reported that the filamentous and elongated nanoparticles are more
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advantageous in drug targeting than the spherical counterparts. Non-spherical nanoparticles present
more ligands on their surfaces and show significant accumulation towards the vessel wall, improving
the efficiency of tumor homing. Owing to the flexible nature of viral capsid, PVX-based nanoparticles
could pass through restrictions in the complex biological environments and permeate into tissue cells
without difficulty [74]. Wu et al. [56] successfully synthesized TMV-based electroactive nanofibers for
neural tissue regeneration from the blend of polyaniline (PANI) and sodium polystyrene sulfonate
(PSS). The morphology of the TMV/PANI/PSS nanofiber has been shown through TEM micrograph in
Figure 2b.

An electrospun nanofiber of blends of polyvinyl alcohol (PVA) and TMV/RGD afforded higher cell
density of baby hamster kidney (BHK) cells in culture. The enhanced cell adhesion and spreading and
the formation of F-actin filaments were observed more on PVA/TMV/RGD nanofiber than PVA and
PVA/TMV nanofibrous substrates, which were noticed in SEM micrographs (Figure 3a). The resulting
nanofiber provided electroactivity and topographical cues to the neural cells and was reported
to augment the length of neurites, increase the population of cells, and lead the cellular bipolar
morphology more than TMV-based non-conductive nanofibers [71]. Korehei et al. [57] produced
a virus incorporated nanofiber by electrospinning the blends of polyethylene oxide (PEO) and T4
bacteriophage suspension. The SEM measurement showed that T4 bacteriophages were protected
from severe electrospinning conditions, as they were concentrated within the alginate capsule, as can
be seen in Figure 2c. The alginate beads containing phages were found to exhibit smooth rounded
surfaces. The size of the electrospun nanofiber of PEO/alginate/T4 bacteriophages had an average
diameter 500 + 100 nm (Figure 2d). According to TEM measurement, the capsules of T4 bacteriophages
were distributed without uniformity throughout the fiber matrix (Figure 2e).

The induced pluripotent stem cells (iPSCs) are a promising cell source, which can rise to different
cell lineages and construct a well-developed functional bone substitute. However, there is a challenge
in osteoblastic differentiation of iPSCs by a conventional biomaterial, as it may form teratoma,
raising health risks. Wang et al. [75] demonstrated that a phage (M13)-based nanofiber with four
different signal peptides aiming to influence stem cell fate could be potentially utilized for bone
tissue regeneration. The aligned nanofibrous matrix provided biochemical and biophysical cues to
the cells promoting differentiation of iPSCs into osteoblasts. Among the signal peptides investigated
by them were two adhesive-directing peptides RGD and RGD/PHSRN from fibronectin, and the
remaining two included ALKRQGRTLYGFGG and KIPKASSVPTELSAISTLYL sequences, which are
the growth regulating peptides from osteogenic growth factor and bone morphogenetic protein 2
(BMP2), respectively. The layer-by-layer technique produced a phage-assembled nanofiber assuming
nanotopography of the ridge-groove structure, wherein the phage strands were parallel to each other but
separated by grooves. Due to this specialized nanotopography of material, the occurrence of controlled
osteoblastic differentiation was observed, even in the absence of osteogenic supplements. The research
group reported that the phages displaying growth factor signal peptides could express a higher
level of alkaline phosphatase (ALP) than the phages having adhesive signal peptides on the surface.
The in vivo animal studies disclosed that iPSCs alone caused teratoma after one month of cells injection
into nude mice, whereas the group of iPSC-derived osteoblasts did not. Cigognini and co-workers
engineered an electrospun nanofibrous scaffold dispersing phage-displayed bone marrow homing
peptide (BMHP (1) with sequence PFSSTKT and investigated its potential use in a chronically damaged
spinal cord, which was caused by the degeneration of the central nervous system [72]. The clinical
data showed that the biomimetic material enhanced nervous tissue regeneration, owing to porosity
and nanostructure at the microscopic level, and improved the locomotor recovery of experimental
rats. From Figure 3b,c, the histological analyses revealed that the scaffold affected increased cellular
infiltration and axonal regeneration after eight weeks of experimental investigation in rats. They found
a higher synthesis of growth-associated protein 43 (GAP-43) in engineered scaffold-treated animal
when compared to saline and control groups with spinal cord defects. Our research group has explored
electrospun nanofibrous matrices of PLGA containing self-assembled M13 bacteriophages along with
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additives RGD and graphene oxide to show enhanced differentiation of fibroblasts, smooth muscle
cells, and myoblasts [76-80].

2.3. Virus-Incorporated 3D Hydrogel Scaffolds

Cell-laden-agarose hydrogel was prepared by dispersing genetically engineered rod-shaped PVX
nanoparticles, which present functional RGD peptides and mineralization inducing peptides (MIP) on
its surface, into agarose polymeric components [81]. Luckanagul et al. [59] prepared freeze-dried solid
foam of a porous alginate hydrogel (PAH) comprising TMV. The incorporation of TMV nanoparticles
resulted in large sized and well-defined spherical pores (100-500 um) in TMV/PAH, analyzed by Field
Emission Scanning Electron Microscope image (Figure 2g).

The PVX nanoparticles adopted a nano-filamentous structural network on coated surfaces.
Exploiting the synergistic effect of both peptides, the PVX nanoparticles in hydrogel expressed
significant cell adhesion as well as hydroxyapatite nucleation. Confirmed by SEM and immunostaining
characterizations, it was further reported that the viral nanoparticles could be preserved over 14 days in
hydrogel and the whole biomaterial could act as a promising bone substitute. Maturavongsadit et al. [82]
developed an injectable TMV based hydrogel under physiological conditions to imitate a cartilage
microenvironment. The hydrogel was prepared by cross-linking methacrylate hyaluronic acid polymers
by cysteine inserted TMV mutants involving in situ Michael addition reaction. The hydrogel was
reported to influence enhancement of cartilage tissue regeneration by promoting chondrogenesis via
up-regulation of BMP-2. The interaction of TMV nanoparticles with the cells assisted the high-level
expression of BMP-2, an effective inducer of differentiation of mesenchymal stem cells into chondrocytes.

Luckanagul et al. [58] investigated the performance of functional TMV-RGD-blended
alginate hydrogel nanocomposites to treat in vivo cranial bone defects in Sprague-Dawley rats.
The TMV-functionalized sponge-like hydrogel supported cell localization without triggering any
systemic toxicity in the defect area, and hence was envisaged as an active bone replacement biomimetic
material in the future direction of reconstructive orthopedic surgery. Shah etal. [83] studied an integrated
co-assembled hydrogel system of peptide amphiphiles, in which M13 phage coat protein was modified
to express a high density of binding peptide HSNGLPL to combine with transforming growth factor
1 (TGF-p1). The research group found an enhancement in articular cartilage tissue regeneration in
a rabbit model with a full-thickness chondral defect because of the slower release of growth factor
from the hydrogel, with approximately 60% of cumulative drug release at 72 h, which supported the
viability and chondrogenic differentiation of mesenchymal stem cells in the defective site. The in vivo
evaluation of the rabbit model showed that the hydrogel treated animal group had no apparent
symptoms of chronic inflammatory responses after four weeks. All of the rabbits appeared with
a full range of motion in their knees at the end of the investigation. Caprini et al. [84] isolated M13
phage-displayed peptide, KLPGWSG, which could adhere on the surface of murine neural stem cells.
Subsequently, the research group designed a self-assembled KLPGWSG-based biomimetic hydrogel
with tunable visco-elastic properties for the regeneration of the degenerated nervous system. It was
discovered that the phage-based hydrogel favored cell adherence and differentiation in the range of
100-1000 Pa, suggesting that the elastic property of the matrix is a crucial factor in tissue regeneration.

2.4. Virus-Incorporated Organic-Inorganic Hybrid Nanocomposites

The interaction of organic and inorganic biocompatible materials in scaffolds bring about
significant impacts in biomedical applications. Cementum, classified as a hard mineralized tissue,
surrounds tooth root and has been a part of periodontal tissue that connects the tooth to the bone.
When an infectious biofilm adheres to tooth root, triggering periodontal disease, the tooth loss is
more enhanced. Gungormus et al. [85] demonstrated amelogenin-derived M13 phage-displayed
peptide controlled hydroxyapatite biomineralization for dental tissue regeneration. It was reported that
Amelogenin directed hydroxyapatite to form a protein matrix during the formation of enamel. Hence,
the research group synthesized the cementomimetic material by applying an aqueous solution of the
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amelogenin-displayed peptide on the human demineralized root surface to form a layer, which was
subsequently immersed into the solution of calcium and phosphate ions. Ramaraju et al. [86] isolated
M13 phage-displayed peptides to design a dual functional apatite-coated film for effective bone tissue
regeneration. They reported that one peptide sequence of the phage, VTKHLNQISQSY, had mineral
(apatite) binding affinity with 25% hydrophobicity, whereas another peptide, DPIYALSWSGMA,
had cell binding affinity with 50% hydrophobicity. Also, they discovered that the dual functional
apatite-based biomaterial could stimulate the adhesion strength of human bone marrow stromal cells
(hMSC) and subsequently increase cell proliferation and differentiation. Due to the mineral binding
affinity, the film provided a platform for the adherence of osteogenic cells with osteoconductive and
osteoinductive signals. Further, the biomimetic nanocomposite showed a greater extent of proliferation
of hMSCs with an elevated level of Runx2 expression when compared to biomimetic apatite without
functional peptides.

Wang et al. [58] prepared a 3D-printed biomimetic nanofiber with M13 phage-displayed RGD
peptides residing in the pores of the scaffold to enhance bone tissue regeneration. The nanocomposite
consisted of hydroxyapatite and tri-calcium phosphate showing an ordered pattern with interconnected
micro and macro scale pores, which are shown in the TEM micrograph (Figure 2f). The research group
implanted a MSC-seeded biomimetic scaffold into a rat radial bone defect and discovered that the
order of regeneration was found as follows: scaffold filled with modified phages > scaffolds filled with
wild-type phages > pure scaffold. He et al. [60] carried out a similar kind of research work, genetically
modifying M13 phage to express oligonucleotide encoding E8 and inducing self-assembly followed by
oriental mineralization to synthesize nanofibrous biomimetic materials under the influence of divalent
calcium ions. The resulting mineralized phage bundle has been shown in TEM micrography (Figure 2h).
Wang et al. [61] used Ca’" ions to prompt self-assembly of fd phage-based anionic nanofibers and
transform them into a bundle sheet (Figure 2i), which provided insights into biomineralization and
fabrication of organic—inorganic hybrid nanocomposites. The divalent ion-triggered bundle not only
acted as a biotemplate but also served as a Ca source to initiate the ordered nucleation and growth of
crystalline hydroxyapatite in the biological fluid.

3. Other Formulations of Virus-Based Nanocomposites with Different Biomedical Applications

Apart from tissue regeneration, virus-based biomimetic nanocomposites have traced their steps in
different biomedical applications, such as drug delivery, bioimaging, and biosensing. Wang et al. [87]
studied f8/8 phage-based polymeric micelles from the self-assembly of polymeric PEG- diacyl lipid
conjugates. These polymeric micelles were reported to have cell-targeting ability to release less
water-soluble drugs with more specificity towards breast cancer Michigan Cancer Foundation-7 (MCF-7)
cells. The non-toxic filamentous £88.4 bacteriophage viral nanoparticle, which was designed to display
a single chain antibody, delivered the vectors to the different regions of the brain in albino, laboratory-bred
nude mice (BALB/c), and hence was proposed for treating Alzheimer’s disease with early diagnosis [88,89].
Wang et al. [90] studied a M13 phage-displayed peptide with the sequence HSQAAVP to target fibroblast
growth factor 8b (FGF8b) to treat prostate cancer. The genetic level disturbances in homeostasis between
prostate epithelial and stromal cells cause prostate cancer. The major isotherm of fibroblast growth factor
8 is FGF8b, which is associated with the stages of prostate cancer and has been a potential target for
appropriate therapies. In this study, the research group revealed that the biomimetic material interrupted
FGF8b binding to its receptors, and thereby prevented FGE8b-induced cell proliferation. Furthermore,
they reported that the biomaterial had the potential to arrest the cell cycle at the phase G0/G1 by suppressing
cyclin D1 and proliferating cell nuclear antigens (PCNA).

Carrico et al. [43] chemically modified the amino acid residues present on the surface of filamentous
fd phage coat protein following a two-step transamination/oxime reaction for its potential use in
characterizing breast cancer cells. The research group discovered that the chemical reaction selectively
targets N-terminal groups but is not involved in transamination of lysine e-amines. They conjugated
PEG polymeric chains to the phage protein in order to reduce immunogenicity, decrease non-specific
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binding, and increase solubility in the aqueous environment. They observed that there were no
significant differences in either absorption or emission properties after fluorophores were labeled
with polymer conjugated phages. Fan et al. [91] isolated cyclic peptide CAGALCY from T7 phage
nanoparticles in order to target the pial microvasculature of the brain and inhibit platelet adhesion.
The presence of the bulky hydrophobic core, two cysteine residues at each end, and the tyrosine
residue at the carboxy terminus are considered as remarkable features for selectively binding the brain
microvasculature. When pharmacokinetic properties were assessed, the non-filamentous phage, T7,
showed a fast clearance rate from the blood with a half-life of 12 min, whereas the filamentous phages
M13 and fUSE5 had longer half-lives of 7 h and 9 h, respectively. To identify the specificity of the T7
phage-displayed peptide, they determined selectivity indices using plaque assay for various organs of
mice, including lung, liver, brain, kidney, colon, small intestine, and large intestine. The characterization
results exposed that T7 displayed peptide resided (accumulated) in the brain, with a selectivity index
of 1000, whereas other organs possessed low specificity for the peptide, with selectivity indices less
than 50.

Bean etal. [92] prepared a bacteriophage K (®K) by incorporating the virus into a photo cross-linked
hyaluronic acid methacrylate (HAMA)-based hydrogel that resulted in a material with antimicrobial
properties. The presence of two zinc finger genomes (CX;CXCX,C and CXp;CXp3CX;C) in the virus
caused it to be virulent against a wide range of infective Staphylococci. The secretion of hyaluronidase
enzyme-mediated S. aureus sensitizes HAMA and triggered degradation of the hydrogel, facilitating the
release of PK at a sustained level to inhibit bacterial growth effectively. This stimuli-responsive hydrogel
was shown to reduce pain, promote cell migration and tissue hydration in the wound site, and was
suggested for the application of dermal tissue regeneration. Schmidt et al. [93] identified two different
adenovirus phage-displayed peptides QTRFLLH and VPTQSSG to target neural precursor cells
(NPC) in the hippocampal dentate gyrus of adult mice through adenovirus-mediated gene transfer.
The peptides were found to be strongly internalized into NPCs when the investigated material was
added to neurosphere culture containing clusters of neural stem cells.

Kelly KA et al. [94] isolated high-throughput fluorochrome-labeled M13 phage particles (Ph.D. C7C
library) to rapidly identify ligands of biological interest in vivo using secreted protein acidic and rich in
cysteine (SPARC) molecules and vascular cell adhesion molecules-1 (VCAM-1). The engineered phage
particles led to higher sensitivity with an attachment of 800 fluorophores per phage. Wan et al. [37]
developed an f8/8 phage-based biosensor exploiting magnetoelastic wireless detection system.
The genetically modified phage-expressed peptide sequence EPRLSPHS on the surface of the target
biological agent, Bacillus anthracis spore. The resonance frequency of the sensor decreased gradually
depending on the binding agent on the surface. They reported that this affinity-based phage-displayed
biosensor exhibited more longevity activity as a diagnostic probe to target numerous agents with more
efficiency than antibody-based biosensors.

4. Conclusions and Perspectives

The potential application of virus-incorporated biomimetic nanocomposites in the form of
self-assembled nanoparticles, nanofibers, hydrogels, and organic-inorganic hybrids in the field of
tissue regeneration has been elucidated in this review. Though virus-based biomaterial has displayed
many beneficial properties, there are some issues to be addressed. (1) Many research groups have
expressed desired peptides on the surface of phage-based viral nanoparticles exploiting phage libraries.
However, whether the number of peptides exhibited by each nanoparticle is the same is questionable.
(2) Biodistribution of viral nanoparticles in different organs of animal tissues has been studied by
some researchers. Still, a comprehensive study to describe bioavailability must be demonstrated.
(3) It has been well documented that viral nanoparticles contribute to the enhancement in tissue
regeneration. However, a systematic study is required to explain the phases of tissue regeneration,
in which viral nanocomposites contribute more. (4) The viral nanocomposites in the form of polymeric
micelles, vesicles, and dendrimers are less formulated and have not been explored enough for
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the application of tissue regeneration. The following are suggestions for the future of this field.
(1) Sophisticated techniques and methodology to quantify the number of peptides expressed on each
phage particle. (2) Pharmacokinetic and pharmacodynamics studies to determine the required dosage
of viral nanoparticles in each organ type of tissue regeneration. (3) An extensive in vivo animal study
to show the influence of viral-based nanocomposites in each phase of tissue regeneration. (4) Successful
bioconjugation of viral nanoparticles with amphiphilic polymers or surfactants to design various
oil-in-water-type emulsions. We hope that the researchers with interdisciplinary backgrounds will
advance the field of tissue regeneration using viral-based biomimetic nanocomposites by considering
the problems and the concerned suggestions.
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Abstract: Glioblastoma is a particularly challenging cancer, as there are currently limited options
for treatment. New delivery routes are being explored, including direct intratumoral injection via
convection-enhanced delivery (CED). While promising, convection-enhanced delivery of traditional
chemotherapeutics such as doxorubicin (DOX) has seen limited success. Several studies have
demonstrated that attaching a drug to polymeric nanoscale materials can improve drug delivery
efficacy via CED. We therefore set out to evaluate a panel of morphologically distinct protein
nanoparticles for their potential as CED drug delivery vehicles for glioblastoma treatment. The panel
consisted of three different virus-like particles (VLPs), MS2 spheres, tobacco mosaic virus (TMV)
disks and nanophage filamentous rods modified with DOX. While all three VLPs displayed adequate
drug delivery and cell uptake in vitro, increased survival rates were only observed for glioma-bearing
mice that were treated via CED with TMV disks and MS2 spheres conjugated to doxorubicin, with
TMV-treated mice showing the best response. Importantly, these improved survival rates were
observed after only a single VLP-DOX CED injection several orders of magnitude smaller than
traditional IV doses. Overall, this study underscores the potential of nanoscale chemotherapeutic
CED using virus-like particles and illustrates the need for further studies into how the overall
morphology of VLPs influences their drug delivery properties.

Keywords: virus-like particles; glioblastoma; convection-enhanced delivery; tobacco mosaic virus;
bioconjugation; doxorubicin; drug delivery; protein-based nanomaterials; viral capsid

1. Introduction

Protein-based nanomaterials are a promising class of nanocarriers for drug delivery and diagnostic
applications. These materials are formed through the self-assembly of protein monomers into larger
nanoscale scaffolds of varying morphologies and properties [1-4]. Protein-based nanomaterials
and specifically virus-like particles (VLPs) based on naturally occurring viruses, have demonstrated
effectiveness in drug delivery and imaging applications [1-12]. Unlike other synthetic delivery vehicles,
such as polymeric micelles and liposomes, VLPs are homogenous in their size distribution and are
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produced by inexpensive recombinant expression [1,2]. Further, VLPs are degradable in the body
and have demonstrated few toxicity issues [1,5]. These protein-based nanomaterials also allow for
site-selective modification through amino acid mutagenesis of natural or noncanonical amino acids
into the protein backbone [6,13-15]. This site-selective conjugation allows for greater control over
the location and amount of cargo loaded onto the VLPs, which can have significant effects on cancer
targeting and delivery efficiencies.

Glioblastoma multiforme (GBM) is one of the deadliest and hardest to treat cancers, with over
17,000 new diagnoses per year [16]. While traditional small molecule chemotherapeutic approaches
have largely failed to treat GBM, many nanomaterial-based approaches are being developed to enhance
GBM treatment [16-20], although the reports of such approaches with virus-like particles is limited [21].
Alternative delivery routes are also being investigated for GBM treatment. Particularly, intratumoral
injection of chemotherapeutics via convection-enhanced delivery has seen success in enhancing GBM
treatment [22-24]. A constant pressure is maintained during the injection through a microfluidic
pump that creates a fluid convection to facilitate a homogenous diffusion of the drug molecule
throughout the targeted area [22]. After CED infusion, it is important for the chemotherapeutic
agent to remain in the tumor tissue. We therefore hypothesized that VLP nanocarriers might be
retained better in the tumor tissue after CED, as has been observed for polymeric constructs [22,25].
Additionally, the differing morphologies of VLPs could influence their tumor treatment efficacies
in complex ways. This may be particularly important when developing drug delivery systems for
glioblastoma treatment, as gliomas are known to form nanodimensional (50-200 nm) pores in their
associated vasculature [26,27]. These pores may critically influence nanoparticle extravasation in a
morphologically-dependent manner. Intriguingly, one report has noted differences in the pore sizes of
malignant and benign glioma [27].

To determine the efficacies of VLPs as nanocarriers for GBM treatment, a panel of distinct
VLPs was evaluated for their drug delivery potential. This panel consisted of a 27 nm MS2 sphere,
an 18 nm tobacco mosaic virus (TMV) disk and a 50 nm nanophage filamentous rod (Figure 1).
MS2 VLPs have been widely used by our lab and others as drug delivery and diagnostic nanocarriers,
as MS2 has a series of 2 nm pores along the surface that allow for interior capsid modification and
subsequent drug release [2,6,13,28,29]. While MS2 has been extensively studied, it has not been tested
for glioblastoma drug delivery. We recently reported a stable nanodisk composed of a double-arginine
mutant of the tobacco mosaic virus [30]. These TMV disks maintained their structural assembly
within all biologically-relevant conditions tested, which is uncommon for recombinantly expressed
TMYV mutants that lack their genomic material [31,32]. The TMV disks were further functionalized
with chemotherapeutic cargo to showcase their potential as drug delivery vehicles, as disk-shaped
nanomaterials have shown promise in other studies for their enhanced tumor accumulation and cell
penetration [33,34]. The last member of the VLP panel was a nanoscale variation of the filamentous fd
phage. The nanophage (NP) VLP was recently reported as a new potential nanocarrier [35] but has
not previously been functionalized and evaluated for its drug delivery potential. This panel therefore
encompasses disparate VLP morphologies, while maintaining relatively consistent dimensions of
15-50 nm. All three of the VLPs presented herein were functionalized with chemotherapeutic cargo to
evaluate the efficacies of our VLP panel for drug delivery in glioblastoma models.
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Nanophage

Figure 1. Panel of virus-like particles under evaluation. Three different nanocarriers composed of MS2
spheres, TMV disks and nanophage filamentous rods were tested to determine drug delivery efficacies.
Each VLP contains reactive handles for bioconjugation, such as cysteines (red), reactive amines (green),
or noncanonical p-aminophenylalanine moieties (purple).

2. Materials and Methods

2.1. Reagents and Instruments

Unless otherwise noted, reagents were purchased from Sigma (St. Louis, MO, USA) and
used without further purification. Sulfo-LC-SPDP was purchased from Thermo (Waltham, MA, USA).
Water was deionized using the NANOpure purification system (Thermo). N-methylpyridinium-4-
carboxaldehyde benzenesulfonate hydrate (Rapoport’s salt, RS) was obtained from Alfa Aesar
(Ward Hill, MA, USA). NAP desalting columns were purchased from GE Healthcare (Marlborough,
MA, USA). Spin concentrators with different molecular weight cutoffs (MWCO) were from
Millipore (Billerica, MA, USA). Aminophenol-PEGs-OMe [14], alkoxyamine-PEGs-OMe [36]
and DOX-EMCH [37] were synthesized as reported previously. EMEM media for cell culture
was purchased from ATCC (Manassas, VA, USA). MTS Assay ((3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)) was purchased from Promega
(Madison, WI, USA). Doxorubicin was purchased from Pfizer as a 2 mg/mL stock solution in saline.
Liposomal Dox was purchased from SunPharma (Mumbai, India) as a 2 mg/mL solution.

Liquid chromatography mass spectrometry (LC/MS) analysis was performed using acetonitrile
(Optima grade, 99.9%, Thermo Fisher), formic acid (99+%, Pierce, Rockford, IL, USA) and dd-H,O as
mobile phase solvents. Electrospray ionization mass spectrometry (ESI-MS) of proteins was performed
using an Agilent 1260 series liquid chromatograph outfitted with an Agilent 6224 time-of-flight (TOF)
LC/MS system (Santa Clara, CA, USA). The LC was equipped with a Poroshell 300SB-C18 (5 um
particles, 1.0 mm x 75 mm, Agilent) analytical column. Data were collected and analyzed using
Agilent MassHunter Qualitative Analysis B.05.00.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out on TRIS
gels in a Mini-Protean apparatus from Bio-Rad (Hercules, CA, USA) or on Bis-TRIS gels in a Mini Gel
Tank apparatus (Thermo), following the protocol from the manufacturer. The protein electrophoresis
samples were heated for 10 min at 95 °C in the presence of 3-mercaptoethanol to ensure reduction of
any disulfide bonds. Gels were run for 35-60 min at 150200 V in 2-(N-morpholino)ethanesulfonic
acid (MES)—SDS buffer to allow good separation of the bands. Commercially available markers
(Bio-Rad) were applied to at least one lane of each gel for assignment of apparent molecular masses.
Visualization of protein bands was accomplished by staining with Coomassie Brilliant Blue R-250
(Bio-Rad). Quantification of the degree of modification was obtained by imaging on a Gel Doc™ EZ
imager (Bio-Rad) and subsequent optical densitometry using the Image] (National Institutes of Health,
Bethesda, MD, USA) or Image Lab (Bio-Rad) software.
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UV-Vis spectrophotometer readings were carried out using a Cary 50 Bio Spectrophotometer
(Agilent, Santa Clara, CA, USA) or a NanoDrop 1000 (Thermo Scientific). Analytical size exclusion was
performed on an Agilent 1100 series HPLC equipped with a PolySep-GFC-P 5000 column (Phenomenex,
Torrance, CA, USA), at a flow rate of 1 mL/min. Incucyte live cell imaging (Essen Bioscience,
Ann Arbor, MI, USA) was used to monitor the cellular uptake of DOX-protein conjugates. An IVIS
50 Lumina imaging system (Perkin Elmer, Waltham, MA, USA) was used to measure in vivo and
ex vivo bioluminescence.

2.2. Protein Purification and Expression

MS2 and TMV proteins were expressed and purified using previously published
methods [15,28,30]. Nanophage was expressed and purified using an adapted method from a previously
published report [35]. All proteins were purified using anion exchange chromatography with a
diethylaminoethanol (DEAE) Sepharose column followed by size exclusion chromatography. Purity
was confirmed by SDS-PAGE, LC/MS and HPLC-SEC. Detailed protocols of nanophage expression
and purification are available in the Supporting Information.

2.3. Protein Modification

Protein modification reactions varied depending on the protein and the synthetic cargo.
Full modification protocols of each protein and each modification are available in the Supporting
Information. Typical modifications involved the use of 10 equiv maleimide, 40 equiv of isothiocyanate,
10-20 equiv of PEG and 1-2 equiv of DOX-EMCH. In the case of nanophage, the p8§ monomer of
the coat protein was the primary target for bioconjugation. All protein conjugates were purified via
elution through a Nap desalting column followed by multiple rounds of spin concentration with a
designated molecular weight cut-off (MWCO) that would allow for small-molecule flow-through but
prevent protein flow-through. Protein conjugates were characterized by a combination of LC/MS,
gel electrophoresis and HPLC-SEC (Supporting Figures S1-54).

2.4. Cell Culture

U87-MG human glioblastoma cells were obtained from the UC Berkeley Cell Culture Facility.
U87-MG human glioblastoma cells bearing the luciferase reporter (U87-Luc) were acquired from UCSF.
Cells were cultured in DMEM containing phenol red (ATCC, Manassas, VA, USA) or DMEM without
phenol red (Thermo, Waltham, MA, USA) with 10% fetal bovine serum (Omega Scientific, Tarzana,
CA, USA) and 1% penicillin/streptomycin (Thermo) at 37 °C and 5% COs.

2.5. Cell Viability Assays

U87-MG cells were trypsinized and diluted to a density of 50,000 cells/mL. An aliquot of 100 uL of
cell stock was placed in each well of a 96 well plate (Corning, Corning, NY, USA) for a density of
5000 cells/well. The plate was incubated at 37 °C, 5% CO; overnight. Following this, media was
removed from the plate and 100 uL of appropriate sample stocks media was added. The cells were
incubated at 37 °C, 5% CO; for 3 d. The media containing the sample was removed from the well
and 100 pL of MTS media (20% MTS in media) was added to each well and incubated for 1-3 h.
An Infinite 200 Pro plate reader (Tecan, Switzerland) was used to measure the MTS absorbance at
490 nm. Cell viability was calculated as an absorbance percent relative to the untreated cell control.
The experiment was performed in triplicate.

2.6. Cell Uptake Studies

Cell uptake studies were performed as previously described [30]. U87-MG cells were trypsinized
and diluted to a density of 50,000 cells/mL. An aliquot of 200 puL of cell stock was placed in a well of a
96 well plate (Corning) for a density of 10,000 cells/well. The plate was incubated at 37 °C, 5% CO, for
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48 h. Following this, media was removed from the plate and 200 uL of appropriate sample stocks
(standardized to 1 uM DOX) in phenol free media was added. The cells were incubated at 37 °C,
5% CO, for 48 h. Incucyte Zoom Live-Cell Analysis System (EssenBio, Ann Arbor, MI, USA) was
used to collect images every hour post incubation. Phase and green fluorescence images at 20x
magnification were collected, capitalizing on the intrinsic fluorescence of doxorubicin. The images
were processed using Incucyte Zoom proprietary software v.2016A and the Top-Hat background
subtraction algorithm (radius 10 um, threshold 0.5% of green calibration dye signal, GCU) was used to
define the boundaries of the cells (green objects). The mean fluorescence intensities of 4 images taken
in each well were plotted against the incubation time.

2.7. Tumor Growth and Survival Studies in Glioblastoma Models

All animal procedures were performed according to a protocol approved by the University of
California San Francisco Institutional Animal Care and Use Committee (IACUC). Five-week old
athymic (nude) female mice weighing 18-23 g were purchased from Simonsen Labs (Gilroy, CA,
USA). For tumor inoculation, 3 x 10° U87-Luc glioblastoma cells with luciferase reporter gene were
implanted intracranially [38].

Mice bearing U87-Luc intracranial tumors in sets of 9 animals per study group were injected via
convection enhanced delivery (CED) with 10 uL of PBS, DOX, Lipo-Dox, or VLP-DOX conjugates
in sterile saline, at day 11 post-implantation. CED infusion cannula were made with silica tubing
(Polymicro Technologies, Phoenix, AZ, USA) fused to a 0.1 mL syringe (Plastic One, Roanoke, VA,
USA) with a 0.5 mm stepped-tip needle that protruded from the silica guide base. Syringes were
loaded with the agents and attached to a microinfusion pump (Bioanalytical Systems, Lafayette, IN,
USA). The silica cannula attached with a infusion pump was lowered to a 4 mm depth through a skull
hole, which was made by skull puncture with a coordination of 3 mm to the right from bregma and
just on top of the coronal suture (the same region in the caudate putamen at which tumor cells were
injected). The agents were infused at a rate of 1 uL./min until a volume of 10 uL. had been delivered.
Cannulae were removed 5 min post completion of infusion.

Tumor size was monitored using the luciferase reporter system and measuring bioluminescence
on an IVIS 50 Lumina system (Supporting Figure S5). Mice were euthanized when tumor burden
reached levels determined by IACUC guidelines. Kaplan Meier survival curves were plotted based on
these survival points. Log rank tests were performed on the Kaplan Meier curves to gauge statistical
significance. When dividing mice into small and large tumor cohorts, a Bioluminescence Intensity
(BLI) of 107 was taken as the cutoff, as this was the standard midpoint across groups when assessing
tumor size prior to CED injection. Statistical comparison between small and large tumor cohorts was
performed using log rank tests of the Kaplan Meier survival curves for each cohort. A full listing of
tumor size in all mice that were sacrificed due to tumor burden is available in Supporting Figure S6.
Detailed side-by-side survival curves of key cohorts are available in Supporting Figure S7.

3. Results and Discussion

3.1. Chemical Modification of VLPs for Drug Delivery

In order to investigate the potential of our VLP panel as nanocarriers for glioblastoma treatment,
we synthesized a series of conjugates with the chemotherapeutic molecule doxorubicin (DOX).
Doxorubicin is an anthracycline antibiotic commonly used for the treatment of many types of
cancer. However, its systemic toxicity (especially cardiac toxicity) and poor penetration through
the blood-brain barrier limit its use in the treatment of brain tumors [16,39]. Several different
formulations of doxorubicin have been developed, including PEGylated liposomal doxorubicin
(Doxil) [40]. Unfortunately, none of these agents showed activity in clinical trials investigating its
use to treat brain cancer [16]. We hypothesized that VLP carriers could enhance the delivery of DOX
for glioblastoma treatment. By attaching doxorubicin to the protein scaffolds through acid-labile
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linkers, the release and distribution of DOX can be controlled to achieve more effective drug release
and tumor treatment.

The ketone moiety on DOX was modified via a condensation reaction with N-¢-maleimidocaproic
acid hydrazide (EMCH), as previously described (Figure S1) [30,37]. The maleimide moiety of
DOX-EMCH was reacted with thiol residues on MS2, TMV and Nanophage VLPs to produce
VLP-DOX conjugates (Figure 2). This modification was shown to retain the cytotoxic activity of
doxorubicin upon hydrolysis of the hydrazone linkage between EMCH and DOX, which releases
DOX in its native state. It is anticipated that the DOX will release upon endocytosis of the VLP-DOX
conjugates, as the late endosome and subsequent lysosome have internal pH in the range of pH 4.5-5.5,
which is sufficient to cleave the hydrazone linkage. For the nanophage, native Lys residues were first
converted to thiols using Traut’s reagent [41]. The VLPs were further modified with PEGsy, as this is a
standard modification for improving biodistribution and minimizing the immune response against
VLPs [3,4,28]. Additionally, VLP PEGylation helped improve the solubility of the protein constructs,
as DOX is a relatively hydrophobic molecule.

a
ﬁ\ W acnd labile PEGs
SH OH O N
H  DOX-EMCH PEG
EN ,(n,N » & Ln,N HO No, ____PEGw o]
N o ¥ N o ¥ ‘O‘O ; K Fe(CN)g OH
870 O OHO OMe 19pAF Oxtdaftve coupling
Q
c HN OH
Virus-like DOX DOX PEG PEG
Particle attachment site modification % attachment site modification %
MS2 spheres 87C (interior) 35% (63 per capsid) 19pAF (exterior) 70% (126 per capsid)
TMV disks 123C (exterior face)  30% (10 per capsid) N terminus (exterior edge) 50% (17 per capsid)
Nanophage rods Lys (exterior) 20% (20 per capsid) Lys (exterior) 15% (15 per capsid)

Figure 2. Doxorubicin (DOX) and PEG conjugation to virus-like particles for drug delivery studies.
(a) Bioconjugation scheme for the modification of MS2 with (a) DOX-EMCH and (b) PEG. DOX-VLP
conjugates contain an acid-labile hydrazone linkage, which is anticipated to cleave upon VLP
endocytosis and degradation. Modification schemes for TMV and nanophage are available in the
Supporting Information. (¢) Each VLP was modified with DOX-EMCH using maleimide addition to
cysteine residues (MS2, TMV) or to thiols synthetically installed onto lysine residues (nanophage) as
shown in Figure S1. All VLPs were modified with PEG using either oxidative couplings (MS2, TMV) or
NHS ester reactions (nanophage) to improve biodistribution.

3.2. Evaluation of VLP-DOX Conjugates In Vitro

After chemical modification, the VLP-DOX conjugates were evaluated for their effects on cell
viability. U87-MG glioblastoma cells were incubated with the agents at different concentrations for
72 h to allow sufficient time for DOX release from the VLP conjugates upon endocytosis and a cell
viability assay was performed (Figure 3). All nanocarriers showed a similar dose-response curve and
had comparable efficiency compared to the free drug, suggesting that the drug was released and was
able to reach the nucleus and induce cell death.
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Figure 3. VLP delivery of doxorubicin to U87-MG glioblastoma cells. U87-MG glioblastoma cells were
treated with varying amounts of VLP-DOX conjugates for 72 h. Significant cell death was observed for
all VLPs tested. Treatment with the VLPs alone displayed no toxicity (data not shown).

In order to understand the uptake kinetics of DOX conjugates in glioblastoma cells, cell uptake
was monitored using live cell imaging. Cells were incubated with VLPs bearing a standard dose of
1 uM DOX and images were collected every hour for 48 h to assess the rate of VLP-DOX accumulation.
Both MS2-DOX and TMV-DOX displayed fast uptake into cells, while the nanophage-DOX conjugates
displayed slower uptake in comparison (Figure 4). This may be due to different cellular uptake
efficiencies between nanoparticle morphologies, as has been observed previously [33,42-45]. Overall,
despite subtle differences in uptake kinetics and drug delivery efficacies, all three VLPs were
amenable to DOX modification and were able to deliver their chemotherapeutic payload in cell
culture effectively.
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Figure 4. VLP-DOX uptake into U87-MG cells at 48 h. Uptake kinetics of VLP-DOX conjugates
into U87-MG glioblastoma cells were monitored in the green channel to detect DOX fluorescence.
Data are presented with consistent scaling. Initial intensities are artificially high due to the presence of
autofluorescent compounds in the cell media. Upon photobleaching, the FLI drops to more accurate
baselines. Both (a) MS2 and (b) TMV demonstrated significant cellular uptake, while the uptake of (c)
nanophage (NP) was markedly slower. The TMV data appeared previously in reference [30].

3.3. Convection-Enhanced Delivery of VLP-DOX Conjugates

Each of the three VLP-DOX conjugates was evaluated for its ability to treat glioblastoma after
CED injection. VLP-DOX conjugates were compared to PBS, DOX and liposomal DOX (Lipo-DOX)
treatment via CED injection 11 days after intracranial tumor implantation (Figure 5). While the

31



Nanomaterials 2018, 8, 1007

payload of DOX per nanocarrier was variable, each glioma-bearing mouse was injected with a
standardized DOX payload of 20 ng/kg and tumor size was monitored via bioluminescence intensity
(BLI, Figure 5a). The tumor growth of MS2 and TMV-treated mice demonstrated some growth
inhibition, although the large variability in tumor reduction within groups led to no statistical
difference between treatment groups. Kaplan Meier survival analysis of treated mice suggested
improved outcomes for mice treated with TMV-DOX conjugates, as three out of eight mice survived
past 40 days, whereas for the PBS-treated group, no mouse survived past 34 days (Figure 5b). This is
particularly encouraging, as the CED injected dose of DOX was orders of magnitude lower than the
milligrams per kilogram of doxorubicin typically injected intravenously [18,46]. However, log rank
analysis of survival curves of TMV and PBS-treated mice did not demonstrate statistical significance
between the groups for the full set of animals (p = 0.052).
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Figure 5. Evaluation of VLP panel for glioblastoma treatment. MS2 spheres, TMV disks and nanophage
rods bearing DOX payloads of 20 ug/kg were injected via convection-enhanced delivery infusion
(CED) into U87-MG glioma-bearing mice. (a) Tumor growth analysis suggested modest tumor growth
inhibition from MS2 and TMV-treated groups. (b) Kaplan-Meier survival curves of mice with U87-MG
glioma. The survival curve results suggest improved efficacy with TMV-DOX treatment.

The glioma-bearing mice under study could be divided into two cohorts: one with small tumors
prior to CED injection and one with larger tumors. The cutoff between large and small tumor size
was determined by analyzing the bioluminescence intensities (BLI) of treatment groups and arriving
at a general midpoint of 107 BLI (Supporting Figure S6). This cutoff allowed for relatively even
distributions between large and small tumors within each treatment group, with the exception of
Lipo-DOX, which only had two large tumors within that group. Analysis of survival times between
large and small tumors within treatment groups revealed significant differences for MS2-DOX and
TMV-DOX treated groups (Supporting Figure S7), with smaller tumors responding better to the VLP
treatment (Figure 6). This analysis reveals that the size of the glioblastoma could significantly influence
the drug delivery efficacy of VLPs. This may be due to differences in VLP diffusion within large versus
small tumors, or due to vasculature differences between large and small tumors that could influence
drug delivery efficacies [47-49]. It is also possible that larger tumors would require higher injected
doses to reduce the tumor burden and increase survival times. Further analysis of these tumor size
cohorts revealed that both MS2-DOX and TMV-DOX treatments significantly increased the survival
times of small tumor-bearing mice, when compared to PBS controls, with TMV-DOX treatment
displaying the highest improved survival (Figure 6). Lastly, mice treated with MS2-DOX displayed
significantly improved survival rates when compared to DOX treatment alone. Taken together, these
findings underscore the potential of VLPs as nanocarriers for GBM treatment via CED, especially for
the treatment of smaller tumors and illustrate some of the morphological effects that are at play in
VLP drug delivery.
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Figure 6. Tumor size dependence of mouse response to VLP treatment. Treatment groups could be
divided into two categories based on tumor size as measured by bioluminescence intensity (BLI).
Small tumors (as defined by a BLI < 107 AU) showed significantly increased response to CED treatment
in the case of TMV and MS2 treated mice when compared to larger tumors (BLI > 107 AU). This BLI
cutoff led to a relatively even distribution of mice within each treatment group with the exception of
Lipo-DOX, where only two mice had large tumors. Both MS2-DOX and TMV-DOX treatment of small
tumors led to significantly enhanced survival when compared to PBS treatment. ** p < 0.05. *** p < 0.01
as measured by log rank test of survival points. See Supporting Information Figures S5-57 for the
tumor size and survival data for individual animals.

4. Conclusions

We present here an analysis of three morphologically distinct virus-like particles on their
ability to deliver drugs to glioblastoma. A panel of virus-like particles representing spheres,
disks and filamentous rods was modified with chemotherapeutic cargo and PEGylated via orthogonal
bioconjugation strategies. These VLPs were taken up into cancer cells and effectively released their
chemotherapeutic payload in cell culture. The VLPs were further tested in glioma-bearing mouse
models and showed significant differences in their efficacies for glioblastoma treatment via CED
injection. Importantly, glioblastoma-bearing mice treated with TMV-DOX demonstrated improved
survival. This is especially encouraging given the low dose of DOX delivered to the mice. Lastly, tumor
size dependence of mouse survival was observed for VLP-treated mice, indicating that the tumor
environment could have significant implications for GBM treatment via protein-based nanomaterials.
Future studies will focus on the evaluation of these VLPs in other tumor models to determine if
different tumor types require different VLPs for effective delivery of a chemotherapeutic payload.
These studies will help expand our understanding of the effects of virus-like particle morphology on
drug delivery, which may have significant implications in the growing field of nanomedicine and help
lead to the development of functional protein-based nanomaterials for cancer treatment.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2079-4991/8/12/1007 /
s1, Figure S1: Modification Scheme for TMV and Nanophage Conjugation, Figure S2: LC/MS characterization of
DOX-modified VLPs, Figure S3: HPLC-SEC of Nanophage-PEGs,-DOX, Figure S4: Protein gel characterization of
VLP-PEGs5-DOX conjugates, Figure S5: Individual tumor growth plots for each treatment group, Figure S6:
Tumor size distribution of glioblastoma-bearing mice and survival points, Figure S7: Kaplan Meier Survival
Curves of small and large tumor cohorts.
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Abstract: Incorporation of immunodominant T-helper epitopes of licensed vaccines into virus-like
particles (VLP) allows to harness T-helper cells induced by the licensed vaccines to provide
intrastructural help (ISH) for B-cell responses against the surface proteins of the VLPs. To explore
whether ISH could also improve antibody responses to calcium phosphate (CaP) nanoparticle
vaccines we loaded the nanoparticle core with a universal T-helper epitope of Tetanus toxoid (p30)
and functionalized the surface of CaP nanoparticles with stabilized trimers of the HIV-1 envelope
(Env) resulting in Env-CaP-p30 nanoparticles. In contrast to soluble Env trimers, Env containing CaP
nanoparticles induced activation of naive Env-specific B-cells in vitro. Mice previously vaccinated
against Tetanus raised stronger humoral immune responses against Env after immunization with
Env-CaP-p30 than mice not vaccinated against Tetanus. The enhancing effect of ISH on anti-Env
antibody levels was not attended with increased Env-specific IFN-y CD4 T-cell responses that
otherwise may potentially influence the susceptibility to HIV-1 infection. Thus, CaP nanoparticles
functionalized with stabilized HIV-1 Env trimers and heterologous T-helper epitopes are able to
recruit heterologous T-helper cells induced by a licensed vaccine and improve anti-Env antibody
responses by intrastructural help.

Keywords: nano-vaccines; HIV-1 Env trimers; B-cell targeting; intrastructural help

1. Introduction

The unique characteristic of HIV-1 to infect activated CD4 T-cells requires alternative vaccination
strategies that differ from the classical approaches used [1]. Polyfunctional serum antibodies against
envelope glycoprotein (Env) of HIV-1 correlate with spontaneous HIV-1 control by elite controllers [2]
and appear to be crucial for vaccine-mediated protection against HIV-1 [3-5]. However, limited
breadth, poor persistence of antibody responses to Env, and potential enhancement of susceptibility to
HIV infection by vaccine-induced HIV-specific T-helper cell responses compromise HIV-1 vaccines
previously designed for clinical trials [6,7]. Recently we demonstrated how T-helper cells induced by a
licensed vaccine against Tetanus toxoid (TT) can be harnessed to provide help for Env-specific B-cells
in mice immunized with HIV-1 virus-like particles (VLP) containing T-helper epitopes of TT [8]. This
“intrastructural help” [9] (ISH) can be explained by uptake of entire VLPs by Env-specific B-cells and
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subsequent presentation of epitopes from all proteins of the VLPs on their major histocompatibility
complex class II (MHC-II) molecules to harness corresponding T-cell help [8,10].

Biodegradable calcium phosphate (CaP) nanoparticles have several advantages compared to
biological and polymer-based nanoparticles and have been used for experimental vaccination during the
past decade [11]. Previously we designed CaP nanoparticles covered with a model antigen in order to
achieve efficient targeting and activation of cognate B-cells in vitro [12] as well as induction of humoral
immune responses in vivo [13]. In animal models, where CD4 T-cells were genetically non-reactive to
the surface antigen of the CaP nanoparticles, incorporation of the p30 peptide, a promiscuous (universal)
T-helper epitope from TT [14], overcame the lack of functionally active CD4 T-cell epitopes [13]. These
data indicate that CaP nanoparticle-based vaccines might be potentially used for improvement of
HIV-Env antibody responses by the ISH approach.

A gp160 precursor of HIV-1 Env is proteolytically cleaved into non-covalently linked gp120 and
gp41 subunits, which assemble into a trimer of heterodimers [15]. Historically, the initial candidate
vaccines for immunization with Env-based antigens used monomeric gp120 [16]. Recent advances
in design and manufacturing of soluble HIV-1 Env trimers stabilized in the closed pre-fusion state
provide an antigenic form of Env that induces Env antibodies recognizing the quaternary conformation
associated with neutralizing activity against autologous HIV-1 [15,16].

In this study, we therefore designed CaP nanoparticles with stabilized HIV-1 Env trimers coupled
to the surface and universal T-helper peptides of TT in the core. These nanoparticles were used to
demonstrate effects of ISH in mice previously immunized with a licensed vaccine against Tetanus toxoid.

2. Materials and Methods

2.1. Mice, Ethical Statement

Six- to eight-week-old female wild-type (wt) C57bl/6NRj (Bl6) mice (Janvier, Le Genest-Saint-Isle,
France), as well as mice with transgenic B-cell receptors (BCR) specific for HIV-1 Env (PGT-121 mice [17],
in-house breeding, kindly provided by Dr. M. Nussenzweig, The Rockefeller University, New York,
NY, USA) were used in this study. Mice were accommodated in the animal facility of the Faculty of
Medicine, FAU (Erlangen, Germany), in accordance with the national law and were handled according
to instructions of the Federation of European Laboratory Animal Science Associations. All animal
experiments were approved by an external ethics committee of the North Rhine-Westphalian Ministry
for Nature, Environment and Consumer Protection (license AZ 84-02.04.2014. A191) and confirmed by
the Government of Lower Franconia (license 55.2-2532-2-96).

2.2. Plasmids and VLP Production

The plasmid encoding for BG505 NFL2P gp140 [18] was used for expression and purification of
stabilized Env trimers (see 2.3). We introduced recombinant transmembrane (TM) and cytoplasmic
(CD) domains of the surface protein G from the vesicular stomatitis virus (VSV-G; GenBank Accession
Number: GU177825.1) downstream of the sequence encoding for the soluble Env protein to elicit
pseudo-typed, membrane-bound Env trimers (BG505 NFL2P gp140-GTMCD). We further introduced
the nucleotide sequence ttcaacaacttcaccgttagcttctggetgegegttccgaaagtttctgettcccacctggaa, that encodes
for the TT-derived peptide p30 (FNNFTVSFWLRVPKVSASHLE) into the Gag open reading frame
of the plasmid Hgpsyn [19] (Hgpsyn-TTp30) that contains the codon-optimized genetic information
for the HIV-1 structural precursor protein (Gag) and viral enzymes (Pol). The p30 sequence was
inserted between the p17 matrix protein and the p24 capsid protein. VLPs lacking Env (A-VLP), VLPs
bearing BG505 NFL2P gp140-GTMCD Env trimers on the surface (Env-VLP) and Env-VLP with the
Gag-p30 fusion protein inside (Env-VLP-p30) were produced by co-transfection of 293T cells with
equal amounts of the corresponding plasmids and purified as described previously [20].
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2.3. Production and Analyses of HIV-1 Env Trimers

2.3.1. Production of HIV-1 Env Trimers

The HIV-1 subtype A envelope protein BG505 NFL2P gp140 (Env) was used as the primary antigen.
In brief, this antigen consists of three heterodimeric gp120-gp41ecto subunits and was stabilized for
the soluble, trimeric conformation by truncation of the transmembrane and cytoplasmic domains,
introduction of a flexible linker (2 x G4S) between the globular gp120 subunit and the gp41 ectodomain
as well as a point mutation at amino acid position 559 (I559P) [18]. Env trimers were produced by
transfection of 293F cells at a density of 1.0 x 10° cells per mL with the plasmid encoding for BG505
NFL2P gp140 (1 ug/mL DNA). Linear polyethylenimine (PEI, Polysciences Inc., Warrington, PA, USA)
was used as transfection reagent in a threefold excess compared to the mass of DNA. Cell culture medium
was changed 6 h after the transfection. The supernatant was harvested after three days, sterile-filtered
and run over a lectin affinity column (Agarose-bound Galanthus nivalis lectin, Vector Laboratories
Inc., Burlingame, CA, USA). Env trimers were eluted using 1M Methyl-«-D-mannopyranoside and
concentrated with a 10 kDa Amicon cutoff filter (Sigma-Aldrich, St. Louis, MO, USA). Between
the centrifugation steps, buffer changes were performed by refilling with DPBS without bivalent
cations (Thermo Fisher Scientific, Waltham, MA, USA). The final Env concentration was determined
by photometric measurement with a nanodrop device (Thermo Fisher Scientific, Waltham, MA,
USA). As a control, we introduced a stop codon downstream of the flexible linker and deleted the
nucleotide sequence for the gp41 ectodomain in order to produce gp120 monomers. These proteins
were purified in the same way as described above for the trimers. All purified proteins were analyzed
by NativePAGE and western blot (WB). For the UV-Vis spectroscopy (see 2.4.4) Env trimers were
labelled with AlexaFluor®-488 fluorescent dye using a protein labeling kit (Thermo Fisher Scientific,
Waltham, MA, USA) following the manufacturer’s instructions.

2.3.2. NativePAGE Analysis of HIV-1 Env Trimers

The native conformation of Env trimers and monomers was addressed using the NativePAGE
system (Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s guidelines. In brief,
1 pg of each protein was mixed with G-250 additive and loaded onto a 4-16% Native Page Bis-Tris
gel. The proteins were separated according to their native size by gel electrophoresis. Afterwards,
excessive Coomassie stain was removed from the native gel by overnight fixation in 10% acetic acid
and 30% ethanol in ultra-pure H,O. Faint protein bands on the gel were then developed by staining
with silver nitrate using a Silver Stain Kit (Pierce Biotechnology Inc., Rockford, IL, USA).

2.3.3. Western Blot Analysis of HIV-1 Env Trimers

For the antigen-specific immunoblotting of purified Env, 1 pg of each soluble protein sample
or 300 ng Env on VLPs were mixed with house-made, reducing SDS sample buffer, boiled and then
loaded onto a 12% SDS gel. After gel electrophoresis, proteins were transferred onto a nitrocellulose
membrane which was subsequently blocked with 5% skimmed milk in DPBS supplemented with 0.1%
Tween20 (PBS-T). The blocked membranes were incubated with polyclonal goat anti-gp120 (Acris
Antibodies GmbH, Herford, Germany) and horseradish peroxidase-coupled secondary anti-goat IgG
antibody (Dianova, Hamburg, Germany) with multiple washing steps in between. The membranes
were finally developed with house-made ECL solution and protein bands were imaged using an
Advanced Fluorescence Imager (Intas, Gottingen, Germany).

2.4. Production of Calcium Phosphate Nanoparticles

2.4.1. Instruments

Dynamic light scattering (DLS) and zeta potential were measured with a Zetasizer Nano ZS
instrument (laser wavelength A = 633 nm, Malvern Instruments, Malvern, UK) with the Smoluchowski
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approximation. Data obtained from Malvern software were used without further treatment; the
particle size results refer to the z-average. Scanning electron microscopy (SEM) was performed with an
ESEM Quanta 400 instrument (FEI Co., Hillsboro, OR, USA) and gold/palladium-sputtered samples.
Calcium concentrations were measured by atomic absorption spectroscopy (AAS) with an M-Series
AA spectrometer (Thermo Electron Corporation, Schwerte, Germany). UV-Vis absorption spectra were
measured with a DS-11 FX+ spectrophotometer (“Nanodrop”, DeNovix, Wilmington, DE, USA) and a
Cary 300 Bio spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). Ultracentrifugation
was done at 20 °C with a Sorvall WX Ultra Series centrifuge (Thermo Electron Corporation, Schwerte,
Germany). Freeze-drying (lyophilization) was carried out with a Christ Alpha 2-4 LSC instrument
(Martin Christ GmbH, Osterode am Harz, Germany). The endotoxin concentration was measured with
an Endosafe Nexgen-PTS handheld spectrophotometer (Charles River, Boston, MA USA). Ultrapure
water (Purelab, ELGA LabWater, Celle, Germany) was used for all preparations. All nanoparticles
were prepared and analyzed at room temperature.

2.4.2. Synthesis of Calcium Phosphate Nanoparticles

The CaP nanoparticle synthesis was performed according to our previously described method [21].
In brief, aqueous solutions of calcium lactate (18 mM, pH = 10, p.a., Sigma-Aldrich Corp., St. Louis,
MO, USA), diammonium hydrogen phosphate (10.8 mM, pH = 10, p.a., VWR Life-Sciences) and
branched polyethyleneimine (PEI, Mw = 25 kDa, Sigma-Aldrich Corp., St. Louis, MO, USA) were
simultaneously pumped at a volume ratio of 5:5:7 mL during one minute into a stirred vessel with
20 mL of ultrapure water. The dispersion was stirred for 20 min. and the CaP/PEI nanoparticle
dispersion was used immediately for the following steps. For the synthesis of adjuvant-containing
nanoparticles, 1 mL CaP/PEI nanoparticle dispersion was mixed with aqueous solutions of either 60 puL
p30 peptide (1 mg/mL) or 40 uL CpG (1 mg/mL) under stirring, followed by 30 min. stirring at room
temperature (RT). The adjuvant loading was determined by measuring the residual concentration in the
supernatant by UV microvolume spectroscopy (“nanodrop”). For further surface modifications a silica
shell was added to the nanoparticles. To this end, 1 mL of either CaP/PEI or of adjuvant-containing
nanoparticle dispersion was added to a mixture of 4 mL ethanol (Fisher Chemicals, Hampton, NH,
USA), 5 puL tetraethylorthosilicate (TEOS, Sigma-Aldrich Corp., St. Louis, MO, USA) and 10 uL
aqueous ammonia solution (7.8 wt.%) and stirred for 16 h. After this time, the nanoparticles were
isolated by ultracentrifugation (66,000x g, 30 min, 20 °C) and redispersed with 1 mL ultrapure
water followed by ultrasonication (UP50H, Hielscher, Teltow, Germany, sonotrode MS7m cycle
0.8, amplitude 70%, 4 s). Silica-terminated calcium phosphate nanoparticles (CaP/PEI/SiO;) were
obtained. To prepare the thiol-terminated calcium phosphate nanoparticles a surface modification
with (3-mercaptopropyl)trimethoxysilane (MPS, Sigma-Aldrich Corp., St. Louis, MO, USA) was
performed. For this, 1 mL of CaP/PEI/SiO; nanoparticles was added to a mixture of 4 mL ethanol and
50 uL (3-mercaptopropyl)trimethoxysilane and stirred for 8 h. The nanoparticles were isolated by
ultracentrifugation (66,000x g, 30 min, 20 °C), redispersed with 1 mL H,O and ultrasonicated. After
this step, thiol-terminated calcium phosphate nanoparticles (CaP/PEI/SiO,-SH) were obtained.

2.4.3. Functionalization of CaP Nanoparticles with Env Trimers

The Env trimers (Mw = 140 kDa) were coupled to the nanoparticle surface via a
sulfo-SMCC cross-linker (sulfosuccinimidyl-trans-4-(N-maleimidomethyl)cyclohexane-1-carboxylate,
Merck, Darmstadt, Germany). One end of the linker reacts with the primary amines in Env and the
other end with the thiol groups on the nanoparticle surface. For this, 300 uL aqueous sulfo-SMCC
solution (1.78 mg/mL) were given to 600 uL Env in DPBS (1 mg/mL) and incubated for 2 h at 4 °C.
After incubation, the protein was purified from the unreacted cross-linker with a 3 kDa Amicon
ultracentrifuge filter (Merck, Darmstadt, Germany), following the manufacturer recommendations.
To attach the Env trimers to the nanoparticle surface, 330 uL activated protein (1 mg/mL) were given
to 4 mL CaP/PEI/SiO,-SH nanoparticle dispersion and incubated for 24 h at 4 °C. After this time,
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the particles were isolated by centrifugation at 21,000x g and 8 °C and washed once with 1 mL
H;O. Finally, the nanoparticles were redispersed in 4 mL H,O and ultrasonicated (UP50H, Hielscher,
sonotrode MS7m cycle 0.8, amplitude 70%, 4 s). The different syntheses were carried out with
sterile-filtered solutions.

2.4.4. CaP nanoparticle Characterization and Storage

For the final nanoparticle dispersion, an endotoxin quantification assay was performed with
an Endosafe Nexgen-PTS device. No endotoxin was detected in all synthesized nanoparticles
(<0.1 EU/mL). To calculate the number of nanoparticles per volume unit, the Ca2* concentration
was measured by AAS and then tentatively expressed as the most common calcium phosphate, i.e.,
hydroxyapatite, Cayg(PO4)s(OH);,. The nanoparticle concentration in 1 mL dispersion is calculated
from the measured calcium phosphate concentration and the density of hydroxyapatite (3140 kg/m?)
assuming a complete spherical morphology. Additionally, the number of Env units on the nanoparticle
surface was determined by UV-Vis spectroscopy with an AlexaFluor®-488 labelled Env protein and
UV microvolume spectroscopy (“Nanodrop”) (see [22] for typical calculation steps to obtain these data).
For storage and transportation, the nanoparticle dispersion was lyophilized according to our previously
reported protocol [23]. 20 mg D-(+)-trehalose dihydrate (Sigma-Aldrich Corp., St. Louis, MO, USA)
were added to 1 mL of the nanoparticle dispersions as cryoprotectant followed by shock-freezing
with liquid nitrogen and lyophilization for 72 h at 0.31 mBar and —10 °C. Immediately before the
application, the nanoparticles were redispersed in 1 mL ultrapure water and gently sonicated with an
ultrasonication bath.

2.5. B-cell Activation In Vitro

B-cells from wt Bl6 mice or PGT-121 BCR-transgenic mice were isolated from the spleen by
magnetic cell separation (Miltenyi Biotec, Bergisch Gladbach, Germany, #130-090-862,). 2.0 x 105 cells
were incubated with different concentrations of Env-coupled nanoparticles in U-bottom 96-well plates.
As controls, we additionally incubated B cells with soluble Env trimers, with Env-VLP (0.2 ug of
Env/mL) and with 2 pg/mL of LPS (Sigma-Aldrich, Corp., St. Louis, MO, USA). After 18 h incubation
at 37 °C and 5% CO,, cells were stained with Fixable Viability Dye (Thermo Fisher Scientific, Waltham,
MA, USA) and with antibodies against the B-cell surface antigen CD19 (Thermo Fisher Scientific,
Waltham, MA, USA) and the early activation marker CD69 (Thermo Fisher Scientific, Waltham, MA,
USA). B-cell activation in living B-cells was subsequently measured on a benchtop flow cytometer
BD™ LSR II (BD Biosciences, Franklin Lakes, NJ, USA) and analyzed with the FlowJo software (BD
Biosciences, Franklin Lakes, NJ, USA).

2.6. Analyses of In Vivo Induced Immune Responses

2.6.1. Immunization, Collection of Blood and Organ Samples

All immunizations were performed intramuscularly in both hind legs in Bl6 mice that were at the
age of 6-8 weeks by the time of the first injection. For the induction of intrastructural help, mice were
immunized on day 0 and day 28 with Tetanus toxoid vaccine (Tetanol®pur, GSK Vaccines GmbH,
Marburg, Germany) diluted 1:10 in sterile DPBS to induce CD4 T-cell responses against the TT peptide
p30 (ISH group) or with DPBS alone (control group). All mice were then boosted on day 56, day 84 and
day 112 with one of the following particle types: Env trimer-coupled CaP nanoparticles (Env-CaP);
Env-CaP with encapsulated p30 peptide (Env-CaP-p30); or Env-VLP-p30 with the membrane-bound
form of the Env trimer on the surface and the Gag-p30 fusion protein inside. To evaluate the influence
of encapsulated CpG as an adjuvant, mice were boosted thrice with Env-CaP-CpG particles in the
same immunization protocol as described above. The injection doses were normalized to 10 ug of Env
delivered with CaP nanoparticles and 300 ng of Env delivered with VLPs per mouse. To investigate
humoral immune responses against Env, blood samples were collected 2 weeks after each particle
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immunization. To investigate humoral immune responses against TT, blood samples were collected on
day 49. All blood samples were taken under isoflurane anesthesia from the retrobulbar venous plexus
with non-heparinized, single-use capillaries (minicaps®, Hirschmann, Eberstadt, Germany). Collected
blood samples were centrifuged for 5 min at 5000 rpm. The upper serum fractions were isolated and
stored at —20 °C. Mice were sacrificed on day 126 and spleens were isolated for further assessment of
the cellular immune response against both Env and p30.

2.6.2. Analyses of Humoral Immune Responses

Serum ELISAs to address the humoral immune response against Env were performed as described
previously [8]. Briefly, white opaque MaxiSorp 96-well plates (Greiner Bio One, Frickenhausen,
Germany) were coated with 100 ng Env trimer in coating buffer (0.1 M Nay;COj3, 0.1 M NaHCO3; in
H,0, pH 9.6) per well at 4 °C overnight. After 1 h blocking with 5% skimmed milk (diluted in DPBS
containing 0.05% Tween-20), the wells were incubated with serum from immunized mice diluted 1:1000
in 2% skimmed milk for 1 h at RT. Plates were washed and then incubated for 1 h at RT with 1:4000
dilutions of HRP-coupled secondary antibodies specific for different murine IgG subtypes as well as
total IgG (Southern Biotech, Birmingham, AL, USA). After thorough washing, serum binding was
detected by addition of ECL solution and measurement of the relative light units per second (RLU/s)
with an Orion microplate luminometer (Berthold Detection Systems GmbH, Pforzheim, Germany).

2.6.3. Analyses of Cellular Inmune Responses

For the analysis of the cytokine profiles of both Env- and p30-specific CD4 T-cells after
immunizations, we performed in vitro intracellular cytokine staining (ICS) of CD4 T-cells for interferon
gamma (IFN-y), tumor necrosis factor alpha (TNF-«) and interleukin-2 (IL-2), as well as cytokine
ELISA for IL-5. Isolated spleens were dissociated by using a gentleMACS™ Dissociator (Miltenyi
Biotech, Bergisch Gladbach, Germany) following the manufacturer’s guidelines. The cell suspensions
were run through 70 pm cell strainers. We removed erythrocytes by incubation with ACK lysis buffer
(150 mM NH4Cl, 10 mM KHCOg, 0.1 mM EDTA in H,O, pH 7.2) for 8 min at RT; the lysis reaction was
stopped by the addition of R10 medium (RPMI 1640, 10% FCS, 1% Penicillin-Streptomycin, 10 mM
HEPES, 2 mM L-glutamine, 50 uM 2-mercaptoethanol). The isolated splenocytes were washed twice by
centrifugation and resuspension in R10 and subsequently counted using a Countess Automated Cell
Counter (Thermo Fisher Scientific, Waltham, MA, USA ). Isolated splenocytes were seeded in 96-well
U-bottom plates (1.0 x 10° cells per well). For antigen-driven cytokine production by p30-specific
CD4 T-cells, splenocytes were re-stimulated with 5 ug/mL of p30 peptide. Since there is no identified
immunodominant MHC-II restricted Env peptides for Bl6 mice, we established a re-stimulation
protocol to induce Env-specific cellular responses. To this end, we purified PGT121 B-cells (see above)
and incubated them for 3 h at 37 °C with Env-VLPs containing 0.2 ug/mL Env or with the same amount
of A-VLP. Thereafter, the B-cells, that were supposed to take up the Env-VLP in a BCR-dependent
manner and subsequently present an array of different Env peptides to the CD4 T-cells, were washed
with R10 and added to splenocyte suspensions (1.5 x 10° PGT121 B-cells per well).

Intracellular Cytokine Staining

Antigen re-stimulated and unstimulated (control) splenocytes were incubated in the presence
of 2 ug/mL anti-mouse CD28 antibody and 3 ug/mL Brefeldin A (eBioscience, San Diego, CA, USA)
for 6 h at 37 °C and 5% CO,. After incubation, cells were washed with FACS buffer (1% FCS, 1 mM
EDTA in DPBS without bivalent cations) and stained with anti-mouse CD4 antibody (eBioscience,
San Diego, CA, USA) and Fixable Viability Dye (Thermo Fisher Scientific, Waltham, MA, USA). Then,
the cells were fixated with 2% paraformaldehyde in DPBS and subsequently permeabilized using
0.5% Saponin in FACS buffer and intracellularly stained with anti-mouse IL-2, IFN-y and TNF-«x
(eBioscience, San Diego, CA, USA). The cells were washed twice with permeabilization buffer and
twice with FACS buffer. The cytokine accumulation in the CD4 T-cells was then analyzed by flow
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cytometry. The background values of unstimulated cultures (A-VLP for Env) were subtracted for each
individual mouse.

Cytokine ELISA

Antigen re-stimulated and control splenocytes were incubated in the presence of 2 pg/mL
anti-mouse CD28 antibody for 60 h at 37 °C and 5% CO,. The culture media were harvested and the
IL-5 cytokine secretion was analyzed using a Mouse IL-5 ELISA kit (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. The background values of unstimulated cultures were
subtracted for each individual mouse.

2.7. Statistical Analysis

Statistical analyses were performed as indicated in the figure legends with the GraphPad Prism 7
software (Graphpad Software Inc., San Diego, CA, USA).

3. Results and Discussion

3.1. Production and Characterization of Soluble HIV-1 Env Trimers and Env-VLP-p30

For the coupling onto the surface of the CaP nanoparticles we needed faithful mimetics of the
HIV-1 Env spike. During the last decade, there were great efforts to create soluble Env trimers that
are stabilized in a closed pre-fusion conformation. This was achieved by truncation of the protein at
amino acid position 664 within the gp41 subunit as well as by the introduction of various stabilizing
mutations i.e., I559P [24].

In this study, we used an Env trimer that is derived from the membrane-embedded native form
(Figure 1A; left) of a subtype A HIV-1 isolate from an infected baby (BG505). In addition to the
modifications mentioned above, a flexible linker (2xG4S) was more recently introduced between the
gp120 subunit and the gp41 ectodomain to overcome the need for proper cleavage of the precursor
protein in order to receive stabilized well-folded proteins [18].

We expressed these Env trimers (BG505 NFL2P gp140) (Figure 1A, middle left) as well as
monomeric gp120 subunits (BG505 NFL2P gp120) (Figure 1A, middle right) in 293F cells and purified
them by Lectin affinity chromatography. The purified and concentrated proteins were analyzed on a
native gel followed by a silver staining. A prominent band at approximately 700 kDa represented the
globular native form of an Env trimer that is formed by three non-covalently assembled gp120-gp41ecto
(gp140) heterodimers (Figure 1B). Two minor bands showed a low percentage of gp140 dimers and
monomers. The purified gp120 resulted in two major bands on the native gel: a monomeric protein at
200 kDa and a gp120 dimer at 480 kDa that is formed by aberrant intermolecular di-sulfide bridges [25]
as well as a large aggregate fraction (Figure 1B). As expected, the expression of gp140 (but not of
gp120) results in the production of Env trimers, since the trimerization domain is located in the gp41
ectodomain and stabilized by the I559P mutation.

To compare intrastructural help for CaP nanoparticles side by side with that for HIV-1 VLPs,
we generated VLPs with a membrane-bound form of the stabilized Env trimer on the surface and
the TT-derived peptide p30 inside (Env-VLP-p30). In order to array stabilized BG505 NFL2P gp140
trimers on HIV-1 VLPs, the transmembrane and cytoplasmic domains of the vesicular stomatitis virus
G-protein (VSV-G) were fused to the open reading frame encoding Env. Figure 1C represents the BG505
NFL2P gp140-GTMCD expression construct and the corresponding protein (Figure 1A; right) has an
estimated size between 150 and 160 kDa. To produce HIV-1 VLPs that contain the p30 peptide of TT,
we inserted the coding sequence for the peptide in frame between the open-reading frame for matrix
and capsid of the HIV-1 structural Gag protein. Figure 1D represents the Hgpsyn-TTp30 construct.
Env-VLPs-p30 particles were produced by co-transfection of 293T cells with both the BG505 NFL2P
gp140-GTMCD and the Hgpsyn-TTp30 construct.
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The purified Env proteins as well as the produced Env-VLP-p30 particles were analyzed by Western
Blot under reducing conditions (Figure 1E). gp120 and gp140 were represented by prominent bands in
the respective sizes. The pseudotyped BG505 NFL2P gp140-GTMCD protein was approximately 150 to
160 kDa in size and, therefore, runs slightly higher than the soluble trimer (Figure 1E; upper panel).
In addition, three major Gag bands represent different states of the capsid maturation of the HIV-VLPs
(Figure 1E; lower panel).

These characterized Env trimers were further used for the coupling onto the surface of the
CaP nanoparticles.
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Figure 1. Production and characterization of soluble HIV-1 Env constructs and Env-p30-VLPs.
(A) Overview of different membrane-embedded and soluble Env constructs. The native BG505 gp160
(left), that is composed of three gp120 (grey) — gp41 (blue) heterodimers, has been used previously to
create a soluble stabilized recombinant trimer (BG505 NFL2P gp140; middle left) by truncation at amino
acid 664 and introduction of both a point mutation (I559P) indicated with an asterisk (*) and a flexible
linker (2xG4S). As a purification control, we produced a BG505 NFL2P gp120 monomer (middle right)
by truncation of the protein downstream of the flexible linker. A recombinant VSV-G transmembrane
and cytoplasmic domain (TM/CD; red) was introduced downstream of the gp41 ectodomain to create a
membrane-bound form of the stabilized trimer for production of Env-VLP-p30 particles (BG505 NFL2P
gp140-GTMCD; right). (B) Native PAGE of purified gp140 and gp120. Three gp140 molecules formed a
globular trimer molecule represented by a major band at 700 kDa. The gp120 subunit was expressed as
monomeric or dimeric proteins, but did not form trimers. (C,D) Schematic overview of the plasmids
used for Env-VLP-p30 production. (C) BG505 NFL2P gp140-GTMCD construct. Colors are matched to
their respective protein domains in Figure 1A. (D) Hgpsyn-TTp30 construct: the nucleotide sequence
for the p30 peptide was introduced between the HIV-1 p17 matrix protein and the spacer protein 1
followed by the capsid protein p24. (E) Reducing SDS-PAGE and Western Blot of purified soluble Env
proteins and Env-VLP-p30.
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3.2. Design, Production and Characterization of CaP Nanoparticles Functionalized with Soluble HIV-1
Env Trimers

Stable CaP nanoparticles were synthesized and the surface modified with soluble stabilized HIV-1
Env trimer proteins (Figure 1). The obtained nanoparticles had an average solid core diameter between
38-57 nm (as determined by SEM) (Figure 2) with a positively charged surface near +27 mV, due to
the stabilizing PEI polymer, and a hydrodynamic diameter between 300-400 nm. These parameters
make the nanoparticles suitable for cellular uptake [26]. The complete characterization data are shown
in Supplementary Table S1. For nanoparticles loaded with the T-helper peptide p30 or with CpG,
the load was absorbed onto the nanoparticle core before forming the external silica shell around it.

This coating provides protection to the internal loading but also permits a covalent surface modification
with Env [21].
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Figure 2. Scanning electron micrographs and dynamic light scattering (DLS) particle size distribution
of the prepared nanoparticles: (A) Env-CaP, (B) Env-CaP-p30, (C) Env-CaP-CpG.

To make the protein reactive to the thiol-terminated calcium phosphate nanoparticles Env was
activated with the crosslinker sulfo-SMCC by which the primary amines from the protein react with
the N-hydroxysuccimide group. In the protein, 33 lysine residues are expected to have the side chain
exposed to the solvent and can react with the NHS ester [27,28]. After the addition of the nanoparticles
the maleimide group at the other end of the crosslinker reacts with the thiol groups on the nanoparticle
surface to form a stable covalent bond between the nanoparticle and the protein.
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To determine the coupling efficiency of the Env proteins to the nanoparticles, an AlexaFluor®-488
labelled Env protein was used for the surface modification. After attaching this labelled protein,
the reaction yield was determined to 85% by UV-Vis spectroscopy. This factor was assumed to
calculate the concentration of Env after attaching the unlabelled protein under equivalent reaction
conditions. Additionally, a comparison for the Env concentration determined by nanodrop was
performed. The measured concentrations are shown in Supplementary Table S1. The Env concentration
determined by UV-Vis spectroscopy was used to calculate Env concentrations for all subsequent
nanoparticle preparations.

3.3. Antigen-Specific Activation of Naive B-Cells with Env-CaP Nanoparticles In Vitro

Previously we demonstrated in vitro that CaP nanoparticles functionalized with a monovalent
model antigen activated naive antigen-specific B-cells in a dose-dependent manner more efficiently
than the dissolved antigen alone [12]. In contrast to monomeric proteins, each stabilized soluble Env
trimer exposes up to 3 identical epitopes per molecule [29].

To investigate how the surface functionalization of CaP nanoparticle with stabilized HIV-1 Env
trimers influences the activation of naive Env-specific B cells, we incubated B-cells from transgenic
mice that express the human PGT121 antibody [30] as B-cell receptors (Env B-cells) with Env-CaP
and soluble Env trimers (Figure 3A). Env-VLPs served as a positive control for BCR-specific B-cell
activation [31]. The stimulation with LPS showed the total polyclonal capability of the B-cells to be
activated [32]. Within a concentration range of 8 ng to 200 ng of Env per 1 mL of culture medium,
Env trimers arrayed on the CaP nanoparticle surface were able to activate Env-specific B cells more
efficiently in a dose-dependent manner than soluble trimers in the same concentrations (Figure 3A).

Incubation of wt B-cells in the presence of Env-CaP nanoparticles, soluble Env trimers or Env-VLPs
did not reveal Env-specific early B-cell activation (Figure 3B). The polyclonal activation of wt B-cells
with LPS (comparable to those of Env-specific B-cells) indicated the functional activity of the wt B-cells
(Figure 3) and, therefore, clearly demonstrates that all experimental Env preparations used were free of
polyclonal activators. Our results are consistent with the data reported by Ingale et al., who showed
that HIV-1 trimer-conjugated liposomes activated Env-specific B-cells better than soluble trimers [33].

Thus, the surface functionalization of CaP nanoparticles with soluble HIV-1 Env trimers improved
the dose-dependent activation of naive Env-specific B-cells in vitro in comparison to soluble HIV-1
Env trimers alone.

3.4. Improvement of HIV-1 Env Antibody Responses by Intrastructural Help

To analyze the induction of anti-Env antibody responses in vivo, we applied Env-CaP nanoparticles
intramuscularly, as it was demonstrated to be the most appropriate way for the delivery of B- and
T-cell antigens with CaP nanoparticles into draining lymphoid organs [13]. In contrast to the
model antigen [13] in a highly reactive C3H mouse strain (as discussed in Reference [34]), Env-CaP
nanoparticles at a dose of 10 ug of Env protein per immunization induced poor anti-Env antibody
responses in Bl6 mice (Figure 4A, Env-CaP vs. naive).

Although Env-CaP nanoparticles are able to directly activate Env-specific B-cells in vitro (Figure 3),
the primary anti-Env antibody response in vivo is also dependent on CD4 T-cell help [35]. The low
magnitude of Env-specific IgG antibody responses induced with Env-CaP might be due to (i) a
suboptimal MHC-II restricted T-cell help [14] elicited by HIV-1 BG505 Env protein in Bl6 mice [36],
or (ii) suboptimal immunogenic capacities of Env-CaP (as discussed in [13]).

We have already demonstrated that the functionalization of CaP-HEL nanoparticles with the p30
peptide of TT (a universal T-helper epitope [14]) overcomes the lack of functionally active HEL-derived
CD4 T-cell epitopes in Bl6 mice [13]. The functionalization of Env-CaP nanoparticles with the p30
peptide increased the magnitude of the anti-Env IgG1 antibody response (Figure 4A, Env-CaP vs.
Env-CaP-p30), indicating an initially suboptimal MHC-II restricted T-cell help in mice immunized with
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Env-CaP. The anti-Env IgG2c antibody response, however, remained unaffected (Figure 4B, Env-CaP
vs. Env-CaP-p30).
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Figure 3. Activation of naive B-cells in vitro. Naive B-cells were isolated from PGT121 (A) or wt (B)
mice and stimulated with Env trimers (8, 40 or 200 ng of Env/mL), Env-CaP nanoparticles (8, 40 or
200 ng of Env/mL), Env-VLPs (200 ng of Env/mL), or LPS (2 ug/mL). After 18h incubation, the cells
were stained with a viability dye and with anti-CD19 and anti-CD69 antibodies. The histograms
represent the expression of CD69 on the surface of viable CD19-positive B-cells. The numbers on the
histograms indicate the percentage of the gated CD69-positive cells and medians of the total CD69
fluorescence intensity.

To further improve the Env-CaP-p30 induced anti-Env humoral immune responses, we recruited
pre-existing T-helper cells generated by the licensed Tetanol pur vaccine to provide ISH for Env-specific
B-cells. Mice previously vaccinated against Tetanus demonstrated significantly higher anti-Env
antibody responses after Env-CaP-p30 nanoparticle immunization, than the control animals injected
with DPBS instead of Tetanol pur (Figure 4A,B; Env-CaP-p30 vs. Env-CaP-p30 (ISH)). The in vitro
reactivation of p30-specific CD4 T-cells from the spleens of differently immunized mice revealed an
increase of potential heterologous T-cell help in the ISH group (Figure 4C-E). Intracellular cytokine
staining for the Thl cytokines [37] IFN-y (Figure 4C) and TNF-« (Figure 4D) showed a trend of being
more pronounced in the ISH group. The secretion of the Th2 cytokine [37] IL-5 after p30 reactivation
was significantly higher in the ISH group (Figure 4E). CD4 T-cells that produce either Th1 or Th2
cytokines support the generation of IgG2a (IgG2c in Bl6 mice) and IgG1 antibody subclasses in mice,
respectively [37,38]. The prominent Th2 cytokine profile of p30-specific CD4 T-cells is, therefore,
consistent with the predominant induction of the anti-Env IgG1 antibody subclass after immunizations
with Env-CaP-p30 nanoparticles (Figure 4A,B).
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Figure 4. Improvement of Env-specific IgG subtype responses after Env-CaP-p30 immunizations
by intrastructural help from Tetanus toxoid-specific T-helper cells. (A,B) IgG1 (A) and IgG2c (B)
Env-specific antibody responses were measured in sera from wt mice primed twice with DPBS or
Tetanol (ISH) and boosted 3 times with different CaP nanoparticles or Env-VLP-p30. (C,D) Percentages
of CD4 T-cells producing IFN-y (C) and TNF-« (D) from differently immunized wt animals after in vitro
re-stimulation with p30 peptide were measured by intracellular cytokine staining. (E) p30-specific IL-5
cytokine secretion as determined by ELISA. The columns represent the mean values of six animals
+ SEM. * p < 0.05; ** p < 0.001; *** p < 0.0005; **** p < 0.0001; one-way ANOVA with Tukey multiple
comparison post-hoc test.

Previously, we demonstrated ISH in mice immunized with Tetanol pur prior to administration of
HIV-1 derived VLPs containing different T helper epitopes of TT [8]. For direct comparison of the ISH
effects on the anti-Env antibody induction between the CaP nanoparticle platform and the HIV-1 VLP
system, we produced VLPs containing the p30 epitope of TT within Gag (Figure 1D) and presenting
stabilized BG505 Env trimers in a membrane-anchored form on their surface (Figure 1A,C). The VLP
antigen dosage was selected based on our previous studies [8,35] and was 0.3 ug of Env protein
per immunization. For the Env-VLP-p30 particles we observed intrastructural help (Figure 4A,B;
Env-VLP-p30 vs. Env-VLP-p30 (ISH)) in a magnitude comparable to the CaP nanoparticle platform
(Figure 4A,B; Env-VLP-p30 (ISH) vs. Env-CaP-p30 (ISH)).

Altogether, the incorporation of T-helper cell epitopes of non-HIV proteins into CaP nanoparticles
functionalized with HIV-1 Env trimers may allow the Env-specific B-cells to get T-cell help from
non-HIV specific CD4 T-cells via the ISH mechanism.

3.5. Distinct Effects of ISH and CpG-Adjuvants on the Induction of Env-Specific CD4 T-Cell Responses

Along with engaging the heterologous universal p30 T-helper epitope, functionalization of the
B-cell targeting CaP-nanoparticles with TLR-ligands significantly increased IgG antibody responses
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against a model antigen in mice [13]. The TLR9 ligand CpG demonstrated a number of advantages to
other TLR-ligands tested in the study (as discussed in Reference [13]). In addition, the CpG-based
adjuvant 1018 ISS [39] is already approved for clinical use.

To compare the improvement of antibody responses by CpG and ISH side-by-side, animals
previously immunized against Tetanus received either Env-CaP-p30 or Env-Cap-CpG nanoparticles.
Both Env-CaP-p30 and Env-Cap-CpG induced comparable total anti-Env IgG immune responses
(Figure 5A), although the anti-Env IgG subtype distribution varied between the groups (Figure 5B).
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Figure 5. Characterization of anti-Env immune responses after heterologous ISH and CpG adjuvantation.
(A) Env-specific antibody responses were measured in sera from wt mice primed twice with Tetanol
and boosted 3 times with either Env-CaP-p30 or Env-CaP-CpG. The columns represent the mean values
of six animals + SEM. **** p < 0.0001; one-way ANOVA with Tukey multiple comparison post-hoc test.
(B) Env-specific IgG1/IgG2c ratios of individual mice. The columns represent the mean values of six
animals + SEM. **** p < 0.0001; unpaired Student t-test. (C—E) Percentages of CD4 T-cells producing
IFN-y (C), TNF-« (D) and IL-2 (E) from differently immunized wt animals after in vitro re-stimulation
with Env-VLPs were measured by intracellular cytokine staining. The columns represent the mean

values of six animals + SEM. **** p < 0.0001; one-way ANOVA with Tukey multiple comparison
post-hoc test.

The efficacy of an HIV-1 vaccine, however, may not only depend on the strength of a protective
antibody response induced, but also on the magnitude of vaccine-induced immune mechanisms
increasing the susceptibility to infection. In particular, HIV-specific CD4 T-cell responses may increase
the susceptibility to infection by expanding the number of activated CD4 T-cells as targets for the HIV-1
infection [1,6,7,40]. We therefore also compared CD4 T-cell responses in both vaccine groups.
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In contrast to Env-CaP-p30 nanoparticles that recruit and support heterologous (non-HIV-1 specific)
T-cell help (Figure 4), Env-CaP-CpG nanoparticles might induce increased Env-specific CD4 T-cell
response as a result of TLR9 ligation in dendritic cells [41,42]. Indeed, the percentage of Env-specific
CD4 T-cells in the spleens of immunized animals that can be reactivated in vitro after Env-VLP exposure
was significantly higher in the Env-CaP-CpG immunized animals (Figure 5B-D). Reactivation of
Env-specific CD4 T-cells producing Th1l pro-inflammatory [43] cytokines IFN-y (Figure 5B) as well
as TNF-« (Figure 5C) and IL-2 (Figure 5E), a potent mitogen and growth factor for CD4 T-cells,
in mice from the Env-CaP-p30 (ISH) group was comparable to those in mice that received Env-CaP
or Env-CaP-p30 after DPBS injections. These results clearly demonstrated that ISH does not increase
expansion of Env-specific CD4 T-cells.

In non-human primate models of HIV/SIV infection, vaccinated animals with high numbers
of vaccine-induced IFN-y secreting T-cells were more susceptible to acquisition of challenge virus
infection than poor T-cell responders [7,40], indicating that CpG functionalization of Env-CaP vaccines
may potentially enhance the susceptibility to acquisition of HIV-1 infection in vaccinees.

Thus, the incorporation of T-helper epitopes of heterologous (non-HIV) proteins in Env-CaP
nanoparticles was able to increase the magnitude of anti-Env specific IgG antibody responses by ISH
without significant induction of Env-specific IFN-y producing CD4 T-helper cells. This suggests that
the ISH strategy for nanoparticle-based HIV-1 vaccines may allow to avoid induction of HIV-1 specific
CD4 T-cell responses suspected to enhance the susceptibility to HIV-1 infection.

4. Conclusions

We demonstrated that the incorporation of T-helper cell epitopes of non-HIV proteins into CaP
nanoparticles functionalized with HIV-1 Env trimers allows the Env-specific B-cells to receive T-cell
help from non-HIV specific CD4 T-cells via the ISH mechanism. In a mouse model, the Env-CaP-p30
nanoparticle-based vaccine was able to improve HIV-1 Env-specific antibody responses without
additional induction of HIV-specific CD4 T-cells suspected to increase the susceptibility to infection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/10/1389/s1,
Table S1: Characterization data of the synthesized calcium phosphate nanoparticles.
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Abstract: Core-virus like particles (VLPs) assembly is a kinetically complex cascade of interactions
between viral proteins, nanoparticle’s surface and an ionic environment. Despite many in silico
simulations regarding this process, there is still a lack of experimental data. The main goal of this
study was to investigate the capsid protein of hepatitis B virus (HBc) assembly into virus-like particles
with superparamagnetic iron oxide nanoparticles (SPIONs) as a magnetic core in relation to their
characteristics. The native form of HBc was obtained via agroinfection of Nicotiana benthamiana
with pEAQ-HBc plasmid. SPIONs of diameter of 15 nm were synthesized and functionalized
with two ligands, providing variety in (-potential and hydrodynamic diameter. The antigenic
potential of the assembled core-VLPs was assessed with enzyme-linked immunosorbent assay
(ELISA). Morphology of SPIONs and core-VLPs was evaluated via transmission electron microscopy
(TEM). The most successful core-VLPs assembly was obtained for SPIONs functionalized with
dihexadecyl phosphate (DHP) at SPIONs/HBc ratio of 0.2/0.05 mg/mL. ELISA results indicate
significant decrease of antigenicity concomitant with core-VLPs assembly. In summary, this study
provides an experimental assessment of the crucial parameters guiding SPION-HBc VLPs assembly
and evaluates the antigenicity of the obtained structures.

Keywords: virus-like particles; VLPs; hepatitis B virus capsid protein; HBc; viral self-assembly;
magnetic core; HBcAg

1. Introduction

Virus-like particles (VLPs) are non-infectious and non-replicating supramolecular assemblies
composed of single or multiple viral proteins, which closely resemble native virions [1]. VLPs display
a unique set of immunological characteristics that render them highly potent for vaccine development
such as: nanometer range size, multivalent and highly repetitive surface geometry, the ability to elicit
both innate and adaptive immune response [2]. Due to favorable surface morphology and a wide range
of possible modifications, VLPs have been successfully used as a platform for multivalent vaccine
creation [3-5]. Several VLP-based vaccines are currently commercially available (e.g., Cervarix®,
Gardasil®, Sci-B-Vac™, Mosquirix™) with more undergoing clinical trials [6]. VLPs’ applicability
is not limited to their immunogenic properties. Some of the use cases include: highly selective and
sensitive nanobiosensor for troponin I detection, light-harvesting VLPs for use in photovoltavic or
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photocatalytic devices, nanofiber-like VLPs for tissue regenerating materials, nanocontainers and
nanoreactors [7-11].

Hepatitis B virus (HBV) is an enveloped, icosahedral, cDNA virus that belongs to the
Hepadnaviridae family. The virion has a diameter of 42 nm and is composed of a lipid envelope with
hepatitis B virus surface antigen (HBsAg) and inner nucleocapsid consisting of hepatitis B virus capsid
protein—HBc (named also HB core antigen, HBcAg) [12]. HBc consists of 183-185 amino acids of
which 149 N-terminal amino acids form an assembly domain and 34 amino acids form C-terminal
arginine-rich domain (CTAD) required for the packaging of nucleic acid [13]. HBc is a homodimeric
protein that has the ability to self-assemble into icosahedral and fenestrated T = 4 (120 dimers) and T =3
(90 dimers) capsids with respective outer diameter of 34 and 30 nm [14]. T = 4 capsid is a dominant
product of a wild type HBc in vitro self-assembly (~95%) [15]. HBc capsid is highly immunogenic and
has been shown to induce both B- and T-cell response [16].

Superparamagnetic iron oxide nanoparticles (SPIONs) exhibit properties, such as high magnetic
susceptibility, high saturation magnetization and low toxicity [17-19]. Due to the aforementioned
properties, high-yield synthesis methods and a wide array of available surface modifications, SPIONs
can be utilized in: magnetic bioseparation, magnetic hyperthermia, targeted drug delivery, in
diagnostics as magnetic resonance imaging (MRI) contrast agents, etc. [20-23].

Introduction of SPIONS as the core of VLPs has been performed successfully with several viral
proteins of different origin [24-26]. Magnetic core adds a multitude of advantageous properties.
It allows for post-assembly magnetic bioseparation, which may be crucial for large scale production [27].
It also improves cellular uptake and magnetic relaxivities resulting in higher resolution MRI images,
which combined with in vivo tracking may provide essential data regarding VLPs biodistribution [28].
Functionalized core can act as a substitute for native nucleic acid, and therefore, govern the process
of protein recruitment and organization during self-assembly. Rational core design can be used to
facilitate the assembly and enhance such parameters as, e.g., physicochemical stability, mechanical
elasticity, capacity to withstand desiccation and long-term storage. On the other hand, HBc VLPs have
been shown to be potent epitope carriers [3,29].

In the study by Shen et al., HBc was genetically engineered into a truncated version, deprived of 34
C-terminal amino acids responsible for nucleic acid packaging. The removed part was replaced by six
consecutive histidine residues (His-tag). Fe3O4 nanoparticles functionalized with nickel-nitrilotriacetic
acid (nickel-NTA) chelate were used as the core. The VLPs assembly was driven by the affinity of
histidine tags to the nickel-NTA chelate [28]. This study prompted us to investigate whether native
HBc VLPs assembly can be successful, without resorting to genetic engineering of HBc protein.

The main objective of this study was to investigate whether provided SPION surface modification
is sufficient for SPION-HBc assembly. Even though HBc subunits exhibit an ability to assemble in
the absence of genetic material, electrostatic interactions between positively charged CTAD of the
capsid and negatively charged nucleic acid have a major influence on the assembly process [30].
Therefore, to mimic native electrostatic interactions, negatively charged ligands were chosen for
SPIONS functionalization: dihexadecyl phosphate (DHP) and PL-PEG-COOH. Both compounds were
successfully used in our previous study regarding the influence of ligand charge and length on the
assembly of Brome mosaic virus derived virus-like particles with magnetic core [31].

2. Materials and Methods

2.1. Reagents

Oleic acid (technical grade 90%), Iron (III) acetylacetonate (97%), Sodium chloride (99%),
Dihexadecyl phosphate (90%), 1-Octadecene (90%), 2-Butanol (95.5%), Trizma®hydrochloride (99%),
Calcium chloride (97%), Magnesium sulfate (99.5%), Glycine (99%), Glycerol (99%), Urea (98%),
2-(N-Morpholino)ethanesulfonic acid (99%), Sucrose (99.5%), Sigma-Aldrich (Poznan, Poland). Toluene
(99.5%), n-Hexane (99%), Chloroform (98.5%) and Hydrochloric acid (30-35%), Avantor (Gliwice,
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Poland). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy-(polyethyleneglycol)-2000]
(ammonium salt) (PL-PEG-COOH, 2000 Da PEG (99%), Avanti, Alabaster, AL, USA).
Snakeskin®Dialysis Tubing, 10K MWCO, 22 mm, Thermo Fisher Scientific (Waltham, MA, USA).
All chemicals were used as received. Water was purified with Hydrolab HLP5 instrument (0.09 uS/cm,
Straszyn, Poland).

2.2. Superparamagnetic Iron Oxide Nanoparticles (SPIONs) Synthesis

Spherical iron oxide nanoparticles were synthesized via thermal decomposition of iron (III)
acetylacetonate Fe(acac)s [32]. Briefly, 6 mmol of Fe(acac); and 18 mmol of oleic acid were dissolved
in 40 mL of 1-octadecene. The reaction was performed with continuous stirring and nitrogen flow.
Temperature of the solution was increased to 220 °C and maintained for 1 h. Subsequently, the
temperature was increased further to 320 °C and maintained for 1 h. After synthesis, the solution was
left to cool down to ambient temperature and 200 mL of washing solution (3:1 v/v of 2-butanol and
toluene) was added. The obtained mixture was placed on a neodymium magnet and left overnight
to allow nanoparticles to precipitate. Supernatant was discarded and replaced with fresh washing
solution. Sonicating bath was used to resuspend nanoparticles. The washing step was performed
thrice. In the final step, nanoparticles were suspended in 20 mL of chloroform. Concentration of the
nanoparticles was estimated by dried sample weighing.

2.3. SPIONs Functionalization

PL-PEG-COOH functionalization was performed as per a method published elsewhere [24], with
minor modifications. Briefly, 3.0 mg of PL-PEG-COOH were added to 5 mL of 1.0 mg/mL SPIONs
chloroform solution. The sample was briefly sonicated in a sonic bath and left open for chloroform
evaporation. The obtained waxy solid was heated for 1 min in an 80 °C water bath. The following
step was adding 5 mL of miliQ water and vortexing the sample to enhance micelles formation.
Subsequently, the sample was washed thrice with chloroform to remove unbound PL-PEG-COOH.
Finally, water phase containing functionalized SPIONs was collected and filtered through 0.22 um
pores. Concentration of the SPION-PEG nanoparticles was measured via thermogravimetric analysis
described below.

DHP functionalization was performed as per a method published elsewhere [31], with minor
modifications. Briefly, 10.0 mg of dihexadecyl phosphate were added to 20 mL of hexane and dissolved
with heat-assisted magnetic stirring (75 °C, ca. 10 min). After DHP dissolution, a chloroform solution
containing 10.0 mg of synthesized iron oxide nanoparticles coated with oleic acid was added. The
mixture was shortly sonicated and 80 mL of water were added. Subsequently, the obtained two phase
solution was briefly vortexed and sonicated until the water phase became turbid. In the next step,
the solution was placed in a sonicating bath for 3-4 h with no temperature control exercised. After
functionalization, the solution was left overnight to allow for phase separation. The Bobtom phase
was collected and placed near neodymium magnet for 24 h to separate functionalized nanoparticles
from the solution. The obtained precipitate was collected, suspended in 2 mL of miliQ water and
filtered through 0.22 um pores. Concentration of the SPION-DHP nanoparticles was measured via
thermogravimetric analysis described below.

2.4. Concentration Measurement via Thermogravimetric Analysis

Thermogravimetric analysis was performed to measure concentrations of the functionalized
SPIONSs. The analysis was performed on TGA 4000 System (Perkin Elmer apparatus, Waltham, MA,
USA). Briefly, a 20 uL sample was taken for measurement. Each sample was measured in triplicate. The
sample was heated from 20 to 150 °C at 10 °C/min in nitrogen atmosphere. The lowest mass was taken
as fully dried sample and used for further calculations. The obtained mass was normalized for 20 mg
of the initial sample mass. The mean of three measurements was calculated. Density was derived from
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weighing 5 x 15 L of the sample and dividing the mean mass by volume. Final concentrations were:
SPION-DHP = 3.52 mg/mL and SPION-PEG = 3.81 mg/mL.

2.5. HBc Production and Preparation

HBc was produced in plants via a transient expression system based on agroinfiltration. HBc
expression vector was constructed on the basis of pEAQ-HT plasmid, developed by Peyret and
Lomonossoff [33]. The coding sequence of HBcAg of 552 bp in length derived from HBV subtype adw4
(GenBank: Z35717), was cloned into the vector Age I and Xho I restriction sites using sites Age I and
compatible ends of Sal I, respectively, introduced by PCR using the following primers:

Forward: AACCGGTATGGACATTGACCCTTATAAAGAATTTG
Reverse: TGTCGACTGCAGTTAACATTGAGATTCCCGAGATTGAG

Complete vector pPEAQ-HBc was introduced into Agrobacterium tumefaciens EHA105 and LBA4404
strains via electroporation.

Agroinfection was performed with Agrobacterium strains grown overnight on selective liquid
LB medium supplemented with kanamycin (50 mg/1) and used to infiltrate leaves of 5-7 week-old
Nicotiana benthamiana plants, cultivated in growth chamber under 5-6 klx light intensity, 16/8 h
photoperiod and at a 22/16 °C temperature regime. Agrobacterium cells were centrifuged at 2000 g for
3 min at 4 °C and resuspended in MES buffer (10 mM 2-(N-morpholino)ethanesulphonic acid, 10 mM
MgSOy, pH 5.7) to optical density at a 600 nm wavelength (ODggp) 0.6 or 0.1 for infiltration by syringe
or exsiccator, respectively. Agrobacterium suspension, 0.5 mL per leaf, was injected with a syringe
into the bottom side of the leaves. Alternatively, whole plants were inverted and immersed in 2 L of
Agrobacterium suspension in exsiccator (Lab Companion VDP-25G, Seoul, Korea). Pump (AGA Labor
PL2, Poznan, Poland) was then applied to reach underpressure (—0.08 MPa) for approximately 1 min.
The vacuum was released and applied again to ensure infiltration of the whole leaves. After 10 days
following the agroinfiltration concentration of HBc in plant tissue reached approximately 1 mg/g of
fresh weight (data not shown). HBc was then extracted and partially purified using sucrose density
gradient as described previously [33]. The concentration of HBc directly after purification was fixed to
0.1 mg/mL. Prior to SPION encapsulation, HBc was diluted twice in a disassembly buffer.

2.6. SPION-HBc Preparation

VLPs were prepared in line with a slightly modified procedure described elsewhere [28].

HBc dissociation: 300 uL of 0.1 mg/mL HBc were diluted with 300 uL of denaturant solution
(5M urea, 300 mM NaCl, 100 mM tris-HCl) and incubated at 25 °C for 3h.

SPION-HBc assembly: The solution of dissociated HBc was divided into 100 uL aliquots (HBc
conc. 0.05 mg/mL). To each aliquot, functionalized SPIONs were added to a final concentration of
0.5, 1.0 and 2.0 mg/mL. Obtained solutions were dialyzed twice against 400 mL of assembly buffer
(150 mM NaCl, 10 mM CaCly, 1% w/v glycine, 10% v/v glycerol, 50 mM tris-HCl, pH = 8) for 24 h at
4°C.

2.7. VLPs Antigenicity

Antigenicity of HBc VLPs was assessed via enzyme-linked immunosorbent assay (ELISA). HBc
assembled with functionalized SPION-PEG and SPION-DHP at different concentrations (mg/mL) in
comparison to the standard protein (recombined in E. coli, Cat No. R8A120, Meridian Life Science Inc.,
Memphis, TN, USA). Antigenicity defined as absorbance at 405 nm of two-fold dilution series of VLPs
(from 1:160 to 1:81,920) and standard protein (from 0.5 to 0.004 pg/mL).

2.8. Statistical Analysis

Results of SPION-HBc formation were analyzed using a two-way ANOVA followed by a Duncan
test; differences were considered significant at p < 0.05. Statistical analysis was performed using the
Statistica 8.0 statistical software package (StatSoft Inc., Tulsa, OK, USA).
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2.9. Characterization Methods

Transmission electron microscopy (TEM) images were acquired with Hitachi TEM HT7700
microscope (Tokyo, Japan). Grids were made of copper coated with a carbon film, mesh 300. Samples
were prepared by placing 15 uL drop on the grid and draining the excess solution with blotting paper
and left for 15 min. to dry. Subsequently, samples were negatively stained with 10 uL of 2% uranyl
acetate. Particle size analysis was performed with free Image] software version 1.51w (NIH, Bethesda,
MD, USA).

Dynamic light scattering (DLS) and (-potential measurements were performed on Malvern Zetasizer
Nano ZS90 (Worcestershire, UK) in a Folded Capillary Zeta Cell DTS1070. Prior to measurement, samples
were briefly sonicated, diluted to optimal concentration and filtered with a 0.2 um syringe filter (Merck
Millipore, Burlington, MA, USA). Measurements were repeated in triplicate.

ELISA was performed on the assembled HBc VLPs, with or without SPION core. The assay was
performed in line with a procedure described previously [34]. MaxiSorp (NUNC) 96-well microplate
was coated overnight at 4 °C with of HBc-specific mAb (0.5 mg/mL) (Cat. No. C31190 M, Meridian
Life Science Inc., Memphis, TN, USA) in carbonate buffer pH 9.6. Each step following the coating was
preceded by three washes with PBST buffer (phosphate buffered saline with additional 0.05% v/v
Tween20, Sigma, Saint Louis, MO, USA). The coated wells were blocked for 1 h with 5% (w/v) fat-free
milk/PBS, followed by incubation with 100 pL of antibody solution for 1 h at 25 °C. The samples were
added to the PBS-filled wells and two-fold serially diluted. HBc produced in E. coli (Cat. No. R8A120,
Meridian Life Science) was used as the reference. Rabbit polyclonal PBST antibody specific to HBc (Cat.
No. LS-C67451/18649, Life Span Biosciences, Seattle, VA, USA) 0.125 mg/mL and goat anti-rabbit
whole-molecule polyclonal antibody AP-conjugated (Sigma) 1:10,000 dilutions were premixed and
added as the primary and secondary antibody. Finally, the substrate for alkaline phosphatase (pNPP,
Sigma) was added and the reaction was developed at 25 °C for at least 30 min. The absorbance was
measured at 405 nm using a microplate reader (Model 680, Bio-Rad, Hercules, CA, USA).

3. Results

3.1. SPIONSs Synthesis and Functionalization

Monodispersed superparamagnetic iron oxide nanoparticles (SPIONSs) of 15 nm diameter were
synthesized via thermal decomposition of iron (III) acetylacetonate Fe(acac); (Figure S1). The approximate
diameter of the HBc VLP internal cavity is 25 nm for the T = 4 particles and 21 nm for the T = 3 [14].
Therefore, both structures provide sufficient marginal space to accommodate the ligands. In order to obtain
negative surface charge, SPIONs were functionalized with short and long chain ligands: dihexadecyl
phosphate (DHP) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy-(polyethylene
glycol)-2000] (PL-PEG-COOH) (Figure 1a,b). Functionalized SPIONs will be denoted as SPION-DHP and
SPION-PEG, respectively.

DHP functionalization was performed according to our previously described method [31].
PL-PEG-COOH functionalization was achieved by a slightly modified protocol by Huan et al. [24].
Both SPION-DHP and SPION-PEG were analyzed via (-potential and dynamic light scattering (DLS)
measurements (Table 1). In both cases, functionalization is driven by hydrophobic interactions between
oleic acid residues present on the surface of as-obtained SPIONs and alkyl chains of the ligands. More
detailed characterization of both functionalizations can be found in our previous work [31].

Despite rather small differences in surface charge, hydrodynamic radius differs substantially.
Counterintuitively, long-chain PEG ligand provided smaller hydrodynamic radius than DHP, which
may be partially caused by differences in (-potential. Another plausible explanation is the interplay of
surface charge and multilayered micelle structure formation.
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Figure 1. Molecular structure of ligands used for superparamagnetic iron oxide nanoparticles (SPIONs)
functionalization. (a) dihexadecyl phosphate (DHP); (b) 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[carboxy-(polyethylene glycol)-2000] (PL-PEG-COOH).

Table 1. (-potential and hydrodynamic radius of the functionalized superparamagnetic iron oxide
nanoparticles (SPIONs) obtained by dynamic light scattering (DLS) (Figures S2 and S3).

SPION-DHP SPION-PEG

(-potential —44.0 £34mV —37.3£29mV
Hydrodynamic diameter ~ 53.75 4 1.93 nm 29.69 £ 1.57 nm

3.2. VLPs-SPION Assembly

The assembly rates and core encapsidation efficiency are strictly dependent on surface charge
density, capsid protein concentration and core/capsid protein stoichiometric ratio [35]. Therefore, HBc
concentration was fixed at 0.05 mg/mL while SPIONs concentrations were varied between: 0.05, 0.1
and 0.2 mg/mL. It is important to note that due to differences in ligands” molecular weight and probable
differences in functionalization densities, equal w/v concentrations of SPION-PEG and SPION-DHP
do not represent the same amount of particles in the solution. The most successful core-VLP assembly
was obtained at following concentrations: 0.2 mg/mL SPION-DHP and 0.05 mg/mL SPION-PEG
(Figure 2a,b).

TEM images were used to measure the diameter of the assembled VLPs. Mean diameter of
SPION-DHP-HBc was 28.4 & 1.2 nm while SPION-PEG-HBc mean diameter was 29.9 + 1.5 nm
(Table 2). The obtained measurements indicate that in both cases capsids assembled into T = 3
symmetry (native size of T = 3 capsid is 30 nm). Nonetheless, to assess the VLPs symmetry with
certainty, crystallographic studies would be required. The obtained results are concordant with
thermodynamic studies of nanospheres encapsulated in virus capsids reveling, in that core surface
charge and its radius determine the size of the capsid formed around the nanoparticle [36]. In this case,
despite T = 4 symmetry being a predominant form of in vitro HBc self-assembly (~95%), introduction
of SPION-DHP and SPION-PEG facilitated assembly into a smaller, presumably T = 3 form. This
may suggest that negative surface charge density was high enough to drive the assembly into less
energetically-favorable capsid morphology. Studying TEM images, SPION-DHP assembly displayed
higher efficiency than SPION-PEG and resulted in minority of empty capsids and unassembled
cores. In comparison, SPION-PEG assembly produced a multitude of empty capsids along with
unassembled cores.

Table 2. VLPs diameter measurements obtained from transmission electron microscopy (TEM) images.
Measured with Image] software.

SPION-DHP-HBc SPION-PEG-HBc

Diameter 284 +1.2nm 29.9 + 1.5 nm
Number of measured VLPs 41 19
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Figure 2. Transmission electron microscopy (TEM) images of the assembled VLPs with magnetic
cores, negatively stained with 2% uranyl acetate. (a) SPION-DHP-HBc VLPs obtained at 0.2 mg/mL
of SPION-DHP and 0.05 mg/mL of HBc; (b) SPION-PEG-HBc VLPs obtained at 0.05 mg/mL of
SPION-PEG and 0.05 mg/mL of HBcAg.

3.3. VLPs ELISA

Antigenicity of the obtained VLPs was assessed via ELISA (Figures 3 and S4). Despite unvaried
HBc protein concentrations, for all VLPs variants decreased signals of HBc detection in comparison
to control (initial HBc used) were observed, as well as some significant differences in signals among
VLPs variants were found. All concentrations of SPION-PEG displayed a decrease in signal intensity;
however, the differences between 0.05 and 0.1 mg/mL concentrations were not statistically significant.
Additionally, in comparison to analogous variants of SPION-DHP. For SPION-PEG, the highest
observed amount of core-VLPs was found at 0.05 mg/mL (Figure 2B), which also resulted in decreased
signal intensity, although insignificantly different from other SPION-PEG concentrations. Finally,
among all variants of SPION-HBc VLPs, the significantly lowest signal, 61.6% of HBc was recorded
for 0.2 mg/mL SPION-DHP, the same concentration at which the highest number of core-VLPs was
observed. The obtained results indicate that core introduction into HBc derived VLPs may decrease
antigenicity. This phenomenon could be explained by the proclivity of HBcAg to assemble into smaller
T = 3 capsids in the presence of the SPIONs, which in turn results in higher antigen density on the
VLPs surface and competitive binding of antibodies. A study by Wu et al. has shown that the amount
of antibodies bound to the capsid depends on its morphology and is significantly decreased for T = 3
capsids [37]. Moreover, steric hindrance has been proven to be a crucial factor for antibody binding to
surface antigens [38,39]. These results provide a great starting point for further investigations of the
relationship between core properties, capsid morphology, antigenicity and biological activity of the
HBc derived VLPs.
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Figure 3. (a) HBc re-assembly on SPIONs functionalized with DHP or PEG in different concentrations
(mg/mL) in comparison to the initial preparation of plant-derived antigen (100%). Statistically
significant differences marked by a letter indexes; (b) Scheme of enzyme-linked immunosorbent assay
(ELISA) test used for assay of VLP-assembled HBc and SPION-HBc VLPs. AP—alkaline phosphatase.

4. Discussion

Core-VLPs assembly, here SPION-HBg, is a kinetically complex cascade of interactions between
viral proteins, nanoparticle surface and an ionic environment. In silico modeling predicts that core
introduction provides a plethora of advantages such as increased assembly rates and efficiency over
wider set of conditions, stimulation of the assembly below critical subunit concentration (CSC),
possibility of templating VLPs morphology. Nonetheless, computational modeling results are not
always confirmed in experimental studies. For example, the predicted increase of assembly efficiency
driven by the increase of surface charge density has been overestimated in comparison to experimental
data [35]. Moreover, simulations predominantly assume cores geometry perfectly commensurate
with capsid interior. In our case, functionalized 15 nm SPIONs were not perfectly fitted into
the capsid, which could elicit the existence of kinetic traps, not predicted by the computational
studies [40]. The most successful core assembly was achieved at a 0.2/0.05 mg/mL core/protein
ratio with SPION-DHP. Slightly lower (-potential concomitant with larger hydrodynamic diameter in
comparison to SPION-PEG might indicate that surface charge density was higher in case of SPION-DHP.
SPION-PEG assembly at 0.05/0.05 mg/mL core/protein ratio resulted in partially successful core
assembly along with multitude of empty capsids and unassembled cores. This result indicates that
one or several assembly parameters were suboptimal; however, due to the complexity of the process,
we are unable to pinpoint the exact cause of lower efficiency. It is possible that interactions between
less negatively charged SPION-PEG and positively charged domains of the HBc were insufficient to
win competition over subunit-subunit attraction, resulting in the empty capsids. Additionally, it is
important to note that the ligands used differed in length which could also affect assembly kinetics.
In both cases, core introduction resulted in slightly smaller VLPs diameters even for T = 3 capsid
morphology, which could be attributed to more compact HBc dimer-dimer spacing resulted from
strong electrostatic core-HBc dimer interactions. This thesis stands in agreement with our experimental
data showing smaller core-VLPs diameters for lower values of the core’s (-potential (Table 2). VLPs
morphology driven antigenicity is a crucial aspect determining its potential application, especially
in the area of vaccinology. In that respect, our study demonstrated successful assembly together
with substantially retained HBc antigenicity, although decreased in comparison to native HBc protein
preparation containing mainly T = 4 capsids (Figure 3). This may indicate competitive binding of
antibodies and/or steric clashes due to increased antigen surface density, stemming from the decreased
VLPs diameter. Crucially, for many medical applications such as cell- or tissue-specific targeting,
decreased immunogenicity of core antigen may be desirable. Nonetheless, this theory requires more in
depth experimental investigation to be confirmed. Surface charge density is one of the most important
parameters guiding core assembly. However, it is not easily measureable by standard lab equipment,

62



Nanomaterials 2019, 9, 155

which impedes rational design of physicochemical properties of the core. Therefore, we propose
the use of -potential and hydrodynamic diameter, as two parameters encompassing surface charge
density. This approach would simplify and unify core’s surface electrostatic characterization, providing
more accessible tool for core-VLPs design.

5. Conclusions

This study provides an experimental assessment of the crucial parameters guiding SPION-HBc
VLPs assembly and evaluates antigenicity of the obtained structures. The presented results highlight
potential directions for further studies regarding the mechanism guiding HBc VLPs assembly with
metallic cores as well as their antigenic properties.
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Abstract: Neosporosis, which is caused by Neospora caninum, is a well-known disease in the veterinary
field. Infections in pregnant cattle lead to abortion via transplacental (congenitally from mother
to fetus) transmission. In this study, a N. caninum profilin (NcPROF), was expressed in silkworm
larvae by recombinant Bombyx mori nucleopolyhedrovirus (BmNPV) bacmid and was purified
from the hemolymph. Three NcPROF constructs were investigated, native NcPROF fused with an
N-terminal PA tag (PA-NcPROF), PA-NcPROF fused with the signal sequence of bombyxin from B. mori
(bx-PA-NcPROF), and bx-PA-NcPROF with additional C-terminal transmembrane and cytoplasmic
domains of GP64 from BmNPV (bx-PA-NcPROF-GP64TM). All recombinant proteins were observed
extra- and intracellularly in cultured Bm5 cells and silkworm larvae. The bx-PA-NcPROF-GP64TM
was partly abnormally secreted, even though it has the transmembrane domain, and only it
was pelleted by ultracentrifugation, but PA-NcPROF and bx-PA-NcPROF were not. Additionally,
bx-PA-NcPROF-GP64TM was successfully purified from silkworm hemolymph by anti-PA agarose
beads while PA-NcPROF and bx-PA-NcPROF were not. The purified bx-PA-NcPROF-GP64TM
protein bound to its receptor, mouse Toll-like receptor 11 (TLR-11), and formed unique nanoparticles.
These results suggest that profilin fused with GP64TM was secreted as a nanoparticle with binding
affinity to its receptor and this nanoparticle formation is advantageous for the development of
vaccines to N. caninum.

Keywords: BmNPV bacmid; nanobiomaterials; Neospora caninum; Neospora caninum profilin;
neosporosis; silkworm expression system

1. Introduction

Neosporosis is a disease caused by apicomplexan parasites such as Neospora caninum and Neospora
hugheshi[1]. Considering its morphology, N. caninum is quite similar to Toxoplasma gondii, so neosporosis
was misdiagnosed as T. gondii infection until 1988 [2]. Although the morphologies are quite similar,
these parasites are biologically different and are considered as zoonotic compared with toxoplasmosis
where it affects human, sheep and many other warm-blooded animals [3]. Neosporosis infection
occurs from unsporulated oocysts in feces followed by ingestion by the cattle, transformation from the
tachyzoites stage to the sporozoites stage and leading to neosporosis in the cattle [4]. Recrudescence
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of the infection occurs in pregnant cattle, where this parasite is transmitted from the placenta to the
unborn fetus and may lead to abortion [5,6].

N. caninum, a parasite of the phylum Apicomplexa, has been known as the etiologic agent of
neosporosis disease [5]. Apicomplexa contains specific organelles, micronemes, rhoptries, and dense
granules. Most of the specific antigen proteins are secreted from each organelle and are located
at the apical end of the N. caninum parasite and have been extensively studied as recombinant
vaccine candidates against N. caninum infection [7,8]. In our previous study, we demonstrated the
capability of baculoviruses displaying N. caninum-derived antigens, such as surface antigen 1 (NcSAG1),
SAGl-related sequence 2 (NcSRS2) and microneme protein 3, as an alternative method to control
neosporosis because the combination of three antigens could induce T-cell activation and interferon
gamma (IFN-y) production and suppress N. caninum infection in mice [9].

Profilin of N. caninum (NcPROF) is recognized and conserved as a vaccine candidate with high
potential against neospora infections [10]. Interestingly, profilin is known as a small actin-binding
protein located at the apical end of N. caninum tachyzoites and is essential for invasion of the host
cell by regulating the polymerization and depolymerization of actin filaments [11]. Furthermore,
Jenkins et al. [12] and Mansilla et al. [13] revealed that T. gondii profilin binds to Toll-like receptor
11 (TLR11) in mice and is responsible for activating dendritic cells and stimulating the release of
cytokines such as interleukin 12 (IL-12) and IFN-y. According to Innes et al. [14], some cytokines help
in controlling the infection by inhibiting parasite multiplication.

In this study, to produce recombinant NcPROF, the Bombyx mori nucleopolyhedrovirus (BmNPV)
bacmid-based silkworm expression system was used. The BnNPV bacmid-based silkworm expression
system contributes to several advantages for recombinant protein expression, such as low cost, ease of
treatment and high safety [15]. Previous studies of recombinant NcPROF have not dealt with the
expression fusion of the transmembrane and cytoplasmic domains of GP64 from BmNPV. Therefore,
to evaluate the expression and purification of fusion native NcPROF fused with an N-terminal
PA tag, fused with the signal sequence of bombyxin from B. mori (bx-PA-NcPROF) fused with
the transmembrane and cytoplasmic domains of GP64 from BmNPV (bx-PA-NcPROF-GP64TM),
NcPROF was expressed in two other NcPROF constructs, one fused with a PA tag (PA-NcPROF)
and PA-NcPROF fused with the signal sequence of bombyxin from B. mori (bx-PA-NcPROF).
The bx-PA-NcPROF-GP64TM was successfully purified from silkworm hemolymph and the binding of
bx-PA-NcPROF-GP64TM with recombinant mouse TLR11 (mTLR11), and the morphological analysis
of the nanoparticles were reported.

2. Materials and Methods

2.1. Construction of the Recombinant BmNPV Bacmid Containing NcPROF Constructs

The NcPROF gene (GenBank accession no. BK006901.1) was used to express recombinant NcPROF.
The bx-PA (Peptide tag, GVAMPGAEDDVV)-NcPROF-GP64TM gene was synthesized by GENEWIZ
Japan (Saitama, Japan) with the bombyxin signal peptide (bx) sequence (NCBI reference sequence
no. NP_001103771.1) at its N-terminus and transmembrane cytoplasmic domains of GP64 from
BmNPV (GP64TM) (GenBank accession no. BAF32568.1) at its C-terminus. The synthetic sequence
of bx-PA-NcPROF-GP64TM was digested using EcoRI (NEB, Tokyo, Japan) and NotI (NEB, Tokyo,
Japan) and was cloned into pFastBacl (ThermoFisher Scientific. K.K., Tokyo, Japan), resulting in
the construct pFast/bx-PA-NcPROF-GP64TM. The gene coding bx-PA-NcPROF was amplified by
polymerase chain reaction (PCR) using (bx-PA-NcPROF) with primer sets (Table 1). The amplified
gene was digested by EcoRI and Xhol and was cloned into pFastbacl, resulting in the construct
pFast/bx-PA-NcPROF. Additionally, pFast/PA-NcPROF and pFast/bx-PA-NcPROF were generated by
PCR amplification with primers listed in Table 1 and then underwent self-ligation. Subsequently,
the constructed pFast/bx-PA-NcPROF-GP64TM, pFast/bx-PA-NcPROF, and pFast/bx-PA-NcPROF were
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transformed into Escherichia coli BmDH10Bac, respectively, as described previously [15]. The white
colonies were identified as positive transformants containing each recombinant BmNPV bacmid.

Table 1. Primers used in this study.

Name 5 to 3’
pFastBacl
Forward 5 -TATTCCGGATTATTCATACC-3’
Reverse 5-ACAAATGTGGTATGGCTGATT-3’
NcPROF
Forward 5-GGACACAATCGGAGAGGACG-3’
Reverse 5-GTGCACACATGGTGATGTCG-3'
pUC/M13
Forward 5-CCCAGTCACGACGTTGTAAAACG-3’
Reverse 5-AGCGGATAACAATTTCACACAGG-3’
PA-NcPROF
Forward 5-GGCGTTGCCATGCCAGGTGC-3’
Reverse 5-CATGAATTCCGCGCGCTTCG-3'
Bx-PA-NcPROF
Forward 5-GCGCGGAATTCATGAAGATACTCCTTGCT-3"
Reverse 5-GCATGCCTCGAGTTAATAGCCAGACTGGTGAAGGTACTCG-3’

2.2. Expression of Recombinant NcPROF in Silkworm Larvae and Bm5 Cells

Each recombinant BmNPV bacmid DNA (10 or 20 ug) was mixed with 0.1% chitosan (ratio of
amino group to phosphate group 2) and 2% (w/v) of 2-(N-morpholino) ethanesulfonic acid (MES)
buffer [16]. The mixture of each recombinant BnNPV bacmid DNA was incubated at room temperature
(RT) for approximately 45 min before injection into the silkworm larvae. Subsequently, approximately
50 uL of the mixture was injected into a fifth instar silkworm larva (Ehime Sansyu, Ehime, Japan),
and the larvae were reared at 25 °C and 65 + 5% relative humidity with the artificial diet Silkmate
S2 (Nosan, Yokohama, Japan) for 6-7 day. The collected hemolymph was diluted with 10-fold of
phosphate-buffered saline (PBS, pH 7.4) and was injected again into fifth-instar silkworm larva and
reared for 4-5 d. The larval hemolymph was collected through cutting the caudal leg, was mixed
with 5 pL of 200 mM 1-phenyl-2-thiourea, and then was centrifuged at 10,000x g for 10 min at 4 °C.
The larval fat body was dissected in PBS mixed with 0.1% Triton-X 100 before sonication on ice with an
interval time of 15 s until the solution was clear and then it was centrifuged at 10,000x g for 30 min at
4 °C. For the expression of NcPROF in Bmb5 cells, diluted hemolymph containing recombinant BmNPVs
was added to the cultured Bmb5 cells in a 6-well plate at 27 °C in S£-900II medium (ThermoFisher
Scientific K.K.) supplemented with 1% antibiotic-antimycotic (ThermoFisher Scientific K.K.) and 10%
FBS (Gibco, Tokyo, Japan). The culture supernatant and infected-Bmb cells were collected at 3 d post
infection. The culture supernatant (culture media) was collected after centrifugation at 10,000x g for
10 min at 4 °C together with the same solution as the larval hemolymph. Infected-Bm5 cells were
mixed with the same solution and were subjected to the same treatment as the larval fat body, followed
by separation of cell lysate soluble and insoluble fractions after centrifugation. The supernatants of the
larval hemolymph, fat body, cell medium, cell lysate soluble, and insoluble were immediately frozen at
—80 °C until further analysis.

2.3. Purification of bx-PA-NcPROF-GP64TM from Silkworm Larvae

bx-PA-NcPROF-GP64TM was purified from silkworm larval hemolymph using anti-PA tag affinity
chromatography (WAKO Pure Chemical Industries, Osaka, Japan). Ten-times the diluted supernatant
of the hemolymph was mixed with anti-PA tag affinity beads and incubated at 4 °C for 24 h with gentle
agitation. Next, the beads were washed 10 times with Tris-buffered saline (TBS, pH 7.6), and the bound
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proteins were eluted with 0.1 M glycine-HCI (pH 3) and immediately neutralized with 1.5 M Tris-HCl
(pH 8.0). The elution was conducted at RT in a stepwise manner.

2.4. Ultracentrifugation Analysis of bx-PA-NcPROF-GP64TM, bx-PA-NcPROF, and PA-NcPROF

Two milliliters of crude hemolymph was mixed with 1 mL of PBS (pH 6.2). This mixture was
centrifuged at 100,000 g for 90 min at 4 °C, and the pellet was suspended in 1 mL of PBS (pH 6.2).
This suspension was sonicated to dissolve the pellet, and the suspension was collected and subjected
to western blotting.

2.5. Transmission Electron Microscopy Observation of bx-PA-NcPROF-GP64TM

Purified bx-PA-rNcPROF-GP64TM was analyzed through negative staining. The bx-PA-rNcPROF-
GP64TM (20 uL) drop was loaded onto the surface of film 200 mesh copper grid (Nisshin Em Co. Ltd.,
Tokyo, Japan) within 30 s at RT. Next, the grid was washed 3 times with PBS and negatively stained
with phosphotungstic acid (2% of v/v). To investigate the surface of the bx-PA-rNcPROF-GP64TM
nanoparticle, the sample on the grid was blocked in 2% (v/v) bovine serum albumin (BSA) for
approximately 5 min after washing with PBS 3 times. Next, the grid was incubated for 1 h at RT,
and then it was loaded onto the surface drop of rat anti-PA tag monoclonal antibody (NZ-1, 1:50
in PBS) (WAKO Pure Chemical Industries). After 1 h of incubation, the grid was washed 6 times
and was loaded onto the surface with goat anti-rat immunoglobulin G (IgG) (H+L)-conjugated with
12 nm gold beads (1:50 in PBS) (Jackson ImmnunoResearch Inc., West Grove, PA, USA) drops and was
incubated for 1 h at RT. Finally, the grid was washed 6 times with PBS, followed negative staining with
phosphotungstic acid (2% v/v). Images were acquired with a transmission electron microscope (TEM;
JEM-2100F; JEOL, Ltd., Tokyo, Japan) operated at 100 kV.

2.6. Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western Blotting

The collected larval hemolymph and extract of a fat body were used to confirm the expression of
recombinant proteins through SDS-PAGE (Bio-Rad, Hercules, CA, USA). The proteins were transferred
onto a polyvinylidene fluoride (PVDF) membrane using a trans-blot SD semidry transfer cell (Bio-Rad).
Next, 5% (w/v) skimmed milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBST) was used
to block the PVDF membrane for 1 h. Thereafter, the membrane was incubated with rat anti-PA tag
monoclonal antibody (NZ-1, 0.1 pg/mL) (Wako Pure Chemical Industries, Ltd.), followed by incubation
with horseradish peroxidase (HRP)-conjugated goat anti-rat IgG (H+L) (1:10,000) (Bios Antibodies Inc.,
Woburn, MA, USA) and development for 1 min with Immobilon western chemiluminescence HRP
substrate (Merck Millipore, Burlington, MA, USA). Stained proteins were detected using a molecular
imager VersaDoc MP imaging systems (Bio-rad).

2.7. Binding Assay of bx-PA-NcPROF-GP64TM with Mouse TLR11

The binding assay for purified bx-PA-NcPROF-GP64TM against recombinant mTLR11 Fc chimera
(R&D Systems, Minneapolis, MN, USA) was carried out by enzyme-linked immunosorbent assay
(ELISA). The binding assay was performed in 96-well plates coated with 50 uL/well of mTLR11
(100 ng/well) at 4 °C overnight. The plates were blocked with 100 uL/well of 2% skimmed milk in
PBS for 2 h at RT. After 2 h, the plates were washed 3 times with PBS with 0.1% Tween 20 (PBST).
The purified bx-PA-NcPROF-GP64TM with different concentrations (100, 300 and 500 ng/well) with
the 1 mM dithiothreitol (DTT) treatment and 100 ng without 1 mM DTT treatment was diluted in
blocking buffer in triplicate, followed by incubation for 2 h at RT. The plate was washed with PBST and
incubated for 2 h at RT with 50 pL/well of rat anti-PA tag monoclonal antibody (NZ-1, 1:1000 dilution).
Subsequently, the plates were washed again with PBST and were incubated for 2 h at RT with 50 puL/well
of HRP-conjugated goat anti-rat IgG (H+L) secondary antibody (1:5000 dilution). Next, the plates were
washed with PBST and developed by incubating with 50 uL/well of 3,3",5,5 -tetramethylbenzidine
(TMBZ) (Dojindo Co. Ltd., Kanagawa, Japan) for 20 min, followed by stopping the reaction with
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100 pL/well of stop solution (10% HSOy). Thereafter, 1 mM DTT and BSA (100 ng/well) were used
as negative controls. Finally, the absorbance of the mixture was measured using a microplate reader
(Model 680, Bio-Rad, Hercules, CA, USA) at 450 nm.

3. Results and Discussion

3.1. Expression of bx-PA-NcPROF-GP64TM, bx-PA-NcPROF, and PA-NcPROF in Silkworms

In this study, three NcPROF constructs were generated. PA-NcPROF has a PA tag sequence
at its N-terminus (Figure 1A), whereas bx-PA-NcPROF has the signal sequence of bombyxin from
B. mori at its N-terminus (Figure 1B). Meanwhile, bx-PA-NcPROF-GP64TM has the transmembrane
and cytoplasmic domains of GP64 from BmNPV at the C-terminus of bx-PA-NcPROF (Figure 1C).

PA-NcPROF

polh PA NcPROF

———>{ I

B bx-PA-NcPROF

polh bx PA NcPROF

———>{ 1 I

bx -PA-NcPROF-GP64TM

C

polh bx_PA NcPROF GP64TM

Figure 1. Constructs of native NcPROF fused with an N-terminal PA tag (PA-NcPROF) (A),
PA-NcPROF fused with the signal sequence of bombyxin from B. mori (bx-PA-NcPROF) (B) and
bx-PA-NcPROF with additional C-terminal transmembrane and cytoplasmic domains of GP64 from
Bombyx morinucleopolyhedrovirus (BmNPV) (bx-PA-NcPROF-GP64TM) (C). polh, polyhedrin promoter;
bx, bombyxin signal sequence; GP64TM, transmembrane and cytoplasmic domains of GP64 from
BmNPV; PA, PA-tag sequence.

The bombyxin signal peptide (bx) is responsible for the secretion of recombinant proteins to the
hemolymph of silkworm larvae [17,18]. The GP64TM were used as a fusion partner with NcPROF as a
target protein to be incorporated into the cell membrane [19]. All NcPROF constructs were observed
in both the fat body and hemolymph when they were expressed in silkworm larvae (Figure 2A).
PA-NcPROF, bx-PA-NcPROF, and bx-PA-NcPROF-GP64TM comprise 176, 195, and 226 amino acids,
respectively, and their estimated molecular weights are 19, 21, and 25 kDa, respectively. All NcPROFs
were expressed and verified intra- and extracellularly in Bm5 cells (Figure 2B). The molecular weight
of PA-NcPROF was approximately 25 kDa by western blotting.
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Figure 2. Western blot analysis of bx-NcPROF-GP64TM, bx-NcPROF and NcPROF expressed
in silkworm larvae (A) and Bmb5 cells (B). Recombinant BmNPV/bx-PA-NcPROF-GP64TM,
BmNPV/bx-PA-NcPROF or BmNPV/PA-NcPROF were injected into the silkworms, followed by
harvesting at 5 d post injection. Bmb5 cells were harvested at 3 d post infection of the indicated
recombinant BmNPV. Lanes M, 1, 2, 3 and 4 in (A) denote the molecular marker, mock,
bx-PA-NcPROF-GP64TM, bx-PA-NcPROF, and PA-NcPROF, respectively. Lanes M, CM and CL in (B)
denote the molecular marker, protein samples from cell medium and cell lysate, respectively. Upper,
middle and lower arrows in (A,B) indicate bx-NcPROF-GP64TM, bx-NcPROF and NcPROF, respectively.

The molecular weight of native NcPROF in this study was similar to that of full-length profilin
expressed in E. coli (22 kDa) [12]. This finding suggests that PA-NcPROF expressed in silkworm
larvae may be not modified posttranslationally. bx-PA-NcPROF was observed in the fat body and
hemolymph at 25-30 kDa as a large obscure band that appeared as two bands. The molecular
weight of the lower band was the same as that of PA-NcPROF and that of the upper band was
larger than that of PA-NcPROF. This finding suggests that bx-PA-NcPROF may be partially modified
posttranslationally after the cleavage of the bombyxin signal peptide. In fact, N128 was predicted as
an N-glycosylation site estimated by NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/).
The bx-PA-NcPROF-GP64TM product was observed at 3040 kDa by western blotting. Interestingly,
bx-PA-NcPROF-GP64TM was observed in the hemolymph and culture medium although it was fused
with the transmembrane domain of GP64. In our previous report, N. caninum-derived antigens NcSAG1
and NcSRS2 fused with the transmembrane and cytoplasmic domains of GP64 were not observed
in hemolymph [9]. In this study, bx-PA-NcPROF-GP64TM was secreted into hemolymph, in part,
and the culture medium from Bmb5 cells. It has been reported that profilins of T. gondii and Babesia
canis were partially secreted even though no signal peptide is predicted in these genes [20,21]. In this
study, NcPROF was also secreted regardless of the addition of the signal sequence. To investigate
N-glycosylation of the N-glycan of three NcPROFs, PNGase F treatment was carried out (Figure S1).
Molecular weight of each NcPROF was not changed between before and after the PNGase F treatment,
indicating no N-glycan was attached into the three NcPROFs. These results suggest that the two bands
of bx-PA-NcPROF did not come from its N-glycosylation. Hence, it showed that the bx-PA-NcPROF
and bx-PA-NcPROF-GP64TM were not posttranslationally modified with an N-glycan in endoplasmic
reticulum even though these proteins have the bx signal peptide. In addition, the discrepancy of the
molecular weight of each PROF to its estimated that was not caused by the N-glycosylation. In nature,
estimated pl of this NcPROF is around 4.89, which may have influence on the mobility of NcPROFs on
the SDS-PAGE gel [22]. In addition, the negative charge of acidic residues may create repulsion and
this repulsion caused the anomalous migration of protein in SDS-polyacrylamide gels [23]. This may
be the reason why the molecular weight of bx-PA-NcPROF-GP64TM was increased.

The expressed NcPROFs in the Bm5 cell culture broth were further investigated by ultracentrifugation
(Figure 3). It showed that PA-NcPROF and bx-PA-NcPROF were not precipitated by ultracentrifugation
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(100,000x g), while bx-PA-NcPROF-GP64TM was pelleted. Normally, transmembrane proteins are
anchored in the membrane fraction of cells and are not easily secreted. However, glycoproteins from
some viruses are secreted and are partially incorporated into extracellular vesicles when they are
overexpressed [24,25]. Moreover, the transmembrane and cytoplasmic domains of GP64 from BmNPV
facilitated the display of recombinant proteins on BmNPV particles. These findings suggest that
bx-PA-NcPROF-GP64TM was secreted as nanoparticles or by display on the envelope of BmNPV particles.

Supernatant Pellet
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Figure 3. Western blots of soluble and insoluble fractions from the Bmb5 cell culture supernatant.
The culture supernatant containing bx-PA-NcPROF-GP64TM, bx-PA-NcPROF or PA-NcPROF was
centrifuged at 100,000 g, and the pellet was resuspended in 1 mL of PBS. Lanes M, 1, 2, 3 and 4 denote
the molecular marker, mock, bx-PA-NcPROF-GP64TM, bx-PA-NcPROF and PA-NcPROF, respectively.
Upper, middle and lower arrows indicate bx-NcPROF-GP64TM, bx-NcPROF and NcPROF, respectively.

bx-PA-NcPROF-GP64TM was then purified from silkworm hemolymph using anti-PA tag agarose.
As shown in Figure 4A, bx-PA-NcPROF-GP64TM was successfully purified as a single band in
SDS-PAGE and was further verified by western blotting (Figure 4B). This finding indicates that
bx-PA-NcPROF-GP64TM does not display on the surface of BmNPV particles because no band was
observed in the purified sample except for bx-PA-NcPROF-GP64TM. These results suggested that
bx-PA-NcPROF-GP64TM forms only some nanoparticles and can be secreted into hemolymph and
the culture broth. The yield of purified NcPROF-GP64TM was approximately 14 pg from 3 mL of
larval hemolymph.

Interestingly, PA-NcPROF and bx-PA-NcPROF could not be purified from hemolymph using
the same protocols as bx-PA-NcPROF-GP64TM. From the results, it was demonstrated that, without
modification of the transmembrane region at the C-terminus for both constructs, bx-PA-NcPROF
was only slightly purified and PA-NcPROF was almost impossible to be purified from hemolymph
(Figure S2) although a portion of bx-PA-NcPROF was secreted into hemolymph compared with
bx-PA-NcPROF-GP64TM (Figure 2A). However, when 0.5% (w/v) nonyl phenoxypolyethoxylethanol
(NP-40) was added, both bx-PA-NcPROF and PA-NcPROF could be purified from hemolymph and
showed positive bands at 30 kDa and 25 kDa, respectively (Figure S2), suggesting that bx-PA-NcPROF
and PA-NcPROF were aggregated abnormally and the aggregates were dissolved with NP-40.
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Figure 4. (A) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and western
blot under reducing conditions. (B) SDS-PAGE of purified bx-PA-NcPROF-GP64TM from hemolymph
using anti-PA tag affinity chromatography. M indicates the molecular weight marker; arrows indicate
the recombinant bx-PA-NcPROF-GP64TM band.

3.2. Binding Assay of bx-NcPROF-GP64TM with mTLR11

Recently, it was reported that TLR is responsible for parasite recognition and the induction of
cytokines in T. gondii [26]. NcPROF induces limited protection and the T-cell response in mice [13].
In this study, NcPROF expressed in silkworms was investigated to determine whether it binds to
recombinant mTLR11. The binding of purified bx-NcPROF-GP64TM to mTLR11 was not clearly
observed compared with that of the negative control. Because bx-PA-NcPROF-GP64TM formed
multimers under nonreducing conditions, DTT was then added to purified bx-PA-NcPROF-GP64TM
before ELISA (Figure 5A,B). As shown in Figure 5C, the specific binding was enhanced by an increment
of almost 72.7% after DTT treatment and simultaneously increased the binding ability when different
concentrations (100, 300, 500 ng/well) were challenged. Hence, it suggests that bx-PA-NcPROF-GP64TM
expressed in silkworm larvae is functional. These results indicate that multimer formation might
prevent bx-PA-NcPROF-GP64TM from binding to mTLR11. Similar to the results of a previous study,
Hedhli et al. [27], showed that PROF of T. gondii secreted into Drosophila S2 cell broth with the signal
sequence of insect binding immunoglobulin protein (BiP) enhanced the cellular and humoral responses
in mice after DTT treatment. These results indicate that bx-PA-NcPROF-GP64TM was secreted through
the secretory pathway in the host and irregular disulfide bonds were formed in the endoplasmic
reticulum. In nature, NcPROF does not have the signal peptide at its N-terminus and does not enter
the endoplasmic reticulum [20,28].
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Figure 5. Western blots under reducing conditions (A) and nonreducing conditions (B) of purified
bx-PA-NcPROF-GP64TM. (C) enzyme-linked immunosorbent assay (ELISA) analysis of the binding of
purified of bx-NcPROF-GP64TM to recombinant mTLR11 Fc chimera. Purified bx-NcPROF-GP64TM
(100 ng, 300 ng, 500 ng) with the 1 mM dithiothreitol (DTT) treatment and 100 ng of bx-NcPROF-GP64T
without the 1 mM DTT treatment were assayed. Bovine serum albumin (BSA) was used as a negative
control. The absorbance was detected at 450 nm and presented as means +0.001~0.05 standard deviation
with coefficient of variance +0.7%~15%.

3.3. Morphology of bx-PA-NcPROF-GP64TM Nanoparticles

The morphology of purified bx-PA-NcPROF-GP64TM was observed using TEM. Nanoparticles
with a diameter of 30 nm were observed in purified bx-PA-NcPROF-GP64TM (Figure 6A). To further
analyze the purified bx-PA-NcPROF-GP64TM, immuno-TEM was conducted. The recombinant
proteins were probed with rat anti-PA tag (NZ-1) and goat anti-rat IgG (H+L) conjugated with 12-nm
gold beads. As shown in Figure 6B, bx-PA-NcPROF-GP64TM demonstrated a spherical morphology
with a diameter of approximately 30 nm. These results indicate that bx-PA-NcPROF-GP64TM was
secreted as nanoparticles (Figure 3).

Vesicular stomatitis virus G glycoprotein (VSV-G) could be recovered from the culture supernatant
when VSV-G alone was expressed in mammalian cells [24,25]. Similarly, the S protein of severe acute
respiratory syndrome-associated coronavirus was incorporated into exosomes when its transmembrane
and cytoplasmic domains were replaced with those of VSV-G [29]. Extracellular vesicles containing
virus-encoded glycoprotein were secreted into the culture supernatant when mammalian cells
were infected with the modified Vaccinia virus Ankara strain [30]. Additionally, glycoprotein
64 (AcGP64) of Autographa californica multiple nucleopolyhedrovirus was secreted into the culture
medium when AcGP64 was expressed in mammalian cells [31]. In this study, it is possible that the
bx-PA-NcPROF-GP64TM protein formed nanoparticles when it was expressed in silkworm larvae
and Bmb5 cells. In our previous paper, antigens of N. caninum fused with the transmembrane and
cytoplasmic domains of BmGP64 were displayed on the surface of BmNPV particles, but few of these
fusion proteins were secreted into silkworm hemolymph [9]. These studies suggest that the secretion of
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recombinant fusion proteins with the transmembrane and cytoplasmic domains of BnGP64 depends
on the properties of recombinant proteins of interest. Currently, nanoparticles were only observed in
purified bx-PA-NcPROF-GP64TM but not in the other two constructs. Additionally, when purified
bx-PA-NcPROF-GP64TM was treated with 1% TritonX-100, some of this protein moved to the fraction
at low sucrose concentration during sucrose density gradient centrifugation (Figure S3), implying
that this fusion protein forms nanoparticles. We are investigating whether these nanoparticles are
aggregates or not and how these nanoparticles form.

T 50mnm 50 nm

Figure 6. (A) Transmission electron microscope (TEM) image of bx-PA-NcPROF-GP64TM.
(B) Immuno-TEM using gold-labeled antibody. The arrows in (B) anti-PA tag-conjugated-gold
nanoparticles, respectively.

Apicomplexan profilin, including NcPROF, is a promising protein target with an adjuvant
activity as a vaccine candidate [10]. Previous research from Gause et al. [32], stated that delivery
of the subunit antigen using particle-based delivery systems can lead to significant improvement
in immunogenicity because these systems have now been enhanced by engineering through the
physiochemical properties of the particle to promote an immune response. Hence, it was advantageous
to purify bx-PA-NcPROF-GP64TM because it naturally forms unique functional nanoparticles without
modification through its physiochemical properties to deliver subunit antigens through a particle-based
delivery system. Antigen-displaying nanoparticles have been normally prepared by the co-expression
of viral structural proteins and antigens or chemical conjugation and genetic fusion of antigens to
virus-like particles [33,34]. In this study, NcPROF-displaying nanoparticles were prepared in insect
cells and silkworm larvae only by expression of bx-PA-NcPROF-GP64TM, which has the bombyxin
signal sequence and transmembrane and cytoplasmic domains of BmGP64 at its N-terminus and
C-terminus, respectively.

4. Conclusions

bx-PA-NcPROF-GP64TM was secreted partly into the silkworm larval hemolymph and culture
broth of Bm5 cells, although this protein has the transmembrane domain of BmGP64. NcPROF
was purified from silkworm hemolymph as a single band only when the bombyxin signal sequence
and transmembrane and cytoplasmic domains of BmGP64 were fused with the N- and C-termini,
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respectively. The purified bx-PA-NcPROF-GP64TM formed unique nanoparticles and was bound
to mTLR11.

Supplementary Materials: Supplementary data associated with this article can be found at http://www.
mdpi.com/2079-4991/9/4/593/s1.  Figure S1: Analysis of N-Glycan attached to crude of hemolymph
NcPROF (bx-PA-NcPROF-GP64TM, bx-PA-NcPROF, PA-NcPROF). Western blotting with anti-PA tag antibody
deglycosylated with PNGase F (incubation at 37 °C for overnight) in denature condition. Arrows show the
molecular weight of NcPROF (bx-PA-NcPROF-GP64TM, bx-PA-NcPROF, PA-NcPROF). Figure S2: Western blots
of purified bx-PA-NcPROF (A) and PA-NcPROF (B) from hemolymph with and without treatment with 0.5% of
w/v Np40 using anti-PA tag affinity chromatography. M indicates molecular weight marker; arrows show the
recombinant bx-PA-NcPROF and PA-NcPROF; Figure S3: Western blotting analysis of incorporation level of
bx-PA-NcPROF-GP64TM, bx-PA-NcPROF and PA-NcPROF with and without treatment of 1% Triton X-100.
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Abbreviations

BmNPV Bombyx mori nucleopolyhedrovirus

bx Bombyxin signal peptide from Bombyx mori

PA Peptide tag (GVAMPGAEDDVYV)

bx-PA-NcPROF PA-NCPROF fused with bx
bx-PA-NcPROF-GP64TM  bx-PA-NcPROF with additional C-terminal GP64TM
GP64TM C-terminal transmembrane and cytoplasmic domains of GP64 from BmNPV
mTLR11 Recombinant mouse TLR11

NcPROF Neospora caninum profilin

PA-NcPROF N-terminal PA tag with N. caninum profilin

TLR11 Toll-like receptor 11
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Abstract: The robust, anisotropic tobacco mosaic virus (TMV) provides a monodisperse particle
size and defined surface chemistry. Owing to these properties, it became an excellent bio-template
for the synthesis of diverse nanostructured organic/inorganic functional materials. For selective
mineralization of the bio-template, specific functional groups were introduced by means of different
genetically encoded amino acids or peptide sequences into the polar virus surface. An alternative
approach for TMV surface functionalization is chemical coupling of organic molecules. To achieve
mineralization control in this work, we developed a synthetic strategy to manipulate the surface
hydrophilicity of the virus through covalent coupling of polymer molecules. Three different types
of polymers, namely the perfluorinated (poly(pentafluorostyrene) (PFS)), the thermo-responsive
poly(propylene glycol) acrylate (PPGA), and the block-copolymer polyethylene-block-poly(ethylene
glycol) were examined. We have demonstrated that covalent attachment of hydrophobic polymer
molecules with proper features retains the integrity of the virus structure. In addition, it was found
that the degree of the virus hydrophobicity, examined via a ZnS mineralization test, could be tuned
by the polymer properties.

Keywords: tobacco mosaic virus; ZnS; bio/inorganic hybrid materials; hydrophobization;
polymer coupling

1. Introduction

In the process of fast-growing development of new nanostructured functional materials,
a huge variety of organic materials, in particular biological objects, have been used to synthesize
organic/inorganic hybrids with desired properties for nanotechnological applications [1-4]. Among them,
tobacco mosaic virus (TMV) is a robust tube-like plant virus, harmless for humans and animals and can
be produced in scalable amounts in a green house. It has been utilized intensively as a bio-template
due to its anisotropic structure, high uniformity in size and shape and defined surface chemistry.
Applying ‘bottom-up’ approaches such as evaporative self-assembly of the capsids by convective
assembly and controlled evaporation methods, homogeneous virus monolayers, aligned TMV stripes
and nanowires have been produced [5-8]. TMV has been used as a template to deposit various inorganic
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materials (metals and semiconductors) on the exterior or the interior surface of the capsid [9-11]. The virus
itself and TMV-based hybrids have found application in construction of functional devices like field-effect
transistors (FETs) [12] and sensors [13-16], in Li-ion battery [17], etc. Electroconductive materials have
been generated making use of the electrostatic interactions between TMV and the polymers polyaniline
and polypyrrole, which enabled in-situ polymerization of the polymers on the TMV surface [18]. Most
of these studies have been performed using either wild type (wt) TMV, cysteine mutants within the first
3 amino acids of the coat protein (CP) or a C-terminal lysine mutant. An additional number of TMV CP
mutants exist [19-21], however especially those changing the surface charge interfere with the natural
assembly process [22], forming nanotubes without incorporation of stabilizing RNA. These nanotubes
vary greatly in length and are often liable to disassembly upon small changes in buffer conditions
making them unavailable for mineralization studies. Although there has been a quite successful attempt
to stabilize these RNA-free virus-like particles by introducing an inter CP disulfide bridge in the inner
channel of the nanotubes and thus opening up the possibility to use bacterially expressed CP mutants
for templating [23,24].

Another strategy to increase the possible surface properties of TMV is to use the existing
stable mutants for chemical modification by coupling, which has been done to add mineralization
inducing peptides, chemicals for magnetic resonance imaging, whole enzymes and polymers [25].
Recently, a DNA-controlled “stop-and-go” strategy was established to assemble two distinct, selectively
addressable CPs variants with RNA into artificial TMV nanotubes with highly defined longitudinal
subdomains [26]. The presence of two domains consisting of CPs with different functional groups on
one artificial TMV nanoparticle [27] gives the opportunity of using, e.g., “click reactions” to specifically
couple organic molecules to only one part of the particle and thereby to synthesize Janus-type
TMV particles with a hydrophilic and a hydrophobic portion. The amphiphilicity of classical Janus
particles provides unique chemical and physical properties, not accessible for their homogeneous
counterparts. Owing to their amphiphilic, magnetic, catalytic or optical properties, they have found
numerous applications in fields like drug delivery and catalysis, as surfactants and building blocks for
complex 3D nanostructures, for water-repellent coatings, etc [28]. Furthermore, such particles provide
additional perspectives towards exploring the influence of the genetic modification of TMV CPs on
the nucleation and growth of inorganic materials within one artificial TMV particle, i.e., on the guidance
of mineralization reactions. While TMV CPs can be engineered genetically or modified chemically
to introduce different hydrophilic functionalities on the virus surface, TMV hydrophobization is
a challenging task. An important requirement by choosing viable reaction conditions is the prevention
of the hydrophilic complex protein structure from disassembly in the presence of a hydrophobic
surrounding. In this regard, A.]. Patil et al. have modified the surface of cowpea mosaic virus
(CPMV) with the anionic polymer-surfactant poly(ethylene glycol) 4-nonylphenyl 3-sulfopropyl
ether through electrostatically directed assembly [29]. However, electrostatic interactions do not
allow control over a local specific functionalization of the virus surface, which in contrast can be
achieved via covalent coupling of organic molecules. Another important point concerns the degree of
virus hydrophobization required to suppress subsequent mineralization, if partially coated particles
are sought after. Therefore, in this work we used wt-TMV and a thiol-displaying TMV-Cys
mutant [27] to examine different synthesis strategies and to establish an approach for covalent
coupling of polymer molecules to the virus surface, with the aim to produce stably functionalized
viruses with sufficient hydrophobicity to suppress mineral deposition on the viral protein coat.
For the bioconjugation reactions, the highly hydrophobic perfluorinated (poly(pentafluorostyrene)
(PFS)), the thermo-responsive poly(propylene glycol) acrylate (PPGA), which becomes hydrophobic
by increasing the temperature and the block-copolymer polyethylene-block-poly(ethylene glycol)
((PE)-b-(PEG)) with a well distinguished hydrophobic part were used. We demonstrate that the integrity
of the virus particles can be preserved after covalent attachment of hydrophobic polymer molecules,
compatible with the structure of the virus. The achieved hydrophobicity was verified via mineralization
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reaction applied to the modified virus surface with ZnS, in order to examine if the degree of virus
hydrophobicity can be controlled by the choice of the conjugated polymer.

2. Materials and Methods

Materials  Disodium  hydrogen phosphate,  acetone, sodium dodecyl sulfate,
tris(thydroxymethyl)aminomethane, ~acetic acid, sodium carbonate, ammonium persulfate,
tetramethylenediamine, sodium chloride and sodium thiosulfate were obtained from Carl Roth
(Karlsruhe, Germany). Triphenylphosphine, hydrazine hydrate, PE-b-PEG-OH, N-hydroxyphthalimide
(97%), sodium nitrite (97%, ACS), p-toluenesulfonic acid monohydrate (ACS), p-aminoacetophenone
(0.15 M in acetonitrile), diisopropyl azodicarboxylate (95%), zinc chloride (>98%) and sodium
sulfide nonahydrate (>98%) were obtained from Sigma-Aldrich. Poly(propylene glycol) acrylate
(M, = 475 g mol™'), silver nitrate, formaldehyde, Coomassie-Brilliant-Blue R250 and dihydrogen
phosphate were obtained from Merck (Darmstadt, Germany). Acrylamide/Bis Solution, 37.5:1 was
purchased from Serva (Heidelberg, Germany). Pentaflourostyrene 98% was purchased from ABCR
GmbH. All solvents used in this study were in HPLC grade and used as received.

Substrate cleaning: Silicon wafers (100, p-doped polished wafers, Silchem, Germany) were used
as substrates. To get a hydrophilic surface, they were thoroughly cleaned prior to use applying
the following procedure: 10 min sonication in ultrapure water, 10 min sonication in ethanol/acetone
(1:1, v/v), 10 min O, plasma treatment (30 W) and 10 min sonication in ultrapure water. After each
sonication step, the substrates were washed 10 times with the corresponding solvent and dried under
Ar stream. Silicon substrates with reduced hydrophilicity (not plasma treated) were cleaned only
successively with ultrapure water, ethanol and acetone.

Preparation and purification of TMV: wt-TMV of the type strain Ul as well as the TMV-Cys
mutant [27] were propagated in Nicotiana tabacum ‘Samsun’ nn plants and purified by PEG precipitation
as described before [30]. The virus was stored in 10 mM sodium potassium phosphate (SPP) buffer
at pH 7.4 at 4 °C. Buffer-free virus solutions were obtained by resuspension of TMV in ultrapure water
after pelleting the virus in a Beckman ultracentrifuge at 35,000 rpm (corresponding to an average g
force of 95,800) for 105 min at 4 °C using a 45 Ti rotor and resuspension in ultrapure water.

TMV immobilization: A droplet (3 uL, 0.2 mg mL~!) buffer-free virus solution was spotted onto
a substrate surface and incubated for 10 min in a closed chamber. Then, the droplet was removed
and the substrate with the immobilized viruses was dried under argon stream.

Synthesis of poly(pentafluorostyrene)(PFS): The synthesis of PFS has already been reported
elsewhere [31]. Briefly, emulsion polymerization reaction of pentafluorostyrene in conditions similar
to styrene polymerization was used. The molecular weight was optimized to obtain high values
My, =52 kDa, My, = 124 kDa and MWD = 2.4), but allowing good solubility of the polymer in solvents
like tetrahydrofuran (THF) and CHCl;.

Click reaction of TMV-Cys with PFS: Due to the limited solubility of PFS in N,N-dimethylacetamide
(DMAL), first 1 wt% PFS in DMAc was prepared at 90 °C for 24 h. The solution was filtered through
0.2 pm filter, and silicon substrates with immobilized viruses were let to react with the filtered polymer
solution for 30 min at room temperature. After the treatment, the substrates were washed with DMAc
and dried. For reaction in tetrahydrofuran (THF), silicon substrates with immobilized TMV-Cys
particles were placed in a vessel with 1 wt% PFS in THF/trimethylamine (TEA) solution at room
temperature for 2 h. Then, the substrates were thoroughly washed with THF and dried.

Synthesis of TMV-Cys-poly(propylene glycol) acrylate (PPGA): All solutions were stored in
an ice-bath for at least 30 min to prevent warming up of the PPGA. For coupling, 1-4 mg/mL of the virus
solutions in 10 mM SPP buffer were incubated with the same volume of PPGA (M, = 475) diluted
in 10 mM SPP bulffer to give a molecular ratio from 1:1000 to 1:10,000 of CP to PPGA. The solution
was incubated in a cooled shaker at 4 °C and 300 rpm for 72 h. Before loading of the functionalized
TMV-Cys on a 16/60 Sephacryl S-500 column, bulk PPGA was removed by precipitation of the virus by
ultracentrifugation at 34,000 rpm for 2 h at 4°C in a pre-cooled 45 Ti rotor. As sample and running
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buffer 50 mM SPP containing 150 mM NaCl was used. Purification was performed on an AKTApurifier
system in a cooling cabinet at a flowrate of 0.5 mL/min, and 1 mL fractions were collected after
75 min until the end of the purification at 250 min. The fractions containing TMV were determined by
UV-Vis analysis. Fractions showing an absorbance ratio of 260 nm and 280 nm of 1.19 were pooled
and concentrated using an Amicon® Ultra 4 mL centrifugal filter unit with 50,000 nominal molecular
weight limit (NMWL) cut-off (Merck, Darmstadt, Germany).

Synthesis of PE-b-PEG phthalimide (2): A three-neck round flask was flame-dried under nitrogen
stream. Triphenylphosphine (PPhs, 1.377 g, 5.25 mmol), N-hydroxyphthalimide (0.895 g, 5.5 mmol),
PE-b-PEG-OH (1) (11.25 g, 5 mmol, Mw = 2250 g/mol) and anhydrous CH,Cl, (50 mL) were placed in
the flask and stirred under inert atmosphere. After 15 min of stirring at room temperature, diisopropyl
azodicarboxylate (DIAD, 1.08 mL, 5.5 mmol) was added in small portions (0.15-0.2 mL) into the reaction
mixture. The obtained orange color of the solution was allowed to fade prior to adding the next portion
DIAD. The solution was left to react under stirring in inert atmosphere at room temperature for 12 h.
Then, the reaction mixture was precipitated in diethyl ether (Et,O) (1 L) under vigorous stirring in
an ice bath for 45 min. The white precipitate was separated from the solvent via suction filtration.
The collected product was washed several times with Et;O. To achieve high conversion, the reaction
was repeated by using the product as a starting reagent. The obtained PE-b-PEG phthalimide (2) was
precipitated. To improve its purity, it was dissolved in small amount of CH,Cl,, precipitated in Et,O
twice and dried under vacuum for 3.5 h. Yield = 91.6 %. FT-IR (cm‘l) = 3586, 2917, 2849, 1789, 1734,
1640, 1462, 1348, 1324, 1295, 1248, 1187, 1095, 1036, 995, 948, 877, 848, 808, 706, 669, 518. 'H NMR
(500 MHz, CHCl3-d, § ppm) = 0.88 (t, ] = 6.94 Hz, 3 H), 1.25 (s, 54 H), 1.57 (quin, ] = 6.94 Hz, 2 H),
3.44 (t, ] = 6.94 Hz, 2 H), 3.47-3.52 (m, 1H), 3.53-3.71 (m, 180 H), 3.74-3.81 (m, 1 H), 3.82-3.90 (m, 2 H),
4.34-4.42 (m, 2 H), 7.72-7.87 (m, 4 H).

Synthesis of aminooxy PE-b-PEG (3): A 100 mL flame-dried two neck round flask equipped with
stirrer bar was charged with anhydrous CH,Cl, (10 mL) under nitrogen. Then, PE-b-PEG phthalimide
(2) (1.0675 g, 0.446 mmoL) was added and dissolved at room temperature. After 20 min, hydrazine
hydrate (58 uL, 0.468 mmoL) was added to the reaction mixture and stirred in inert atmosphere at room
temperature for 1 h. The color changed from orange to yellow, and a white precipitate was monitored.
Et;O (0.5 L) was added to the reaction mixture, placed in an ice bath, under vigorous stirring and left
to stir for 2 h. The filtered solid product was rinsed with Et,O and dried under vacuum. Yield = 48.2%.
FT-IR (cm™!) = 2917, 2849, 1462, 1348, 1324, 1297, 1248, 1095, 1040, 995, 948, 846, 720, 532. 'H NMR
(500 MHz, CHCl3-d, § ppm) = 0.87 (t, ] = 6.94 Hz, 3 H), 1.25 (s, 55 H), 1.57 (quin, ] = 7.09 Hz, 2 H),
3.44 (t, ] = 6.62 Hz, 2 H), 3.47-3.53 (m, 1H), 3.53-3.76 (m, 190 H), 3.76-3.82 (m, 2 H), 3.84-3.89 (m, 1 H),
4.00-4.04 (m, 1 H), 4.06-4.41 (m, 1 H), 4.06-4.41 (m, 1 H), 4.41-4.50 (m, 1 H)

Functionalization of wt-TMV: To introduce a ketone residue to the virus surface, diazonium salt
was prepared from aqueous p-toluenesulfonic acid monohydrate (800 uL, 0.84 M), aqueous sodium
nitrite (800 pL, 0.46 M) and p-aminoacetophenone (1.6 mL, 0.15 M in acetonitrile), mixed in a reaction
tube and placed in an ice bath. The color of the solution was converted to yellow while stirring for
1 h. Then, virus solution (1033 uL, 4.84 mg/mL) was prepared separately by mixing wt-TMV (500 uL,
10 mg/mL) in 10 mM SPP buffer (pH 7.4) with borate buffer (533 pL, 68 mM) containing 100 mM NaCl
(pH 9). 160 pL (11.97 pmoL) diazonium salt solution were mixed with the obtained virus solution
and kept in a water bath in the fridge at 4°C for 2 h. The color of the solution turned from yellow to
dark brown. The reaction solution was purified using a PD MiniTrap G-25 column with an exclusion
limit of approximately M, = 5000 applying a gravity protocol. The column was eluted with 100 mM
aqueous potassium phosphate buffer (pH 6). After the purification step, 2 mL containing 2.1 mg/mL
TMV-ketone (4) were obtained. The synthesis of the product (4) was followed by SDS-PAGE analysis.

Synthesis of h-TMV (4): Aminooxy PE-b-PEG (3) (0.1614 g, 71.25 umoL), the TMV-ketone (4)
(2mL, 2.1 mg/mL) and 2 mL 100 mM potassium phosphate buffer (pH 6) were mixed in a reaction tube.
The mixture was gently rotated overnight at room temperature and purified with a PD MiniTrap G-25
column. Further purification was obtained by size exclusion chromatography at a flow rate of 0.5 mL
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min~! using a 16/60 Sephacryl S-500 column and 50 mM SPP containing 150 mM NaCl as running
buffer. A Pharmacia Biotech LCC-501 PLUS FPLC system with automatic fraction collector was used
at room temperature. Fractions exhibiting 1.19 absorbance ratio of 260 nm and 280 nm, indicative for
virus particles composed of 95 w/w % proteins and 5 w/w % RNA, were pooled and precipitated by
ultracentrifugation at 34,000 rpm at 4°C in a 45 Ti rotor for 2 h. The functionalized virus particles
were then resuspended in ultrapure water. The success of the reaction was proved by SDS-PAGE.
The height and integrity of the hydrophobized viruses (5) was checked by AFM. In a control experiment,
wt-TMV (10 uL, 10 mg/mL), borate buffer (10.7 uL, 68 mM) containing 100 mM NaCl (pH 9), potassium
phosphate buffer (160 L, 100 mM, pH 6) and aminooxy PE-b-PEG (3) (3.3 mg, 1.46 umoL) were mixed
and rotated overnight at room temperature. The reaction mixture was purified and characterized
according to the procedure used for product (5).

Sodiumdodecylsulfate-polyacrylamide-gel electrophoresis (SDS-PAGE): Standard procedures
according to Green et al. were applied [32]. Samples containing between 0.2-1 pg protein were heated
for 5 min at 95 °C in sample buffer and resolved in 15% discontinuous SDS-PA gels. Fixed gels were
stained using a silver staining procedure.

ZnS mineralization: Silicon substrates immobilized with the corresponding virus types were fixed
in a holder and mounted perpendicular in the center of a vessel. There, the viruses were incubated
in aqueous ZnCl, precursor solution (30 mL, 100 mM, pH 6.2) for 20 min. Then, equimolar aqueous
NayS solution (pH 12.5) was added dropwise to the reaction solution applying a peristaltic pump with
a constant speed (1 mL min~!) under continuous stirring at room temperature. The addition of NajS to
the ZnCl, precursor solution caused a drop in the pH to 3.5, and the reaction pH was maintained until
the dropwise addition was stopped. Within the addition of the first Na,S droplets, a white precipitate
was formed in the deposition solution. After finishing the reaction (controlled according to the required
reaction time (5 or 30 min)), the substrates were washed thoroughly with ultrapure water and dried
under argon stream.

Sample characterization: Atomic force microscopy on a Digital Instruments MultiMode 8 from
Bruker with a NanoScope 5 controller operated in tapping mode was used to image the immobilized
and the mineralized viruses. Silicon cantilevers and PPP-NCHR-W (Nanosensors) n* doped tips with
resistivity 0.01-0.02 Q) cm were used. The virus height of wt-TMV and h-TMV was evaluated with
the manufacturer’s software Nanoscope. The height of a single virus was averaged over the whole
virus length with the software. The average height of 10 virus particles from each virus type was used
to obtain the virus height distribution of the bare virus. The virus height of wt-TMV and h-TMV after
treatment with ZnS deposition solution for 5 min, 20 min and 30 min was determined applying the same
procedure, taking 5 to 10 virus particles of each virus type for the evaluation and comparing only
wt-TMV and h-TMV particles mineralized simultaneously in the same deposition solution. 'H-NMR
measurements were conducted on Bruker Avance 500 in 500 MHz field and analyzed by ACD/Spectrus
Processor. Fourier transform infrared spectroscopy (FI-IR) analysis of the samples was performed
ata Bruker FT-IR spectrometer. The samples were investigated in the wavelength range: 500-4000/cm ™"
and the spectra were analyzed by ACD/Spectrus Processor.

3. Results and Discussion

The wt-TMV particle consists of a genomic RNA helix, embedded into about 2130 identical CP
subunits. It has a tube-like structure, which is 300 nm long. The inner diameter of the longitudinal
central channel is 4 nm, while the outer nanotube diameter is 18 nm when the capsid is dispersed in
solution. It may be flattened to a height of around 14 nm upon immobilization on a hydrophilic silicon
substrate surface [12,33]. The viral CPs can be engineered genetically to introduce amino acid residues
on the virus surface with certain terminal groups appropriate for bioconjugation reactions. In this
study, wt-TMV and a TMV-Cys mutant, presenting a thiol group for coupling on each CP were used to
find appropriate synthetic pathways for covalent attachment of organic molecules making the virus
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surface hydrophobic without destroying the integrity of the capsid, in order to suppress the virus
mineralization by inorganic deposits as shown in Scheme 1.

e %
WE-TMV PE-b-PEG

h-TMV

l mineralization l
s B

mineralized TMV

no mineralization

Scheme 1. Schematic representation of tobacco mosaic virus (TMV) functionalization making the virus
surface hydrophobic, which restricts subsequent mineralization.

Recently, we reported on selective mineralization of wt-TMV with ZnS at room temperature in
aqueous solution and at various reaction pH [10]. ZnCl, and Na,S were used as ZnS precursors without
the need of any further additives as structure directing or complexing agents. The growth mechanism
of the inorganic material on the virus surface was studied comparing the optical properties, band gap
(Eg) and particle size of solution-grown ZnS nanoparticles and ZnS nanoparticles mineralized onto
the virus template. It was shown that the virus particles played templating function, and heterogeneous
nucleation triggered by the virus surface was confirmed. The XRD analysis confirmed formation of ZnS
with cubic lattice structure in solution and on the virus surface. Since well-studied, the mineralization
of wt-TMV with ZnS applying this reaction was used as a reference in this work and compared to
the mineralization behavior of the functionalized virus particles in order to identify, if the change of
virus surface hydrophilicity influenced the mineralization process.

3.1. Reaction of TMV with Highly Hydrophobic Polymers

A covalent attachment of a highly hydrophobic polymer such as poly(pentafluorostyrene) (PFS)
to the virus surface could provide both specific coupling to the virus surface and high surface
hydrophobicity. Therefore, first a click reaction of PFS to a TMV-Cys was examined. Our previous
study revealed that the reactivity of the para-fluorine function in the PFS with nucleophiles such
as sulfides is enhanced by the reduced electron density of the perfluorinated phenyl ring, allowing
the use of relatively mild reaction conditions [31]. The reaction is conducted in N,N-dimethylacetamide
(DMACc) or tetrahydrofuran/ triethylamine (THF/TEA) at room temperature. For the click reaction,
TMV-Cys particles were selected, because each of their CPs provides a single surface-accessible thiol
group, introduced by genetic modification of the third CP amino acid from serine to cysteine (S3C) [27].
The bioconjugation was conducted according to the reaction pathway presented in Scheme 2A.

Before starting with the coupling reaction, the stability of TMV-Cys in DMAc and in THF with or
without TEA was studied at room temperature. To do this, viruses immobilized on a plasma cleaned
silicon substrate (Figure 1a) were incubated in DMAc for 30 min. This led to partial loss of the virus
integrity especially visible in Figure 1b, where the viruses became roughened and the virus sharp ends
are lost. The mean virus height is reduced from 14.5 nm to around 13 nm. Finally, reaction with PFS in
DMACc for the same reaction time led to even further disassembly of the viruses, where the virus coat
appeared irregular, with an uneven coverage of the RNA with CPs (Figure 1c).
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Scheme 2. Click reaction of TMV-Cys mutant with poly(pentafluorostyrene) (PFS) and poly(propylene
glycol) acrylate (PPGA).

Figure 1. AFM amplitude images of: (a) TMV-Cys virus particles, (b) TMV-Cys incubated in
N,N-dimethylacetamide (DMAc) for 30 min and (c) TMV-Cys reacted with poly(pentafluorostyrene)
(PFS) in DMAC for 30 min.

In comparison, the virus structure seemed stable in both THF and THF/TEA for a few hours
(Figure 2a,b). This is in contradiction to our previous experiments on the stability of TMV dispersed in
THF/H,O mixtures, where TMVs appeared to be unstable. The reason for the increased stability in this
case might be explained by the immobilization of the viruses on the substrate. Based on the enhanced
overall structural stability and the need of an extended reaction time for better educts conversion,
the TMV-Cys particles were let to react with PFS in THF/TEA for 2 h at room temperature. The AFM
analysis indicated that the capsids stayed intact and retained their integrity after this treatment without
change in virus height (Figure 2c). However, subsequent mineralization resulted in deposition of ZnS
on the virus surface, and the virus height increased to 16.5 nm (Figure 2d,e). The latter suggests that
although stable in this reaction solution, the viruses could not be functionalized with PFS. This may
be attributed to the lower reactivity of PFS in THF/TEA compared to that in DMAc, which not only
requires longer reaction time but usually also higher temperatures not suitable for TMV.
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Figure 2. AFM amplitude images of TMV-Cys virus particles treated: (a) 1 h in tetrahydrofuran (THF),
(b) 1 hin THF/TEA, (c) 2 h with PFS in THF/TEA at room temperature. (d) AFM amplitude image of
viruses from (c) mineralized 5 min with ZnS and (e) AFM height image of (d).

3.2. TMV Hydrophobization with Aliphatic Polyethers

As established in the previous section, the highly hydrophobic environment and the aggressive
reaction solvent necessary for dissolving the polymer caused strain on the virus structure and subsequent
disintegration. As an alternative, so-called thermo-responsive polymers e.g., poly (propylene
glycol)methacrylate can be applied [34]. This polymer can change its hydrophobicity with temperature.
It is water-soluble at temperatures below ~10 °C and neutral pH, and becomes insoluble at higher
temperatures due to conformational changes inducing hydrophobization. This would allow a chemical
coupling of the polymer at 4 °C in its hydrophilic form to the virus surface with expectation that
the virus will retain its stability at these conditions. Then, a mineralization test at room temperature
or at elevated temperatures, when the polymer becomes hydrophobic, will be conducted to examine
the obtained hydrophobicity. Due to the higher reactivity of the acrylate group over the methacrylate
group as a Michael addition donor, poly(propylene glycol)acrylate (PPGA) (M, = 475 g mol~!) was
chosen for our experiments (Scheme 2B).

To determine the coupling efficiency and specificity, TMV-Cys and wt-TMV were incubated
at 4 °C where PPGA is completely soluble (see Supplementary Materials) for 72 h, with PPGA added
at different ratios with regard to the number of CPs. SDS-PAGE analysis of the CPs revealed for a ratio
of 1000:1 PPGA:CP-Cys only a slight smear above the CP band, which increased substantially at a ratio
of 3300:1, but not significantly more at a further excess of PPGA:CP-Cys of 10,000:1 (see Figure 3).
The coupling of PPGA to CP-Cys did not result in a defined band due to the polydispersity of PPGA.
The absence of any smear above wt-CPs of wt-TMV particles treated in parallel shows on the one hand
that the reaction was specific for TMV-Cys, and on the other hand that the TMV structure stayed intact
during the reaction, as during TMV particle disassembly an otherwise hidden cysteine residue would
become accessible to the reaction with PPGA.

As PPGA was used in high excess, residual unreacted polymer was removed prior to further
investigations by a combined ultracentrifugation/fast protein liquid chromatography (UC/FPLC)
approach. All purification steps were performed below 5 °C to prevent switching of PPGA into
the hydrophobic state. The first ultracentrifugation step was necessary to get rid of the bulk amount of
PPGA, which may result in a broadening of the peaks due to overloading size-exclusion chromatography.
About 25 % of the TMV initially used for coupling could be obtained in pure form. Figure 4a,b show
AFM images of PPGA-functionalized TMV-Cys before and after purification, where residual excess
PPGA appears as large spots around the TMV rods in the first image and had disappeared in samples
after the cleaning procedure.
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Figure 3. Silver-stained 15%-SDS-PAGE showing the coupling efficiency at different ratios of PPGA to
CP using TMV-Cys and no coupling of PPGA to wt-TMV. The product of the conjugation reaction can
be seen as a smear above the CP band at about 20 kDa.

After having shown that the thermo-responsive PPGA was successfully coupled to TMV-Cys,
the degree of hydrophobicity achieved with PPGA was investigated by subjecting the modified
nanotubes to mineralization reaction with ZnS [10]. PPGA-functionalized TMV-Cys viruses were
immobilized on a plasma cleaned silicon substrate, which was placed perpendicularly in ZnCl, aqueous
solution in order to avoid attachment of big ZnS agglomerates formed in solution on the substrate
surface. The mineralization reaction was allowed to proceed for 5 min, which based on previous
experiments is enough to observe differences in the mineralization behavior between untreated
TMV-Cys and hydrophobized particles, respectively. The amplitude AFM image in Figure 4c clearly
shows that the PPGA-functionalized TMV-Cys surface is covered with small ZnS nanoparticles,
and the virus height calculated from the corresponding AFM height images was increased by
around 1.6 nm. This leads to the conclusion that, although successfully attached to the virus surface
preserving the capsid structure, the thermo-responsive PPGA residues could not provide sufficient
hydrophobicity to fully suppress virus mineralization.

Figure 4. AFM amplitude images of TMV-Cys-PPGA: (a) before and (b) after purification. (c)
TMV-Cys-PPGA mineralized with ZnS.

3.3. TMV Hydrophobization with Block-Co-Polymers

Covalent attachment of PPGA to the virus CPs was possible without affecting the overall capsid
structure, however, the obtained viruses were not hydrophobic enough to suppress mineralization.
A possible reason for this could be the length of the PPGA molecules, and, as obvious from the SDS-PAGE
analysis presented in Figure 3, only part of the viral CPs was covalently coupled with PPGA. Another
possible reason may be connected to the surface charge of the functionalized viruses. The overall
surface charge of organic templates (in our case functionalized TMV) plays an important role
for mineralization in solution. The presence of even partial charges like from the free electron
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pairs of the oxygen in the PPGA polyether can induce mineralization of the PPGA-functionalized
viruses. Therefore in the next step, a synthetic pathway developed by Schlick et al. [35]. was used.
In their work, the TMV capsid exterior was covered with polyethylene glycol (PEG) to make TMV
soluble in various hydrophobic organic solvents and to increase its thermal stability. Although PEG
introduced sufficient hydrophobicity on the virus surface to transfer the PEG-TMV conjugate from
aqueous solution into organic solvents, the presence of oxygen in the PEG chains would support
mineralization of the virus, similar to the case of TMV-Cys-PPGA. Therefore, in order to introduce
sufficient hydrophobicity without affecting the integrity of the virus structure, we covalently coupled
the block-co-polymer (PE)1-(PEG)34-OH (M,, 2250 g/moL) to the wt-TMV surface. The non-polar
polyethylene (PE) part is expected to ensure sufficient hydrophobicity of the virus surface and to
suppress the mineralization of the organic template. The PEG chain, compatible with the virus, should
separate the virus from the hydrophobic PE chain. Additionally, the PEG spacer unit is responsible to
attach the block-co-polymer to the virus CP [36]. To do this, we used the already reported electrophilic
substitution reaction with diazonium salts at the ortho position of the phenyl ring of the tyrosine residue
(Y139) in TMV CPs [35]. The polymer coupling was done in a three-step procedure as can be seen in

Scheme 3.
o o
H,N-NH,
. (PE)4-(PEG)y-OH + HO—N —> (PE);1-(PEG)y-0—N — > (PE)yy~(PEG)3-O-NH,
) ° (2) g (3)
o
. * NEN_©_< R
OH OH
wt-TMV TMV-ketone (4)
oxime "="_®_<\
1. TMV-ketone + (PE)41-(PEG)3-O-NH, ——> N—O—PEG)34-(PE)yy
formation
OH
(4) (3) h-TMV (5)

Scheme 3. Synthetic pathway for functionalization of (PE);1-(PEG)33-OH block-co-polymer 1
and formation of hydrophobized h-TMV.

To this end, the block-co-polymer 1 converted into the alkoxyamine 3 was reacted with
the ketone-functionalized wt-TMV 4 to form the ketoxime 5. In step I, the terminal hydroxyl
group of the block-co-polymer 1 was activated with N-hydroxyphtalimide. As a good leaving group,
N-hydroxyphtalimide facilitated the subsequent reaction with hydrazine resulting in the formation
of alkoxyamine 3. The success of the reactions was verified by '"H-NMR combined with FT-IR
spectroscopy [37]. The appearance of protons with a chemical shiftin the low field region around 7.8 ppm
and an IR signal in 17301790 cm™! corresponding to aromatic and carbonyl residues by product
2 (Figure 5) and their disappearance by product 3 confirmed the attachment and the subsequent
replacement of N-hydroxyphtalimide from the polymer.
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Figure 5. 'H-NMR of (1) (PE);;-(PEG)34-OH block-co-polymer, (2) activated with
the N-hydroxyphtalimide derivative and (3) the corresponding alkoxyamine.

In step II, the virus CPs were functionalized and a terminal ketone group was introduced,
which was done through the accessible tyrosine groups of CPs. It was assumed that only one
of the four tyrosine residues, present in each TMV CP, should be modified since the other three
are hidden between the CPs after assembly to the helical TMV particle structure [35]. The ketone
group was included by treatment of TMV with diazonium salt, prepared prior to use from sodium
nitrite and p-aminoacetophenone. The virus functionalization was performed at 4 °C, pH 9 for 2 h.
PD MiniTrap G-25 columns were used to separate the obtained TMV-ketone 4 from the added in
surplus diazonium salt. SDS-PAGE analysis confirmed the CP modification (see Figure S1) while
AFM examination showed preserved virus particles. The hydrophobization of wt-TMV (Scheme 3,
step III) was done by reaction of 250 eq. aminooxy PE-b-PEG 3 with TMV-ketone 4 in potassium
phosphate buffer (pH 6) at room temperature for 15 h. The hydrophobized TMVs (h-TMV) were
purified through PD MiniTrap G-25 columns. Then, the h-TMVs were further separated from the not
reacted polymer residue via FPLC and concentrated via UC. The shift of the CP band in the SDS-PA gel
(Figure S1) to one with higher molecular weight clearly indicated the successful attachment of polymer
to the virus CPs compared to the control experiment, where the aminooxy PE-b-PEG 3 was reacted
with a not functionalized wt-TMV and no change in the position of wt-TMV CPs was observed.
The blurring of the band corresponding to the CPs of h-TMV can be explained by the polydispersity
of the block-co-polymer. The AFM height images in Figure 6 confirmed that the h-TMV particles
remained intact. The AFM cross-sections have shown that compared to wt-TMV (Figure 6a,c),
the polymer attachment on the virus surface led to an increase in virus height of about 3 nm on
hydrophilic (Op-plasma treated) (Figure 6b) but also on hydrophobic (not plasma treated) (Figure 6d)
silicon substrates.

As stated in previous reports, very polar and protic solvents lead to precipitation of PEG
functionalized TMV [36]. Therefore, the stability of the h-TMV in the precursor solution was examined
before starting with the mineralization test with ZnS. A silicon substrate with immobilized h-TMV
was placed in ZnCl, aqueous solution. After 30 min stirring at room temperature, the viruses could
still be detected as intact particles via AFM (see Figure S2a). Then, a substrate with h-TMV and one
substrate with immobilized wt-TMYV, used as a reference, were mineralized simultaneously with ZnS
for different reaction times. In Figure 7 are shown the corresponding AFM height, amplitude and phase
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images of wt-TMV and h-TMV after 5 and 30 min treatment. It can be seen that after 5 min reaction
time, the surface of wt-TMV became rough due to attachment of ZnS particles, while the surface of
h-TMV remained smooth. This is especially visible comparing their AFM amplitude and phase images.
Increase of the reaction time to 30 min maintained the trend. The amount of the ZnS particles on
wt-TMV surface was increased, which is well detectible also on the AFM height image. Opposed to
this, no specific ZnS deposition on h-TMV was observed.

* 16.8 nm

nm
i i 06 100 200 300 40 & 02 04 06 08

Figure 6. AFM height images with the corresponding cross-sections showing the virus height of: (a)
wt-TMV and (b) h-TMV immobilized on hydrophilic (O,-plasma treated) silicon substrates. (c) wt-TMV
and (d) h-TMV immobilized on hydrophobic (not plasma treated) silicon substrates.

250nm

-2000m

5 min mineralization

250nm

200nm

30 min mineralization
-_—

Figure 7. AFM height, amplitude and phase images of wt-TMV and h-TMV mineralized simultaneously
with ZnS for 5 and 30 min, respectively.

The observation of a selective deposition of ZnS nanoparticles only on the surface of wt-TMV,
but not on the surface of the hydrophobized counterpart was further supported by evaluation
and comparison of the virus height of wt-TMV and h-TMV treated with ZnS deposition solution for
a certain reaction time (Figure 8). Since small fluctuations in the mineralization conditions might
cause deviations in the deposition rate and hence might influence the resulting virus height, for
better assessment, the virus heights of wt-TMV and h-TMV mineralized in the same deposition
solution and within the same experiment were compared. The chart diagram in Figure 8 shows that
in comparison to the hydrophobized viruses, whose surface remain smooth with the reaction time,
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the wt-TMV particles increase their height linearly with the mineralization time. The latter is a result
of selective deposition of ZnS on the virus surface with a constant rate, which is in a good agreement
with our previous observations for mineralization of wt-TMV with ZnS applying this reaction [10].

wt-TMV
h-TMV

20

virus height (nm)

bare virus 5minZnS 20 minZnS 30 minZnS

Figure 8. Virus height of not mineralized wt-TMV and h-TMV and the height of both virus types when
mineralized with ZnS after 5, 20 and 30 min.

4. Conclusions

In this work, we have demonstrated that the surface hydrophilicity of TMV particles can be
manipulated via covalent attachment of polymer molecules. Experiments with highly hydrophobic
PFS, the thermo-responsive PPGA, and the block-copolymer PE-b-PEG led to the conclusion that
the success of the reaction depends on the polymer features. The use of perfluorinated polymers
showed that highly hydrophobic polymers are not appropriate candidates for virus functionalization.
Although the virus particles displayed significant stability enhancement in organic solvents when
immobilized on solid supports, the reaction failed due to the need of either aggressive organic
solvent (DMAc) or elevated reaction temperature both not compatible with the virus. In contrast,
the thermo-responsive PPGA polyether, insoluble in water above 8 °C, was successfully attached
to the TMV-Cys surface, and also PE-b-PEG was successfully bonded to wt-TMV CPs. As a result,
stable and intact functionalized particles were synthesized. The covalent coupling to virus CPs was
confirmed via SDS-PAGE analysis. While PPGA only partially coupled to TMV-Cys CPs, complete
coupling efficiency was reached with PE-b-PEG and wt-TMV CPs. The height of the hydrophobized
with PE-b-PEG virus (h-TMV), detected by AFM, showed a significant increase by around 2.5 nm.
The degree of virus hydrophobicity, achieved with both polymers, was examined by mineralization
with ZnS. The incomplete coverage of the virus surface with PPGA and the presence of partial
charges in the polymer chains could not suppress virus mineralization. However, combination
of a virus-compatible PEG block and a pure hydrophobic PE block in PE-b-PEG together with
bioconjugation of the polymer to most CPs in TMV led to the formation of intact h-TMYV, fully covered
with polymer molecules exposing their hydrophobic parts outwards, which completely hindered
subsequent mineralization of the virus surface. This synthetic approach could be used for the synthesis
of Janus-type TMV particles with a hydrophobic and a hydrophilic part in future experiments, to study
the mineralization behavior of TMV mutants within a single artificial TMV particle with an intrinsic
hydrophobic reference. Furthermore, the self-organization of pure and mineralized Janus-type TMV
particles in complex highly organized structures as well as their potential integration in interfacial
catalysis and as drug cargo is envisioned.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/5/800/s1,
Figure S1: SDS-PAGE of samples containing: (1) wt-TMYV, (2) TMV-ketone, (3) TMV-ketone after purification with
a PD MiniTrap G-25 column, (4) h-TMYV, (5) h-TMYV after purification with a PD MiniTrap G-25 column and (6)
control experiment including reaction of wt-TMV with PE-b-PEG. Figure S2: Lower magnification AFM height
images showing the stability of the h-TMV particles: (a) after 30 min stirring in 100 mM ZnCl, precursor solution
and (b) after 5 min mineralization with ZnS.
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Abstract: Nanoparticles derived from the elongated flexuous capsids of Turnip mosaic virus (TuMV)
have been shown to be efficient tools for antibody sensing with a very high sensitivity if adequately
functionalized with the corresponding epitopes. Taking advantage of this possibility, TuMV virus-like
particles (VLPs) have been genetically derivatized with a peptide from the chaperonin Hsp60, a protein
described to be involved in inflammation processes and autoimmune diseases. Antibodies against
the peptide have been previously shown to have a diagnostic value in at least one autoimmune
disease, multiple sclerosis. The functionalized Hsp60-VLPs showed their significant increase in
sensing potency when compared to monoclonal antibody detection of the peptide in a conventional
immunoassay. Additionally, the developed Hsp60-VLPs allowed the detection of autoantibodies
against the Hsp60 peptide in an in vivo mouse model of dextran sodium sulfate (DSS)-induced colitis.
The detection of minute amounts of the autoantibodies allowed us to perform the analysis of their
evolution during the progression of the disease. The anti-Hsp60 autoantibody levels in the sera of
the inflamed mice went down during the induction phase of the disease. Increased levels of the
anti-HSP60 autoantibodies were detected during the resolution phase of the disease. An extension of
a previously proposed model for the involvement of Hsp60 in inflammatory processes is considered,
incorporating a role for Hsp60 autoantibodies. This, and related models, can now be experimentally
tested thanks to the autoantibody detection hypersensitivity provided by the functionalized VLPs.

Keywords: VNPs; Hsp60; IBD; autoantibody; inflammation; diagnosis

1. Introduction

The use of viral nanoparticles (VNPs) for biomedical applications has become a new tool in
theranostics. Specifically, VNPs derived from plant viruses offer advantages in terms of biosafety
since they are only plant pathogens and also because of plant virus variability in nature, size, and
structure, that allows a specific design of VNPs depending on the application [1-13]. We work with
Turnip mosaic virus (TuMV), a virion with an elongated and flexuous structure, 700 nm long and 12 nm
wide, with ca. 2000 copies of the coat protein in each particle, from which multifunctional VNPs can be
obtained by genetic fusion and/or chemical conjugation to the coat protein (CP) [14-17]. One potential
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application is their use as tools for the detection of circulating antibody levels that frequently are
too low to be detected by conventional detection methodologies, thus contributing to improve the
diagnosis, progression, and/or prognosis of immunity-mediated pathologies, especially at the early
stages of the disease when no clear symptoms of the inflammation are evident.

Inflammatory bowel disease (IBD) is a pathology encompassing two chronic inflammatory
disorders; Crohn’s disease, characterized by transmural inflammation usually affecting the terminal
ileus and/or the large intestine; and ulcerative colitis, where inflammation occurs in the lining of the
colon mucosa [18,19]. In these pathologies, our research focuses on diagnosis improvement and the
development of personalized therapy, in order to achieve improvement in the patients’ quality of
life. On the other hand, we seek to gain new knowledge about the multifactorial pathogenesis of
these disorders, for which there are several representative animal models, capable of mimicking the
symptomatology and pathology of the disease. For IBD, a murine model induced by dextran sodium
sulfate (DSS) has been developed [20,21]. This compound, when administered in drinking water,
induces inflammation of the colon mucosa, as well as ulceration, which leads to severe weight loss and,
in extreme cases, lethality.

We have explored the deployment of Heat Shock Protein 60 (Hsp60) as a possible autoantigen
in IBD, due to the implication of Hsp60 in inflammatory processes [22-31], including IBD [32-35].
Heat shock proteins are a broad family of molecular chaperons capable of reacting to cellular stress,
especially in thermal changes. However, they also respond in other stress situations, such as tissue
damage, cellular injury, or heavy metal poisoning. Hsp60, despite being a protein whose main function
occurs in the mitochondria, is able to act in the cytoplasm modulating the immune response associated
with inflammation. Both the complete protein and the peptides derived therefrom can act as natural
regulators of the inflammatory reaction together with other cytokines, chemokines, and autoantibodies,
regulating the immune system [30,32,36-39]. The activity of Hsp60 has been associated with various
autoimmune and inflammatory pathologies, such as atherosclerosis, diabetes, rheumatoid arthritis, or
multiple sclerosis [23,25,29,40-42].

Alterations in the levels of anti-Hsp60 autoantibodies have been described in several inflammatory
pathologies [22,23,26,27,37], making the autoantibody detection a novel strategy with potential
application for the diagnosis, progression, and/or prognosis of the disease. In these studies, exhaustive
analyses by peptide arrays have allowed the identification of certain epitopes for the design of specific
VNPs where the election of a peptide with diagnostic value is the key to success. Based on these
premises, we have designed functionalized TuMV VNPs with an epitope, described previously in
multiple sclerosis [40]. The multimeric presentation of this epitope on TuMV VNPs (Hsp60-virus-like
particles (VLPs)) allowed us the quantitative detection of anti-Hsp60 autoantibodies in an in vivo model
of intestinal inflammation induced by DSS. The high detection levels of the developed Hsp60-VLPs
may represent a novel tool that can be used for the diagnosis, progression, and/or prognosis in
inflammation-mediated disorders.

2. Materials and Methods

2.1. Construction of CP and Hsp60-CP Expression Plasmids

Constructs corresponding to infectious clones were obtained by designing synthetic genes
(GeneArt), based on the p35Tunos-Vec01-Natl sequence, as shown in Figure S1, derived from an
original TuMV infectious clone [43]. Synthetic DNA consisted of a partial NIb gene, starting with
the sequence corresponding to the restriction site MIu I, followed by alanine codon (first CP amino
acid) to maintain the protease recognition sequence, followed by the sequence encoding the Hsp60
peptide, which comprises amino acids 301-320 of human Hsp60 (KAPGFGDNRKNQLKDMAIAT,
sequence conserved in mice), and the restriction site Nae I, corresponding to the first two CP amino
acids. The DNA was digested with MIu I and Nae I. The resulting fragment was purified. Vector
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p35Tunos-vec01-Natl was also digested with these two restriction enzymes, and the two fragments
ligated together to obtain the recombinant vector with the sequence encoding Hsp60 peptide.

For VLP expression plasmids, PCR (GeneAmp®PCR System 9700, Applied Biosystems, CA,
United States) was performed, amplifying the whole modified CP with two extra codons—one
corresponding to the initial methionine, and a STOP codon. The nucleotide sequence CACC was also
added at the 5" end to allow directional cloning into a pENTR-D-TOPO vector, as shown in Figure S2.
Then the fragment was cloned into a pEAQ-HT vector, as shown in Figure S3, by Gateway cloning
with LR clonase enzyme.

2.2. Production and Purification of VLPs

For VLP production, the pEAQ construct was transformed into Agrobacterium tumefaciens LBA4404
for agroinfiltration mediated transitory expression in Nicotiana benthamiana plants [44,45]. The same
procedure was followed for non-modified VLPs. Plant growth, Agrobacterium culture preparation,
agroinfiltration, tissue harvesting, and VLP purification were performed as previously described by
us [16,17].

2.3. VLP Characterization

Characterization of assembled purified VLPs was performed by SDS-PAGE, western blot and
transmission electron microscopy (TEM, ICTS-CNME, Madrid, Spain).

The conditions for SDS-PAGE and western blot were as described [16]. Anti-Hsp60 D307 antibody
was from Invitrogen.

To check structural integrity, TEM was performed. Electron microscopy grids (400 mesh copper,
carbon coated) were coated at room temperature for 15 min with a 10 pL drop of VLPs diluted at
0.02 mg/mL final concentration (50 mM borate buffer, pH 8.1), and washed with buffer. Finally, the
grids were rinsed with distilled water and stained with 2% uranyl acetate for 2 min. Samples were
examined on a transmission electron microscope (JEM JEOL 1010, Tokyo, Japan).

2.4. IBD Murine Model

Adult C57BL/6] (8 weeks-old) mice used in these studies were obtained from the Jackson Laboratory
(ref. 000664). The regulations concerning experimental animal welfare (RD 223/1998 and Directive
2010/63/EU protocols) were followed. The ethics committee for animal research of the CIEMAT (Proex.
414/15) and Comunidad de Madrid (based on the RD 53/2013) reviewed and approved all protocols.

The IBD was induced in mice by dextran sodium sulfate (DSS, MP Biochemicals), a sulphated
polymer cytotoxic on intestinal epithelial cells and macrophages. In addition, enteral DSS favors
Gram-negative anaerobic bacteria increases, which together with the erosive potential on the intestinal
barrier and the macrophages’ inappropriate response, would lead to the appearance of intestinal
lesions [20,21]. This model reproduces the clinical, histopathological, and immune characteristics
observed in humans, inducing chronic colitis associated with diarrhea and weight loss.

The chemical compound was administered in drinking water at 1.35% (w/v) over 7 days ad libitum
and disease progress was determined by monitoring mouse weight and the number of granulocytes in
peripheral blood by an automated blood cell-counter (Abacus, Diatron, Budapest, Hungary). Normal
distribution was analyzed by the Shapiro-Wilks test.

Non-parametric techniques (Mann-Whitney U test) were used. Autoantibody levels were
determined in mouse sera, obtained at different times after disease induction. All trials were of a
“simple blind” type.

2.5. Immunoassays

Indirect enzyme-linked immunosorbent assays (ELISA) were performed in order to evaluate the
sensitivity provided by the VLPs, in comparison with the whole Hsp60 protein and free peptide at
equal peptide amounts, and also to measure autoantibody levels in peripheral blood. Plates (Nunc
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MaxiSorp) were coated with 1 pg purified VLPwt or Hsp60-VLPs, resuspended in 50 mM sodium
carbonate buffer, pH 9.6; or equivalent amounts of Hsp60 protein or peptide, resuspended in the same
buffer and incubated overnight at 4 °C. Plates were washed intensively, and incubated for 1 h with
commercial antibodies [Hsp60 (D307) Antibody 4870S, CellSignal and Anti-Hsp60 antibody (ab46798),
Abcam; different dilutions in phosphate-buffered saline, pH 7.4, 0.05% Tween 20 (v/v), 2% PVP-40 (w/v)]
or overnight at 4 °C for mice sera (diluted 1:100 in the same buffer). Then, secondary antibodies, diluted
1:1500 in the same buffer, were added and incubated for 1 h at room temperature. Color was developed
by alkaline phosphatase reaction and detected after addition of p-nitrophenylphosphate. Absorbance
was measured at 405 nm (TECAN Genios Pro). Differences between both coating-VLPs were calculated,
since this would be the measure attributable to autoantibodies against Hsp60. The normalization
process was done as follows. A serum pool was made using the sera from healthy mice and this pool
was included in all the plates in order to calculate the background of each plate. The normalized
values of autoantibodies directed against Hsp60 in the DSS serum samples were obtained by taking
into account the mean value of the healthy serum pool in each plate and the mean value of the healthy
serum pool from all the plates, in order to minimize the effects of the variation in the background
signal. The data obtained were analyzed based on the non-parametric Mann-Whitney U test.

3. Results

3.1. Production and Characterization of Hsp60-VLPs

Our first Hsp60-VNP derivatization approach was the production of virions genetically modified
with the Hsp60-peptide fused to the CP N-terminus. However, the insertion of the peptide interfered
with the infectivity of the modified virus, so this strategy was discarded. Starting out from the virion
construct, a second construction strategy was followed to generate now modified VLPs.

VLPs modified by genetic fusion of the Hsp60-peptide to the CP were made by transient
expression of the fusion protein CP-Hsp60 peptide in plants. As shown before [16], the fusion protein
will self-assemble into VLPs within plant cells. Once purified nanoparticles were obtained, they were
characterized by SDS-PAGE, western-blot assays, and transmission electron microscopy, as shown in
Figure 1.

A. SDS-PAGE and Western-Blot B.TEM
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Figure 1. Hsp60-virus-like particles (VLPs) characterization. (A) SDS-PAGE and western blot of wild
type VLPs (1) and Hsp60-VLPs (2). (B) Micrographs of wt-VLPs and Hsp60-VLPs, where particles of
about 700 nm are shown.

The results obtained showed a modified electrophoretic mobility for Hsp60-VLPs CP, consistent
with a molecular weight increase of approximately 2.5 kDa. This fusion protein was detected specifically
not only by antibodies directed against the virus, but also by those directed against the Hsp60 protein.
Finally, TEM structural characterization showed elongated and flexuous particles with similar length
and thickness than non-modified particles, so no detectable significant changes in VLP structure were
found after peptide insertion.

3.2. Increased Sensitivity of Hsp60 Peptide Detection by Specific Hsp60 Antibodies

Multimeric peptide presentation on the surface of TuMV VNPs increases its detectability by specific
antibodies in conventional immunoassays like ELISA [15,17,46]. To evaluate this in the Hsp60-VLPs
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construct, ELISA and dot-blot assays were performed using three types of presentations: Hsp60-VLPs,
free Hsp60 peptide, and complete Hsp60 protein, as shown in Figure 2. Assays were performed using
equal peptide amounts presented in the three forms. Two different antibodies were used to assess the
response, a monoclonal antibody that specifically recognizes an epitope within the peptide 301-320,
and a polyclonal antibody against complete Hsp60.
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Figure 2. Specificity and sensitivity assays. (A) ELISA using monoclonal Hsp60 antibody dilutions,

comparing Hsp60-VLPs with free Hsp60 peptide and Hsp60 protein. The black line indicates the

positive signal threshold and the standard error is also shown (three replicates). (B) Dot blot using the

same components, and also VLPs-wt.

Using the monoclonal antibody, it was found that free Hsp60 peptide was hardly recognized,
while both the complete Hsp60 protein and the Hsp60-VLPs were easily detected, with Hsp60-VLPs
being the most sensitive system.

Hsp60-VLP detectability, compared with the complete protein using polyclonal antibodies, was
evaluated, as shown in Figure S4. In this case, complete Hsp60 protein presents greater sensitivity,
possibly due to the higher number of epitopes present on its complete surface.

The results obtained show that, although the complete HSP60 protein contains various epitopes,
the multimeric presentation in VNPs of a defined epitope allows differential detection by measurement
of specific autoantibodies in biological fluids, such as peripheral blood serum. These results highlight
the Hsp60-VLPs potential for specific antibody detection, with the epitope election being the key to
develop TuMV-VNPs as a diagnostic tool.

3.3. Hsp60-VLPs Autoantibody Detection

Once sensitivity and specificity were shown through different immunoassays, the potential
of Hsp60-VLPs as a diagnostic tool of autoimmune pathologies, exemplified by IBD, was tested,
measuring autoantibodies against Hsp60 in a pool of control sera, as shown in Figure 3. In these
pathologies, autoantibody levels are usually very low at early stages, but early diagnosis by detecting
these low levels would improve patients” prognosis.
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Figure 3. Anti-HSP60 autoantibody detection in the sera of healthy mice by ELISA, using different
antigen-presentation platforms; Hsp60-VLP (blue), complete protein Hsp60 (red), Hsp60 peptide (green),
and VLPwt (purple) and at different sera dilutions. Standard error bars shown (three replicates).

To compare the data obtained with all detection systems (Hsp60-VLPs, complete Hsp60 protein,
and free peptide), an ELISA was developed with a pool of sera from healthy, non-inflamed mice, in
order to determine physiological levels of anti-Hsp60 autoantibodies. Unmodified VLPs (VLPwt, not
displaying the Hsp60 peptide) were used as a negative control.

The results showed that only with the Hsp60-VLPs could the anti-Hsp60 autoantibodies be
detected above the background of the plate and negative controls in healthy mice sera. Therefore, the
high ability of Hsp60-VLPs to detect autoantibody levels, undetectable by conventional procedures such
as ELISA, was demonstrated. This result indicates that VLPs can be used as a tool to detect variations in
the levels of anti-Hsp60 autoantibodies in mice sera when the traditional methodologies based on the
complete Hsp60 protein cannot be detected, even at basal autoantibody levels in non-inflamed mice.

3.4. Hsp60-VLPs for Autoantibody Detection in DSS-Induced Colitis

Due to the proven ability of Hsp60-VLPs to detect low levels of autoantibodies in the sera samples,
potential diagnostic applications were assessed. Since Hsp60 is deeply involved in inflammatory
processes [23,25,47], a murine model of the inflammatory bowel disease (IBD) induced by DSS was
selected for further studies [20,21]. DSS-induced colitis is a favorite model for chemically induced
colitis because it is a simple one and highly similar to human IBD. DSS induces intestinal inflammation
through a yet non-deciphered mechanism, although it probably results from damage to the epithelial
monolayer lining the large intestine. This lesion would allow dissemination of proinflammatory
intestinal contents (e.g., bacteria and their products) into the tissue underneath [20].

The evolution of Hsp60 autoantibody levels in the inflammatory model induced by DSS was
studied. The progress of the pathology, as well as the recovery after removing the chemical agent, was
determined by monitoring the body weight and granulocytes levels in peripheral blood, as shown in
Figure 4.
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Figure 4. Colitis status of mice treated with dextran sodium sulfate (DSS) in the drinking water.
Assessment of the pathology progression by determination of body weight loss and granulocyte levels
in peripheral blood. Healthy mice are shown in black and the group of mice treated with DSS is shown
in red. The mean and the standard error of the mean are shown, as well as those significant results
according to the nonparametric Mann-Whitney U test (* p < 0.05 and ** p < 0.01).

The results show a significant decrease in body weight of mice treated with DSS, significant at
day 7 and 9. This decrease continues until the DSS was withdrawn, after which the mice recovered
weight and reverted to a non-pathological state. Regarding granulocyte levels, there was an increase
in blood, in this case significantly at 5 days. In this case the reversal begins later, several days after
withdrawing DSS.

To evaluate the potential of Hsp60-VLPs as a novel tool in the knowledge of the inflammatory
pathology, an ELISA was performed. Autoantibody levels measured with the complete Hsp60 protein
were not detectable, as shown in Figure S5, so only data obtained with Hsp60-VLPs and VLPs-wt
were used to assess autoantibody levels in sera of the mice diluted 100-fold. Data were normalized,
eliminating the signal attributable to the background which could be originated by the viral component
of nanoparticles, and the results were analyzed, as shown in Figure 5.
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Figure 5. Detection of anti-HSP60 autoantibody in the sera of the healthy and DSS-colitic mice. Healthy
mice are represented in black, and in red are mice treated with DSS in the drinking water for 7 days.
The levels of anti-HSP60 autoantibodies in the control group has been defined as the average value
of all the mice in the control group, including the values of the DSS-treated colitic mice at time 0.
Mean and standard error of the mean are shown, as well as those significant results according to the
Mann-Whitney U nonparametric test (* p < 0.05).
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The results showed a marked decrease in anti-Hsp60 autoantibody levels following the progress
of inflammation at 5 and 10 days (significant according to the Mann-Whitney U nonparametric test),
maintaining higher levels in healthy individuals and the basal levels at day 0 in the DSS group.
These results demonstrate TuMV functionalized VNPs as a hypersensitive tool in the progression
analysis of the inflammation, being able to detect levels of autoantibodies in cases where conventional
methodology is not capable.

4. Discussion

In the diagnosis of autoimmune pathologies, current techniques face two main problems,
especially when diagnosis is made by detecting specific autoantibodies in serum—background
and low autoantibody levels. The high background is due to numerous substances present in serum,
and low autoantibody levels occur at early stages of pathology development, a time in which a proper
diagnosis would allow early treatment, and a better patient prognosis [48,49]. This is in addition
to problems associated with the use of biological samples, such as peripheral blood sera. There is
also an added problem when specific epitopes are needed as the basis of a detection system. These
epitopes, small peptides, are unable to adhere efficiently to test plates [50], thus leading to very low
sensitivity compared to systems deploying high molecular weight proteins in which the handicap is
the presence of numerous epitopes, not all of them with diagnostic value. All these inconveniences in
conventional methodologies make it increasingly convenient to develop new approaches for a highly
sensitive technique, capable of detecting very low levels of autoantibody, or rather small changes, in
diluted sera.

To address these challenges, the use of nanoparticles as a multimeric presentation system is
an alternative approach, which should provide high sensitivity and solve the epitope—adhesion
problem [6,9,51,52]. We have previously shown that functionalized nanoparticles derived from TuMV
significantly increased antibody detection with respect to conventional systems [16,17,46]. Although
this system has not been used in the diagnosis, progression, and/or prognosis of specific pathologies
yet, its potential makes it a good candidate for the design of a hypersensitive analysis system by the
detection of serum autoantibodies.

To test TuMV VNPs as a new tool for autoantibody detection, Hsp60 was chosen as an antigen.
This protein is involved in numerous inflammatory mechanisms, also related to autoimmune
pathologies [27,30,32,33,35,38,40]. Regarding Hsp60 specific commercial antibodies, sensitivity tests
were made by comparing the Hsp60-VLPs’ detection capacity with respect to the complete recombinant
Hsp60 protein. The results showed that, despite not showing a greater sensitivity in polyclonal
antibody detection as shown in Figure S1, VLPs sensed epitope-specific monoclonal antibodies with
greater sensitivity, as shown in Figure 2. This may be due not only to multimeric presentation in the
nanoparticle, but also to a better epitope-exposure on the VLP surface with respect to the complete
Hsp60 protein.

According to these results, and because this peptide was chosen due to its diagnostic potential in
autoimmune pathologies [49], an evaluation of its efficacy in IBD diagnosis in a DSS-induced colitis
murine model [20,21] was decided. In the sera of these mice, nanoparticles exhibited greater detection
power not only compared to the free peptide, but also to the complete Hsp60, which was not able
to detect autoantibodies under the same conditions. As mentioned above, the enhanced sensitivity
of the Hsp60-VLPs could be provided not only because of a multimeric presentation of the chosen
epitope, but also because of its exposure on the particle surface since the epitope may have a more
internal location in the complete Hsp60 but be exposed on the surface in VLPs. This approach should
allow the development of sets of designed nanoparticles for each disease, selecting peptides with
diagnostic value present in various autoantigens, and presenting them on the same multifunctionalized
nanoparticle [15], improving diagnosis, progression, and prognosis of autoimmune diseases.

Thanks to the high sensitivity shown by Hsp60-VLPs, it was possible to evaluate the evolution of
autoantibody levels with disease progress in a murine model. In this case, and against expectations,
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autoantibody levels decreased concomitantly with the inflammatory process, as shown in Figure 5,
suggesting a new view regarding the mechanism of action of Hsp60 (and its autoantibodies) in the
inflammatory process. According to these results, anti-Hsp60 autoantibodies could be considered
as biomarkers of a non-pathological inflammation state, participating in immune homeostasis as
“immunomodulators”, recently called “immunculus” (“immune homunculus”), as it was already
described for other molecules and autoantibodies [36,39,53]. According to this model, and
taking into account studies relating a decrease in autoantibody levels with autoimmune disease
development [25,26,32,41,54,55], it seems that autoantibodies in healthy individuals may play a role
as a mechanism to regulate inflammation, avoiding a pathological inflammatory response caused by
Hsp60. This protein, and peptides derived thereof, have been implicated in pro- and anti-inflammatory
processes, and a model has been previously proposed [30]. The results presented in this study allow us
to extend tentatively this model, involving now a role for Hsp60 autoantibodies in the progression of the
inflammation. A general view of such an extended model is presented in Figure 6. The presence of large
amounts of Hsp60 protein (and/or other similar chaperonins present in intestinal microbiota) would
be related to an activation of the inflammatory response, triggering the production of autoantibodies.
These autoantibodies would act as neutralizers, regulating protein levels, and thereby deactivating the
inflammatory response and even activating new anti-inflammatory pathways. The regulatory balance
of these pathways in both directions would be essential to maintain a non-pathological physiological
state. This proposed process would imply that, when an inflammatory process is induced by external
agents, as occurs in experimental colitis induced by DSS, inflammation would be accompanied by a
decrease in the levels of regulatory autoantibodies.
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Figure 6. A possible Hsp60 autoantibody regulation system based on a previously described model [30].
High Hsp60 protein levels, related with endogenous proteins and/or similar chaperonins present in
microbiota or other pathogens, would activate inflammation pathways, which in turn would induce
the production of autoantibodies against Hsp60, neutralizing the antigen, and generating different
peptides that activate an anti-inflammatory response.
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All the ideas raised would place Hsp60 as a study target. In this case, TuMV VLPs allowed
the identification of possible markers in inflammatory pathologies, being able to generate diagnostic
systems of high sensitivity and specificity, useful to identify new diagnostic and therapeutic targets.
In addition, considering cases such as Hsp60, where autoantibodies can act as regulatory agents,
functionalized VLPs could be used not only as a diagnostic tool, but also in therapy for immunization,
where the great immunogenic power of VNPs from TuMV has been demonstrated [17]. This would be
related to other studies connecting autoantibodies and inflammation, in which immunization with
the protein in patients induced symptomatic amelioration [25,41,56]. This work demonstrates that
VNPs are a good alternative in the biomedical field, acting as a functionalizable platform for different
applications, from diagnosis to treatment. In this context, exploring the possibility of using several
epitopes from Hsp60 (or even from other new autoantigens) in multifunctional nanoparticles, would
open the door to new theranostic tools to improve prognosis of patients with autoimmune pathologies.

5. Conclusions

This study lays the groundwork for the development of new theranostic tools, based on viral
nanoparticles functionalized with specific epitopes involved in autoimmune pathologies, allowing the
creation of new systems for autoantibody-based specialized diagnosis and for targeted treatments.
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Abstract: M13 bacteriophage-based colorimetric sensors, especially multi-array sensors, have been
successfully demonstrated to be a powerful platform for detecting extremely small amounts of target
molecules. Colorimetric sensors can be fabricated easily using self-assembly of genetically engineered
M13 bacteriophage which incorporates peptide libraries on its surface. However, the ability to
discriminate many types of target molecules is still required. In this work, we introduce a statistical
method to efficiently analyze a huge amount of numerical results in order to classify various types
of target molecules. To enhance the selectivity of M13 bacteriophage-based colorimetric sensors,
a multi-array sensor system can be an appropriate platform. On this basis, a pattern-recognizing
multi-array biosensor platform was fabricated by integrating three types of sensors in which genetically
engineered M13 bacteriophages (wild-, RGD-, and EEEE-type) were utilized as a primary building
block. This sensor system was used to analyze a pattern of color change caused by a reaction between
the sensor array and external substances, followed by separating the specific target substances by
means of hierarchical cluster analysis. The biosensor platform could detect drug contaminants such
as hormone drugs (estrogen) and antibiotics. We expect that the proposed biosensor system could be
used for the development of a first-analysis kit, which would be inexpensive and easy to supply and
could be applied in monitoring the environment and health care.

Keywords: M13 bacteriophage; multi-array sensors; hierarchical cluster analysis; high selectivity
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1. Introduction

M13 bacteriophage, one kind of filamentous bacteriophages, have been utilized as receptors in
biosensors [1,2]. By means of genetic engineering techniques, it is possible to modify and achieve a better
binding affinity of M13 bacteriophage towards desired target molecules [3-5]. Among various types of
M13 bacteriophage-based biosensors, colorimetric sensor systems have been intensively investigated
due to their facile fabrication process and sensing method [6-8]. Colorimetric sensors fabricated by
self-assembly of M13 bacteriophage result in nanostructures with varying size and periodicity [9].
When white light is illuminated onto the nanostructure, specific wavelengths determined by Bragg’s
law are scattered more dominantly from the nanostructures. After the penetration of external chemicals,
the self-assembled nanostructures swell, resulting in a change of the wavelengths that are scattered [10].
The observed color change is detected by a complementary metal-oxide-semiconductor detector, and
this is followed by image analysis. The image analysis results consist of numerical values that can be
used to determine the type and concentration of the external chemicals. Using genetic engineering
techniques, M13 bacteriophage-based colorimetric sensors can display sensitive color changes toward
desired target materials. Furthermore, by integrating various types of genetically engineered M13
bacteriophage-based colorimetric sensors on a single chip to fabricate a sensor array, a number of
target molecules can be classified by analyzing the pattern of a color change. Even though M13
bacteriophage-based multi-array sensor systems have been successfully demonstrated as a powerful
platform for the detection of extremely small amounts of target molecules, the discrimination of many
types of target molecules is still both necessary and challenging. However, as the types of genetically
engineered M13 bacteriophage integrated on sensor arrays increase, the analysis of the sensing results
becomes complicated due to the huge amount of numerical data. In this work, we introduce a
statistical method, henceforth called hierarchical cluster analysis, to classify many types of medical
chemicals. Antibiotics are used widely in the livestock industry on a daily basis, but the excessive
use of antibiotics raises the problem of increased antibiotic resistance in animals and humans [11].
If estrogen compounds, such as estrone (E1), 173-estradiol (E2), and estriol (E3), and oral contraceptives
released from humans and animals such as endocrine disrupters (similar to 17x-ethinylestradiol (EE2))
contaminate the environment through sewage and the excrement of animals, they can adversely affect
the ecology in the water [12]. Estrogenic and antibiotic substances are found in trace amounts (~ng/L)
in effluent, fresh water, river water, and even in drinking water [13,14], as a consequence of their
ineffective removal at wastewater treatment plants (WWTP). In general, as any particular substance is
not always present by itself, an effective method to comprehensively classify unknown compounds is
necessary [15]. In this regard, M13 bacteriophage-based sensor arrays and hierarchical cluster analysis
are a suitable sensor system to detect and classify various types of unknown compounds. Figure 1 is a
schematic illustration describing our sensor system.
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Figure 1. Schematic illustration of the M13 bacteriophage-based colorimetric sensor array. The sensor

array consists of a functional M13 bacteriophage with a modified major coat protein (pVIII). When a
color band is reacting with a target analyte, each type of sensor chip shows its own color change value
according to the individual M13 bacteriophage’s characteristics. A color pattern is formed as a unique
response value, and it is possible to construct a sensor platform which can discriminate unknown
textures through pattern analysis.

2. Materials and Methods

2.1. Sensor Analysis Analytes

Four types of estrogen drugs and four types of antibiotics were purchased from Sigma-Aldrich
(Seoul, South Korea) and a local pharmacy (Medipharm, Busan, South Korea), ground, and used
directly. In real-world situations, all such analytes exist in various physical conditions that cause
molecules to vibrate or diffuse. To mimic these kinds of physical conditions, sensing experiments were
carried out at four different temperatures (30, 60, 90, and 120 °C) for each material.

2.2. Development of Functional Bioreporter Materials

The wild types of filamentous phage particles were based on M13KE, which was purchased from
New England Biolabs (Ipswich, MA, USA). The major coat protein (pVIII) of an M13 bacteriophage
with an arginine-, glycine-, and aspartic acid-based functional peptide sequence (-RGD-) [16] and a
glutamic acid-based peptide sequence (-EEEE-) were fabricated on M13KE phage [17].

2.3. Phage Colorimetric Sensor-Based Multi-Array Chip

A silicon wafer with a 100 nm gold film on a 5 nm platinum adhesion layer was selected as a
substrate to deposit the M13 bacteriophage. Simple pulling methods [18] were utilized to prepare
three kinds of colorimetric sensors consisting of wild-, RGD-, and EEEE-type M13 bacteriophages. The
three types of colorimetric sensors consisted of red-, green-, and blue-colored M13 bacteriophage films
that were determined by pulling speeds of 30 pm/min, 40 pm/min, and 50 um/min, respectively. The
fabricated colorimetric sensors were integrated into a single chip.
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2.4. Colorimetric Signal Analysis and Data Processing

The color change was observed using a handheld digital microscope (Celestron DELUXE
HANDHELD DIGITAL MICROSCOPE, Torrance, CA, USA) in the chamber of a color sensor array
set made from phage chips. The colorimetric signal of the unit cell constituting each sensor chip was
measured as the average value of a ~1000 pixel square. A method of setting the values of AR, AG,
and AB was used, and the changes in each variable were used as the criteria for the amount of color
change [7].

2.5. Analytical Data Statistics

Essentially, model-less clustering analyses, such as principal component analysis or
hierarchical clustering analysis, use hierarchical analysis because they are unsuitable for predictive
(i.e., classificatory) use. Hierarchical clustering analysis is a statistical analysis that classifies nearby
objects into the same group using the distance that indicates the similarity of each object [19]. The
method is called hierarchical cluster analysis because it forms a tree-like hierarchical structure by
starting from objects at the closest distance and combining them. Generally, Euclidean distances are
commonly used for distance calculations. On the other hand, the color distance * is used so that the
color characteristics of RGB can be utilized, as the data used for the analysis are RGB data, representing
a color change value that occurs when one sample reacts with another sample.

2yl 550+ -1

* Color distance: The color distance metric calculates the Euclidean distance in color space between
each pair of clusters, ignoring their size. The distance between images a and b (using RGB) was
calculated as in the above expression, where n is the number of bins.

3. Results and Discussion

Figure 1 depicts a schematic illustration of the M13 bacteriophage-based multi-array sensor chip
and color-pattern analysis process. The multi-array sensor chip shows specific color patterns according
to the applied materials due to the different chemical groups expressed on the M13 bacteriophage.
Furthermore, microstructures of colorimetric sensors determined by the pulling speed contribute to
the color change, owing to their different surface-to-volume ratios [7,8,10,18]. After collecting the
color patterns, a statistical analysis process determines the types of unknown substances. Figure 2
displays the specific color patterns toward each target chemical at a temperature of 120 °C. The specific
color patterns were generated by calculating pixel differentiation between initial color and color after
exposure to the target chemical. As shown in Figure 2, the M13 bacteriophage-based sensor array
displays specific color change according to the exposed chemicals. However, because this was a
qualitative analysis, there were limitations in the exact classification of the target chemicals. The
M13 bacteriophage-based sensor array, different from specialized sensors such as litmus paper or
a pregnancy tester, is a non-specific sensor system, which means small amounts of color changes
should be analyzed and classified exactly. Signal detection and data analysis by the sensor of the
drug component are based on the inherent chemical properties of the material. The analysis of female
hormone-related drugs, antibiotic components, and their clustering tendencies were analyzed through
various features. Through the RGB distance values, the Euclidean distance was set to the RGB distance,
and a hierarchical classification was performed using the Ward Linkage (Ward.D) method [20] (see
Figure 3). The similarity between two clusters was measured on the basis of the increment of the
error sum of squares (ESS) when two clusters were combined. The increase of ESS was measured
as the distance between two clusters when the distance matrix was obtained. This method was less
sensitive to noise or outlier data than the Single Linkage Method [20]. The clustering results showed
a close relationship with each chemical composition. They confirmed that estrogen-based drugs
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and antibiotics-based drugs can be classified within a large frame and partially. In particular, the
similar chemical structures of antibiotic substances made their distances very close to each other. Their
vapor pressure values are similar to each-other at various temperatures, and these compounds react
comparably with sensor array chips. The similar composition of the pharmaceutical forms containing
each compound also had an impact.
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Figure 2. Image of the colorimetric sensor array chip after exposure to medical chemicals. The color
pixels represent the mean value of the variation of the RGB values (in 8 bit) as a function of the M13
bacteriophage bundle’s structural change.
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Figure 3. Hierarchical cluster analysis dendrogram for eight types of medical chemicals using the
Ward.D linkage method, which is based on the linear model criterion of least squares. The Euclidean
distance was set to the ARGB matrix which is made of the colorimetric shift values.

4. Conclusions

We fabricated a functional M13 bacteriophage-based photonic crystal structure and set a complex
detection sensor device with three kinds of sensor chips with chemically inherent functional groups.
We propose a sensor model that can classify antibiotics and hormone drugs by analyzing the color
change amount of a 3 x 3 squared band, i.e., nine sections by setting three color bands per chip. In
particular, commercial chemicals can be classified according to the product brand, so that the clustering
results can slightly overlap. We see the possibility of integrating this method in a simple sensor kit for
quality assurance and quality control of commercial drugs. This colorimetric sensor array model could
be used to fabricate a very simple sensor platform consisting of a sensor chip 1 square centimeter wide,
a chamber of about 30 cc capacity, and a small webcam for color change observation. The multi-array
sensor system proposed in this work consists of nine different types of sensor chips, but in the future,
by increasing the types of sensors, the selectivity of the multi-array sensor system could significantly
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ameliorate. Furthermore, our multi-array sensor platform could be used for user-friendly pre-analyses
that could be simple and performed in real time, before instrument-based chromatographic analyses.
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Abstract: Recently, new virus-based sensor systems that operate on M13 bacteriophage infrastructure
have attracted considerable attention. These systems can detect a range of chemicals with excellent
sensitivity and selectivity. Filaments consistent with M13 bacteriophages can be ordered by highly
established forms of self-assembly. This allows M13 bacteriophages to build a homogeneous
distribution and infiltrate the network structure of nanostructures under mild conditions. Phage
display, involving the genetic engineering of M13 bacteriophages, is another strong feature of the
M13 bacteriophage as a functional building block. The numerous genetic modification possibilities of
M13 bacteriophages are clearly the key features, and far more applications are envisaged. This paper
reviews the recent progress in the application of the M13 bacteriophage self-assembly structures
through to sensor systems and discusses future M13 bacteriophage technology.

Keywords: virus; biosensor; M13 bacteriophage; color sensor; phage display

1. Introduction

1.1. M13 Bacteriophage

Distinguishing infinitesimal amounts of chemicals or microbials in a precise and simple manner
is one of the most important techniques in academia and industry. Classical sensor technology is
categorized as electromagnetic (gamma radiation, optics, microwave, radio wave, and Eddy current),
mechanical (sound, MEMS, and fluid), magnetic, chemical (affinity, catalytic reactions, electrochemistry,
and biochemistry), nuclear (nuclear magnetic resonance), and a combination of them (opto-acoustics
and membrane technology) [1,2]. Generally, the key features of sensor technology are the low cost,
small size, robustness, selectivity, and sensitivity [1,3].

Recently, the use of ecofriendly materials has been one of the main points in research and industrial
manufacturing. The M13 bacteriophage, which can be categorized as a natural polymer, has been
a major research focus owing to its target-specific response in chemical reactions with outstanding
sensitivity [4]. The bacteriophage is a human-safe viral material that only infects certain criteria of
bacteria, such as Escherichia coli. [5].
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The filamentous type of M13 consists of approximately 2700 copies of the spirally arranged pVIII
major coat protein on the body, with 5 to 7 copies of plII, pVI, pIX, and pVII minor coat proteins at
each end. M13 has a regular form, with a length and diameter of ~880 nm and ~6.6 nm, respectively.
The genome structure and protein sequences of the M13 bacteriophage are fully understood. Therefore,
M13 bacteriophages are very simple to genetically engineer to achieve the desired biochemical
properties [6-9]. Figure 1 shows the basic protein structures and genetic engineering pathways of
M13 bacteriophages. For example, genetically modifying the pVIII protein of M13 bacteriophage to
possess the tryptophan-histidine-tryptophan (WHW) peptide sequence results in it showing specific
binding affinity to nitrotoluene derivatives [4,10-14]. Consequently, the specific binding affinity to
target materials, including chemical and biological materials, by simple genetic engineering provides
great possibilities to use M13 bacteriophages as the core material of sensors.
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Wild-type phage
"
-
~ PVII = pVII
e I - pIX
pvi ® & — displayed peptides

pIIL+ pIX
double display
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S

Figure 1. Basic structure of the M13 bacteriophage and the possible pathway of generic engineering.
Reproduced from [9], with permission from WILEY-VCH, 2009.

M13 bacteriophages have a filamentous shape and different protein configurations at each end.
One end has the pVI and pllI protein and the other has the pVII and pIX protein. By the well-defined,
anisotropic structure and monodispersity caused by the natural character of M13, the material can
be fabricated easily in hierarchical self-assembled structures using appropriate techniques [4,14].
The structure and behavior of M13 bacteriophages during fabrication are similar to those of liquid
crystals. The bacteriophage can also be modified chemically and genetically to reveal a range of
features, such as desired functionality and target-specific affiliation [11-13].

The target-specific reactivity character of the M13 bacteriophage makes it advantageous for sensor
applications. The other strong point of the M13 bacteriophage is its ability to form higher-order
dimensional structures in a specified order over self-assembly technology [13]. High-dimensional
structures using natural building blocks, such as the M13 bacteriophage, were inspired by natural
systems, such as the collagen bundle structure [4]. Although the imitation of a natural assembly
structure on the micro scale using artificial building blocks, such as polymers or artificial nanomaterials,
is progressing slowly, due to uncertainty and complexity, using natural building blocks such as M13
bacteriophage can be a solution. The filament structure and short dispersion of the M13 bacteriophage
allow liquid crystal-like behavior in suspension under controlled conditions [15,16]. This liquid
crystal behavior of the M13 bacteriophage can be managed mostly by the concentration of the M13
bacteriophage aqueous suspension. The crystal structure of self-assembled M13 bacteriophages shows
nematic-, cholesteric-, and smectic-phase at low, medium, and high concentrations, respectively [16].
M13 is also attractive owing to its easy growth and handling characteristics. The use of natural
substances as a building block makes a synthetic process possible at low cost under a non-toxic
environment. The fabrication process associated with M13 bacteriophages using aqueous self-assembly
technology allows easy processing without the need for organic solvents and additional processing.
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By using the pulling technique, concentration of M13 bacteriophage aqueous solution and polling
speed of substrate are main factors in the process [17,18].

An additional outstanding benefit of M13 bacteriophages is the easy genetic modification for the
specific binding affinity to definite target substances. Each coat protein can be modified genetically
using phage display technology. Random phage libraries containing more than 1.0 x 10!! random
peptide sequences of M13 bacteriophages are screened for specific target materials [19,20]. The binding
phage on the target material is then selected and the bacteria are infected and amplified. After repeating
this process to isolate the target-specific binding phage, the target-specific peptide can be recognized
by DNA analysis [21,22]. Recently, the technology has developed a M13 bacteriophage that binds
specifically to several inorganic resources, e.g., GaAs, GaN, Ag, Pt, Au, Pd, Ge, Ti, SiO,, quartz,
CaCO;3, ZnS, CdS, Co, TiO,, ZnO, CoPt, FePt, BaTiO3, CaMoOQ,, and hydroxyapatite [21-25]. The M13
bacteriophage can be made to have specific functionality by genetically engineering to carbon-based
nanomaterials, such as Cg, graphene, and carbon nanotubes [24,25]. Moreover, these specific binding
capacities of the M13 bacteriophage can be used as templates to produce various nanostructures, such
as highly monodisperse nanostructures [26-28]. This review introduces the current advances of M13
bacteriophage-based biosensors.

1.2. M13 Bacteriophage-Based Biosensor

The M13 bacteriophage has been used to improve existing sensor systems. Forster resonance
energy transfer (FRET) is based on long-term bipolar interactions between excited state donors and
ground state recipients. The distance of each N-terminal to the end of the peptide on the surface of a M13
bacteriophage is approximately 3.2 nm (oa) and approximately 2.3 nm (ob), respectively. Wang et al.
recently reported the fabrication of FRET-based lattice probes using the M13 bacteriophage [29,30].
Owing to the regular organization of the M13 bacteriophage on the substance, a thin coating film
of M13 bacteriophage can be used for surface plasmon resonance (SPR) measurements. Genetically
engineered M13 bacteriophages, which possess the Arg-Gly-Asp (RGD) peptide sequence, have
been used to detect the SPR signal of the cell proliferation rate and the morphology of cells [31].
The signal strength of surface-enhanced Raman spectroscopy (SERS) depends strongly on the distance
between the target molecules and novel metal surface. Therefore, the controlled organization of
metal nanoparticles and Raman active dye is the critical point. Cha et al. introduced an Au@Ag-core
shell nanoparticle using an M13 bacteriophage as the template. In this approach, nanoparticles were
functionalized by DNA-conjugated M13 bacteriophage, and showed a 75 times stronger Raman
signal than DNA-functionalized nanoparticles without the M13 bacteriophage. This was mainly
caused by the large number of functional moieties on pVIII protein of the M13 bacteriophage [32].
The M13 bacteriophage could also be used medically because of the strong specific reactivity to a
particular reactant. Mao et al. fabricated M13-liposome-ZnPc (zinc phthalocyanine) for a more
stable and upgraded cancer drug delivery system [33-35]. Simple genetic engineering could reveal
target-specific affinity to the M13 bacteriophage. Oh et al. engineered the pVIII protein of M13
bacteriophage to have the AXXXWHWQXXDP (WHW) sequence and showed excellent binding affinity
to trinitrotoluene (TNT), as shown in Figure 2a,b [36,37]. The modified M13 bacteriophage was then
fabricated as a color film structure through a simple pulling technique. As shown in Figure 2¢,d,
the M13 bacteriophage-based color sensor could detect the gas phase of TNT down to the 300 p.p.b
level and showed superior selectivity among TNT, Dinitrotoluene (DNT), and Nitrotoluene (MNT) [4].
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Figure 2. Nitrotoluene derivative detection using a M13 bacteriophage-based color sensor. (a) Bio-mimic
structure of turkey collagen, (b) reversible color responding of a color sensor, (c) sensitivity of
M13 bacteriophage-based color sensor upon exposure to nitrotoluene derivatives, and (d) principal
component analysis (PCA) plot of the color changes. Reproduced from [4], with permission from
Springer Nature, 2014.

2. M13 Bacteriophage-Based Protein and Microorganism Sensing

Indeed, using a natural M13 bacteriophage without any genetic engineering provides a great
opportunity because of the abundant negative charge on the surface protein. The x-helical major
coat protein (pVIII) has glutamate amino acid on the end of its sequence. Therefore, the dipole
moment of the whole pVIII protein is directed from the outside (N-terminus) to the core (C-terminus).
The charge distribution of the C-terminus (positive) and N-terminus (negative) induces a strong
dipole to M13 bacteriophages possessing a natural negative charge [38]. This property allows the
M13 bacteriophage to mix easily with positively charged materials, such as carbon nanofiber (CNF).
Recently, Niedziotka-Jonsson et al. reported a M13 bacteriophage and CNF complex structure for
cysteine detection. The M13 bacteriophage and CNF were mixed in an aqueous solution, and it was
assumed that the electrostatic interaction and 7-7t interaction between the M13 bacteriophage and
CNF promoted an even distribution of CNF without aggregation, which occurred constantly when
CNF was used alone in solution [39-41]. As a result, the addition of M13 bacteriophage to CNF
increased the capacitive current with the growth of the faradaic current. An overall improvement of
the electrochemical properties of the glassy carbon electrode (GCE)-CNF-M13 bacteriophage complex
electrode applied to the electrocatalytic oxidation of the cysteine was observed and enhanced results
were obtained, as shown in Figure 3 [39]. The fabrication in this study simply dropped CNF solution
on the substrate (indium tin oxide (ITO) glass) then M13 bacteriophage dropped on the dried CNFE.
Although the process is not yet optimized, the study shows promising results. Using wild type M13
bacteriophage for this experiment was another strong point due to the simple preparation.
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Figure 3. (a) Schematic diagram of the device fabrication of the CNF and M13 bacteriophage complex
electrode, (b) cyclic voltammograms (3rd scan) of (i) glassy carbon electrode (GCE)-CNF and (ii)
GCE-CNF-M13 bacteriophage treated in 1 mM cysteine solution in PBS, and (c) cyclic voltammograms
(2nd scan) of the bare GCE, GCE-CNEF, and GCE-CNF-M13 bacteriophage. Reproduced from [39],
with permission from Elsevier, 2019.

As mentioned above, simple genetic engineering provides a specific interaction to a designated
target material. Lladser et al. genetically engineered colorectal cancer (CRC)-specific M13 bacteriophages.
The M13 bacteriophage was modified to have carcinoembryonic antigen (CEA)-specific moiety. CEA
exists abundantly in colorectal cancer and is known to support the malignant features of colorectal cancer
cells such as cell adhesion, cell-to-cell interaction, and signal transduction [42,43]. The CEA level clearly
has metastatic potential, cancer progression, differentiation, and apoptosis of CRC cells [44—46]. In this
study, CEA-specific (¢xCEA) M13 bacteriophages were applied to tumor cells for the tumor infiltration
of neutrophils, macrophages, and the maturing of dendritic cells in tumor-draining lymph nodes [44].
For M13 bacteriophage genetic engineering, they transformed E. coli with a pSEX81 surface expression
phagemid vector, which possesses CEA-specific single-chain fragment variable (scFv). The scFv was
inserted at the Ncol and BamHI restriction sites upstream of the plIl protein sequence. E. coli were
infected with a multiplicity of infection by a hyperphage that contains all genes of structural proteins
of M13 bacteriophage except for the plIlI protein [47]. The xCEA-M13 bacteriophage exhibited strong
binding affinity to both CEA and CEA-expressing tumor cells (CT26) in vitro. The applied xCEA-M13
bacteriophage effectively suppressed a mouse cancer model compared to the phosphate-buffered
saline (PBS)-control and wild type M13 bacteriophage experiment by successful intratumoral and
systemic administration. Here, they confirmed that the tumor protection provided by xCEA-M13
bacteriophage occurred via CD8* T cells because the reduction of circulating CD8" T cells completely
eliminated the antitumor protection. Figure 4 shows that the macrophage (F4/80%) increased from
approximately 24% to 54%; the neutrophils increased from approximately 6% to approximately 42%,
and the tumor-infiltrating dendritic cells decreased from approximately 6% to approximately 2%.
In other words, the application of xCEA-M13 bacteriophages to tumor cells resulted in an increase in
the tumor infiltration of innate immune cells and maturing of dendritic cells at lymph nodes. Figure 5
shows decreased tumor volume and increased survival rate of mice by treating with xCEA-M13
bacteriophage. Their studies can be regarded as a successful suggestion of potential immunotherapy
against CRC [44]. Antigen—antibody reaction is one of the most simple and widely used treatment
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methods in the medical field. However, it is still the most useful clinical method. Using highly
concentrated functional moiety on the M13 bacteriophage, these types of treatments can be more
effective as immunotherapy against CRC.
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Figure 5. Growth of different CEA tumors ((a) MC38-CEA, (b) CT26-CEA) and survival of mice treated
with M13 bacteriophage with or without xCEA. Reproduced from [44], with permission from Springer

Nature, 2017.

Salmonella detection using a M13 bacteriophage is one of the largest fields of M13 bacteriophage
research and could feasibly replace conventional methods, such as the polymerase chain reaction (PCR)
and immunology-based assays [48-50]. Among the many types of pathogenic bacteria, Salmonella
detection has received more attention because of its prevalence [51]. Recently, Thavarungkul et al.
described a capacitive flow injection system for Salmonella spp. detection using a Salmonella-specific
M13 bacteriophage in a working electrode [48]. They genetically modified the wild pVIII protein to have
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the NRPDSAQFWLHHGG sequence based on the phage display technique. They simply placed the
Salmonella-specific M13 bacteriophage on a polytyramine (Pty)-coated gold electrode, and the amount
of injected target Salmonella was determined by the capacitance of Salmonella over the total capacitance.
Figure 6a shows the overall sensing procedure of this sensor device. The M13 bacteriophage-based
electrode sensor was located in the running flow buffer. When the target Salmonella spp. was injected,
the capacitance rolled up and down, and the new capacitance could be obtained. This capacitance was
lower than that without a reaction to Salmonella. The difference in capacitance is denoted as AC and
the total capacitance could be calculated as follows:
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Figure 6. (a) Schematic procedure of the capacitive flow injection system for sensing Salmonella spp.
using a M13 bacteriophage-based electrode sensor and (b) linear response of the sensor by number of
Salmonella spp. Reproduced from [48], with permission from Elsevier, 2018.

The M13 bacteriophage-based electrode sensor was then washed with a recovery solution
(5.0 mM of NaOH solution) to break the binding between the M13 bacteriophage and Salmonella.
The M13 bacteriophage-based Salmonella sensor showed great selectivity to the Salmonella samples
and exhibited an excellent recovery ratio, almost 100%. As a result, in Figure 5b, the sensor showed
good sensing capability to detect Salmonella in chicken samples with linear range from 1.0 x 10° to
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1.0 x 107 cfu/mL [48]. Salmonella detection is one of the main M13 bacteriophage biosensor research
areas. Meanwhile, this research was performed using magnetoelastic, SPR, and microcantilever
technique. The capacitive flow system was introduced very recently, and showed great results.

The target-specific binding affinity of the M13 bacteriophage could alter the macro-structure or
morphology as well as the charge density of the M13 bacteriophage suspension. Therefore, the acoustic
signal that passes through the M13 bacteriophage suspension can indicate the target-specific reaction both
quantitatively and qualitatively [52-54]. Formin et al. reported an M13 bacteriophage-based biosensor for
the detection of microbial cells with antibodies on the M13 bacteriophage [52,53]. They reacted initially
with the specific antibody on the M13 bacteriophage to have a specific interaction with the target cell
line (Azospirllum basilense strain Sp245). The cell suspension was located directly on the thin piezoelectric
plate, which propagates the piezoactive acoustic wave by the input signal. Figure 7 presents a schematic
diagram. After a specific interaction of M13 bacteriophages with the target microbial, they could measure
significant insertion loss and phase change by a reaction. The parameters were also changed sensitively
by different microbial numbers. Figure 8 shows increase conductivity of the solution caused a decrease in
change of the phase and insertion loss of the output signal by increasing the number of cells. By increasing
cell numbers, the interaction between M13 bacteriophage and cells occurs. Resulting clear signal changes
were observed from 10% to 107 cells/mL [52]. Thus far, this is one of a few results using electroacoustic
techniques to detect microbial target-specific interaction. Since this technique can be performed directly in
suspension, it can be a useful supplement method for existing methods.
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Figure 7. Schematic diagram of the electroacoustic measurements using an X-Y lithium niobate
piezoelectric plate and target cell-specific M13 bacteriophage solution. Reproduced from [52], with
permission from Elsevier, 2018.

O O ——2
—1 2
m 2 o g 51 % -7
S 4 -7 g =
g g - 2 0 -
% N s 7
-8 y -15 1
0 5 10 15 20 0 5 10 15 20
o, pS/lem o, uS/cm
a b
0 —— 0 o0
@
a2 = § 3 ———
° = E’ =
-4 /.’ [ 6 23
g v o rd
<5 ¢ 9 o
I'd z 0
g = ; 2 -2 : |
5 10 15 20 0 5 10 15 20
o, uSlcm o, uSlcm
(& d
0 0
1 — 3 3 o o __——%
g -2 -~ 5 4 -
g 3 - S 6 /
Q4
5 ' g e 8- o
& 2
-6 + -10
0 5 10 15 20 0 5 10 15 20
o, uS/cm o, uS/cm
e f

Figure 8. The change in the insertion loss (Aw, left) and phase of the output signal (A®) of the
conductivity of the buffer solution. (a,b) 10* cells/mL, (c,d) 10° cells/mL, and (e,f) 108 cells/mL. The solid
and dotted lines correspond to the electrically open and shored channels, respectively. Reproduced
from [52], with permission from Elsevier, 2018.

126



Nanomaterials 2019, 9, 1448

3. M13 Bacteriophage-Based Chemical Sensing

The M13 bacteriophage has a systemically regular shape because it is a natural substance.
The highly certain shape and specific reactivity to the target material provided to the M13 bacteriophage
have great potential to become a building template [6]. Haberer et al. discussed the gold nanopeapod
structure covered with polypyrrole (PPy) located directly between platinum electrodes. In this particular
experiment, an M13 bacteriophage was genetically engineered to have the VSGSSPDS protein sequence
on its pVIII major coat protein. A gold-specific M13 bacteriophage was covered and formed a bridge
between two pre-fabricated platinum electrodes, and then reacted with a gold solution. A commercial
gold electroless deposition reagent was used to increase the size of the gold nanoparticle. Finally,
electrodeposition of PPy was conducted to complete the gold PPy nanopeapod structure between the
electrodes [55,56]. The product was applied as an NHj gas sensor due to nucleophilic NHj3 attack of
the polymer backbone, decreasing the conjugation length, and irreversibly increasing the resistance.
In other words, NH3 molecules in this reaction act as an electron donor. Consequently, decreasing the
electron hole concentration of the polymer results in a reversible de-doping process [57-59]. In this
experiment, the irreversible reaction has competitive advantage over the reversible reaction, and partial
recovery after gas sensing was achieved. This study showed an excellent detection limit of 0.005 ppm
by NHj3 exposure to a M13 bacteriophage template gas sensor [55]. This technique implies resistance of
one-dimensional nanowires which were fabricated using M13 bacteriophage as gas sensor. Due to the
extremely thin layer of PPy and the catalytic effect of Au NPs, this technique showed great sensitivity.
This structure highly depends on random connection between electrodes. Better performance can be
expected from this structure by optimized structure such as nano pattern between two electrodes.

SERS technology based on the nanowire structure can be improved significantly by controlling
the density of “hot spots”, where Raman signal amplification occurs [60,61] For more effective signal
amplification, the sensor surface needs to be highly functionalized, particularly around hot spots [62,63].
Jung et al. recently reported an M13 bacteriophage-covered silver nanowire SERS sensor to detect
a certain pesticide, paraquat (PQ), which is a widely used herbicide. The M13 bacteriophage was
functionalized genetically to have the WHW peptide sequence for the PQ specific binding affinity on
its pVIII major coat protein. When the sensor was compared with the wild type M13 bacteriophage
sensor and a sensor without M13 bacteriophage, the genetically functionalized sensor showed superior
selectivity to the PQ sample [60]. They also tested the selectivity upon different pesticides of a
functionalized M13 bacteriophage-SERS sensor using bipyridylium, which is a common herbicide.
The WHW-type M13 bacteriophage-functionalized SERS sensor showed a better Raman signal when
PQ was detected than bipyridylium at the same concentration. In Figure 9, using a hand-held Raman
spectrometer, they could detect PQ concentrations as low as 0.1 pg/cm?®, which is far below the
guidelines of most countries. Raman intensity changes before and after the washing step showed best
results for WHW type M13 bacteriophage sensors. It also showed better efficiency when compared with
wild type and nanowire without M13 bacteriophage. By measuring different pesticides (diquat (DQ)
and difenzoquat (DIF)), PQ was the most suitable pesticide. [60,64]. This practical research showed
detection results using a hand-held Raman spectrometer and agricultural product without pretreatment.
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Figure 9. (a) Illustration of surface-enhanced Raman spectroscopy (SERS) by a functionalized M13
bacteriophage, (b) practical application of an M13 bacteriophage-based SERS sensor on an apple surface,
(c) Raman spectra of paraquat (PQ) at different PQ concentrations on an apple surface, (d) Raman
spectra of PQ using tryptophan-histidine-tryptophan (WHW), wild type of bacteriophage and without
M13 bacteriophage before and after the washing step, (e) efficiency comparison of WHW, wild type and
nanowire only, and (f) efficiency comparison of different pesticide (PQ, diquat (DQ), and difenzoquat
(DIF)) using WHW M13 bacteriophage. Reproduced from [60], with permission from American
Chemical Society, 2018.

4. M13 Bacteriophage-Based Color Sensor

The color sensor is one of the fields of M13 bacteriophage research, which has great potential in
terms of sensitivity, selectivity, and portability [4,65,66]. Endocrine-disrupting chemicals were detected
using an M13 bacteriophage-based color sensor. Genetically engineered M13 bacteriophages can be
manufactured with a color sensor that has a structural color using a simple pulling technique, and
applied to endocrine disrupting substance detection [65]. Although existing research focused on one
specific substance, such as TNT [NC 13], this research focused on classifying various types of endocrine
disruptors with similar structures. In this study, polychlorinated biphenyl (PCB) and phthalate
compounds, traditional flame retardants, and plasticizers, were selected. These substances, which have
been selected as regulated substances, are still included in pre-regulated polymer products, which act
as environmental pollutants for use and disposal [65,67]. The M13 bacteriophage-based structural color
sensor was modified with phage display technology. The protein sequence genetically engineered on
the pVIII major coat protein is specific for covalent binding and is effective in the detection of aromatic
compounds. In this study, four phthalate compounds and five PCB compounds were distinguished
with high sensitivity, and the entire phthalate and PCB compound groups were distinguished with
high accuracy (Figure 10) [65]. The detection limit of this color sensor was approximately 100 ppm,
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and the first two principal components of PCA analysis accounted for 54.89% of phthalate derivatives
and 67.38% of PCB derivatives. The linear discriminant analysis (LDA) error between phthalate and
PCB derivatives was 3.7% [65,68].
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Figure 10. (a) PCA analysis of phthalate derivatives, (b) PCB derivatives, and (c) LDA analysis of
phthalate and PCB derivatives using a M13 bacteriophage-based color sensor. Reproduced from [65],
with permission from Elsevier, 2017.

Drug abuse causes serious health and environment problems [69-71]. Color sensor systems using
M13 bacteriophages have shown promise for the detection of toxic substances [4,65]. Owing to the
specific selectivity and sensitivity to target materials, M13 bacteriophage-based color sensors have the
potential to detect various drugs [69]. Oh et al. discussed the structural color sensor to distinguish a
range of antibiotics. The M13 bacteriophage-based structural color sensor was manufactured by inducing
self-assembly using a simple pulling technique. Briefly, substrate (Au coated Si wafer) was deepen into
M13 bacteriophage aqueous solution and pulled out slowly. By controlling the concentration of solution
and pulling speed, a structural color band could be achieved through evaporation of M13 bacteriophage
solution [4,65,69]. When the color sensor was exposed to an organic solvent, the bacteriophage bundle
nanostructure constituting the microstructure of the sensor expanded, resulting in a structural color
change. A genetically engineered M13 bacteriophage surface protein structure called WHWQ in this
study could clearly distinguish three types of commercial antibiotics and three types of core ingredients
of these antibiotics, which were confirmed by color and PCA analysis. Cefadroxil, amoxicillin, and
rifampicin are some of the most popular antibiotics that a large number of pharmaceutical companies
produce, and an absolute majority of patients consume. In Figure 11, PCA analysis produced clear
discrimination between the three types of antibiotics as well as commercial and reagent grade. The first
two discriminant factors accounted for 86.89% in this study [69].

An M13 bacteriophage-based color sensor also could be applied to microbial detection. Oh et al.
reported a color sensor capable of detecting cancer cell types based on the M13 bacteriophage [72].
The M13 bacteriophage-based color sensor works in the form of a photonic nose, which functions
similarly to other researched electronic noses, and shows structural color-based color changes by
contact with the specific target materials. The target material in this study was a specific volatile
compound that is unusually abundant in various cancer cells. The respiratory by-products of cancer
cells, which are distinguished uniquely from normal cells, include hydrazine, xylene, ethylbenzene,
ethanol, and toluene [72,73]. Therefore, they measured a range of organic reagents, populations
of E. coli, and CO, concentration using the M13 bacteriophage-based color sensor. Here, the M13
bacteriophage-based color sensor showed significant sensitivity and selectivity for organic solvents, cell
population, and CO, concentration. In this study, selectivity experiment has been done for hydrazine,
xylene, ethylbenzene, ethanol, and toluene, volatile organic chemicals. These chemicals can be found
in abnormally high concentration of in the lung cancer patient’s respiration [72-75]. These organic
compounds can act like an analytic marker for different cancer cells when released through respiration
of cancer cells. Therefore, selective detection of these organic solvents was important to the selective
detection of various cancer cells. Finally, each cancer cell’s respiration by-product was analyzed using
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adjacent color sensors while culturing various types of cancer cells. As a result, they showed excellent
discrimination through PCA and color analysis, with the first two discriminant factors accounting for
99.8% (Figure 12) [72].
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Figure 11. Measurement of various antibiotics using M13 bacteriophage-based color sensors.
(a) Sensitivity measurement at different temperatures using fixed amount of samples, (b) color
change translation of samples, and (c) PCA analysis of antibiotic sensing. Reproduced from [69], with
permission from Wiley-VCH, 2016.
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Figure 12. Cancer cell type identification using M13 bacteriophage-based color sensors. (a) Red, Green,
and blue (RGB) color patterns of each cancer cell, (b) RGB intensity change, and (c) PCA analysis of
samples. Reproduced from [72], with permission from The Royal Society of Chemistry, 2017.
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5. Expansion of Analytic Method from Direct Sensing Using M13 Bacteriophage

A range of variations of WHW type M13 bacteriophages have common specific affinity to TNT
molecules [4]. A m-7 interaction was assumed among TNT molecules, histidine, and tryptophan
based on experiment [4,6]. On the other hand, there is a lack of consideration as to whether WHW is
really the best structure for TNT molecules or how this specific interaction occurs systemically and
theoretically. Recently, Lee et al. reported the results of computational calculations of this interaction
among TNT molecules, histidine, and tryptophan, using quantum mechanics (QM) calculations [76].
The theoretical candidates for comparison were WHW-, WAW-, WHA-, and AHW-simulated peptide
sequences (A: Alanine). The specific binding affinity between the WHW and TNT molecules was
confirmed experimentally using an SPR sensor system due to the significantly lower detection limit
(500 fM) than any other sensor system based on M13 bacteriophages [4,77-80]. The dissociation
constants for TNT molecules using the WHW-, WAW-, WHA-, and AHW-type M13 bacteriophages
were 7.0 X 10712,2.7 x 10711, 1.1 x 10719, and 3.3 x 1078, respectively. By QM calculations using Jaguar
v8.4 software with the M06-2X/6-31G ** level of density functional theory, the binding energy of
WHW-TNT was calculated to be 22.7 kcal mol~!. Figure 13 shows the active binding mechanism for
WHW and alanine substituted peptide sequences. For WAW, WHA, and AHW, the binding energy
was 19.9, 16.0, and 18.8 kcal mol ™!, respectively. Finally, they confirmed the strong linear correlation
between the experimental Gibbs free energy and calculated binding energy [76].
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Figure 13. The stable constructions of TNT-specific peptides and their reactivity (red: histidine,
blue: tryptophan, black: alanine, green: TNT, yellow, and arrow: 7-7t interaction). (a) WHW-TNT,
(b) WAW-TNT, (c) WHA-TNT, and (d) AHW-TNT. Reproduced from [76], with permission from The
Royal Society of Chemistry, 2019.

6. Conclusions

M13 bacteriophages have attracted considerable attention because of their simplicity of structure
and functionality. The additional merit of M13 bacteriophages is the customized functionality, which
can be provided easily through simple genetic engineering. In Table 1, large numbers of research
groups have examined various fields using M13 bacteriophages. In particular, a biosensor using
M13 bacteriophages has attracted serious interest because of the portability and intuitiveness. M13
bacteriophage has been utilized as an electrode support material for cysteine and Salmonella spp.
detection [39,44,48]. Functionalized M13 bacteriophages have the potential to detect various cancer
cells effectively [44,72]. Acoustic and SERS signals could be amplified by adding M13 bacteriophages
to existing sensor systems [52,60]. In addition, M13 bacteriophage-based color sensors have been
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evaluated as a key tool to apply M13 bacteriophages to sensor systems [65,69,72]. Application of the
M13 bacteriophage is still in its infancy. There remain many more protein sequences to be found,
and low dimensional fabrication control should be studied. Mass production and reproducibility of
nanostructures also need to be studied and overcome. Active theoretical studies on the function of
genetically engineered M13 bacteriophages for specific target materials will open more systematic

approaches as well as novel applications of M13 bacteriophages [12,76].

Table 1. Biosensor applications of M13 bacteriophages.

M13 Bacteriophage

Immobilizations Detection Technique Analytes Real Sample Ref.
M13/Au coated Si wafer Color analysis Nitrotoluene TNT, DNT, MNT [4]
M13/donor and acceptor dye FRET Intracellular pH RAW264.7 macrophage [30]
M13/Au coated glass SPR Cell proliferation signal NIH3T3 mouse fibroblast [31]
M1/ Auc(ilﬁyz:/gDNNP;/Raman SERS Antibody concentration Sterptavidin/anti-goat IgG [32]
Mi3/zinc phthalocyanine/methy] Fluorescence image Breast cancer cells SKBR-3 cell line [35]
viologen
M13/CNF/GCE Electrochemical Cysteine L-Cysteine solution in PBS [39]
M13/scFv Optical/surgical CEA tumor cells MC38- and CT26-CEA [44]
M13/Pty/Au electrode Capacitive Salmonella Chicken [48]
M13/antibody Electroacoustic Cell number Sp245 cell line [52]
M13/Ag nanowire SERS Pesticides PQ, DQ, and DIF [60]
M13/Au coated Si wafer Color analysis End()ccl';\:;?ci:;:pting Phthalate and PCB derivatives [65]
M13/Au coated Si wafer Color analysis Antibiotics Commzrl:tiia;iil;\icclsreagent [69]
HEK-293, NCI-H1299,
M13/Au coated Si wafer Color analysis Cancer cells SK-Hep-1, HeLa, HCT116 [72]

cancer cell lines
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Abstract: Recently, biocompatible energy harvesting devices have received a great deal of attention
for biomedical applications. Among various biomaterials, viruses are expected to be very promising
biomaterials for the fabrication of functional devices due to their unique characteristics. While other
natural biomaterials have limitations in mass-production, low piezoelectric properties, and surface
modification, M13 bacteriophages (phages), which is one type of virus, are likely to overcome these
issues with their mass-amplification, self-assembled structure, and genetic modification. Based on
these advantages, many researchers have started to develop virus-based energy harvesting devices
exhibiting superior properties to previous biomaterial-based devices. To enhance the power of these
devices, researchers have tried to modify the surface properties of M13 phages, form biomimetic
hierarchical structures, control the dipole alignments, and more. These methods for fabricating
virus-based energy harvesting devices can form a powerful strategy to develop high-performance
biocompatible energy devices for a wide range of practical applications in the future. In this review,
we discuss all these issues in detail.

Keywords: virus; M13 bacteriophage; energy generator; piezoelectric; self-assembly; genetic engineering

1. Introduction

Recently, energy harvesting from biomechanical movement has attracted a great deal of interest in
wearable, sustainable, and biomedical technologies [1-3]. Especially, piezoelectric devices have been
actively studied for bio-implantable application, because they can easily generate energy by using
simple motions and vibrations without any other external source [4-6]. General piezoelectric materials
have the ability to generate electrical charges from applied mechanical stress. Although the energy
output from piezoelectric generators may not be as large as that from other alternative energy sources,
these also have their own advantages, such as simple device structures and various material groups.

After Jacques and Pierre Curie discovered piezoelectricity from quartz in 1880, various piezoelectric
materials were developed from ceramics to natural biomaterials. Among them, ceramic materials
such as lithium niobate (LiNbO3) [7], potassium niobate (KNbO3) [7], lithium tantalate (LiTaOs3) [8],
barium titanate (BaTiO3) [9], lead zirconate titanate (Pb[ZryTi;_,]O3) [10], and etc., were most
investigated due to their superior piezoelectric properties. Lead zirconate titanate (PZT) has become
the most common piezoelectric material in practical application today. However, as the issue of toxicity
in lead-containing devices is starting to appear, extensive study has been conducted to replace it with
lead-free piezoelectric materials [11]. For this purpose, several ceramics (bismuth ferrite (BiFeOs),
sodium niobate (NaNbO3), barium titanate (BaTiO3), bismuth titanate (Bi;Ti3O12), quartz, etc.) [12-14]
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and organic materials (polyvinylidene fluoride (PVDEF), polyvinylidene chloride (PVDC), etc.) [15,16]
were found. Particularly, single-crystal zinc oxide (ZnO) nanostructures with wurtzite structure exhibit
larger piezoelectric constants than those of bulk ZnO. However, the poor biocompatibility and brittle
characteristics of these piezoelectric materials limit their applications in wearable and biomedical
applications [17].

Otherwise, biomaterials have been regarded as promising alternative materials due to their
good biocompatibility, non-toxicity, and environmental friendliness. After the first discovery of
the piezoelectric effect of bone, the piezoelectric properties of diverse natural biomaterials such
as wood, bone, hair, dentin, tendon, and collage were investigated [18-23]. Since these natural
materials exhibit very weak piezoelectricity and are difficult to mass-produce, there is a limit to use for
practical applications. Recently, there has been a growing interest in the biopiezoelectric materials
to overcome these limitations. Polysaccharide materials [24-27], viruses [28-31], and self-assembled
biomaterials [32,33] have been identified as good candidates, because their piezoelectric constants are
higher than those of previous natural biomaterials, and they are possible to mass-produce. Especially,
it has been found their physical and chemical properties can be modulated by their morphology,
surface charges, and phases, and the piezoelectric response is directly related to these. Furthermore,
the discovery of piezoelectricity in bone [34-36], which has been the most frequently studied tissue,
aroused great interest because it seemed to provide an important key to understanding bone physiology.
Researchers hypothesized that bone’s piezoelectric signal by physical stimulation could regulate bone
growth, repair, wound healing, and tissue regeneration [37-39]. In addition, piezoelectric biomaterials
also have several advantages for use in sensors [40], energy storage [41], energy harvesting, and other
areas [42]. Despite these advantages of biopiezoelectric materials and their potential applications,
a comprehensive review of virus-based piezoelectric energy harvesting devices have not been reported.

In this short review, we provide an overview of M13 bacteriophages (phages) as superior
biopiezoelectric materials for piezoelectric energy harvesting applications. In addition, we discuss in
detail the piezoelectric properties of M13 phages and the fabrication of M13 phage-based piezoelectric
energy harvesting devices. It is expected that this review will inspire the design of novel biomaterials
and the development of functional devices for energy harvesting, sensing, biomedical applications,
and other applications.

2. Biological Building Block for Piezoelectric Energy Harvesting Devices: M13 Bacteriophages

Due to their unique structural, biological, and physical properties, the M13 phage is the most
attractive candidate in biomaterials for mimicking natural structures and developing novel piezoelectric
energy harvesting devices. Especially, from the engineering point of view, M13 phages have several
advantages, such as (1) structural similarity with collagens; (2) mass-producibility by bacteria infection
and mass-amplification; (3) surface tunability through genetic engineering; (4) possibility of forming a
highly-ordered structure via self-assembly; and (5) superior piezoelectric properties.

The M13 phage is a filamentous bacteriophage composed of circular single-stranded
deoxyribonucleic acid (ssDNA) and capsid proteins. ssDNA is encapsulated in approximately
2700 copies of the helically arranged major coat protein pVIII, and five to seven copies of two different
minor coat proteins (pIX, pVI, plll, pVII) on the ends (Figure 1a). The diameter and length of M13
phages are about 6.6 nm and 880 nm, respectively [43]. Since the structural characteristic of phages is
very similar to the structure of the human collagen, the M13 phages are quite capable of mimicking
nature’s hierarchical structures based on collagen [44]. These M13 phages, which are perfectly identical
copies, can be mass-produced using the living characteristic of viruses. M13 phages are any group of
viruses which carry out a lysogenic infection in which the phage inserts its genome into the bacterial
genome. The minor coat protein plII attaches to the receptor of the host bacteria and infects the bacteria.
A huge amount of phages can be produced in an infected bacteria using the metabolic reactions of the
host cell (Figure 1b). The infected cells are not involved in the cell lysis, but a decrease in the rate of
cell growth [45].
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Figure 1. Schematic diagram showing the main characteristics of M13 bacteriophages (phages).
(a) Structural similarity between natural collagen and M13 phages. Both biomaterials are filamentous
structures with high aspect ratio and have right-handed helical structures. (b) Infection and
mass-amplification of M13 phages. A huge amount of phages can be produced in infected bacteria
by using the metabolic reactions of the host cell. (c) M13mp phage vector and surface modification
through genetic engineering. We can design the molecular structures of the phage’s outer surfaces in
accordance with the desired properties and display the related peptide motif on the coat proteins of
M13 phages. (d) Liquid crystalline phase transition of M13 phages. M13 phages exhibit a lyotropic
liquid crystalline phase transition due to their helical structure, nanofibrous shape, monodispersity, and
functional motifs. (e) Piezoelectric properties of M13 phages, which enable us to make piezoelectric
energy harvesting devices.

Recent advances in genetic engineering make it possible to modulate the peptide sequence of
phage proteins as desired. By using the recombinant DNA technique and M13mp phage vectors,
we can design the molecular structures of surfaces according to the required properties and easily
display the related peptide motif on the coat proteins of M13 phages (Figure 1c). This ability of M13
phages is a unique feature that distinguishes them from other nano and biomaterials [45].

In addition, M13 phages exhibit a lyotropic liquid crystalline phase due to their helical structure,
nanofibrous shape, monodispersity, and expressed functional motifs (Figure 1d). According to the
concentration of the phage suspension, the resulting structures of M13 phage films change from an
isotropic phase to a cholesteric phase in a controlled manner [43]. Owing to these characteristics,
we can prepare highly-ordered crystalline structures in a large area, which allows us to fabricate
functional devices.

Lastly, recent studies have shown that M13 phages have excellent piezoelectric properties, which are
larger than other natural biomaterials [28]. This makes it possible to fabricate high-performance
piezoelectric energy harvesting devices (Figure 1le).

3. Introduction to Piezoelectric Effect

Piezoelectricity is a phenomenon of coupling between the electrical and mechanical states of a
material by crystal deformation. When piezoelectric materials are mechanically stressed and deformed,
the positive and negative charge centers shift in the materials, which then results in an external electrical
field and a current flow. The opposite can also happen. When an electrical field is applied to the
materials, the piezoelectric materials are stretched or compressed (Figure 2a).
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Figure 2. Schematic diagram showing the working mechanism of the piezoelectric effect.
(a) Diagrammatic demonstration of the piezoelectric effect. (b) Schematic illustration showing the
working mechanism of the piezoelectric effect in crystal structures. In equilibrium, the charges of the
unit cell are neutral (no net dipole moment). When mechanical stresses are applied, a net dipole moment
and electrical polarization arise in piezoelectric materials. (c) Schematic diagram showing structural
characteristics of M13 bacteriophages. M13 phages have five-fold rotational symmetry, two-fold screw
symmetry, and no inversion center. Schematic illustrations showing the working mechanism of the
piezoelectric effect based on M13 phages when the stress is applied along the phage long axis (d) and
phage short axis (e,f).

This direct piezoelectric effect was first discovered in 1880 by Paul-Jacques Curie, Pierre, and Marie
Curie. They combined the knowledge of pyroelectricity with their understanding of crystal structures
and behavior, and demonstrated the first piezoelectric effect by using crystals of quartz and Rochelle
salt. Since then, many researchers have discovered and reported the piezoelectric properties of
organic [15,16], inorganic [7-14,17], and biomaterials [18-33].

These piezoelectric characteristics originate from the deformation of the crystal structure and
charge rearrangement within the material. In the equilibrium state, the arrangement of charges within
the material lattice is neutral. However, there will be a charge redistribution within the unit cell and
this induces net charges on the faces of the unit cell under the mechanical stress, which results in a net
dipole moment. The sum of these dipole moments from all the unit cells leads to charge separation
and generates electrical polarization in piezoelectric materials (Figure 2b). The most important thing
in this system is that the materials must not have a center of symmetry, because the sum of net dipole
moments is zero if the materials have a symmetry center.

Fortunately, M13 phages have structural properties that can make them suitable for piezoelectric
properties. M13 phages are composed of ssDNA and capsid proteins, and each capsid protein has a
dipole moment because these capsid proteins are made up of three parts—a positively charged area,
a neutral charged area, and a negatively charged area. Especially, 2700 pVIII major coat proteins,
which are the body-coat proteins, are assembled on the ssDNA with a 20° tilt angle with respect to the
phage long axis and are arranged in right-handed helical structures. These major coat proteins form a
pentagonal structure, which means that M13 phages have five-fold rotational symmetry, two-fold screw
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symmetry, and no inversion center (Figure 2c) [46,47]. Therefore, M13 phages can have piezoelectric
properties. Interestingly, these complex structural characteristics of M13 phages allow us to use various
piezoelectric properties. When stress is applied along the phage long axis, net dipole moments and
electrical polarization are generated along the direction of applied stress (Figure 2d). On the other
hand, when the stress is applied along the body (phage short axis), net dipole moments and electrical
polarization are generated in two different directions (Figure 2e,f). Due to these characteristics, various
types of piezoelectric energy harvesting devices can be developed.

4. Surface Modification of M13 Bacteriophages through Genetic Engineering

One of the great advantages of M13 phages as functional materials is the possibility of surface
modification through genetic engineering. The most frequently used and well-established method
to modify the genes of phages is recombinant DNA technology, which involves the insertion of
foreign genes into the bacterial plasmids. Especially, M13mp phage vectors are usually used for
engineering M13 phages. By incorporating foreign DNA, converting certain DNA into foreign DNA,
and deleting specific DNA with enzymes, a high density of functional peptides and proteins can be
simultaneously displayed on the M13 phage’s coat proteins [45]. This technique enables us to design
the surface molecular structures of M13 phages according to their purpose. For example, ].-W. Oh et al.
developed the highly trinitrotoluene (TNT)-selective sensors based on phage colorimetric structures by
expressing the AXXXWHWQXXDP (WHW) peptide sequence (which shows excellent binding affinity
to TNT molecules) on pVIII major coat proteins [48]. J. Wang et al. reported that RGD phages induce
osteogenesis and angiogenesis by activating the endothelialization and osteogenic differentiation of
mesenchymal stem cells. In this work, RGD and RGD/PHSRN (combination of RGD and PHSRN)
peptides, which interact with integrin, have a key role in adhesion with fibronectin [49,50].

These genetic modifications are also very useful in fabricating energy harvesting devices.
Most energy harvesting devices (e.g., piezoelectric and triboelectric devices) have a direct correlation
to surface charges and dipole moments. Therefore, the number of charges on the outer surfaces of M13
phages should be increased to improve the power of energy generators. For this purpose, B. Y. Lee et al.
expressed AEGDP (1E), AEEGDP (2E), AEEEGDP (3E), and AEEEEDP (4E) peptide sequences on the
outer surfaces of the pVIII major coat protein of M13 phages (Figure 3a) [28]. In the case of vertically
aligned phages, the HHHHHH peptide sequence was expressed at the N-terminus of the pIIIl minor
coat protein with a spacer GGGS as a specific binder with Ni-NTA surface (Figure 3b). The YEEE
peptide was also expressed between the first and fourth residues at the N-terminal of the pVIII major
coat protein for enhancing mechanical stability by Y-Y cross-linkage between phages through UV
illumination [29].

Likewise, we can improve the physical and chemical properties and extend the range of applications
through genetic molecular design. In the future, we expect that chemical modification (e.g., bioconjugate
techniques and cross-linking) as well as genetic modification will be used for the further improvement
of physical properties.
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Figure 3. Surface modification of M13 bacteriophages through genetic engineering. (a) AEGDP (1E),
AEEGDP (2E), AEEEGDP (3E), and AEEEEDP (4E) peptide sequences were expressed on the outer
surfaces of the pVIII major coat protein of phages to enhance the piezoelectric properties. The M13
phage is 880 nm in length and 6.6 nm in diameter, which is covered by 2700 pVIII coat proteins and has
five copies each of plIl and pIX proteins. The dipole moment is directed from the N-terminus (blue)
to the C-terminus (red). Reproduced with permission from [28]. Copyright Nature Research, 2012.
(b) HHHHHH peptide sequence expressed at the end of the N-terminus of the pIII minor coat protein
for specific binding of phages on the Ni-NTA surface. The YEEE peptide motif is expressed between
the first and fourth residues at the N-terminal of the pVIII major coat protein to enhance the mechanical
stability by Y-Y cross-linkage. Reproduced with permission from [29]. Copyright American Chemical
Society, 2019.

5. Piezoelectric Properties of M13 Bacteriophages

In general, the M13 phage is covered with 2700 pVIII coat major proteins, and the individual coat
protein of phages is roughly divided into three sections: a positively charged region (C-terminus),
aneutral region, and a negatively charged region (N-terminus). Owing to this adequate arrangement of
charges, each coat protein has a dipole moment which is directed from the N-terminus to the C-terminus.
Furthermore, the positively charged region of coat proteins is bound to central single-stranded DNA
with a 20° tilt angle with respect to the phage long axis and «-helical structure when they are released
from the host cell. The resulting structures of assembled pVIII coat proteins have five-fold rotational
symmetry, two-fold screw symmetry, and no inversion center. Based on this fundamental study of
phage structures, we can easily predict that M13 phages can present strong piezoelectric properties
due to their permanent axial polarization caused by the net dipole moment in the pVIII proteins [28].
In 2012, B.Y. Lee et al. successfully observed the piezoelectric properties of M13 phages by using
piezoresponse force microscopy (PFM) (Figure 4a). For this study, they prepared the phage monolayer
sample by vertically pulling an octadecanethiol (ODT)/cysteamine patterned substrate from the phage
suspension at a constant speed. Then, the piezoelectric properties of wild-type, 1E, 2E, 3E and 4E
phages were measured by PFM. Vertical PFM measurements revealed that the effective piezoelectric
coefficients () of the wild-type phage was 0.30 + 0.03 pm V1. The coefficients of 1E, 2E, 3E, and 4E
phages were 0.14 + 0.03 pm V=1, 0.35 + 0.03 pm V71, 0.55 + 0.03 pm V!, and 0.70 + 0.05 pm V1,
respectively. This indicates that the coefficients improve as the surface charges of phages increase [28].
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To further enhance the piezoelectric properties, they fabricated a multilayer phage film with 100 nm
thickness. The multilayer film exhibited an increased effective piezoelectric coefficient (3.9 + 0.05 pm
v, Although this value is lower than the d33 values of periodically-poled lithium niobate (PPLN)
(13.2 pm V71, it is higher than collagen (1.1 pm V~!) and other natural biomaterials. In addition,
the effective piezoelectric coefficient of M13 phage films is further enhanced by fabricating vertically
aligned phage nanostructures. These vertically assembled phages exhibited unidirectionally oriented
piezoelectric polarization with an effective vertical piezoelectric coefficient of 13.2 pm V! (Figure 4b).
Therefore, M13 phages are the best natural biomaterials for developing piezoelectric energy generators
based on biomaterials [28].
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Figure 4. Piezoelectric properties of M13 bacteriophages. (a) Schematic of piezoresponse force
microscopy (PFM) measurement (i); AFM topography (ii); height profile (iii); lateral PFM image
along the phage long axis direction (iv); lateral PFM image obtained after changing the scanning
direction by 90° (v); and vertical PEM image (vi) of the phage monolayer film. The resulting effective
piezoelectric coefficients of 1E, 2E, 3E, and 4E phages were 0.14 + 0.03 pm v-1, 035+ 0.03 pm v
0.55 £ 0.03 pm V71, and 0.70 + 0.05 pm v, respectively. Reproduced with permission from [28].
Copyright Nature Research, 2012. (b) PEM image (i), PEM phase image (ii) of vertically aligned
phages which exhibits unidirectional polarization in the out-of-plane direction, and comparison of
out-of-plane PFM amplitude versus applied voltage along the aligned direction (iii). The resulting
effective piezoelectric coefficients (df) of 6H vertical phage, 6H film, WT vertical phage, and WT film
were ~13.2 pm V1, ~3.96 pm V-1, ~0.35 pm V! and 1.22 pm V!, respectively. Reproduced with
permission from [29]. Copyright American Chemical Society, 2019.

6. Developments and Applications of M13 Bacteriophage Based Piezoelectric Energy
Harvesting Devices

Due to their excellent piezoelectric properties, the group of Prof. Lee at UC Berkeley first
fabricated M13 phage-based piezoelectric energy generators in 2012 [28]. They prepared well-ordered
self-assembled multilayer films based on M13 phages onto gold-coated flexible substrates by using
a drop and evaporation method (Figure 5a). During the evaporation process, M13 phages were
self-assembled and formed long-range ordered smectic-phase liquid-crystalline films by their chiral
and monodisperse characteristics. When they overlaid a counter gold-coated flexible substrate on the
film and embedded the device between two 2.5-mm-thick polydimethylsiloxane (PDMS) matrices,
they could fabricate phage-based energy generators (Figure 5b). The generating power of the device
can be modulated by the surface modification of M13 phages through genetic engineering, and the
device produced a current of 6 nA and a voltage of 400 mV when they use 4E phages (Figure 5c).
This was a sufficient energy output to turn on a liquid-crystal display [28].
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Figure 5. Characterization of an M13-bacteriophage-based piezoelectric energy generator (drop-casted
film). (a) AFM topography image of phage film prepared by drop-casting, showing the long-range
ordered smectic-phase liquid-crystalline film structure. Reproduced with permission from [28].
Copyright Nature Research, 2012. (b) Photograph of an M13 phage-based piezoelectric energy
generator and schematic of piezoelectric energy generation measurement set-up. Reproduced with
permission from [28]. Copyright Nature Research, 2012. (c) Open-circuit voltage and short-circuit
current signal from the M13 phage-based piezoelectric energy generator. The device produced a current
of 6 nA and a voltage of 400 mV when they use 4E phages. Reproduced with permission from [28].
Copyright Nature Research, 2012.

One of effective strategy for enhancing the power of phage-based energy generators is modulating
the film morphology. Recently, K. Heo et al. reported a novel biomimetic assembly method for
fabricating phage-based hierarchical structures with diverse surface morphologies by mimicking
nature’s self-assembly system [30]. They modulated the meniscus by controlling the thermodynamic
and kinetic parameters (i.e., phage concentration, ionic concentration, phage surface charge, and pulling
speed) and created a hierarchically organized phage film with diverse morphology in a controlled
manner as the meniscus can serve as a transient scaffold to guide phage self-assembly (Figure 6a).
In this process, the shape of the meniscus can be systematically modulated due to a combination
of multiple factors, such as fingering instability, Rayleigh instability, and elastocapillary instability.
All of the resulting phage structures were long-range-ordered chiral phage films showing multiple
levels of hierarchical organization from nano- to macro-scale (single phage—phage filaments—fiber
bundles-mesoscale periodic structure-macroscale band) (Figure 6b) [30]. When they fabricated
piezoelectric energy generators based on these hierarchically organized phage films, the device power
was improved compared to previous drop-casted phage films. The continuous and line film patterns
exhibited 6.3 and 56 nA short-circuit current and 0.36 and 0.75 V open-circuit voltage, respectively
(Figure 6¢). The 2D-dot patterns showed the highest piezoelectric performance, which exhibited peak
values of 94 nA current and 0.95 V voltage. They claimed that these enhanced piezoelectric properties
of 2D-dot phage patterns were mainly due to the enhanced crystallinity of the phage nanofilaments
that were periodically organized in an active array, in contrast to other films. The enhanced power was
available to display the words “VIRUS” and “LEE LAB” on a liquid-crystal display.
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Figure 6. Characterization of an M13 bacteriophage-based piezoelectric energy generator. (biomimetic
hierarchical structures). (a) Schematic illustration of the biomimetic hierarchical assembly process and
structural transition diagram of phage films depending on phage concentration, ionic concentration,
and pulling speed. Reproduced with permission from [30]. Copyright Elsevier, 2019. (b) Hierarchical
structures of the phage-based films from nanoscale to macroscale. (single phage-phage filaments—fiber
bundles-mesoscale periodic structure-macroscale band). (c) Piezoelectric characterization depending
on phage structures. The 2D-dot patterns showed the highest piezoelectric performance, exhibiting
peak values of 94 nA current and 0.95 V voltage. Reproduced with permission from [30]. Copyright
Elsevier, 2019.

Another strategy for improving the piezoelectric power is to change the direction of the mechanical
force applied to the phage. As mentioned in Section 3, if we consider the direction of the dipole moment
in the individual M13 phages, it is predicted that the accumulated charges are maximized when
the mechanical force is applied in the vertical direction rather than the lateral direction (Figure 2d).
However, we could not carry out the related research because of the absence of an effective process to
vertically align the phages. Recently, D.-M. Shin et al. developed a robust and facile method to prepare
vertically aligned the phages for the first time (Figure 7a) [31]. They extruded phage suspension
into a porous anodic aluminium oxide (AAO) template at precisely controlled speeds and repeated
this process until all holes of the porous template were completely filled with phages, resulting in
the formation of phage nanopillars (PNPs). During this process, negatively charged 4E phages were
randomly adsorbed on the positively charged inner surface of the porous template and spontaneously
accumulated inside the pores due to their liquid-crystalline characteristics. Afterwards, they deposited
bottom and top Au electrodes on the AAO template including the PNPs and encapsulated the whole
device using PDMS to improve their stability. The 4E PNP-based energy generator produced a 232 mV
open-circuit voltage and 1.1 nA short-circuit current (Figure 7b) [31]. The relatively low power of
this device compared to what was expected is presumed to be a result of the difficulty of forming
well-ordered liquid crystalline phage structures, and the direction of the dipole moments of individual
phages is therefore randomly oriented.

To overcome the limitation of the dipole alignment at the vertically oriented phage structures,
J.H. Lee et al. developed a powerful method by combining the self-assembly of phages in a micro-fluidic
channel and the surface modification of phages through genetic engineering (Figure 8a) [29]. To align
the phages in the vertical direction, they tried to use a PDMS mold with micro-channels. When they
dropped the phage suspension on the substrate and put on the PDMS mold, phage suspensions
were infiltrated inside the micro-channels. The phages were vertically assembled on the wall of the
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(a

PDMS micro-channels and cross-linked with each other as the solvent was evaporated with UV light
exposure. The morphology and filling density of vertical phage structure could be controlled by the
initial phage concentration. Furthermore, they controlled the direction of the dipole moment of the
phages by changing the peptide sequence of minor coat proteins at the same time. Because they
inserted hexa-histidine (6H) at the N-terminal of the minor coat protein (pIIl) of the phages through
genetic modification, the pIII proteins of all phages were strongly specifically bound with
nickel-nitrilotriacetic acid (Ni-NTA) modified substrate, which polarized the dipole moment of the M13
phages. Finally, they fabricated piezoelectric energy harvesters using the resulting vertically aligned
and unipolarized phages, and the peak voltage reached 2.8 V, with a current of 120 nA (Figure
This is the largest power among phage-based energy generators. Five integrated energy generators
demonstrated the operation of a liquid-crystal display reading “UC Berkeley” [29].
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Figure 7. Characterization of an M13 bacteriophage-based piezoelectric energy generator (vertically
aligned phage nanopillars). (a) Schematic showing the fabrication process and the resulting structures
of vertically aligned M13 bacteriophage nanopillars. Reproduced with permission from [31]. Copyright
The Royal Society of Chemistry, 2015. (b) Piezoelectric characterization of the phage nanopillar
(PNP)-based energy generators. The 4E PNP-based energy generator produced 232 mV open—circuit
voltage and 11.1 nA short-circuit current. Reproduced with permission from [31]. Copyright The Royal
Society of Chemistry, 2015. AAO: anodic aluminium oxide.
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phage-based piezoelectric energy harvesters. This device exhibited a peak voltage of 2.8 V and a
current of 120 nA. This is the largest power among phage-based energy generators. Reproduced with
permission from [29]. Copyright American Chemical Society, 2019.
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Although the power of phage-based energy generators is improving with diverse strategies,
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the power of the devices is still too low. For practical applications of these devices, many ways for
enhancing electrical properties and developing mass-production methods should be contrived.
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Because these methods are to prepare the M13 phage film by self-assembly, the performance of the
devices may be reduced when they are used for a long time. Fortunately, laterally assembled structures
are very stable and robust, allowing the devices to run reliably for a long time [28,30]. However,
vertically aligned structures are likely to be vulnerable to long-term use. This can be solved by using
chemically cross-linked M13 phages [29] and filling rubbery buffer materials in the empty space.

As this technique is at an early stage of research, studies of the devices’ ideal operating conditions
and toxicity issues have not been adequately carried out. However, by inferring from previous
research based on M13 phages, the characteristics of these device can be predicted. Because the
M13 phage is a biological material, optimized conditions for operating these devices will be room
temperature (30 °C-70 °C) and low humidity [28]. However, these conditions can be modulated by
surface modification. Through genetic engineering, we can modify the surface peptide motif to increase
the hydrophobicity and cross-link phages to each other. Further, the M13 phage is known to be benign
to humans because its host is Escherichia coli bacteria, not human cells [51-53]. Removing the infection
motif in the plII protein through genetic modification is also expected to be a good way to block the
toxicity issues. Nevertheless, the study of M13 phages’ toxicity should be conducted in the near future.

Since these technologies are still in their early stages of research, it is too early to discuss
mass-production for practical applications. Most of the techniques discussed here are not suitable
for mass production, because they use new process methods rather than conventional fabrication
techniques. However, because these novel fabrication processes are very simple and facile, there is a
strong possibility of mass-production and scale-up in the future. Although one of the main issues for
scale-up is mass-production of the M13 phages, we can solve this problem using huge fermenters in
the factories, like with biosimilar drug and alcohol manufacturing. Although the manufacturing cost
of these devices is more expensive than existing devices, the M13 phage-based devices have several
strong advantages which are very important in the biomedical fields. The M13 phage has very high
piezoelectric coefficient compared to other biomaterials and their surfaces can be easily modified by
genetic engineering. Further, it is also possible to mass-produce them.

7. Conclusions and Future Perspective

Even though the piezoelectric properties of biomaterials are lower than other inorganic materials,
it is very important to design novel piezoelectric biomaterials and develop functional devices because
of their specific applications in biomedical field. In particular, M13 bacteriophages are very attractive
materials due to their unique features which distinguish them from other materials, such as their
similar structures with collagens, mass-amplification, genetic modification, liquid-crystalline phase
transition, and excellent piezoelectric properties. Recently, taking advantage of these characteristics,
many researchers have made a great deal of efforts to fabricate M13 phage-based piezoelectric energy
harvesting devices. Among these devices, vertically aligned phage films exhibited the highest
performance—a peak voltage of 2.8 V and a peak current of 120 nA [29].

However, it is still a challenge to develop high-performance piezoelectric energy generators based
on M13 phages owing to the limitations of surface modification, structural, and dipole alignment
control. Thus, the novel design of phage structures through genetic and chemical modification may
improve the performance of devices. Further, fabricating triboelectric devices based on M13 phages
will also be an effective way to enhance the power of devices.

Another strategy for enhancing the power of devices is to develop composite structures composed
of organic and inorganic biomaterials. Recently, novel methods for coating inorganic materials
on biomaterial surfaces are attracting the attention of many researchers because of their various
applications in biomedical field. For example, some researchers have reported effective methods to
coat the inorganic materials on M13 bacteriophage surfaces via biomineralization [54-56], while other
researchers developed the strategies to cast metals on the surface of biological materials by using
protein cage systems and self-assembly [57-59]. These methods are expected to be used to produce
precursors for energy-harvesting devices and maximize the power of devices.
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High-performance energy harvesting devices based on biomaterials can be used in various fields,
such as chemical/bio-sensors, artificial skin, bioimplantable energy devices, flexible electronics, soft
robotics, and more (Figure 9). Especially, because there are many reports indicating that the surface
charges and electrical signal can affect tissue regeneration, these piezoelectric biomaterials are also
expected to be utilized for the development of biodegradable scaffolds for tissue engineering in
the future.
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Figure 9. Schematic diagram showing the practical applications of M13 bacteriophage-based
piezoelectric energy harvesting devices in the future.
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Abstract: The past decade has witnessed significant advances in medically implantable and wearable
devices technologies as a promising personal healthcare platform. Organic piezoelectric biomaterials
have attracted widespread attention as the functional materials in the biomedical devices due to
their advantages of excellent biocompatibility and environmental friendliness. Biomedical devices
featuring the biocompatible piezoelectric materials involve energy harvesting devices, sensors, and
scaffolds for cell and tissue engineering. This paper offers a comprehensive review of the principles,
properties, and applications of organic piezoelectric biomaterials. How to tackle issues relating to the
better integration of the organic piezoelectric biomaterials into the biomedical devices is discussed.
Further developments in biocompatible piezoelectric materials can spark a new age in the field of
biomedical technologies.

Keywords: piezoelectric materials; organic materials; biomaterials; energy applications;
biomedical applications

1. Introduction

Piezoelectric materials are a class of solid materials that can accumulate an electric charge in
response to applied mechanical agitation, facilitating the conversion from mechanical energy to
electrical energy and vice versa. Piezoelectricity has been found in both organic and inorganic
materials, where the physical principles of piezoelectricity are varied upon material classification. In
inorganic piezoelectric materials, the piezoelectric effect arises from the rearrangement of ions in the
dielectric materials that possess a lack of inversion symmetry in crystalline structure [1]. In contrast, the
reorientation of molecular dipole mainly induces polarization in organic piezoelectric materials under
applied mechanical stress [2,3]. These materials have taken over the entire market of electromechanical
devices, such as sensors [4-6], actuators [7], energy harvesting [8-10] and storage [11,12]. Recently,
medically implantable and mountable devices have attracted considerable attention [13,14], and are
the newly emerging applications for piezoelectric materials.

Organic piezoelectric biomaterials offer several benefits over inorganic piezoelectric materials,
which include a high biocompatibility, excellent flexibility, environmental friendliness, and a high
level of processability. Ever since the discovery of polarization in asymmetric biological tissue in
1941 [15], many researchers have looked not only to unveil the primary principle underlying the
piezoelectricity of those materials, but also to enhance its physical and chemical properties by designing
a molecular structure, nanostructuring, and adding dopants [2,16]. Although organic piezoelectric
biomaterials exhibit weak piezoelectricity compared to inorganic counterparts, recent research suggests
that biocompatible piezoelectric materials, which are interfaced with the biological system of human
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beings, can serve as the functional materials in the field of medically implantable and mountable
applications when they are well-processed. Organic piezoelectric materials are applicable in broad
range of devices, including nano- to millimeter-scaled devices, so there might be some challenges in
the device fabrication due to local damage and nonlocal elasticity [17,18]. However, our manuscript
will only detail views on organic piezoelectric materials.

The rapid development in organic piezoelectric biomaterials calls for a comprehensive review
that can provide a useful reference for researchers in relevant fields. Herein, we provide a thorough
review of organic piezoelectric biomaterials that are used in energy and biomedical applications. We
review the working principle and properties of the different types of organic piezoelectric biomaterials.
Efforts to improve the piezoelectric performance of each materials are discussed. The applications of
these materials are introduced in terms of energy harvesting, sensor, and cell and tissue regeneration.
Meanwhile, the challenges that need to be addressed for practical application are also presented.

2. Mechanism of Piezoelectricity in Biomaterials

Piezoelectricity in organic biomaterials mainly originated from the reorientation of the molecular
dipole [2,3] while the breaking of structural symmetry in crystal lattices results in piezoelectricity
in traditional inorganic materials [1]. As a piezoelectric biomaterial is deformed under stress, the
molecular chains with a permanent dipole in the material are aligned along one direction, yielding or
changing in net polarization so that it is able to represent the piezoelectric behavior regardless of the
absence of non-centrosymmetry. Therefore, the piezoelectric biomaterials are required to possess the
presence of permanent molecular dipoles, the ability to orient the molecular dipoles, and the ability to
maintain the dipole alignment [19]. The following sections provide detail on piezoelectric mechanisms
and the properties of these materials, including the proteins, peptides, and biopolymers, and the
piezoelectric constants summarized in Table 1.

2.1. Piezoelectric Proteins

It is well known that the collagen, being a main structural protein in the extracellular matrix in the
tissues, mainly causes the piezoelectric effect in bone, but its clear fundamental principle has not yet
been discovered. Several hypotheses have been established to elucidate the origin of piezoelectricity in
the collagen fibril [20], which involve the noncentrosymmetric structure, the existence of polar bonding
at the molecular level, reorientation of the C=O-NH bond in the «-helix structure, and the polarization
of hydrogen bonds in collagen [21-24]. A recent study reveals that the piezoelectric effect in collagen
comes from the reorientation of, and a magnitude change, in the permanent dipoles of individual
charged and polar residues towards the long axis of the collagen fibril [20], as shown in Figure 1a. The
shear piezoelectric constant reported is varied from dy4 = 0.2 pC/N to dq4 = 2.0 pC/N for collagens
impregnated by bone and tendon [25], respectively.

The M13 bacteriophage is recently emerging as the functional material for multiple applications in
energy harvesting [26-28], chemical sensor [29-31], and tissue regeneration [32,33]. It is a filamentous
bacterial virus with the well-defined dimension of 880 nm in length and 6.6 nm in width, consisting
of single-stranded DNA which is wrapped up with 2700 copies of major proteins (pVIII) and lidded
with five copies of minor proteins (plll/pVI or pVIII/pIX) on the top or bottom ends, respectively. The
major protein has an ~20° tilt angle with respect to the DNA axial direction, and is arranged with
a combined five-fold rotational and two-fold screw symmetry. Each major protein holds a dipole
moment directed toward the DNA axis, leading to permanent polarization in both the axial and radial
direction of the phage (Figure 1b). The piezoelectric constant for radial direction is ds3 = ~7.8 pm/V [26],
and the constant for axial direction is improved by up to around three times as high as that of radial
direction [27]. Recently, Lee et al. improved the value for axial direction up to d33 = ~26.4 pm/V by
unidirectionally sticking the M13 bacteriophages [28].
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2.2. Piezoelectric Peptides

Glycine (G) is a zwitterionic amino acid and a good model building block for investigating
the process of polymorphic crystallization [34-36]. At ambient conditions, the crystalline glycines
have three distinct structures, «-, 3-, and y-structures, where the - and y-structures have shear
piezoelectricity due to their acentric structures [37-40]. Herein, the piezoelectricity arises from the
displacement of ion in the crystal, as it does in the inorganic materials, and such displacement creates
a dipole in local, and a net polarization in bulk, material, as shown in Figure 1c. The B-structured
glycine has a high shear piezoelectric constant, djs = ~190 pm/V [41], which is comparable to the
normal piezoelectric constant of barium titanate (BaTiO3) [42].

Diphenylalanine (FF) is composed of two phenylalanine (F) amino acids and can be self-assembled
into semi-crystalline peptide nanotubes and microrods, exhibiting multiple advantages including
morphological diversity, functional diversity, high biocompatibility, and a high Young’s modulus [16,43].
The nanostructured diphenylalanines are widely studied piezoelectric materials that have a
non-centrosymmetric hexagonal space group (P6;) [44]. This crystalline class serves to demonstrate
their diverse physical effects including piezoelectricity, second harmonic generation, optical activity,
pyroelectricity, ferroelectricity, and enantiomorphism [45] (Figure 1d). The peptide nanotubes have
achieved a high shear piezoelectric constant up to di5 = ~60 pm/V [46]. In order to improve the
scalability as well as the uniformity of semi-crystalline film, the unidirectionally polarized and aligned
diphenylalanine nanotubes films were fabricated using the meniscus-driven self-assembly process [47],
representing a similar value of di5 = ~45 pm/V to that of the highly crystalline structure. In addition,
Nguyen et al. have devoted to obtaining the normal piezoelectricity (reached up to d33 = ~17.9 pm/V)
of the peptide nanostructures by the vertical alignment of individual microrods [48,49].

2.3. Other Piezoelectric Biopolymers

The poly(vinylidene fluoride) (PVDF) films have shown one of the highest piezoelectric
performances among all piezoelectric polymers found to date [50]. The PVDF has five different
crystalline structures, a-, 3-, y-, -, and e-structures where the B-structured PVDF has a normal
piezoelectricity of dzz = =33 pC/N [51]. A dipole moment is induced perpendicular to the polymer
chain in each unit of PVDF due to the presence of a branched fluorine atom with a large van der
Waals radius together with the electronegativity [52-54]. In the 3-phase, the orthorhombic crystal
structure, with aligned fluorine and hydrogen branches parallel to each other, contributes to the
net dipole moment and piezoelectricity [55], whereas the net dipole moment is cancelled out by the
anti-parallel alignment of the dipole in the a-phase hexagonal structure [56], as depicted in Figure 1e.
The nature of the negative piezoelectric effect is related to the redistribution of the electron molecular
orbitals and total charges under an electrical field applied [57]. The copolymer approaches have been
applied to enhance the piezoelectric constant by conjugating with trifuoroethylene (TrFE) [58,59],
hexafluoropropylene (HPF) [60,61], or chlorotrifluoroethylene (CTFE) [62].

The poly(L-lactic acid) (PLLA) is a polymorphic polymer with excellent biodegradability and
biocompatibility. The thermodynamically stable conformation is the x-crystalline structure where
the dipoles introduced by carbonyl groups (C=0) are not aligned along the main polymer chain.
The external stimuli, such as electrospinning (Figure 1f), allows for the dipoles to be unidirectionally
oriented along the stretched direction [63], which is termed the (3-crystalline structure, resulting in the
shear piezoelectricity of dy4 = 12 pC/N [64,65]. It is worth to note that the 3-crystalline PLLA, along
with decent piezoelectricity, requires no polling process due to its helical structure [3], widening the
application area in the biocompatible mobile devices [66].

Natural polymers are gaining more importance owing to their biocompatibility, as recent research
is aiming at the investigation of the utility of piezoelectric materials for body implantable or mountable
devices. The piezoelectricity of silk arises from the combined effects of a high degree of silk
II, B-sheet crystallinity, and a crystalline orientation [67]. The reported piezoelectric constant is
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d4 = =15 pC/N [67]. Cellulose, which is the most abundant natural polymer on earth, is also known
to have a shear piezoelectricity of dy4 = 0.2 pC/N [68].
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Figure 1. Piezoelectricity in the organic piezoelectric biomaterials. (a) Molecular origin of the
piezoelectric effect in collagen. Reproduced with permission from [20]. Copyright American Chemical
Society, 2016. (b) Schematic illustration of piezoelectric M13 bacteriophage. Reproduced with
permission from [27]. Copyright The Royal Society of Chemistry, 2015. (c) Unit cell of 3-glycine crystal
has two molecules, where two molecular dipole moments form the net dipole moment along the z-axis.
Reproduced with permission from [40]. Copyright Nature Publishing Group, 2019. (d) Unit cell and
molecular packing of diphenylalanine. Reproduced with permission from [44]. Copyright Wiley-VCH,
2001. (e) Structures of non-piezoelectric (x-phase) and piezoelectric (3-phase) poly(vinylidene fluoride)
(PVDEF). Reproduced with permission from [2]. Copyright Wiley—VCH, 2018. (f) Molecular structure of
poly(L-lactic acid) (PLLA) chain. Reproduced with permission from [2]. Copyright Wiley-VCH, 2018.
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Table 1. Comparison of piezoelectric constants for various organic piezoelectric biomaterials.

Piezoelectric Organic Piezoelectric Constant

. . References
Biomaterials Normal Piezoelectric Shear Piezoelectric
Collagen - dy4 =0.2-2.0 pC/N [25]
M13 bacteriophage dzz = 7.8-26.4 pm/V [26-28]
Glycine - di = ~190 pm/V [41]
Diphenylalanine dsz = ~17.9 pm/V dy5 = 45-60 pm/V [46-49]
d33 =-3 pC/N
PVDF dyy = 23 pC/N - [51]
ds3 = =25 to —40 pC/N )
PVDE-TrFE dy1 = 12-25 pC/N [52,58,59]
S d33 =-24 pC/N _
PVDE-HPF dy1 = 30 pO/N [60,61]
PVDE-CTFE dsz = —140 pC/N - [62]
PLLA - dyy =12 pC/N [64,65]
Silk - d1y = -1.5pC/N [67]
Cellulose - d14 =02 pC/N [68]

4
1

Note: 1. The piezoelectric constant d;; is the ratio of the strain in the j-axis to the electric field applied along the i-axis.
In other words, the i and j correspond to the response and excitation of materials, respectively. The inset image below
depicts the coordination system. 2. The TrFE, HPF, and CTFE stand for trifuoroethylene, hexafluoropropylene, and
chlorotrifluoroethylene, respectively.

3. Device Applications

3.1. Energy Harvesting

Self-powered electronics (SPEs) have gained an attraction as an alternative powering technology
due to their independence, sustainability, and maintenance-free nature. SPEs are defined as electronics
that can be operated themselves without feeding from external electrical power. In these electronics,
electrical energy is provided from renewable resources, such as solar, thermal and mechanical
energy. Nanogenerators that are converting mechanical to electrical energy have led the SPE field
as the nanogenerators possess multiple advantages, including easy fabrication, portability, and high
conversion efficiency, over conventional renewable energy technologies. Ever since the discovery
of the piezoelectric and triboelectric nanogenerators (PENG and TENG, respectively) [69,70], their
rapid development has shifted the paradigm for mechanical energy harvesting from fast and periodic
energy resources to slow and random energy resources. A number of publications have tried over the
last decade to develop the various nanogenerators possessing novel device structures and advanced
materials [27,71-76]. Organic piezoelectric biomaterials have taken on an important role as the
functional materials for applications in humans, being implantable and mountable nanogenerators
due to their remarkable biodegradability and biocompatibility.

Vivekananthan et al. [77] reported a piezoelectric collagen nanofibril film that is capable of both
converting mechanical energy to electrical energy and functioning as a humidity sensor. A schematic
of the device is illustrated in Figure 2a. Collagen-based PENG produced electrical outputs of 250 nA
and 45 V. In addition, it served as a humidity sensor that showed a linear response with a good
sensitivity (0.1287 (tA/% RH) in the range of 50-90% room humidity. These results demonstrated a field
of eco-friendly multifunctional biomaterials, towards the development of noninvasive, implantable,
smart bio-medical systems.
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Lee et al. [26] firstly used a self-assembled M13 bacteriophage film for a piezoelectric energy
harvester in 2012. The nanogenerator yields a current of up to 6 nA and a voltage of up to 400 mV. The
M13 bacteriophages are expected to have a high piezoelectric response compared to laterally assembled
phages, due to their high elasticity properties along the axial direction of the DNA [78]. Shin et al. [27]
reported vertically aligned M13 bacteriophage nanopillars using enforced infiltration. The vertically
aligned M13 bacteriophage-based nanogenerator exhibits electrical outputs that are up to about 2.6-fold
greater than those of the laterally assembled, bacteriophages-based nanogenerator. There was still a
limitation on the ability to control the directionality of individual M13 bacteriophage, but Lee et al. [28]
addressed this issue using genetic engineering techniques (Figure 2b—d). The resulting structure-based
PENG produced up to 2.8 V of potential, 120 nA of current, and 236 nW of power from 17 N of force.
The apparent versatility of the M13 bacteriophage suggests that the piezoelectric M13 bacteriophages
can serve as functional nanomaterials for numerous electronic and optoelectronic applications.

Piezoelectric peptide nanostructures have also been implemented into the PENGs. Nguyen
et al. [49] fabricated the vertical FF microrod arrays by applying an electric field, and then the arrays
were integrated into the PENGs, representing an open-circuit voltage of 1.4 V and a power density of 3.3
nW. The performance voltage of the FF-based PENG was improved up to 2.2 V in tandem with a TENG
comprising the polyethylene terephthalate and Kapton films as triboelectrically active materials [79].
Recently, Lee et al. [47] developed large-scale, unidirectionally polarized, aligned FF nanotubes and
fabricated peptide-based PENGs. They used the meniscus-driven self-assembly process to fabricate
horizontally aligned FF nanotubes. The fabricated FF nanotubes-based PENGs can generate voltage,
current, and power of up to 2.8 V, 37.4 nA, and 8.2 nW, respectively. Hence, the FF nanostructures will
act as a compatible energy source for biomedical applications in the future.

The PVDF and its copolymers have been adopted for flexible PENGs due to their inherent
flexibility, high processability, and mechanical rigidity [80-82]. Chang et al. [83] developed a method to
directly fabricate the PVDF nanofibers with a 3-crystalline structure using the near-field electrospinning
process, which provides a peak current of 3 nA and a peak voltage of 30 mV after integration into the
PENG. A hybrid nanogenerator, demonstrated by Hansen et al. [84], is made of a piezoelectric PVDF
nanofibers-based PENG and a flexible biofuel cell, and was used for powering a single nanowire-based
ultraviolet sensor to build an SPEs. As shown in Figure 2e/f, Ishida et al. [85] demonstrated a
self-powered pedometer, which consisted of a PVDF sheet, a 2 V organic circuit, and a flexible printed
circuit board. This work suggested that the PVDEF sheet can not only harvest the mechanical energy
from footsteps but also serve as a footstep sensor. Sun et al. [86] and Xue et al. [87] envisioned a
PVDF nanostructures-based PENG to harvest energy from human respiration. Persano et al. [88]
demonstrated the textile-based PENG, featuring the highly aligned electrospun fibers of the PVDF-TrFE,
exhibiting superior flexibility and mechanical robustness.
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Figure 2. Applications of organic piezoelectric biomaterials in energy harvesting. (a) Schematic of
sustainable energy harvesting and battery-free humidity sensor using biocompatible collagen nanofibrils.
The collagen nanofibrils deposited on cotton cloth serve as a humidity sensor by measuring current
signal at a fixed bias voltage. In order to demonstrate the self-powered sensing system, the energy
harvester comprising collagen nanofibrils film sandwiched between Al electrodes is parallelly connected
to the humidity sensor. Reproduced with permission from [77]. Copyright American Chemical Society,
2018. (b—d) Vertical self-assembly of polarized M13 bacteriophage nanostructure for energy harvesting.
Reproduced with permission from [28]. Copyright American Chemical Society, 2019. (b) 3D-atomic force
microscope (AFM) topography image of vertically aligned M13 bacteriophages. (c) Piezoresponse force
microscope amplitude image corresponding to the 3D-AFM topography image. (d) The direction of
polarization of the vertically aligned M13 bacteriophage with specific binding between the 6H tag on
phage tail and the Ni-nitrilotriacetic acid (NTA) substrate. (e,f) Insole pedometer with piezoelectric energy
harvester. Reproduced with permission from [85]. Copyright IEEE, 2012. (e) Schematics of the proposed
insole pedometer. The pieces of PVDF sheet are used for the piezoelectric energy harvester as well as the
pulse generator to detect steps in which each PVDF piece was rolled to increase the total area. The organic
circuits are integrated with PVDF pieces to count the number of steps. (f) Photograph of the prototype
insole pedometer.

3.2. Sensors

The organic biomaterials have been studied as the platform materials for biomedical pressure-sensing
applications due to their high flexibility and high sensitivity to small force. The aligned PVDF-TrFE
nanofibers on polyimide substrate were employed to build a flexible and lightweight pressure
sensor [88]. This pressure sensor can measure small pressures down to ~0.1 Pa over the course
of cyclic bending. The wearable piezoelectric PVDF sensor can serve as a healthcare monitoring
device to monitor respiration signals, human gestures, and vocal cord vibrations, as demonstrated
by Liu et al. [89] (Figure 3a—c). Bodkhe et al. [90] developed a pressure sensor comprised of 10%
of barium titanate nanoparticle and p-crystalline phase PVDF ball mill nanocomposites using 3D
printing techniques, which generated a voltage of 4 V upon gentle finger taps. The composite films of
PVDF and graphene oxide developed by Park et al. [91] were used as multifunctional electronic skins
to monitor multiple stimuli, including static/dynamic pressure and temperature, exhibiting a high
sensitivity for monitoring simultaneous artery pulse pressures and temperature (Figure 3d,e). Recently,
biodegradable and implantable sensors have gained great interest in medical applications where
there is a demand for short-term functionality because biodegradable sensors are not required for the
medical surgery of removal. Curry et al. [92] fabricated the piezoelectric pressure sensor featuring
all the biodegradable materials of piezoelectric PLLA, molybdenum electrodes, and polylactic acid
encapsulators. This device was capable of measuring a wide range of pressure, from 0 to 18 kPa. More
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interestingly, the sensor was completely degraded over a period of 56 days at an elevated temperature
of 74 °C, indicating that this biodegradable sensor holds promise for clinical implementation. A number
of publications has utilized the nature-driven piezoelectric materials to develop human physiological
monitoring and electronic skins [93-96].

b
a ] EREEEEE

e ° d Microstructured ferroelectric skin
120(mV)
TN ) \ Amplitude(dB)
(o o \ 1500
SN, Ny s000
. . “,s bl
Piezoresistive Ferroelectric
(static touch) s:irynn:en’\zlf“!::m;:h,
e .
“There’s plenty of room at the bottom,” by Richard Feynman
_tptarl | CHRa
[ Sound source I Interlocked e-skin Microphone
o 1 [ TTTT
N k ’l ' 3 \
ESVT . ““
= /
2l | 1\ "
AL
@ 1
w

Time (s) Time (s) Time (s)

Figure 3. Applications of organic piezoelectric biomaterials in sensors. (a—c) Flexible piezoelectric
nanogenerator in a wearable, self-powered active sensor for healthcare monitoring. Reproduced with
permission from [89]. Copyright IOP Publishing, 2017. (a) Photographs of the flexible piezoelectric
nanogenerator. (b) hand gesture sensing. (c) human voice recording. (d,e) Electronic skins for
discriminating static/dynamic pressure stimuli. Reproduced with permission from [91]. Copyright The
American Association for the Advancement of Science, 2015. (d) Schematic illustration of flexible and
multimodal ferroelectric e-skin. (e) The waveform and short-time Fourier transform (STFT) signals of
the sound source, readout signals from the interlocked e-skin, and microphone.

3.3. Cell and Tissue Regeneration

Organic piezoelectric biomaterials have been chosen as the functional materials for fabricating a
scaffold to grow and differentiate cells in the field of tissue engineering [16]. Several studies have shown
that the biocompatible piezoelectric materials can serve as tissue stimulators and scaffolds to promote
tissue regeneration. Damaraju et al. [97] found that the cell growth on the 3—phase PVDF nanofibers
film exhibited higher alkaline phosphatase activity and earlier mineralization compared to the growth
on random-phase PVDF film. Then, Damaraju et al. [98] showed that the 3D fibrous scaffolds decorated
with electrospun PVDF-TrFE fibers stimulated the differentiation of human mesenchymal stem cells.
The electromechanical actuation under high voltage helped osteogenic differentiation, whereas the
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actuation under low voltage aided chondrogenic differentiation (Figure 4a). Muscle cell adhesion and
proliferation were improved due to the fact that the negatively charged 3-phase PVDF fibers helped to
elongate the muscle cells along the aligned fibers [99]. Hoop et al. [100] demonstrated that wireless
stimulations helped to induce the potential in piezoelectric 3-phase PVDE, improving the neurite
generation in PC12 cells using the ultrasonic technique (Figure 4b—d). Similarly, the PVDF-TrFE fibril
scaffolds promoted the differentiation of neural cells, neurite extension and neuronal differentiation
due to the piezoelectric effect of the scaffolds [101]. The mechanical stimulation facilitates the enhanced
bone cell culture on the piezoelectric PVDF substrate by applying a voltage of 5 V.
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Figure 4. Applications of organic piezoelectric biomaterials in cell and tissue regenerations. (a)
Representative gross images and histological images of scaffolds after 28 days undergoing chondrogenesis in
dynamic conditions. As-spun PVDF-TrFE (left), annealed PVDF-TrFE (middle) and polycaprolactone (right)
scaffolds. Reproduced with permission from [98]. Copyright Elsevier, 2017. (b—d) Ultrasound-mediated
piezoelectric differentiation of neuron-like PC12 cells on PVDF membranes. Reproduced with permission
from [100]. Copyright Nature Publishing Group, 2017. (b) Schematic of ultrasound stimulation of the
piezoelectric 3-PVDF membrane. (c) Comparison images of PC12 cells cultured under mechanical stimuli
on PVDF substrate and neuronal growth factor stimuli. (d) Comparison of average neurite length of
PC12 cells.

There have also been several attempts to utilize the biodegradable piezoelectric PLLA polymer
as the tissue stimulator. Tkada et al. [102] intramedullary implanted PLLA rods in the cut tibiae of
cats for internal fixation for up to eight weeks. The high aspect ratio of the PLLA rod enabled the
enhanced fracture healing, indicated by improved callus formation, whereas the isotropic PLLA and
a polyethylene control rod exhibited no effect on callus formation. Barroca et al. [103,104] observed
that surface charges can change the orientation of the adsorbed proteins, resulting in the modulation
of cell-binding domains. Indeed, the negatively charged PLLA improves the protein adsorption and
cellular adhesion as well as proliferation.

4. Conclusions and Future Perspective

The present review has sought to offer insight into the importance of organic piezoelectric
biomaterials in biomedical applications. We have reviewed the origin of piezoelectricity in organic
piezoelectric biomaterials, including proteins, peptides, and biopolymers. The intrinsic piezoelectric
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property of those materials has been presented, and engineering and scientific endeavors to enhance
these properties have also been reported. In summary, from current research, organic piezoelectric
biomaterials have been likely to impact three major fields across many disciplines. First, they can serve
as the functional materials for the power supply of implantable and mountable self-powered electronics
because of their sensitivity to mechanical agitation and remarkable biocompatibility. Second, they
have been utilized as platform materials for pressure sensing in biomedical applications, which is
likely largely due to their high flexibility and high sensitivity to small forces in tandem with their
biodegradability. Lastly, in cases where piezoelectric materials were integrated as the scaffolds for cell
and tissue regeneration, those materials act as a tissue stimulator to promote the differentiation of the
desired cells. An industry based on organic piezoelectric biomaterials is anticipated due to their variety
of applications, but further improvements are required to smoothly implement them into practical
biomedical devices.

We need to address several issues for the better integration of organic piezoelectric biomaterials
into biomedical devices. Here are a few: (1) the fundamental physics of piezoelectricity in biomaterials.
Even though researchers have focused on uncovering biological piezoelectricity, plenty of work remains
to be done to exploit their electromechanical behavior in terms of unit cell properties. Such studies
are in progress using not only single crystals of biomaterials but also calculations based on the first
principle. (2) A relatively low piezoelectric constant compared to piezoelectric inorganic materials. The
output performances in the applications of energy harvesting and sensors are related to the piezoelectric
constant. The constant of biomaterials has been found to be much smaller than that of the state-of-the-art
piezoelectric inorganic materials (d33 = 593 pC/N and d3; = —274 pC/N [21]), which has to be improved
to achieve maximized performance. This is possible by creating proper nanostructures, aligning
biomaterials, or fabricating a multilayer structure. (3) Biodegradability of the controlled manner.
For biodegradable sensor and scaffold applications, the organic piezoelectric biomaterials must be
decomposed within the desired time frame. The degradation rate of these materials can be engineered
by different experimental treatments, such as temperature, stretching ratio, or poling electrical fields.
Although researchers are still facing challenging issues, the promising physical properties of organic
piezoelectric biomaterials have suggested feasible biomedical applications in energy harvesting, sensor,
and tissue regeneration. We truly believe that organic piezoelectric biomaterials will continue their
rapid growth in the next decade.
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