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ABSTRACT: In this work, we report on the synthesis through a direct
chemical approach of hybrid organic/inorganic rod-like particles with a very
high aspect ratio (length/diameter) by the use of a biotemplate, the fd virus. A
synthetic route is proposed based on an initial step of steric stabilization of the
colloidal template by hydrophilic polymer grafting. Thanks to this polymer
functionalization, the filamentous viruses are well-dispersed in solution during
their mineralization by different inorganic salts, leading to suspensions of
individual hybrid rod-like particles such as virus/SiO, and virus/TiO,. This
aqueous solution based approach is shown to be highly reproducible, scalable
for large production synthesis, and versatile to different inorganic materials.

B INTRODUCTION

For at least two decades, synthesis, study, and use of inorganic
nano-objects have known a real development.'™> More and
more complex materials are created on the nanoscale such as
spheres,4 rods,”® tubes,>’ platelets,g’9 twisted ribbons, and
helices.'” Depending on their chemical compositions, these
inorganic nanostructures cover a very large domain of
applications including electronics, optics, sensing, etc.' If
spherical nanoparticles are easily formed by complexation in
solution,* anisotropic inorganic objects such as tubes or rods
are more difficult to create, despite their great interest steming
from the magnification of their properties in the direction of
anisotropy. Moreover, their self-organization is also richer and
more varied than isotropic particles, with the appearance for
instance of liquid crystalline phases. The self-assembly into a set
of mesophases is a way of hierarchical structuration which is
one of the most challenging points in the nanoscience research
nowadays.'"'?

In a recent review, Xia et al.' summarized different methods
to achieve unidimensional nanostructures based on bottom-up
approaches. The main involved processes are the confinement,
the self-assembly of spherical nanoparticles, the control by
capping agents, or the crystallographic inhibition during the
particle growth. In this last case, such a strategy is commonly
used for ab initio synthesis of nanorods."®> The use of organic
self-assemblies as a template for the deposition of a mineral
layer represents another widely explored approach for achieving
various and complex morphologies such as tubes, sponges,
etc.'™ Some of the templates frequently used are self-
assembled surfactants, polymers, or peptides. These structures
generally exhibit a very good monodispersity in diameter, but
the tube or rod length is hardly monitored.' > Only biological
structures such as proteins or viruses exhibit high uniformity in
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sizes and shapes because their morphologies are genetically
coded."*" This intrinsic monodispersity provides them with a
unique feature such as promising templates to generate well-
defined and morphologically controlled hybrid structures. For
this purpose, after the seminal work of Shenton et al. in 1999
where tobacco mosaic virus (TMV) was covered with different
materials,® various studies have been published on the
mineralization of filamentous viruses (mainly TMV and fd/
M13 bacteriophages which are two close mutants)."®">* Most
of these works show the difficulty of the reproducibility of the
mineralization process and the problem of aggregation of the
particles during the chemical reactions. Different studies
focused on the silicification of the TMV and fd viruses, but
aggregation always occurred during the process inducing the
formation of macroscopic fibers, bundles, or mesostruc-
tures."’"'**3 Because of the difficulty of having a selective
mineral deposition on individual viruses, an interesting work
has been performed on the M13 virus with the use of genetic
modifications (phage display technique) to express peptides
having a specific affinity for an inorganic target material. In this
way, Belcher’s group has produced well-defined hybrid rod-like
nanoparticles of silver, gold or zinc sulfate but only in limited
amounts, for which no concentrated self-organized dispersions
of these hybrid elongated particles have ever been
reported.”*~**

In the present work, we propose a novel strategy to
synthesize large amounts of hybrid virus/mineral rod-like
particles with high aspect ratio, weak polydispersity in size, and
high colloidal stability. If these three characteristics have been
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Figure 1. (A) Transmission electron microscopy (TEM) image of a negatively stained fd virus and its corresponding schematic structure. (B)
Strategy of the synthesis developed in this work: the virus is schematically represented by a rigid rod and only the charged head groups of one among
the n = 2700 copies of the major coat protein (g8p) are represented. (1) PEG-grafting, (2) inversion of the viral surfacic charge (EDAC is 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride and R = CH,—CH,—NHj;"), and (3) mineralization occurring at pH 6.

achieved separately,'”** no system of hybrid rod-like particles

are known to exhibit simultaneously such an aspect ratio (L/D
> 50), a low polydispersity in length (o, <4%) and diameter
(o, <30%), and a large production scale (see the Supporting
Information (SI)). In order to prevent the aggregation during
the template mineralization, the viruses are first sterically
stabilized by grafting hydrophilic polymers on their surface,
allowing for their good dispersion in aqueous solution during
the chemical reactions. In a second step, the surfacic charge of
the viruses which is negative at physiological pH is reversed to
positive in order to favor electrostatic attraction with the
negatively charged mineral precursor salts. The virus template
thus exhibits a high colloidal stability with a suitable surface for
catalyzing the mineralization reaction. The general feature of
this approach is demonstrated with the use of two kinds of
minerals: silica and titanium dioxide.

The synthesis developed in this article is schematically
depicted in Figure 1. The fd virus is a rod-like bacteriophage
with a contour length of 880 nm, a diameter of 6.6 nm, and a
persistence length of 2.8 ym, which can be produced in large
amounts using standard biological protocols.”® As shown in
Figure 1A, each virus consists of a single strand DNA molecule
packed in a cylindrical capsid composed of 2700 identical major
coat proteins (g8p) and a few copies of four different minor
coat proteins that cap each end.***” The solvent-exposed part
of the g8p contains seven charged amino-acids: two amino
groups (Lys8 and N-terminus) and five acidic residues (Glu2,
Asp4, AspS, Asp12, and Glu20) which actively participate to the
surface properties of the virus. It results a net electrical charge
density of about 3 e”/protein at physiological pH and the
isoelectric point pIg is 4.2. That is the reason why the fd viruses
form, in aqueous solution, a stable colloidal suspension thanks
to the electrostatic repulsions at physiological pH. While
mineralizing the virus, an electrostatic neutralization of the
system occurs and a strong aggregation appears due to van der
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Waals attraction between neutral particles. All of the attempts
of mineralization of the fd virus with SiO, formed bundles,
fibers, or nonorganized aggregates.”’
the fd viruses are previously sterically stabilized by covalently
grafting at the surface polyethylene glycol (PEG) with a
molecular weight of 20000 g/mol. A PEG prefunctionalized
with a succinimidyle ester (NHS-PEG) is used to react with the
amino groups (NH, terminal or lysine) of the major coat
protein and create covalent bonds. An amount of 150 PEG/
virus as evaluated by refractive index increment measurement
was coated in order to induce the steric stability. This
represents of about 5% of the main coat proteins for the
polymer grafting, meaning that 95% of the coat proteins are still
available for mineralization. This concentration is chosen to be
low enough to keep a free access at the g8p surfacic head
groups for the mineralization reaction while inducing the steric
repulsion between viral particles (Figure 1B-1). Beside the
general acidic surface, the amino groups are still present and
should catalyze the condensation of the mineral salts.
Unfortunately, the repulsion induced by the acidic residues
on the silica precursors is strong enough to inhibit this reaction.
In a previous work, Zhang et al. have obtained well-defined
viruses that are permanently positively charged and are
structurally stable over a wide range of pH.>® A water-soluble
carbodiimide was used to activate the carboxyl groups. The
resulting O-acylisourea then reacts with the amino compounds,
here the ethylenediamine (EDA), which has a positively
charged group as well as a nucleophilic primary amino group
that can react with the activated carboxyl group. One positive
charge is then introduced while one negatively charged carboxyl
group is transformed into a neutral amide bond (Figure 1B-2).
In this way, the surface charge of fd becomes positive over a
wide pH range without losing its structural integrity. The
details of the different chemical reactions of the process are
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given in the experimental part and in the Supporting
Information of this article.

The last synthetic step is the mineralization of the fd surface
(Figure 1B-3), grafted with PEG polymers and positively
charged at physiological pH (i.e, pH of the distilled water
around 6). For the silica deposition, a prehydrolyzed tetra-
(ethyl-orthosilicate) (TEOS) solution is used. At the working
pH, the surfacic amino groups catalyze the silica polymer-
ization.””*® According to the Gouy—Chapman theory, the
concentration of silica precursors RySiO™ or (OH);SiO™ in the
vicinity of the positively charged virus surface is much higher
than in bulk solution.*”” This will ensure the special selectivity
of the template surface and locally accelerates the silica
condensation. Because most of the coat proteins (>95%)
containing charged amines are available for mineralization, the
diffusion of the molecular silica precursors through the
polymers is possible and the condensation occurs at the surface
of the virus. Consequently, we expect to keep the polymer
chains free of mineralization to maintain the sterical stability of
the final hybrid rod-like particles. For the titanium dioxide
deposition, the sol—gel chemistry from alkoxides is well-known
but is particularly fast and performed in extreme pH conditions
or in ethanol.>* Because of the biological nature of our
template, the reaction of mineralization has to be held in soft
conditions, i.e,, in water and at a pH close to 7. A few years ago,
a bioinspired approach was reported for the synthesis of TiO,
by using a water-soluble precursor, titanium(IV) bis (ammo-
nium lactate) dihydroxide (TiBALDH).** This non toxic and
biodegradable precursor is chemically stable in water because of
the remarkable retardation of hydrolysis for this chelate-type
complex. Such a behavior is explained by the concepts of mean
electronegativity of a given chemical species and partial charges
of the element; that is, the hydrolysis is active until the mean
electronegativity becomes equal to the mean electronegativity
of water.”* In TiBALDH, the complexation of Ti with the
ligands decreases considerably the electronegativity of the
complex and therefore the hydrolysis kinetics. The chemistry of
this salt is still misunderstood but it has been shown that, in
analogy with the silica condensation, proteins like silicateins or
silafins catalyze the condensation of this precursor, formin
hybrid organic/TiO, structures at room temperature.”>>>~>
More generally, all of the amine groups seem to catalyze the
TiBALDH condensation.*® * The TiO, formed in these
conditions is generally amorphous but some example of anatase
or rutile obtained at room temperature has been published.*®
The TiO, crystallinity can also be induced by thermal annealing
of the samples.*>*!

B EXPERIMENTAL SECTION

Chemicals. The succinimidyl ester polyethylene glycol (NHS-PEG
20 000 g/mol) was purchased from NOF Corporation, Japan (ref
Sunbright ME-200HS). 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDAC), ethylenediamine (EDA), tetra-
(ethyl orthosilicate) (TEOS), and titanium(IV) bis (ammonium
lactate) dihydroxide (TiBALDH) were purchased from Sigma-Aldrich
and used without any further purification.

fd Virus Production. According to standard biological protocols,
wild type fd bacterio-viruses were grown from Escherichia coli (E. coli)
XL1-Blue strain as the bacterial host.>® In this way, large amounts
(tens of mg) of viruses were obtained. The viruses were then purified
by sequential steps of centrifugation and ultracentrifugation. The
concentration of the virus suspensions was determined using
absorption spectroscopy with an optical density (OD) for a 1 mg/
mL (6.1 X 1078 M) virus solution of OD%™ = 3.84.
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Polymer Grafting. To graft polyethylene glycol to the amino
groups of the coat proteins, the method reported in reference* was
applied with some minor changes. A variable amount of NHS-PEG 20
000 g/mol was added under stirring to 10 mL of a virus dispersion at 1
mg/mL in 300 mM sodium phosphate buffer at pH 7.8. The grafting
reaction was left standing for a few hours. To remove the residual
polymers, a dialysis against distilled water (membranes MWCO 10
000 Da) was first performed, before two cycles of ultracentrifugation at
200 000g for 3 h followed each time by the redispersion of the pellet in
distilled water. The amount of PEG grafted at the surface of the viruses
were determined by refractive index increment technique. Hereafter,
we refer to the resulting PEG-grafted fd virus as fd-PEG.

Modification of the Surfacic Carboxyl Groups of the fd
Virus. For the chemical modification of the g8p proteins, the water-
soluble carbodiimide, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDAC), was used to activate the five carboxyl groups
of Glu2, Asp4, AspS, Aspl2, and Glu20 of each coat protein exposed
to the solvent. The resulting O-acylisourea then reacts with the
ethylenediamine (EDA) which has a positively charged group as well
as a nucleophilic primary amino group that can react with the activated
carboxyl group. One positive charge is then introduced while one
negatively charged carboxyl group is transformed into a neutral amide
bond, resulting in an inversion (from negative to positive) of the virus
charge at neutral pH (see the S1).%8

A 10 mL solution of fd-PEG particles in distilled water was used at
the concentration of 0.08 mg/mL (4.9 X 10~° M) which corresponds
to the nonoverlapping concentration of the rods in solution. Two
aqueous solutions of 5 mL of EDA at 400 mM and S mL of EDAC at
320 mM were prepared. These two solutions represent a large excess
of reactive species. The pH of both solutions was adjusted at 5—5.5
with 1 M HCI. The procedure is the following: under vigorous stirring,
the EDA solution was added in the fd-PEG solution. Then half of the
EDAC solution was added. After 3 h of stirring, the second half of the
EDAC solution was added and the reaction occurred under magnetic
stirring for 12 h at room temperature. The final dispersion was
dialyzed against distilled water to remove residual amines and other
byproducts.

In this paper, we refer to the resulting PEG-grafted viruses with an
inversed surfacic charge as fd-PEG-CR.

It could have been envisaged to exchange the order of the process
steps (1/surfacic charge inversion and 2/ PEGylation), but in this last
case, the PEG concentration at the surface of the viruses would have
been radically increased because of the increase of the binding sites
(amino groups), and it will be demonstrated later in this paper that the
amount of PEG grafted on viruses plays a crucial role in the
mineralization process.

Mineralization with SiO,. The precursor used is the tetra(ethyl-
orthosilicate), TEOS. The TEOS was prehydrolyzed before used: 15
v/v% of TEOS were mixed with water and stirred one night. Only the
aqueous part of the solution is used for the experiments and the excess
of TEOS is thrown away. According to the literature the concentration
of silicic acid (Si(OH),) in water at pH 6 is around 10~ M and the
concentration of other potential soluble species (as SIO(OH);") is at
the traces level at this pH.>*** Equal volumes of fd-PEG-CR 0.04 mg/
mL (2.4 x 107° M) and 10~ M silicic acid were mixed. The solution
was placed at 4 °C and slowly stirred for 24 h. The final dispersion was
dialyzed against distilled water to remove any molecular byproducts
and stored at 4 °C.

Mineralization with TiO,. The precursor used is the water-soluble
Titanium(IV) bis (ammonium lactate) dihydroxide (TiBALDH).
Equal volumes of fd-PEG-CR 0.04 mg/mL (2.4 X 10~ M) and
TiBALDH 107 M in water were mixed. The solution was placed at 4
°C and slowly stirred for 24 h. The solution was then diluted 10 times
with distilled water and stirred slowly for 3 days. For purification, the
final dispersion was dialyzed against distilled water and stored at 4 °C.

Sample Characterization. For the TEM observations, a diluted
(by a factor 10) virus solution (8 X 10~ mg/mL or 4.9 X 107'° mol/
L) was deposited onto freshly glow-discharged 200-mesh Formvar/
carbon-coated grids (purchased from Agar) and allowed to settle for 1
min. Grids were then blotted and observed with a Hitachi H-600
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microscope operating at 75 kV. Images are recorded with an AMT
CCD camera type DVC.

The cryoTEM experiments have been done on the same diluted
solutions. The samples were deposited on cryoTEM grids (R2/2
Quantifoil Jena grids) which were surface plasma treated before the
vitrification in liquid ethane. The cryoTEM observations were
performed on a FEI Technai F20 TEM equipped with a FEG and
operating at 200 kV.

The energy dispersive X-ray spectra were acquired on a JEOL high
resolution TEM.

The UV-—visible spectroscopy experiments were performed on a
Unicam UV/vis spectrometer.

B RESULTS AND DISCUSSION

Following the processes described in the Experimental Section,
individual hybrid rod-like particles virus/SiO, and virus/TiO,
are obtained (Figure 2A,B). The energy dispersive X-ray
(EDX) spectra confirm that the electron dense layers observed
in transmission electron microscopy (TEM) pictures are SiO,
and TiO,, respectively. On these two TEM pictures, a high
number of hybrid particles is observed. These particles are not
only very well-dispersed (no aggregation is observed on the
TEM grids) but also a high quantity of mineralized rods is
achieved. Keeping in mind the necessity to produce large
amount of particles for potential applications, we have checked
that a scaling up by a factor 100 still works (running the
experiment with 500 mL solution instead of S mL). One of the
most remarkable points is the reliability of our process, allowing
for the reproducibility of the results in terms of monodispersity
and lack of aggregation of the hybrid colloids whatever the
inorganic salts, SiO, or TiO,.

In Figure 3, the hybrid rod-like particles are observed in their
aqueous environment by electron microscopy at cryogenic
temperatures (cryoTEM). This technique allows for freezing
the samples in their aqueous stage and so getting rid of the
drying effects which can induce aggregation or influence the
mineralization probed by usual TEM. We note that the mineral
layer is not completely homogeneous but seems to be formed
by 1—2 nm nanoparticles aggregated at the virus surface. The
concentration of these particles seems to be high enough to
fully cover the viral surface in the case of SiO, but is much
more dispersed for TiO,. In both cases, the mean thickness of
the deposited mineral layer is mainly constant along the whole
length of a given virus, and only slightly differ from virus to
another one (see the SI for quantitative values of the
polydispersity in length and diameter). As usually observed in
other mineralization processes, this uniform thickness of the
inorganic layer probably stems from a macroscopic electrostatic
neutralization of the hybrid system. For SiO,, the mineraliza-
tion reaction generally leads to a slightly negatively charged
silica deposit due to unreacted silanol groups which counter-
balance the cationic template charge until electrostatic
neutralization is reached.”*® The chemistry of TiBALDH
precursor is less known than TEOS, but similar electrostatic
effects are expected. Both the size of the formed nanoparticles
and the references published in literature about the Ti-BALDH
salt used at ambient temperature®~* suggest that the TiO,
covering the virus is in an amorphous state.

To achieve the formation of these highly reliable,
monodisperse in size and well-dispersed hybrid rod-like
particles, all the three chemical steps described previously are
necessary; i.e. the steric stabilization by hydrophilic polymers,
the charge surface inversion and finally the mineralization.
Figure 4 shows different control experiments which prove the
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Figure 2. (A) Hybrid virus/SiO, and (B) virus/TiO, rod-like particles.
TEM images and energy dispersive X-ray analysis confirming the
presence of SiO, and TiO, on the viral rod-like particles respectively.
The high contrast of the particles is induced by the presence of the
mineral shell on the viruses.

necessity of each step. The importance of the PEGylation is
illustrated in Figure 4A,D, where the TEM pictures correspond
to the mineralization of positively charged viruses (after the
charge inversion step) but without the initial steric stabilization
by polymer grafting. Despite similar concentrations, the viruses
without polymer stabilization aggregate during the mineraliza-
tion process, forming thus bundles and fibers for both TiO, and
SiO, (Figure 4AD, respectively). This is consistent with
previous works showing the formation of silica/virus fibers in
more concentrated conditions.'”*® If the PEGylation step is
crucial to maintain the colloidal stability of the particles, the
mineralization only takes place if some electrostatic attraction
exists between the viral template and the inorganic salt as
demonstrated in Figure 4B. Indeed, if both the viruses and the
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Figure 3. CryoTEM images. (A) Hybrid virus/SiO, particles and (B)
hybrid virus/TiO, particles. These images demonstrate the presence of
a thin layer (~2 nm) of SiO, on the virus forming a core—shell like
structure and the presence of TiO, nanoparticles decorating the
surface of the viruses.

mineral precursors are negatively charged, no specific mineral
deposition is observed at the virus surface (Figure 4B) proving
the importance of the virus charge inversion in the
mineralization process. For SiO, deposition, we have evidenced
a specific role of the PEG polymer and more specifically of the
polymer grafting density in the silicification process (Figure
4EF). The cryoTEM images in Figure 4E,F show that for a
PEG density of 150 PEG/virus the mineralization is catalyzed
by the virus surface, whereas for a concentration of polymers
corresponding to 350 PEG/virus the silica deposition is both
less dense and heterogeneous and forms a large layer (10—20
nm) made of 1—-2 nm silica particles. In this case, the PEG
polymers probably play the role of silica condensation
catalyzers. This suggestion is reinforced by previous works
showing PEG mediated silica formation. It has been evidenced
that a cooperative effect exists between the polymers and the
silicic acid molecules, forming from 1 to 5 nm diameter SiO,
nanospheres wrapped around PEG molecules.’ ™ In the
presence of silicic acid and PEG, two reactions are in balance:

Si—(OH), + Si—(OH), — 28i0, + 4H,0 (1)
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Si—(OH), + HO—(CH,CH,0),H

— (HO), — Si — O — (CH,CH,0),H + H,0 (2)

At the surface of the virus, reaction 1 is favored both by the
amino groups and the local basic pH induced by the positive
charges. In bulk, this competition is driven by the PEG
concentration. Indeed, we checked that this cooperative effect
only appears for a concentration of PEG above 107> M
(experiments performed with prehydrolyzed TEOS at 107> M).
This value has to be compared to the concentration of the PEG
at the virus surface. If we assume that 150 polymers are
confined in a volume of two radii of gyration, R,, around the
virus (with 7 nm for PEG 20000 g/mol in coil
conformationg%, this gives a polymer concentration of about
107 M. If this calculation is certainly naive, it seems
nevertheless to account for the balance between the two
chemical reactions occurring in the close polymer environment.
For the lowest polymer concentration of 150 PEG/virus, the
mineralization mainly occurs at the surface of the virus,
accounting for the homogeneous general aspect of the hybrid
particles (Figure 4E). For the high PEG concentration of 350
PEG/virus, the virus surface is less accessible for the silica
precursors and the reaction 2 prevails on the PEG chains. This
explains the aggregation of the small silica particles around the
virus forming a heterogeneous and nondense surface (Figure
4F). Therefore, we show that the degree of PEGylation
(number of PEG/virus) of the template is a crucial parameter
to monitor, with a balance between the efficiency of the steric
stabilization of the particles and a limited reaction of the
polymers with the mineral precursors.

If the importance of both the steric colloidal stability by
polymer grafting and the virus charge inversion have been
demonstrated, we have also to quantify if these two chemical
steps before the mineralization process itself do not hinder
large amount production of hybrid elongated particles, i.e., if
the associated yield is high enough. For this purpose, the virus
concentration was determined for the different chemical steps
by UV spectrometry. The results are given in Figure 4C, and
show that the limiting step (with a corresponding yield of about
64%) is the charge inversion for which some viruses are lost
due to formation of aggregates (removed afterward by
centrifugation). Because of the contribution in optical
absorption of the mineral part of the hybrid viruses, the yield
of the mineralization reaction itself can hardly be evaluated.
However, we stress that no aggregation is observed directly by
eyes or on the TEM grids, considering therefore that virus
losses can be neglected during the mineralization reaction. It
results in a general yield higher than 50%, which allows for large
scale production of hybrid particles.

In conclusion, we describe a novel mineralization route based
on the steric stabilization of the organic template by
PEGylation. Large aspect ratio, highly monodisperse, and
well-dispersed hybrid rod-like particles are obtained on a large
scale via a direct chemical approach. A mechanism of the
morphosynthesis based on the balance between the degree of
PEGylation and the surface mineralization is proposed for the
formation of these hybrid particles. The validity of such an
approach has been demonstrated with the use of two important
inorganic precursors: silica and titanium dioxide. This proof of
principle to get high amounts of well-dispersed individual
mineralized rod-like particles opens the way toward self-
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Figure 4. Control experiments for TiO, (A—C) and SiO, (D—F) mineralization. (A) Mineralization of the viruses with a surfacic charge inversion
but no steric repulsion by PEGylation, leading to bundle and fiber formation. (B) No mineralization occurred for viruses after PEGylation but
without surface charge inversion. Note the bare viruses in between the mineral aggregates. (C) UV—visible spectra for the determination of the fd
virus concentration measured during the three steps of mineralization. This indicates some loss of viruses during the charge inversion due to some
aggregation. (D) idem to (A), but for SiO,. (E) and (F) CryoTEM images of fd-PEG-CR/SiO, nanorods with a density of grafted polymers on the
virus surface of (E) 150 PEG/virus and F) 350 PEG/virus respectively.
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1. Grafting of the ethylenediamine on the carboxylic groups of the virus surface

The grafting of the ethylenediamine (EDA) on the carboxylic groups of the virus surface is
catalyzed by 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDAC). An
amide bond is formed and the negative charge of the carboxylic group is reversed into a
positive one by the amine terminated group. It results in a general positive surfacic charge of

the modified virus at physiological pH.

fd-PEG fd-PEG-CR

|
- ~N-R
I-COO+R1-N=C=N-R2 LN I-c-o-c o I-(T‘.I-NH-CHECHZ-NHSHR1-NH-COH=N-R2
o}

5'\‘\N-R2

*HN-CH,CH,-NHS*

2. Contour length and diameter distributions of the mineralized rod-like particles
From the TEM images, we obtained a distribution of the contour lengths, L, and the diameters,
D, of the hybrid rods synthesized. The mean distribution peaks have been fitted by a Gaussian

function (red lines) to provide the average values and the standard deviations.
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The polydispersity, o, is defined by the relative standard deviation of the Gaussian
distribution : o, =((<L2>-<L>2))*?/<L>, where the brackets indicate a statistical average.
The following polydispersities in length (o) and diameter (cp) are then obtained:
Virus / TiOy: oL =3.5%
op=11.2%
Virus / SiO;: o =2.8%
op = 23.3% for 150 PEG/virus

op = 32% for 300 PEG/virus
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