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Abstract: Viruses are nature’s nanoparticles that are highly symmetric and monodisperse in size and shape with
well-defined surface chemistry. They have evolved for optimal cell interactions, genetic information delivery, and
replication by the host cell over millions of years. These features render them highly efficient pathogens that place
a severe burden on the health of our society. At the same time, they are fascinating objects for colloidal studies and
as building blocks for advanced bio-inspiredmaterials. Their characterisation requires sophisticated experimental
techniques such as X-ray, neutron, and light scattering that allow probing the structures and interactions on a
nanometre to micrometre length scale in solution. This contribution summarises the recent progress in virus
self-assembly and virus-based biopolymer composites for advanced material design. It discusses the advances
and highlights challenges in characterising structures and dynamics in these materials, focusing on scattering
techniques. It further demonstrates selected applications in the field of food and water purification.
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1. Introduction: Virus and Bacteriophages
Viruses are nature’s nanoparticles that deliver genetic

information to targeted cells for replication. The basic structure
of most viruses is a highly symmetric protein cage formed
through the self-assembly of multiple copies of peptide subunits
surrounding the genetic material in the core. This cage is
remarkably uniform in size and shape, primarily spherical or
rod-like (Fig. 1).[1] It possesses well-defined surface chemistry
to trigger specific interactions with the host cells. These features
make viruses fascinating objects for fundamental colloid and
interface science studies and promising subunits for advanced
functional biomaterials for applications, amongst others, in the
food and health science fields.[1]

Non-enveloped viruses consist only of the protein nanocage
loaded with genetic material. Amongst these species are most
water-borne gastrointestinal viral pathogens, including rotavirus
and norovirus.[6] This class also contains non-pathogenic viruses,
including most bacteriophages (bacteria viruses) and plant viruses
that are interesting for their antibacterial and scaffold properties.[1,7]

More complex enveloped viruses have an additional lipid
envelope surrounding the protein cage. The lipid envelope comes
from the host cell’s plasma membrane. It embeds the host–cell
recognition proteins (Fig. 1). Some of the most problematic
pathogenic viruses, including influenza, SARS-CoV-2, Ebola, and
HIV, belong to this class.[8] Enveloped non-pathogenic phages and
plantvirusesare rarecompared to theirnon-envelopedcounterparts.
However, the enveloped bacteriophage Phi6 is frequently used as
enveloped virus surrogate for fundamental studies.[5]

Non-covalent interactions among the virus protein and the lipid
sub-units, as well as between the virus and other materials in the
surrounding, including other viruses, cells, material surfaces, and
biopolymers, dictate the fate of the virus. Hence, understanding
these interactions is crucial in guiding the design of virus-based
biomaterials and for virus remediation and antiviral strategies.
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Small angle scattering techniques provide structural
information in the inverse (Fourier) space. The signal combines
intra-particle correlations (form factor) and inter-particle
correlations (structure factor). The form factor scattering contains
information on the particles’ size, shape, and morphology; and
the structure factor on the organisation of the particles in solution
from which their interaction potential can be derived. The
separation of the experimental scattering intensity into the two
components is mathematically an ill-defined problem. Several
solutions havebeen suggested to separate the two factors.Themost
straightforward approach is practical with dilution experiments
to low-enough concentrations. The structure factor scattering is
concentration dependent and reaches unity at low-enough particle
concentrations, providing the form factor scattering only. Other
mathematical methods exist that fit the form and structure factor
parameters simultaneously.

Important sample parameters, such as the radius of gyration
(R

g
), the surface-to-volume ratio, or the folding of proteins,

can be extracted directly from the form factor scattering. More
sophisticated mathematical data-modelling approaches are
necessary to extract information on size, shape, morphology, and
interaction potential. Model-free and model-dependent methods
exist for this purpose.

The model-free indirect Fourier transformation method (IFT)
is a powerful tool for evaluating form factor scattering.[12] The
method was extended to approximate simultaneously the structure
factor based on specific structure factormodels such as hard sphere
(excludedvolume interactions) and charged sphere.Thiswas called
the generalised IFT (GIFT) method.[13] This method provides the
pair distance distribution function, p(r), from the I(q) in a model-
free approach.[13] The p(r) enables the determination of the overall
shape and size of the scattering objects in real space.[12,14]

The deconvolution of the p(r) gives the radial contrast profile
in electron density relative to the solvent by assuming spherical,
cylindrical, or a bilayer symmetry of the scattering particles.[14,15]
This profile in electron density contains information about the
internal structure of the scattering particles. The procedure is
summarised for the bacteria virus MS2 in Fig. 2.[4]The symmetric
p(r) function indicates that the virus particles are approximately
spherical with a diameter, D, of 27 nm, from p(r) = 0. By a
convolution square-root operation, the deconvolution of the p(r)
generates the averaged radial excess electron density profile of
the virus particles relative to the surrounding buffer. The point
of inflection in this profile, between the core and shell regions,
provides an estimate for the radius of the virus core and the protein
shell. The core radius is around 8 nm, and the overall particle
radius is about 13.5 nm, in reasonable agreement with the radius
from the p(r) analysis at D/2 (Fig. 2). This evaluation was further
backed-up with the model-dependent fitting of the form factor
scattering, where the theoretical scattering curve for the virus’
spherical core-shell geometry is approximated. The parameters
such as size, differences in the excess electron densities, and
morphology are optimised to obtain the best possible fit of the
model to the experimental data.[4,16]

The model-independent scattering data evaluation was
recently used to research the ethanol inactivation of enveloped
viruses.[5] The SAXS patterns of the lipid-enveloped bacteria
virus are characteristic of bilayer structures.[17] In this case, the
thickness pair distance distribution function, p

t
(r), of the lipid

bilayer surrounding the protein cage could be calculated from
the data.[18] It indicated higher electron density in the charged
head groups, with associated counter-ions, and lower electron
density in the tails of the lipids relative to the electron density
of the surrounding buffer.[19] However, deconvolution of the p

t
(r)

into the corresponding excess electron density function was not
possible, most probably due to the scattering contribution of the
nucleocapsid on one bilayer side and buffer on the other leading

The in-depth study of these interactions requires advanced
characterisation techniques that allow to probe the length scales
from the nanometre to the micrometre region in a non-invasive
manner. Scattering techniques are the methods of choice for this
purpose as they provide statistical information on structure within
this size range, provided the correct wavelength is chosen.[9]

This contribution discusses the application of scattering
techniques to investigate the structure and interaction of materials
and their implications for the design of novel nanostructured
biomaterials.

2. Scattering Methods for Virus Characterisation
Static and dynamic scattering methods are non-invasive

techniques that are well-suited to study virus-based colloids. They
provide statistical information on the size, shape, morphology,
and stability of nanoparticles such as viruses.[9]

The minimum and maximum structural dimensions probed
with scattering depend on the wavelength of the radiation and the
angular range for intensity detection (scattering angle). In general,
larger structures scatter to smaller angles. Thus, small angle X-ray
and neutron scattering (SAXS and SANS), operating at a small
wavelength,cover thesizerangebetween1–100nm,corresponding
to scattering angles down to 0.1°. The instrumentation and
methodology have been reviewed recently.[10] In combination
with a high-intensity X-ray source and microfluidics or stopped
flow approaches, SAXS can be used for in situ studies of colloidal
transformations, as demonstrated previously.[11]Ultra-small angle
scattering (USAXS / USANS), operating at even lower angles,
provides information up to the micrometre range. Static light
scattering, operating at a much larger wavelength, covers the size
range from hundreds of nanometres to micrometres.

Fig. 1. A) Protein reconstruction and cryo-TEM image of the rod-like
Tobacco mosaic virus. Adapted from ref. [2]. Copyright 2011 National
Academy of Sciences. B) Protein reconstruction of the spherical bacteria
virus MS2. Adapted from PDB databank,[3] and cryo-TEM adapted with
permission from ref. [4]. Copyright 2020 American Chemical Society. C)
Schematic representation of an enveloped virus with a corresponding
cryo-TEM image of the enveloped bacteria virus Phi6 adapted with
permission from ref. [5]. Copyright 2021 American Chemical Society.



848 CHIMIA 2022, 76, No. 10 Polymers, Colloids and interfaCes

knowledge fromothermethods, suchaszeta-potentialmeasurements
and electron microscopy techniques, provides valuable information
to limit variables during scattering data modelling. Together
with biological evaluation studies, they allow for an advanced
understanding of viral particle interactions and morphology to
design advanced material, as highlighted in the following chapters.

3. Virus Colloidal Structure and Interaction in an
Aqueous Environment

3.1Self-assembly ofNon-envelopedViruses inSolution,
the Effect of pH and Ionic Strength

The protein nanocage’s net surface charge is defined by
its amino acid composition and pH value.[25] Most viruses are
negatively charged at pH values above 5, relevant for biological
environments (blood) and drinking water.[26] These viruses are
colloidally stabilised through electrostatic repulsions under these
conditions.

The viruses’ interaction potential can be modified with
environmental parameters such as pH, ionic strength, and the
type of ions in the solution. Multivalent ions are more efficient
in reducing the Debye length than monovalent ones. They can
also specifically interact with virus surface groups, such as
amine, carboxyl, or thiol groups, leading to the bridging between
particles.[27]For example, efficient coagulation of viruseswith iron
and aluminium salts in wastewater treatment has been reported.[28]

The pH value of the solution triggers the protonation (at low
pH values) or deprotonation (at high pH values) of amine and
carboxyl groups. Close to the viruses’ isoelectric point, charge
repulsion will diminish and result in aggregation.[29] This effect
is shown for the non-enveloped bacteriophage MS2, whereby
SAXS,DLS, cryo-TEM, and zeta-potential analysis confirmed the
significant influence of the pH on the interparticle interaction.[4]
The pH-triggered aggregation of the virus close to its isoelectric
point was shown to be reversible upon pH circulation. Further, it
could be demonstrated that the pH-triggered aggregation and dis-
aggregation process had no significant influence on the structure
of the virus cage. This pH-triggered reversible aggregation
can be used to remove nanoscale viruses during conventional
drinking water filtration processes. The non-enveloped viruses
with diameters around 30 nm cannot be removed efficiently from
water with traditional size-exclusion filtration processes. These
filters only target micron-sized objects such as bacteria. However,
pH-triggered virus aggregation at pH <5 leads to the formation
of micron-sized aggregates that can then easily be removed with
such conventional filters. Once the filter needs regeneration, a
simple pH increase can induce the de-aggregation of the virus
aggregates inside the filter and their removal by flushing.[30]

to deviations from the bilayer symmetry assumptions. This would
require using SANS with so-called contrast matching techniques,
which is part of an ongoing study in our team.

SANSprobes a similar size range toSAXS.However, electrons
scatterX-rays,whereasneutronsarescatteredbytheatomicnucleus.
Hence, the scattering contrast in SAXS arises from differences in
electron densities; and SANS from differences in the scattering
length densities of the nuclei. A key feature of SANS is that the
scattering contrast can be modified by replacing hydrogen with its
heavier isotope, deuterium, as they have very different scattering
length densities. Selective deuteration is useful, for instance, to
change the scattering contrast of a specific part or molecule to
map its location within a structure. We used a combination of
SAXS and SANS,with contrastmatching techniques and selective
deuterationformappingindividualmolecules inmixedmicelles.[20]
In solvent contrast matching measurements, the contrast between
specific molecules can be enhanced or eliminated by mixing H

2
O

and D
2
O in defined ratios. Hence, a feature in the particle with

a similar scattering length density to that of the D
2
O/H

2
O buffer

will yield negligible scattering intensity.A second approach is the
selective deuteration of non-solvent molecules in the scattering
particles.[20a,b] This selective deuteration can be applied to map
the structure and morphology of the individual components in the
nanocage, including the distribution of loaded guest molecules.

Operating at larger wavelengths, static light scattering
resolves particle shape and interactions in the micrometre range.
The contrast is given by the difference in polarisability between
the scattering particles and the surrounding medium, which is
linked to the refractive index difference. Dynamic light scattering
(DLS) measures the collective diffusion of particles in a solution
that can be converted to the hydrodynamic radius. It also provides
information on the particle’s interactions as they influence its
diffusion.[21] The simultaneous measurement of DLS at multiple
scattering angles (multi-angle DLS) allows the accurate analysis
of multimodal systems and is especially valuable for studying
particle aggregationprocesses.[22]This is basedon the fact that each
scattering angle gives a different weight to a specific particle size
(based on the form factor scattering of the particle). Depolarized
DLS provides access to other parameters, such as the translational
and rotational contributions to diffusion in optically anisotropic
particles such as elongated viruses.[23] For non-ergodic systems
(gels), brute force or multi-speckle detection has been used to
study the dynamics in the system.[24]

As a result of the indirect nature of scattering techniques, the
results are highly dependent on the quality of the data analysis. The
usage of relevant models and a systematic analysis yields otherwise
inaccessible information. However, one has to be careful to avoid
incorrect data handling and over-interpretation of the data. A priori

Fig. 2. (A) Experimental SAXS data (open squares) and corresponding fits (red lines) calculated using the generalised indirect Fourier transformation
method for the bacteria virus MS2. (B) The corresponding pair distance distribution function of the virus at pH 7 and 9 from part A; and fit calculated
from deconvolution using a convolution square root operation (red dashed line). (C) Radial excess electron density of the virus at pH 7, calculated
from part B by deconvolution. Reprinted with permission from ref. [4]. Copyright 2020 American Chemical Society.
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This structural knowledge allowed the design of a cellulose-
based water filter with pH-dependent removal of viruses from
water. The filter removes viruses at the pH of natural water and
can be regenerated at acidic pH.[30]

Tailoring interactions between viruses allowed the design of
highly structured materials with the potential for application, for
instance,asnanotemplates.[33,34] Innature, theanionicbiopolymers
were found to induce the dense packing of the filamentous
symbiotic Pf4 bacteria virus around pseudomonas aeruginosa
bacteria, leading to increased resistance against tobramycin
antibiotics.[35] The aggregates’ liquid crystalline morphology was
investigated by cryo-TEM.[35]Among the synthetic materials, the
combination of nanometre-sized cationic polyamidoamine
dendrimer with the quasi-spherical P22 bacteria virus of 56 nm
and surface-modified variants led to the formation of superlattices
with a dominant face-centred cubic structure and a minor
hexagonal close-packed phase (Fig. 4).[31,33] SAXS was used to
characterise the arrangement in the P22-dendrimer aggregates. It
demonstrated the self-assembly across multiple length scales
from the capsid protein to the particle superlattice. The particle’s
self-assembly into ordered structures could be modified by
varying the ionic strength and the surface charge of the P22 virus,
with the nearest neighbour distance of 62 nm. Depending on the
P22 variant, those superlattices can have a domain size of over 400
nm and a lattice parameter of around 87 nm. These superlattices
were applied to provide spatial separation for enzymes
encapsulated into the protein cages and resulted in amore efficient
isobutanol synthesis.[31,33]

Highly ordered protein-cage aggregates were also reported to
form by adding non-interacting molecules such as non-adsorbing
polymers.[36]The formation of a polymer-depleted region between
two proximal virus particles in the presence of non-interacting
polymers induces an osmotic pressure, leading to an attractive
interaction between the particles. The spacing of those particles
depends on the size and concentration of the non-interacting
molecules.[36c] For instance, increasing the concentration of
polyethylene glycol (PEG), R

g
~ 4 nm, in the presence of rod-like

fd viruses, with a length of 880 nm and diameter of 7 nm, led to
their aggregation into hexagonally arranged platelets of several
microns in diameter to fibre-like structures with a diameter of
one micron and several microns long.[36d] Applications in bio-
sensing, such as antibiotic detection after modification of the
phages, could be achieved with PEG as a biocompatible molecule
that induces anisotropic virus arrangement.[37] These structures
can be visualised, for instance, using polarised microscopy and
manipulatedwithoptical tweezers, asdemonstrated for anisotropic
lipid particles in our previous work.[38] The combination of shear-
inducedalignmentof rod-likeM13viruses inpolyvinylpyrrolidone
as a viscosity modifier led to the formation of fibrous structures
similar to those of spider silk.[39] This is an exciting approach

Fig. 4. TEM image of superlattices formed through virus/dendrimer
interactions in solution. The fast Fourier transform of selected structured
regions is presented as an inset and graphical view of the structures.
A hexagonal closed-packed structure is shown in (a1), while an area
with a face-centred cubic structure is presented in (a2). Adapted with
permission from ref. [33]. Copyright 2017 American Chemical Society.

The interactions described above may also help ingested
viruses transit through the digestive system: The viruses may
aggregate in the stomach’s acidic pH around 1 to 4, protecting
the viruses inside the aggregate from protein digestion. The
alkaline conditions in the small intestine (pH 6–8) can lead to the
dispersion of the aggregate, with most of the virus particles intact
and infective.

3.2 Virus–Polymer Composites
Specific interactions among molecules and viruses can be

used to trigger the formation of virus composite materials.
Molecules that specifically adsorb onto the virus surface modify
the virus interactions and colloidal stability in solution.Attractive
or repulsive interactions occur depending on the type of molecule
and its concentration on the surface.[27,31]

The flocculation of viruses is heavily researched for
separation processes, including water purification, for which virus
removal is mainly studied with biological assays.[32] Chitosan-
based polycationic polymers were reported as a coagulant.[28]
Composition-dependent aggregation of polycationic polymers
and viral particles leading to the formation of colloidal crystals
for advanced biomaterial design is currently a research topic in
our group.

The interaction of cationic nanocellulose (CNFC) and
non-enveloped viruses was studied using SAXS, cryo-TEM,
and zeta-potential measurements (Fig. 3).[30] The linear
combinations of the SAXS curves of the two individual
components were used to produce the best possible fit of the
composite material’s experimental SAXS curve. Without
interactions, a good fit (low residuals) is expected as there are
no additional contributions to either component’s scattering or
structural modification. In contrast, virus particles adsorbing to
the nanocellulose would lead to low fit quality (high residuals),
owing to the modified contributions of the form factors,
structure factors, and scattering cross-term between CNFC
surface and virus surface. This method demonstrated the pH-
dependant behaviour of the virus and nanocellulose mixture.
At pH 3, the virus and nanocellulose are positively charged,
showing only little interaction. However, at pH >5, strong
interactions were found among the oppositely charged
compounds. The resulting structure can be observed in cryo-
TEM (Fig. 3).

Fig. 3. Colloidal interactions between the non-enveloped bacteria virus
Qbeta and cationic nanocellulose (CNFC). (A) Experimental SAXS data
(open squares) for the 1:1 weight ratio of Qbeta and CNFC at pH values
of 3, 5, 7, and 9. The corresponding fits (red curves) calculated with
a linear combination of the experimental scattering curves from the
pure species at the corresponding pH value are also shown. (B) cryo-
TEM image of the mixture of Qbeta and CNFC at pH 7. Examples of
CNFC are highlighted with red arrows, and Qbeta particles adsorbed
on the CNFC with black arrows. A large aggregate of CNFC and Qbeta
is highlighted with a black ellipse. Adapted from ref. [30] used under
Creative Commons CC-BY license.
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to forming new protein-based fibrous biomaterials for nanofiber
fabrication in regenerative tissue medicine or water purification.

3.3 Colloidal Transformations in the Lipid Envelope of
Enveloped Viruses

Non-enveloped viruses are primarily resistant to alcohol-
based disinfectants and surfactants (e.g. in soaps).[40] On the
contrary, enveloped viruses are susceptible to these compounds.[41]
In a recent study in our team, the interaction between ethanol
and an enveloped virus pathogen surrogate, the bacteriophage
Phi6, was analysed using a combination of SAXS, cryogenic
transmission electron microscopy, cryogenic X-ray photon
spectroscopy, fluorescence spectroscopy, and biological
evaluation studies.[5] The study demonstrated that ethanol mainly
acts on the lipid envelope rather than denaturating virus proteins.
The virus structure was found intact in the presence of up to
20% ethanol in water. Above 20% ethanol, antiviral activity was
observed. SAXS demonstrated that ethanol acts as a co-surfactant,
modifying the around 7.5 nm thick lipid envelope structure,
which contains the proteins for host–cell recognition. Sufficient
ethanol concentrations eventually separated the envelope from
the protein cage, resulting in virus inactivation. This fundamental
understanding of the antiviral mechanismmay allow the design of
optimised wide-spectrum antiviral compounds by improving their
ability to separate the envelope from the nucleocapsid.

Other amphiphilic molecules have shown to be effective in
inactivating enveloped viruses.[42] Surfactants such as sodium
oleate, sodium dodecyl sulfate, or Triton X-100 have been shown
to disrupt the envelope upon changing the packing parameter of
the lipid bilayer. Cationic and amphiphilic antimicrobial peptides
such as defensins, histatins, and cathelicidin are also efficient in
interacting with the envelope and inactivating enveloped viral
pathogens.[43] Thus, the mechanism found for ethanol is likely
similar to that of such antiviral molecules.

4. Outlook
The interactions between materials and viruses dictate

whether they can be used as antiviral and virus-capture material
or virus-based biocomposites. Scattering techniques are precious
for gaining fundamental insights into the virus, material structure,
and dynamics. Their link with the virus’ biological activity can
then guide the rational design of advanced virus-based materials.
For instance, antiviral polymers need to impair viral bioactivity
and may do so by structurally modifying the viral particle or by
sterically preventing cell attachment by covering host recognition
sites.[44] Alternatively, the inactivation of enveloped viruses can
be achieved with compounds such as surfactants or co-surfactants
that compromise the function of the lipid envelope.[45]

For virus-based therapy applications, such as phage
therapy, various materials that do not change the protein-cage
morphology can be used to protect the bacteriophages from harsh
environmental conditions allowing them to be antibacterial for a
more extensive range of applications.[46] The applications of such
materials have been recently reviewed and include bone implant
coating, treatment of lung infections, gastrointestinal infections,
wound infections, and catheter-related conditions.[7] Each of
these applications requires the interaction of the virus with some
carrier material, such as the implant surface, the polymeric fibre of
wound dressings, or a protective layer against digestive enzymes.

For virus-based biocomposites, the viruses can be rationally
designed via genetic engineering or via a virus (phage) library
and selection process to present desired functionalities and self-
assembly behaviour.[47] An example of this use is as a scaffold
for silica sol.[48] Information about the ordering of the virus in
the matrix helps to improve the display of specific functionalities
on a surface, such as RGD peptide, for improved cell
growth.[49] Further, virus-like particles were used as emulsifiers

to prepare protein nanocage-stabilized Pickering emulsions.[50]
The protein nanocage cavity could be loaded with antioxidants to
act as functional stabilisers for lipids, increasing the shelf life of
emulsions. These systems have significant potential as biomimetic
materials for health applications and chemical or biotechnological
processes. The fundamental understanding of virus self-assembly
and stabilisation can unlock key questions in colloid chemistry.
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