Published on 22 July 2015. Downloaded by University of Ljubljana on 25/09/2015 12:18:57.

Nanoscale

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal

CrossMark
& click for updates

Cite this: DOI: 10.1039/c5nr04274g

Received 26th June 2015,
Accepted 16th July 2015

DOI: 10.1039/c5nr042749g

Quantitative nanoscale electrostatics of viruses+
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P. J. P. Carrillo,? C. San Martin,® M. G. Mateu,? A. Raman,? R. Podgornik*"9 and
P. J. de Pablo*®

Electrostatics is one of the fundamental driving forces of the interaction between biomolecules in solu-
tion. In particular, the recognition events between viruses and host cells are dominated by both specific
and non-specific interactions and the electric charge of viral particles determines the electrostatic force
component of the latter. Here we probe the charge of individual viruses in liquid milieu by measuring the
electrostatic force between a viral particle and the Atomic Force Microscope tip. The force spectroscopy
data of co-adsorbed ¢$29 bacteriophage proheads and mature virions, adenovirus and minute virus of
mice capsids is utilized for obtaining the corresponding density of charge for each virus. The systematic
differences of the density of charge between the viral particles are consistent with the theoretical predic-
tions obtained from X-ray structural data. Our results show that the density of charge is a distinguishing
characteristic of each virus, depending crucially on the nature of the viral capsid and the presence/

www.rsc.org/nanoscale absence of the genetic material.

Introduction

The detailed understanding of structural, physical and chemi-
cal properties of viruses during their infectious cycle is one of
the important challenges facing physical virology.! These pro-
perties would affect the response of individual viral particles
to diverse forces at the nanoscale, which are overwhelmingly
present throughout the virus cycle. In particular, nonspecific
electrostatic interactions play a central role in different stages
of the infectious cycle such as cell entry, maturation, assem-
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bly/replication, and exit from the infected cell.” It is thus
important to quantify the charge of single virus structures in
physiological conditions.® In this context, traditional tech-
niques used in structural virology, such as cryo-EM or X-ray
diffraction, provide high-resolution structural models of virus
particles® that can be used to infer the corresponding surface
charge distribution®® induced by the location of proteins on
the capsid and their state of dissociation.”'® However, the
strong averaging nature of these methods may disguise the
effect of viral features not following a symmetrical pattern,
such as flexible proteins or disordered genomes. Additionally,
using these techniques it is difficult to assess the properties of
functional viral particles in physiological conditions.

At the beginning of the 90s, Atomic Force Microscopy
(AFM) paved the way for the investigation of electrostatic forces
in liquid environments."* The subsequent refinement of this
technique allowed the measurement of the electrical charge of
biomolecules forming monolayers, such as purple mem-

brane'” resulting in a density of charge of —0.312¢, nm™?,

where e, is the absolute value of the electron charge (1 C m™> =
6.24e, nm~?). The density of charge of other biomolecules,
such as single dsDNA molecules,”® supported lipid
bilayers,* and the avidin-streptavidin system"® have also been
measured. In addition, advanced AFM-based dynamic
mapping methods have been developed allowing not only the
nanoscale resolution of the topography of complex biological
systems under physiological conditions, but also relevant
physico-chemical properties extracted from the tip-sample
interaction.®'*"®
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The study of viruses at a single particle level in liquid
milieu with AFM has provided a number of important bio-
physical discoveries about the interplay between their structure
and physical properties.”'>> Force spectroscopy measure-
ments of single viral particles provide not only direct infor-
mation on their elasticity, but also allow for an estimation of
other physical interactions and/or properties, such as rigidity/
fragility, viscosity, and adhesion,"® dielectric properties of con-
stitutive materials,>® etc. Specifically, the quantification and
determination of their electrostatic charge in relevant native
environments remains unexplored so far.

In buffer conditions and beyond pure mechanics, there is a
plethora of long and short-range forces that affect the inter-
action between an AFM tip and a virus particle.>® In the most
commonly used theoretical framework of the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory, they are grosso modo
differentiated into the usually attractive van der Waals (vdW)
and repulsive electrostatic double layer (EDL) forces.>> Other
interactions such as solvation forces of the hydrophobic and
hydration types, or entropic forces such as the Helfrich inter-
action or polymer-mediated forces, are usually considered to
be much more specific, depending on the details of the inter-
acting materials as well as the intervening solvent.”*® While
being simplistic in nature, the DLVO framework allows for a
quantitative interpretation of the measured force data and
indeed provides a guideline for their characterization and
manipulation. Most notably, it accounts for the interpretation
of the range of the EDL interactions via the Debye screening
length and for the strength of the vdW interactions via the
Hamaker coefficients. Other properties of the solution, such as
the nature of the solvent®” and/or the pH, are less straight-
forward to incorporate into the DLVO framework.”® Neverthe-
less, the DLVO theory has been successfully applied also in the
context of interactions between biological materials providing
for at least some rationalization of the observed interactions
between lipid membranes®® or individual molecules of DNA.*°
It seems only natural to expect that these interactions govern
also the forces between the probe tip, the substrate and any
sample under investigation in the AFM force spectroscopy.'>'*?*

In this work we utilize force spectroscopy to characterize
the electrostatic interactions between the AFM tip and
different kinds of virus particles that are simultaneously
adsorbed on the same substrate. By using the DLVO theory, we
have extracted the charge density of $29 prohead and virion,
adenovirus, and the capsid of minute virus of mice (MVM) in
physiological conditions and identified their determinants to
be the virus shell intrinsic structure and the absence/presence
of viral genome inside.

Results
Electrostatics of viral particles in solution

Electro-mechanical characterization of individual viral capsids
adsorbed on HOPG (Highly Oriented Pyrolytic Graphite) has
been performed with force spectroscopy assays using the
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AFM.™ The monovalent salt concentration of the solution,
[salt] in units of moles per liter, sets the Debye length as

0.304 . . .
= 7 in nm. For a typical concentration of 2 mM NacCl

[Salt]>

salt, we have A ~ 6.8 nm.** Fig. 1 shows a collection of force
vs. Z piezo displacement curves (F-Z) performed along a line-
scan using Force-Volume AFM mode,*® that accounts for the
HOPG substrate (#1, #2, #6, and #7) and a bacteriophage $29
viral particle (#3, #4, and #5) in solution at 2 mM NacCl concen-
tration and pH = 7.8. When the AFM probe approaches close
to a virus particle, a repulsive electrostatic interaction is clearly
detected a few nanometers away from the surface of the viral
particle. In contrast, the absence of surface charge of HOPG
allows the vdW force to induce the jump-to-contact of the tip
to the substrate.*

To compensate for the contribution of virus deformability,
short range vdW and hydration forces that may hinder the
electrostatic interaction, F~Z curves need to be rescaled when
the AFM probe tip approaches closer than ~2 nm. Fig. 2a pre-
sents the fundamentals of the tip-sample interaction and
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Fig. 1 The electrostatic force of a virus. (a) AFM topography image of a
bacteriophage $29 mature virion absorbed on a HOPG surface. (b) F-Z
selected curves performed in a scan line using Force Volume AFM mode
on HOPG (#1, 2, 6, and 7, black line) and ¢29 virion (#3, 4, and 5,
red line).

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Basis of electrostatics with AFM. (a) Schematic representation of
a single force spectroscopy assay on a viral particle under low salt con-
centration buffer. Z is the piezo displacement, Z; is the point of contact,
§ is the deflection of the cantilever, k. is the spring constant of the canti-
lever, kgs is the effective spring due to electrostatic and vdW forces and
d=2Z-2Z, - §is the effective tip—virus gap since viral deformation is
negligible for repulsive forces under 100 pN. (b) A comparison between
F-Z and F—d curves performed on viral particle.

sample force spectroscopy in an AFM F-Z curve under low salt
concentration conditions. On close approach of the AFM probe
tip to the viral particle, the large repulsive force induces a
deflection of the cantilever, and thus the F-Z curve needs to be
properly corrected to obtain the real probe tip-virus distance,
as presented in Fig. 2b. This correction is achieved by using
the standard AFM force spectroscopy methods for deformable
surfaces'®** and yields the effective gap distance d = Z — Z, —
8, where Z is the piezo displacement, Z, is the point of contact
and & is the perpendicular deflection of the cantilever (ESI
Fig. S1}). Note that viral deformation is negligible as long as
the forces are smaller than 100 pN (Fig. S1d}). AFM is a tech-
nique prone to various artifacts affecting force spectroscopy. In
particular, the electrostatic force strongly depends on the total

This journal is © The Royal Society of Chemistry 2015
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charge of the tip and its eventual contamination. Since the tip
conditions affecting its charge may vary from tip to tip, it is
important to perform the experiments with the same tip in
different specimens. One option to fulfill this condition is to
co-adsorb all the different viral specimens in the same sub-
strate for utilizing the same tip. Fig. 3a shows the simul-
taneous adsorption of different types of viral particles on a
HOPG surface. We measured F-Z curves on different popu-
lations of viral particles, consisting of 12 $29 virions, 7 $29
proheads, 8 adenovirus, and 11 MVMs (Fig. 3a) over 12 inde-
pendent experiment sets. We converted F-Z into force vs. tip—
virus gap distance (F-d) curves by systematically accounting
for cantilever deflection, as shown in Fig. 2b. Since the surface
of mica presents a charge density of —0.0025 C m™? or 0.015¢,
nm~2*?% it is crucial to use its value for finding the expected
Jp. In our case, using 2 mM NaCl salt concentration, we adjust
Ap to be 6.8 nm. Fig. 3b shows an example of a F-d curve
obtained on the mica surface that yields an excellent fit to the
screened electrostatic repulsion, with no indication of either
attractive vdW forces or repulsive solvent mediated forces in
the separation regime of 3.5-20 nm, as expected.’® Thus, for
testing purposes, it is encouraging to find experimentally a
similar 1p ~ 6.8 nm from the fitting of the force spectroscopy
on the mica surface to the generic DLVO interaction.*” In fact
this verification allows us to determine whether the AFM-tip is
contaminated, since any attached debris would affect its size
and density of charge.

The acquired and rescaled F-d curves obtained for viral par-
ticles were individually fitted using an Ansatz expression based
of the double exponential Parsegian-Gingell model®*”*® and its
implementation to curved surfaces. This implementation
quantifies the electrostatic interaction between two curved,
dissimilarly charged surfaces in the whole range of minimal
separation distances, d, between the interacting surfaces
(Materials and methods, M&M). The model parameters A and
B, containing information about the surface charge densities
of the tip and the sample, were extracted by fitting the F-d
curve on a viral particle at a predetermined value of the inverse

1
Debye screening length k = P and distance d (M&M).
D

Fig. 3c shows typical curves for $29 virion, $29 prohead,
adenovirus and MVM capsid. From a total of 87 F-d curves
obtained for $29 virions (30), $29 proheads (12), adenoviruses
(24), and MVM particles (21), we extracted the electrostatic
interaction force between the tip and the surface of each type
of virus and for different values of Ap, (Table 1). Fig. S21 shows
data of the interaction force coefficient B (Mean + Standard
Deviation) which contains information from different co-
adsorption experiments at 6.8 nm Debye length. The results of
fitting show that the B coefficient is on the order of ~10 pN,
ie, 25+ 8 pN, 16 + 5 pN, 20 = 7 pN and 4 + 2 pN for $29
virion, $29 prohead, adenovirus, and MVM capsid, respecti-
vely. Because of higher screening the contribution of coeffi-
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Fig. 3 Co-adsortion of viruses. (a) AFM topography images of co-adsorbed of viral particles: $29 virion (red circle), $29 prohead (black circle), ade-
novirus (green circle), and MVM capsid (blue circle). (b) F-d curve performed on mica in 2 mM NaCl salt concentration buffer. The mica data plot
has been fitted using a generic DLVO approximation (red line) and clearly shows the good agreement of the fit. (c) F—d curves collected on the viral
particles $29 virion (red), $29 prohead (black), adenovirus (green), and MVM (blue).

Table 1 Summary of quantitative electrostatic data (B and surface charge density as (Mean + Standard Deviation)) from the fitting of multiple F—d
curves obtained for viral particles using eqn (2) under two different salt concentration buffers. 87 F—d curves were obtained for 38 viral particles
(12 particles of $29 virions, 7 particles of $29 proheads, 8 particles of adenovirus and 11 MVM) at 2 mM NaCl pH = 7.8, Ap = 6.8 nm; and 32 F-d
curves performed on 16 viral particles (10 particles of $29 virion and 6 particles of $29 prohead) at 10 mM NaCl pH = 7.8, Ap = 3 nm

Virion $29 Prohead ¢29
Adenovirus MVM

Ap = 6.8 nm, Ap =3 nm, Ap = 6.8 nm, Ap =3 nm, Ap = 6.8 nm, Ap = 6.8 nm,
Parameters d>1nm d>1nm d>1nm d>1nm d>1nm d>1nm
B(pN) 25+8 60 £ 27 16 +5 47 £13 20+ 7 4+2
Sigma (C mfz] —0.0114 + 0.0035 —0.06 £ 0.03 —0.0074 + 0.0020 —0.05 £ 0.01 —0.0085 + 0.0020 —0.0023 + 0.0014
#Particles 12 10 7 6 8 11
#F-d curves 30 20 12 12 24 21

cient A was found to be negligible in comparison with coeffi-
cient B. After fitting and extracting the numerical values of the
coefficients, we proceeded to estimate the surface charge
density of different viral particles according to the Parsegian—
Gingell model, obtaining statistically significant differences
between the viruses.

Nanoscale

Fig. 4 shows the values for surface charge density (Mean +
Standard Deviation) which contains information from different
co-adsorption experiments at Ap ~ 6.8 nm. The estimated
values for surface charge density are: —0.0114 + 0.0035 C m™>
(=0.071 + 0.022¢, nm %), —0.0074 + 0.0020 C m~> (-0.046 =+
0.012e, nm ™), —0.0085 + 0.0020 C m™> (—0.053 + 0.012¢,

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Viral particle identification by quantifying the total fitted charge.
(a) Comparison between viral particle charge estimated from VIPERdb
(empty columns) as described in Fig. 5 and extracted from experimental
data analysis using egn (2) (solid columns) and eqn (4) (sparse columns)
respectively (Mean + Standard Deviation) of the viral particles under
2 mM NaCl with pH = 7.8 buffer conditions: 8 particles of adenovirus
(green bar) and 11 particles of MVM (blue bar). (b) Charge of bacterio-
phage ¢29: 12 virions (red bar) and 7 proheads (black bar) extracted
from experimental data analysis using eqn (2) (solid columns) and eqn
(4) (sparse columns). For the VIPERdb estimate we use the approximate
average of the full charge obtained from Fig. 5.

nm ), and —0.0023 + 0.0014 C m~> (=0.014 + 0.008¢, nm?)
for $29 virion, $29 prohead, adenovirus, and MVM capsid,
respectively (Table 1). Thus, we can estimate the total charge
by considering viruses as spheres. These would correspond to
charges of Qg0 = —394 * 121€y, Qprohcadgze = —255 * 69¢,
Qudenovirus = —1197 + 272ey, and Qmvwm = —28 + 16e, (ESI
Table S1t). Furthermore, one-way ANOVA analysis of these
results shows that the $29 virion and the $29 prohead display
significant statistical differences (P < 0.035), while there is
none between the $29 virion and the adenovirus (P > 0.05).
The force magnitude and the characteristics of electrostatic
interactions can be effectively controlled by changing the salt

This journal is © The Royal Society of Chemistry 2015
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concentration and the pH of the buffer solution.'* Therefore,
we also performed an experimental control at different salt
concentration (Ap ~ 3 nm) to validate the Parsergian-Gingell
model (Fig. S37).

Discussion

Avirus particle portrays a certain distribution of charge due to
the particular organization of proteins within its structure,
which is a fingerprint of each type of virus. Therefore, the vali-
dation of our methodology requires systems where it is poss-
ible to estimate the charge independently.® In particular, the
charge of MVM and adenovirus shells can be estimated from
the VIPERdb® and thus, they are excellent candidates for an
experimental validation. The VIPERdb contains the full (3D)
spatial charge distribution of adenovirus 5 (entry IDs 3iyn) and
MVM (entry, ID 1z14) (for details see ref. 6). Inner (Q;,) and
outer (Qoy) charge on the capsids were obtained from the
VIPERdb at neutral pH, including only aminoacids inside the
inner (outside the outer) surface of the virus as described in
detail in ref. 6. Since these surfaces and therefore their corres-
ponding radii R;, and R,, are not unequivocally defined,
different values can be obtained also for Q;, and Qqy, as well
as for the full structural charge equal to the sum Qi, + Qou,
when the exact position of these two surfaces is varied. When
comparing with experimentally obtained values in Fig. 4, we
therefore list an average that we estimate from different posi-
tions of Ry, (Roy) as shown in Fig. 5. For adenovirus the average
of the full structural charge is then Qj,, + Qoue ~ —1500€,, and for
MVM Qi + Qoue ~ —130ey. We should also state here that it is
not clear at this point which part of the inner charge, if at all,
the AFM electrostatic force spectroscopy is sensitive to and the
comparison with experimentally obtained values should be eval-
uated in this light.

A comparison of the structural virus charge of different
virus types with the values extracted from experiments, in par-
ticular for adenovirus, in general supports our experimental
approach (Fig. 4a and ESI Table S17). The measured charge of
MVM particles presents the lowest value and the highest Stan-
dard Deviation (SD). Interestingly, the estimation of the charge
of MVM from VIPERdD also points to the lowest charge, which
is ~10 times less than the adenovirus one in both cases. Corre-
spondingly, MVM capsid presents the lowest tip-sample electro-
static interaction force (B ~ 4 pN). In cases of low charge, the
determination of its value is likely affected by the thermal noise
of the cantilever. The thermal noise introduces an intrinsic
limitation to the measurement of the force out of contact.
Specifically, the signal of the deflection shows a thermal noise
of about 10 mV for RC800PSA-Olympus microcantilevers,
(spring constant 0.05 N m™ '), with a bending-optical calibration
of 20 nm V", Thus, the thermal noise introduces an uncertainty
in the measured force of 0.05 (N m™") x 20 (nm V™) x 0.01 V ~
10 pN. Therefore, the Brownian motion of the cantilever
restricts the measurement of forces below 10 pN. Since the
interaction force between MVM and the tip is ~4 pN (Table 1),
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Fig. 5 Structural charge of the capsid estimated from VIPERdb. Inner
(Qin) and outer (Qout) charge of adenovirus (a) and capsids of MVM (b)
obtained from the VIPERdb as described in ref. 6. The charge was calcu-
lated at neutral pH, including only aminoacids inside the inner (outside
the outer) surface of the virus. As these surfaces are not unequivocally
defined their corresponding radii Ry, and R, are varied leading to
different values of inner (red) and outer (blue) total charge. The full
charge of the structural charge would then be the sum of the two. The
inner and outer surface radius was varied from their values at the full-
width half-maxima (FWHM) of the mass density distributions of the
capsids: Ri, = 34.3 nm, Ry = 42.4 nm for adenovirus and R;, = 7.79 nm,
Rout = 12.5 nm for MVM. The insets show the capsids with drawn posi-
tions of the varied inner and outer surfaces. Half-capsids shown in
insets were drawn with UCSF Chimera.>®

the detection of the electrostatics of MVM is below our sensi-
tivity, resulting in a high SD. Still, the experimental result for
MVM point to a very low charge value, in complete agreement
with the calculated value from the MVM VIPERdb data.

Once our methodology was validated, we interrogated the
influence of the genome on the charge density of the virus par-
ticle. To this effect we chose both $29 prohead and virion
since, except for the tail, their respective shell are comprised
of identical proteins.>® Thus, it is possible to isolate the
electrostatic effect of the 19.8 kbp of dsSDNA packed inside.*
Our results show that the virion presents a charge density
~30% larger than the prohead (Fig. 4b). Thus, the genome has
a significant effect on the overall electrostatic interaction
forces due to the large amount of associated negative charge of
the deprotonated phosphates.*!
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Interestingly, this is not the case in adenovirus particles.
Although the density of charge obtained from our experiments
corresponds to DNA-full particles, they show a reasonable
agreement with the VIPER data, which accounts only for the
charges of the adenovirus shell. This absence of influence of
the adenovirus genome on the measured electrostatic charge
might be related with the DNA condensation mechanism. Con-
trariwise to bacteriophage ¢29, the encapsidated dsDNA in
adenovirus is condensed by histone-like proteins that carry a
large net positive charge,*” which might partly compensate the
DNA charge nearly neutralizing it.

To check the robustness of our measurements we per-
formed control experiments in buffer at higher salt concen-
tration (4p ~ 3 nm). The viral particles of bacteriophage $29
present different values of interaction force coefficient B when
the Debye length was changed (Fig. S37), but the ratio of the
coefficient B for different salts remains constant at ~1.3 for
both salt concentration buffers and for the ¢29 virion and the
prohead (Table 1). Therefore, changes in Debye length do not
significantly modify the estimated value of the electrostatic
charge in individual viral particles. This is consistent also with
experiments on purple membrane adsorbed to alumina in
electrolyte solutions, pointing to a general feature of the DLVO
interactions at large enough separations.'?

The comparison between the structurally estimated charge
and the experimentally extracted values follows a reasonable
trend, even with low confidence value as is the case for weakly
charged MVM. In our opinion the latter adds firm support to
the general experimental methodology for the analysis for
electrostatic force spectroscopy on complex mesoscopic aggre-
gates of nucleoproteins. In this respect, our experiments pave
the way to a more general force spectroscopy of any either
natural or artificial protein cages with synthetic cargos, set
quite apart from mechanical elasticity probing, allowing us to
interrogate a different set of parameters that convey essential
information on the nature and magnitude of interactions
acting on this scale in Nature.

Materials and methods
AFM experiments

To properly quantify the electrostatic force spectroscopy data,
we first identified and imaged viral nanoparticles in buffer
solution by operating in the Jumping Plus Mode (Nanotec
Electrénica S.L., Madrid, Spain),”* while using rectangular
silicon nitride RC800PSA (Olympus, Tokyo, Japan) cantilevers
with nominal spring constants of ~0.05 N m™", and nominal
tip radius of ~15 nm. The maximum force applied during each
scan never exceeded 100 pN with a velocity of 0.3 lines per
second to prevent the damage of the viral shells. The optical
photodetector cantilever sensitivity was obtained by recording
a force vs. Z piezo displacement curve (F-Z) on a stiff substrate.
Cantilever effective spring constants were routinely calibrated
using the Sader’s method.**

This journal is © The Royal Society of Chemistry 2015
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After recording an image with multiple viral particles, we
gently deformed each individual capsid by performing five F-Z
curve measurements on the top of the viral particles: the shell
is zoomed-in continuously by reducing the x-y scanning size
until the bump of the very top is within the whole piezo scan.
Until ~400 pN the viral particles show a linear elastic de-
formation®* which provides the spring constant of the virus &,
(modeled as a spring in series with the cantilever). Following
each F-Z curve-set, an image of 128 x 128 points of the viral
particle is recorded to monitor its integrity, as well as to know
its position in order to correct for any drift if needed for the
next F-Zs set. The F-Zs speed was ~60 nm s~ '
post-processed using the WSxM software.*>

. Images were

Data analysis

To study the electrostatic interactions between the probe tip
and the viral particle, we need to define the interaction model
that best describes the behavior of the force at a tip-sample
gap within the measured range of 1-20 nm. This range is just
outside the complicated short-range interaction regime
(~1 nm before contact),>” so that we can neglect the effects of
hydration and/or vdW interactions that are present in that
regime.”” Eliminating in this way all but electrostatic inter-
actions in the regime of experimentally accessible separations
that certainly simplifies the problem, leaving us with the ques-
tion of the most appropriate form of these interactions. Since
our system is fundamentally asymmetric, with heterogeneous
probe-tip and virus particle surfaces, having in general quite
distinct charge properties, we assume that the electrostatic
interactions are properly described by two dissimilarly charged
surfaces. Furthermore, the surface charges are surmised to be
constant, ie. they do not vary as the two interacting surfaces
are brought closer together, which is the essential assumption
of the Parsegian—-Gingell model. While this is certainly true for
the AFM tip, for the proteinaceous shell charge regulation®®
would be a better assumption. However, recent implemen-
tation of the charge regulation model for viral shells*® makes
the assumed constancy of surface charge a reasonable approxi-
mation to work with.

For small separations compared with the curvature radii,
the electrostatic force, Fis, between the tip and the substrate of
respective curvatures (R~ and (Rs)™", can then be obtained via
the standard Derjaguin approximation® that connects it with
the interaction free energy between two flat surfaces W(d) as:

Fs(d) = 2nRes W (d), (2)

where R is the effective radius of curvature given by (Regr) ™" =

(R)™ + (Ry)™" and W(d) is the surface interaction free energy
density given by the Parsegian-Gingell expression:®’

W(d) = (1/eeok)[(0: + 652)e % + 26,05 4] /(1 — e~ >7), (3)

where ¢ and ¢, are the dielectric constant of water and vacuum
permittivity, o., o5 are the surface charge densities of the tip
and the substrate, and « is the inverse Debye screening length
k = 1/Ap = 0.304 nm/[I], for a monovalent salt solution where I
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is the ionic strength in M/l **in accordance with the inter-
action models used previously.'>**

For fitting purposes, we then worked with the Ansatz
expression of a double exponential Fi(d) = (Ae™>* + Be ™)
(1 — e7*) in the interval of the tip-substrate separation d ~
1-20 nm. The constraint connecting both fitting coefficients A
and B is evident from comparison with eqn (2). The actual
range for the fit was chosen so that it yields the best-adjusted
R-square values (see Fig. S47). To estimate the A and B fitting
coefficients we assumed the following values of the specific
parameters: surface charge density of the tip o, = —0.0025 C
m~2," radius of the tip R, = 15 nm, and radius of the virus par-
ticle Ry = 21.5 nm, 47.5 nm, and 12.5 nm for the $29, adeno-
virus and MVM particles, respectively.”'**%38

For separations much larger compared with the curvature
radii, the distance decay of the Derjaguin expression eqn (3),
i.e. a screened exponential form exp(—«d), is inconsistent with
the faster (and correct) decay of a screened Coulomb potential
between two point-like charges, which is exp(—«R)/R, where R =
d + R + R,. This is due to the fact that in this limit the effect of
surface curvature becomes non-perturbative and can not be
described by the Derjaguin approximation anymore.’® As a
consequence the interaction free energy and the interaction
force decay faster with separation than for two planes. While
not as straightforward as the Derjaguin approximation, an
excellent approximation can nevertheless be obtained also in
this case by variety of methods.*>>* Based on the two approxi-
mate forms valid for small and large separations, it is then
possible to construct an interpolation formula that is valid in
both regimes of small as well as large separations, and consists
of simply replacing R.¢ in eqn (2) by:

Reif = RiRs/(Ry + Ry) — R(Ry/(d + R + Rs) = RiRs/R,

giving the interaction force as:

Fis(d) = (2nRRs/eeokR)[(0:> + 052)672"<R7R‘7R5)

+ ZO_TGSE—K(R—Rt—RS)]/(l _ e—21<(R7Rt—RS))7

(4)

where R = d + R, + R,. Note that for large separations this is not
equivalent to the Derjaguin approximation, though it looks
very similar to it, as it decays like a screened Coulomb inter-
action potential between two point particles, i.e. as exp(—«d)/
R.*® As a side note, the interpolation formula also corrects for
an overestimation inherent in the Derjaguin approximation.

The interpolation formula now shows the correct behavior
at small separation, where it approaches the screened electro-
statics interaction free energy between two planar surfaces, as
well as at large separations where it approaches the screened
electrostatic interaction free energy between two point-like
charges. While being consistent in their respective limiting
behaviors, numerically and for the range of separations rele-
vant here, the expressions eqn (2) and (4) are practically indis-
tinguishable, see Fig. 4, ESI Tables S1 and S2.}
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F-d fitting protocol

To successfully fit the electrostatic interaction model to the
response curve we generated a MATLAB code. First, the experi-
mental curves were smoothed by using a Gaussian moving
average filter on the raw response data. After smoothing, we
use the nonlinear least squares method to best fit the filtered
data and extract the parameters of interest. Because we want to
have a rigorous way to analyze the data we use goodness of fit
statistical method to calculate the R* value and an estimate of
the error variance. We pursued for the best R*> value (see
Fig. S47). From this procedure we can estimate the coefficients
A and B of the electrostatic interaction force, when the decay
length 4y, is fixed (6.8 nm), starting at a distance d ~ 1 nm and
ending at ~20 nm. Since coefficient 4 is much more screened
then B, see eqn (2) and/or (4), we have excluded it from further
consideration. From the fitted B value we finally estimate the
density of charge of the viral shell.

Viruses description

$29 prohead and mature virion. The bacteriophage $29
shell is assembled by the interaction of the connector protein
(gp10), the scaffolding protein (gp7) and the major head
protein (gp8). The connector is a dodecameric assembly which
is located in one of the 12 five-fold vertices.™*> The correct
interaction of the connector, the scaffolding protein and the
major protein is required for the generation of the character-
istic prolate icosahedra (54 nm x 42 nm). The shell of the $29
bacteriophage contains 235 gp8 subunits arranged with a 7' =
3, Q = 5 lattice with 11 pentameric plus 20 hexameric units
forming icosahedral end caps, and 10 hexameric units
forming the cylindrical equatorial region.”®®* An additional
component of the shell are fibers (made of protein gp8.5),
which are indispensable for virus infectivity. For the mature
virion, DNA packaging is accompanied by the release of the
scaffolding protein.’® After completion of the DNA encapsida-
tion, the connector interacts with the other tail components
(gp11, gp12 and gp9) to secure the placement of DNA inside
the head shell and the positioning of the tail components in a
unique five-fold vertex of the capsid. The ds-DNA molecule of
19.8 kbp (6.3 pm long) is densely packed inside the viral par-
ticle at almost close packing conditions.

Human adenovirus

The human adenovirus genome is a linear dSDNA molecule of
approximately 35 kbp. Positively charged proteins of viral
origin help to condense the DNA so that it fits within an icosa-
hedral protein shell of approximately 95 nm vertex-to-vertex
diameter. Most of the shell is composed by the major coat
protein (hexon), except for the vertices of the icosahedron,
which are occupied by a complex formed by the penton base
and fiber proteins. The penton base, and particularly the fiber,
are critical in the infectious process, because they regulate the
binding to specific virus receptors in the cell membrane and
trigger the process of cell entry. Adenovirus requires at least
four other proteins (called “minor” or “cementing” proteins)
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to successfully assemble a stable shell that will safely carry the
viral genome to a new host cell for proliferation of the virus."’
Adenovirus samples used in this work were purified as
described in.**

Minute virus of mice (MVM)

The parvovirus minute virus of mice (MVM) is among the
smallest and structurally simplest viruses known. The parvo-
virus capsid is formed by 60 structurally equivalent subunits
arranged in a simple (T = 1) icosahedral symmetry and
approximately 25 nm in diameter. The capsids used are
formed by 60 identical copies of capsid protein VP2, and are
devoid of the viral single-stranded DNA contained in the
virion.

AFM sample preparation

$29 prohead and virion stocks of viral particles were stored in
TMS buffer (10 mM MgCl,, 50 mM Tris and 100 mM NacCl, pH
7.8). Adenovirus stocks of particles were stored in HBS buffer
(20 mM Hepes and 150 mM NaCl, pH 7.8). MVM capsids
stocks of particles were stored in PBS buffer (phosphate-
buffered saline pH 7.4 containing 150 mM NacCl). A drop of
20 pl stock solution of all viral particles was deposited and left
on a freshly cleaved HOPG (ZYA quality NTMDT), for about
30 min. Then, the sample was rinsed 6 times with different
concentration of NaCl solution to progressively reach the final
electrolyte concentration condition of 2 mM NaCl (10 mM,
5 mM, and 2 mM, respectively). Samples were left to stabilize
for 5 min after each solution change to prevent osmotic shock.
In parallel we rinsed freshly cleaved mica in the same way in
order to detect the control Debye length resulting at the final
NaCl concentration. In this way F-Z curves were acquired on
freshly cleaved mica to obtain the experimental Debye length
at this condition as described in the main text. In the presence
of electrolyte solutions, charged surfaces develop an electrical
double layer interaction whose decay length depends on the
ion concentration of the solution (eqn (3)).>> The theoretical
value of Ap is 6.4 nm and the experimental value obtained by
fitting the F~d curve acquired on the mica was ~6.8 nm, which
indicates an error < 10%.

Conclusions

We have explored and determined the electrostatic charge of
different viral particles in buffer solutions using single force-
distance assays in a nanoscale electrostatic force spectroscopy.
The presented findings indicate statistically significant, mea-
surable differences in the electrostatic charge between
different virus types, and thus pave the way for electrostatic
identification of viruses and nanoparticles in aqueous solu-
tions by probing only the long-range electrostatic interactions
with an AFM tip. We conclude that the electrostatic interaction
force between the charged AFM tip and the virus capsid
depends crucially on the nature of the viral capsid and the
presence of packed genetic material. We propose that electro-
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static force spectroscopy could be well suited for non-invasive
probing and identification of virus capsids and their molecular
cargo.
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