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Mechanical control of the height distribution of adsorbed viral capsids
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The height of viral particles adsorbed on solid substrates is governed by the equilibrium between adhesion
energy and capsid elasticity. While the resulting height distribution has been proposed as a noninvasive proxy
for viral stiffness, the physical origin of its broadening is unknown. In this work, we combine atomic force
microscopy (AFM) topography measurements of adenoassociated virus (AAV8) and Hepatitis B virus (HBV)
with a theoretical shell-deformation model to identify the determinants of height dispersion. By modeling the
viral shell as an elastic body under adhesive load, we evaluate the relative contributions of thermal fluctuations
and mechanical heterogeneity to the observed height dispersion. We demonstrate that thermal noise is insufficient
to explain the width of the distribution. Instead, the data support a model where the dispersion in height arises
from the intrinsic variability of capsid stiffness. This variability is associated to the surface inhomogeneity of
identical capsids. Our results validate that, when this inhomogeneity is accounted for, the height distribution
of adsorbed particles provides a quantitative measure of viral mechanics without the need for individual
nanoindentation.
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I. INTRODUCTION

The mechanical properties of viral capsids have been stud-
ied for over a decade as an indicator of viral stability [1,2].
Indeed, during the replication cycle of most viruses, the vi-
ral capsid, considered as a large supramolecular complex,
undergoes major conformational changes, ranging from com-
plete disassembly to self-assembly, following particular cues
of physical, or biochemical origin. Atomic force microscopy
(AFM) has emerged as a method to study the mechanical
properties due to its nanometric spatial resolution and its
ability to perform controlled nanoindentation experiments on
individual viral capsids [1]. In typical AFM-based mechanical
measurements, viral capsids are adsorbed onto flat substrates
to immobilize them. A narrow AFM tip is first used to ac-
quire the large-scale topography, and subsequently to probe
the elastic response of the capsids by nanoindentation. This
protocol requires a surface able to bind (or adsorb) the cap-
sids. Obviously, the adhesion of viral capsids to the surface
may induce a deformation, even before indentation is per-
formed. This deformation results from the balance between
viral capsid elastic and adhesion properties. This has been
evidenced experimentally in different studies by modulating
the elastic properties of viral capsids without changing the
nature and strength of adhesion [3], or by changing com-
pletely the nature of the surface for the same virus [4]. In
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this last study, it has been suggested that measurement of
height distribution of a population of adsorbed viral particles
could be used as a proxy to estimate quantitatively the stiff-
ness of capsids. While this idea is appealing, a quantitative
understanding of height distributions remains incomplete. In
particular, it is not clear whether the observed dispersion
in particle height arises from thermal fluctuations around
an equilibrium configuration, from variations in adhesion
strength, or from intrinsic heterogeneity in capsid mechanical
properties. In the present work, we further explore a quantita-
tive model that relates the height distribution of adsorbed viral
capsids to both their elastic properties and their adhesion to
the substrate. We demonstrate that dispersion in capsid stiff-
ness plays a dominant role in shaping the height distribution.
Indeed, it has been observed in several works that depending
on the orientation of the adsorbed capsids, the force-
indentation curves have different slope and therefore different
stiffness [5–7].

This article is organized as follows. In the next section, we
present the experimental method and analysis that allow to
measure height distribution of viral particles adsorbed on flat
surfaces using atomic force microscopy (AFM). We obtained
data on adenoassociated virus serotype 8 (AAV8) and Hepati-
tis B virus (HBV) capsids, for which the characterization of
their mechanical properties have been previously obtained [7].
In particular, they have similar sizes, but different mechanical
properties. AAV is a nonpathogen virus that is used as gene
therapy vector [8], while HBV is a major human pathogen
[9]. Then, we present the theoretical analysis of the height
distribution. Finally, we analyze the data at the light of the
model and we draw conclusions.
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II. MATERIALS AND METHODS

A. AFM height distribution measurements

1. Sample preparation

AAV8 vector and Cp183 HBV capsids were prepared and
purified as in Bernaud et al. [10]. Viral capsid solution con-
taining AAV8 vector or Cp183 HBV capsids was diluted to
a final concentration close to 1012 viral particles mL, in Tris
10 mM pH = 7.4 buffer containing 1 mM NiCl2. Immediately
after, 5 μL of this solution was deposited onto freshly cleaved
mica disks. After 20 minutes of incubation to favor adhesion,
30 μL of imaging buffer containing 1 mM NiCl2 were added
to the sample and another 70 μL to the AFM liquid imaging
cell in order to image the capsids in peak force imaging in
liquid mode.

2. AFM imaging

Images were obtained using peak force mode in liquid on a
nanoscope V multimode 8 AFM from Bruker. The cantilevers
used were Bruker ScanAsyst-fluid plus and Bruker SNL-
10(A) with a triangular geometry with a nominal radius of 2
nm and a nominal stiffness of 0.7 and 0.35 N/m, respectively.
The images were squares of 2 µm per side, with a resolution of
512 × 512 pixels and scanned at two lines/sec. The maximal
force applied was 1000 pN for a peak force amplitude of 50
nm. The tilt and low noise frequency in the AFM images
were removed using the NanoScope Analysis program by a
first or second order flatten under height condition. The image
analysis method is explained in the Supplemental Material
[11], and it uses a home-made MATLAB code, first described
in [10].

B. Model

1. Homogeneous stiffness

We consider in this section a theoretical model aimed at
describing the adsorption properties of viral capsids onto a
flat substrate. Our strategy is to relate the resulting particle
height to the balance between elastic deformation of the cap-
sid and adhesion energy arising from local contact between
capsid subunits and the substrate. The elastic properties of
viral capsids have been shown to be correctly described by the
continuous theory of thin shell elasticity [12]. In the case of a
homogeneous spherical thin shell of thickness h and radius R,
the equilibrium configuration of the shell in the absence or in
the presence of external constraints results from the balance
of in-plane stretching/compression and out-of-plane bending.
These features are quantified by the introduction of two mod-
ulus: the 2D stretching/compression modulus as κs = Y h and
the 2D bending modulus (also known as the flexural rigidity)
as κb = Y h3/[12(1 − σ 2)], where Y is the Young modulus,
and σ is the Poisson ratio of the material. A dimensionless
number also known as the Föppl-von Karman number (FvK)
γ = κsR2/κb measures the balance between compression and
bending [12,13]. This number can be used for example in
order to determine how "sharp" will be the shape of the closed
shell: for low values, the equilibrium shape is almost spher-
ical, while the shape is faceted at large FvK numbers [14].
Notice that we do not take into account the gaussian bending

FIG. 1. Geometry used in the energetic model in which particle
adsorption is modeled as the superposition of deformation and adhe-
sion. The red parts of the particles concentrate both the deformation
and the interaction between proteins and the flat surface (in blue).

modulus, as it is not expected to contribute significantly to
the energetic balance, assuming that the shell deformation
induced by adsorption does not change the topology of the
shell. This contrasts with the approach of Ref. [4]. In this other
work, it is assumed that the flat part of the shell is connected to
the undeformed shell through a critical region, the "rim." This
region represents a discontinuity in the shell configuration,
and therefore they take into account for the contribution of
Gaussian curvature (consistent with the change of topology of
the shell) and also a rim energy associated to the discontinuity.

Under the influence of a local external mechanical con-
straint, the initial configuration is changed. Beyond a critical
deformation threshold, a buckling instability eventually oc-
curs, resulting in a modified trade off between bending and
stretching to accommodate deformation. This particular case
is considered in the Supplemental Material [11], and we
checked that the results obtained here with unbuckled con-
figuration are quantitatively unchanged. In most AFM studies
dedicated to measured stiffness of viral capsid, the indentation
is limited to the unbuckled regime [15]. As it was already
mentioned, the estimation of the elastic cost can be obtained
using a geometry as simple as the one used in standard calcu-
lation of indentation on a spherical shell, following the work
of Komura et al. [13]. The deformation is parametrized by the
indentation length �, and it spreads over the shell’s surface
on a region of area d2 ∼ Rh [12,16]. In this configuration,
the shell is essentially the superposition of an undeformed
spherical part and a flat part lying on the substrate (cf Fig. 1).
The optimal elastic energy at fixed indentation length � is

Eelas ∼ Y h2�2

R
. (1)

This elastic behavior is valid as long as � < �∗, with the
critical indentation length �∗ being of the order of the thick-
ness of the shell �∗ ∼ h. Above this value for indentation, the
configuration buckles. This configuration is described in the
Supplemental Material [11]. The variable of interest in our
model is actually the height of the particle H , and its relation
with indentation length is given by H = 2R − �.

The adsorption cost is evaluated by adding an energetic
gain to every subunit of the deformed area. This number is
obtained by dividing the undeformed area that is going to be
deformed, by the typical area of the subunit a2. By noting the
energetic gain per subunit as v. The total energy is written in
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the unbuckled configuration as

Etot (H ) = Y h2(2R − H )2

R
− vR(2R − H )

a2
. (2)

Notice that in the original work of Komura et al., the adsorp-
tion term is different in the unbuckled configuration [13]. This
comes from the fact that their evaluation of the adsorption
energy is based only on the deformed area and not on the
number of subunits that effectively interact. Therefore, there
is a tendency to include deformation as well in the interaction
term. In their original calculation, the adsorption term does not
depend on the value of the indentation �. As a consequence,
with Komura’s choice, the total energy is minimal for � = 0,
which is a counterintuitive result as it implies a shell with no
deformation as the most favorable configuration.

Once the energetics of the adsorption has been modeled, it
is possible to use this information in order to infer the height
distribution. The simplest assumption is to suppose that the
adsorption takes place under equilibrium conditions, i.e., the
particle explores all possible configurations (or height values)
using thermal energy alone. Under this assumption, the height
distribution obeys a Boltzmann distribution

P(H ) ∼ e−Etot (H )/(kBT ), (3)

where kB is the Boltzmann constant, and T the temperature.
In order to be able to compare the predictions of the model

to experimental data, we found it more simple to rely on the
estimation of the first two statistical moments of the height
distribution, rather than trying to fit the distribution itself. The
comparison of direct least-square fitting and using the method
of moments is shown in the Supplemental Material [11]. In
order to do so, we approximate the height distributions using
a saddle-point method. When the shell is not buckled, this
is a trivial result as the energy is already quadratic, but it is
useful when considering the nonquadratic energy of buckled
configuration (see the Supplemental Material [11]). This ap-
proach allows to obtain analytical expressions for the first two
moments of the distribution. The idea of this approach is to
approximate the total energy by a harmonic potential around
its true minimum position:

Etot (H ) = Etot,min + 1

2

(
∂2Etot

∂H2

)
H=Hmin

(H − Hmin)2. (4)

As a consequence, the first two moments of the height distri-
bution Eq. (3) will be given by

μ = Hmin

σ 2 = kBT

/(
∂2Etot

∂H2

)
H=Hmin

. (5)

In the case of the unbuckled configuration, the position and
energetic value of the minimum are in this case given by

Hmin = 2R − R2v

2h2a2Y
, (6)

Etot,min = − R3v2

4h2a4Y
, (7)

(
∂2Etot

∂H2

)
H=Hmin

= Y h2

R
. (8)

FIG. 2. Energetic model of height distribution. (a) Total dimen-
sionless energy (yellow continuous line) as function of relative height
H/(2R), together with its elastic (blue dashed line) and adhesive (red
dot-dashed line) contributions. The chosen parameters are v

2a2k0
=

0.2 and k0(2R)2 = kBT . (b) Diagram illustrating the origin of height
distribution.

We notice that(
∂2Etot

∂H2

)
H=Hmin

∼ Etot,min

(Hmin)2
(9)

so that there are only two relevant parameters in order to
characterize the distributions, namely the net energetic gain
for adsorption and the optimal particle height. We provided a
rigorous derivation of this result in the Supplemental Material
[11]. The typical energy is illustrated in Fig. 2(a).

Direct estimation of material properties like Young mod-
ulus Y or shell thickness h is not an easy task from an
experimental point of view. Rather, AFM nanoindentation ex-
periments allows to estimate typically the spring constant, or
the stiffness, associated to the whole particle, which contains
informations on both of these parameters. Most nanoinden-
tation measurements are performed in the linear regime of
deformation, where the configuration is expected to be un-
buckled. In this case, the stiffness scales as [7,12]

k ∼ Y h2

R
(10)

up to a numerical prefactor. Using this stiffness as a repre-
sentative of the elastic properties of the shell, rather than its
Young modulus, the first two moments of the height distribu-
tions in the unbuckled configuration are rewritten as

μ = 2R − Rv

2a2k
, (11)

σ 2 = kBT

k
. (12)

2. Inhomogeneous stiffness

It is possible within our model to take into account for
the dispersion in measured stiffness. Such a dispersion has
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been quantified recently [7]. It is related to the inhomogeneous
local environment on the virus surface, which shows icosa-
hedral symmetries. As particles are adsorbed to the surface
with different orientations, the elastic response to adsorption
is modulated, and this impacts the height distribution. Taking
this feature into account, the observed population of capsids
can be modeled as a mixture of subpopulations of particles
with fixed stiffness ki. As a consequence, the height distribu-
tion is now written as

Pmix(H ) =
∑

i

p(ki )P(H |ki ), (13)

where p(ki ) is the weight of viral capsids with stiffness ki

among the total population, and each subpopulation con-
tributes to the height distribution with the Boltzmann weight
P(H |ki ) previously described. The first moments of the total
distribution are given by

μ =
∑

i

p(ki )μi, (14)

σ 2 + μ2 =
∑

i

p(ki )
(
σ 2

i + μ2
i

)
, (15)

where {μi, σi} are the mean and standard deviation of height
for viral capsids with stiffness ki. These formula can be made
explicit in the case of unbuckled configuration:

μ = 2R − Rv

2a2

〈
1

k

〉
, (16)

σ 2 = kBT

〈
1

k

〉
+ R2v2

(2a2)2

(〈
1

k2

〉
−

(〈
1

k

〉)2)
(17)

with the following notation〈
1

k

〉
=

∑
i

p(ki )

ki
, (18)

〈
1

k2

〉
=

∑
i

p(ki )

k2
i

. (19)

In order to obtain the estimation of stiffness dispersion influ-
ence on height distribution, we further assume that stiffness
are normally distributed with a mean stiffness k0 and standard
deviation of stiffness γk , with all other parameters being equal
(radius, thickness). Then the first moments of height distri-
bution can be approximated as to the lowest order in relative
stiffness dispersion α = γk

k0
,

μ = 2R − Rv

2a2k0
(1 + α2), (20)

σ 2 = kBT

k0

(
1 + α2

(
1 +

(
Rv

2a2

)2( 1

k0 kBT

)))
. (21)

These relations can be combined in a way to remove the ex-
plicit dependence on adhesion parameter. To the lowest order,
we obtain the following relation:

σ 2 = kBT

k0
(1 + α2) + α2(2R − μ)2. (22)

The first term represents the direct contribution of mean stiff-
ness to height dispersion, while the second term represents the
influence of stiffness dispersion.

TABLE I. Experimental results for capsid stiffness k, the first
two moments of the height distributions μ and σ , and the relative
deformation.

k0 (N/m) γk (N/m) μ (nm) σ (nm) �̄i

AAV 8 0.8 0.35 22.0 1.2 0.12
HBV 0.3 0.11 24.1 2.1 0.20

III. RESULTS AND DISCUSSION

The height distribution has been quantified for two viral
capsids derived from AAV8 and HBV. This distribution is rep-
resented in Fig. 3. Our modeling strategy is to analyze the first
statistical moments of these distributions in order to discuss
which physical mechanisms, thermal fluctuations, adhesion,
or stiffness heterogeneity, can account for the observed dis-
persion, and to relate to the elastic parameters associated with
the two viruses. Note that these distributions are asymmetric,
with a small but non-negligible proportion of events with
low heights. These events are likely associated with strongly
deformed capsids, which are not described within our linear
elasticity model. Therefore our analysis will focus mainly on
the first two statistical moments of the distributions, which
are relevant in the framework of linear elasticity: the mean
value and the standard deviation. Using the proposed model
for these statistical moments of height distribution, we will
address two questions: estimating what adhesion energy is
necessary to reproduce the observed mean height once the
stiffness is measured, and estimating the height dispersion
using again the stiffness measurement.

A. Estimating adhesion energy

First, it is possible to estimate the adhesion strength re-
quired in order to obtain the observed height distributions
for the two types of viruses investigated. These two viruses
have different nominal radii: RAAV 8 = 12.5 nm and RHBV =
15 nm. The protein thickness of the shell are roughly identi-
cal hAAV 8 � hHBV � 3 nm [17,18]. Estimation of the adhesion
strength is made by using the height mean value and stiffness
in the following equation:

v̄ = 2k0
2R − μ

2R
= 2k0�̄ (23)

with v̄ = v
2a2 . The first statistical moments of these distribu-

tions are extracted in Table I, the relative deformation being
defined as �̄ = 2R−μ

2R .
Using the measured mean value of stiffness, we

find respectively v̄ = 0.19 J m−2 � 48kBT/nm−2 and v̄ =
0.12 J m−2 � 30kBT/nm−2 for AAV8 and HBV. These adhe-
sion parameters are slightly different, but of the same order
of magnitude. This is not so surprising as it depends on the
type of surface, the environmental conditions but also on the
chemical nature of the subunits. The value of adhesion param-
eter is quite high for a molecular complex. Yet it is associated
with the deformation of the capsid whose elastic properties
are quite tight as well. Indeed, the conversion of mean stiff-
ness from J nm−2 to kBT nm−2 gives kAAV 8 = 0.8 N m−1 =
200kBT nm−2 and kHBV = 0.3 N m−1 = 75kBT nm−2. This
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FIG. 3. Images and height distributions for AAV8 and HBV. (a) Images of AAV8 and HBV. (b) Height distributions for NAAV 8 = 1026 and
NHBV = 961 capsids.

means that the strong stiffness of viruses requires strong adhe-
sion. It might be reasonable at this step to compare the value of
adhesion energy found in the present work to the one obtained
in the work of Ref. [4]. However we postpone this discussion
to the next section of inhomogeneous stiffness for reasons that
will be become clear soon.

B. Estimating height dispersion

1. Homogeneous stiffness

The consequence of combined strong adhesion and stiff-
ness is that the width of height distribution is expected to
be rather thin, as for both viruses the depth of energetic well
of adsorbed configuration is of order k0(2R − μ)2 ∼ 103kBT .
Similarly, using Eq. (12) for the standard deviation of height,
one obtains σ � 0.07 nm for AAV8 and σ � 0.12 nm for
HBV, based on the measurement of the mean stiffness. These
predicted values are at least two orders of magnitude smaller
than measured ones. A partial conclusion at this step is that the
observed height dispersion is not due to thermal fluctuations
around the mean value.

2. Inhomogeneous stiffness

Using Eq. (22), it is possible to test the influence of
stiffness dispersion on the height dispersion. The previous
estimation of height dispersion corresponds to the α = 0 case
(no stiffness dispersion). When the stiffness dispersion is not
negligible, it is observed in Eq. (22) that the height dispersion
should increase linearly with the stiffness dispersion, with the
following asymptotic law

σ

(2R − μ)
= α = γk

k0
. (24)

In other words, when the stiffness dispersion is taken into
account, we expect the relative height dispersion to equal
the relative stiffness dispersion. This particularly simple re-
lation is obtained asymptotically under the assumption of
normal gaussian distribution of stiffness. Real measurements
like the one performed in Ref. [7] have exhibited that
stiffness distribution might be multimodal, reflecting a differ-
ent orientation for adsorbed viral particles. Nevertheless, in

order to test the simple relation proposed in our work, we
used the statistical parameters of the main stiffness peak.
Our measurements of relative stiffness dispersion for AAV8
gives kAAV 8 = (0.8 ± 0.35) N/m and αAAV 8 = 0.44. These data
would correspond to height dispersion σAAV 8,esti. � 1.3 nm
which is close the measured value σAAV,meas. � 1.2 nm. Simi-
larly, for HBV capsids, we obtained kHBV = (0.3 ± 0.11) N/m
and αHBV = 0.37. These data would correspond to height
dispersion σHBV,esti. � 2.2 nm, which is close the measured
value σHBV,meas. � 2.1 nm. We checked that taking into ac-
count the multimodal feature of true stiffness distribution does
not alter these estimations, as multimodality shifts both mean
stiffness and its dispersion to higher values, but their ratio is
roughly constant. Having established the correlation between
experimental height dispersion and inhomogeneous stiffness,
we can now discuss the value of adhesion energy found in the
present work and compare them to the one obtained in Ref.
[4]. We obtained values of adhesion energy per area of 30–50
kBT/nm2, while the previous cited work obtained values of
order 0.1 kBT/nm2. In our case, these values are obtained
using only the mean height, while in the other case the values
have been obtained by fitting the whole height distribution,
and therefore these values contain information on height dis-
persion as well. Therefore the discrepancy is not surprising:
the "large value" of height dispersion is associated to small
adhesion energy within the energetic model with homoge-
neous stiffness. Our approach introduces a different degree of
freedom, i.e., the stiffness dispersion, to account for the height
dispersion, and therefore the adhesion energy is different.

3. Influence of polygonal shape

At this point, one might argue that capsid shells are not
purely spherical, and that the polygonal shape might con-
tribute as well to the measured height dispersion. We can
test quantitatively this scenario by calculating first the typical
height dispersion assuming that each capsid has the shape
of an undeformed truncated icosahedron (fullerenelike par-
ticles like C-60 molecules, or a soccer ball with flat faces).
The difference of height between configurations with facing
pentamers (i.e., the capsid lays on a pentamer) and facing
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FIG. 4. Illustration of the proposed mechanical control mechanism. For illustrative purposes, the particle to be adsorbed has three distinct
regions of stiffness (represented by the three colors: yellow, blue, and red). During adsorption, an identical adsorption condition results in
different adsorption orientations and therefore induced deformations. Consequently different heights are expected. This yields a typical height
histogram, shown on the right.

hexamers (i.e., the capsid lays on a hexamer) is given exactly
by

�H = Hpenta − Hhexa = 2R

(1 + 9φ2)1/2

×
(

(42 + 41φ)1/2

51/2
− 31/2φ2

)
� 0.02(2R) (25)

with φ the golden ratio, and R the circumradius of sphere
passing through all vertices of the truncated icosahedron [19].
For both viruses, this distance would correspond to a height
dispersion of order 0.3 − 0.4 nm. This value is much smaller
than the measurement, and therefore the shape of the capsid
cannot explain the observed height dispersion.

A second sanity check on the effect of capsid shape can
be performed along the following argument. It was already
mentioned that the stiffness of a thin shell is related to its
radius by the relation Eq. (10). If we consider a variation
in the effective radius (due to the polygonal shape), we can
compute the expected stiffness variation, and compare it with
the measured stiffness dispersion. Equation (10) implies the
following relationship:

δk

k
=

∣∣∣∣δR

R

∣∣∣∣ � 0.02. (26)

This value has to be compared to the value of parameter
α introduced earlier, which is about 0.3–0.4, i.e., one order
of magnitude larger. Therefore, the polygonal shape does
not contribute significantly to the stiffness dispersion, and
therefore to the height dispersion. Finally, we tested in the
Supplemental Material whether the height dispersion could be
related directly to viral particle polydispersity Supplemental
Material [11].

4. Comparison to other data

The prediction of Eq. (24) can also be tested on another
set of data published in the literature. As an example, Zeng

et al. measured two height distributions of adsorbed brome
mosaic virus (BMV) on two different surfaces [4]: HOPG and
Mica/Mg(II). Since the virus is identical for the two height
distributions, the relative stiffness dispersion should also be
the same. As a consequence, Eq. (24) predicts that the height
dispersion should increase as the mean height decreases. This
is indeed qualitatively confirmed by their data.

IV. CONCLUSIONS

In the present work, we have proposed a quantitative model
for height distribution of adsorbed viral particles on a flat
substrate, and its correlation with stiffness distributions. Our
model takes into account the energetic balance between elas-
ticity and adhesion. The main elastic parameter of the model
is the stiffness of the capsid, which is easily measured using
AFM nanoindentation.

There are two main conclusions for our study. First, the
capsids’ mean height is related both to their stiffness and
their adhesion strength with respect to the surface, and these
contributions cannot be separated. This contrasts with the
classical analysis of indentation experiments. Indeed, inden-
tation is performed onto adsorbed particles, in order to avoid
any motion of the particle during adsorption. Yet, for a small
deformation, the capsid sticks to the regime of linear elasticity,
and the slope of force-deformation curves is representative
of its stiffness, without any contribution from the adsorption
process. Therefore, this is the standard and objective way of
measuring stiffness. But when no external force is imposed on
the particle, the adhesion and stiffness are already coupled at
a linear level of the modeling and their contribution cannot be
disentangled, just like in our analysis.

Second, the only information that can be extracted from
height distribution, which is independent of adsorption prop-
erties, is its relative standard deviation (the ratio between
standard deviation and mean value). Indeed, we have shown
both theoretically and experimentally that this measure is
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strongly correlated with the relative standard deviation of
stiffness distribution, and that it is not related to the strength
of adsorption. The qualitative picture is as follows: although
all capsids are expected to be identical, their sensitivity to
deformation is not uniform across their entire surface. Con-
sequently, depending on the orientation of the capsid during
adsorption, it will be adsorbed to a greater or lesser extent,
resulting in a broadening of the height distribution that corre-
lates with the stiffness distribution (Fig. 4).

As a conclusion, we found that the large dispersion of
height distributions of viral capsids adsorbed on a substrate
is not dominated by the energetic balance between elasticity
and adhesion, but rather by the dispersion of stiffness mea-
sured. This dispersion traces back to inhomogeneous surface
properties of viral capsids. Our results indicate that height
dispersion contains quantitative information about mechanical
heterogeneity, and can therefore be used as an indirect probe
of stiffness dispersion, complementary to nanoindentation
measurements. Although developed here for viral capsids,
the proposed framework could be applicable to other soft
nanoscale objects adsorbed on substrates, for which mechan-
ical heterogeneity may similarly affect adsorption-induced

deformations. In this case, the knowledge of this mechanical
heterogeneity can be used in Eqs. (18) and (19) to relate
stiffness dispersion and height dispersion.
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