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Abstract—A simplified lumped geometrical and electrical
model for the high frequency impedance spectroscopy (HFIS)
response of nanoelectrodes to T=3 capsids and full viruses is
developed starting from atomistic descriptions, in order to test
the theoretical response of a realistic HFIS CMOS biosensor
platform to different viruses. Capacitance spectra are computed
for plant (CCMYV), animal (RHDV), and human (HAV) viruses. A
few common features of the spectra are highlighted and the role
of virus charge, pH, and ionic strength on the expected signal is
discussed. They suggest that the frequency of highest sensitivity
at nearly physiological concentrations (100 mM) is within reach
of existing HFIS platform designs.

Index Terms—capacitive biosensor, high frequency impedance
spectroscopy, nanoelectrodes, nanoelectronic biosensor array,
numerical simulation, virus.

I. INTRODUCTION

High frequency impedance spectroscopy (HFIS) has been
used for the detection of a number of different analytes,
such as microbeads [1], [2], [3], cells [1], [3], [4], [5], [6],
[7], oil emulsions [3], gases [8], enzymes [9], DNA strands
[10], and proteins [11]. Operation at high-frequency entails
the possibility to overcome the screening induced on the
electrolyte by the electrical double layer (EDL), and enables to
extend the detection range beyond approximately one Debye
length from the electrodes also in electrolytes at physiological
salt concentration [12].

HFIS enables to detect analytes far from electrodes and to
inspect different physical properties of analytes at different
frequencies, such as charge dependence near the electrode’s
surface at low frequencies, or volume dependence at high
frequency [13]. HFIS is enabled by nanoelectronic CMOS
technology offering low parasitics, and very few implementa-
tion so far demonstrated operation above 1 MHz. The expected
features of the capacitance response are thus largely unknown,
and the effect of the electrolyte environment is also not so
extensively explored.

In fact, examples of virus impedance/capacitance spectra
recordings are given, for instance, in [14], [15] (for FIV, HIV,
AVS5, HSV1, SV40, MVA and CPMV viruses), showing that
the viruses possess distinguishable capacitances and that di-
electric properties of capsid proteins and glycoproteins (which
are different for every viral type) significantly influence the
observed response. However, these measurements do not rely
on CMOS technology (thus losing the opportunities offered by
technology scaling) and the maximum frequency of analysis is
still below the electrolyte relaxation frequency at physiological
salt concentrations.
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Fig. 1. Top: sketch of the magnified truncated icosahedron model structure of
the T=3 capsid attached to a BSA layer covering the electrodes (dimensions
not in scale: Rejectrodes = 90 nim, Reapsig = [12—20] nm). Bottom left: rep-
resentation of the T=3 CCMYV virus, highlighting its truncated icosahedral
symmetry (image taken from VIPERdb web portal [20]). Bottom center: 2D
sketch of the capsid cross section. Red lines represent proteic tails which
are not resolved by X-ray crystallography. The core of the virus is filled
with electrolyte. Bottom right: same as bottom center graph with the RNA
enclosed by the capsid [18].

In this context, the present work reports impedance spec-
troscopy simulations up to high frequency to characterize the
capacitance spectra of three T=3 viruses: a plant virus (the
Cowpea Chlorotic Mottle Virus, CCMV), an animal virus (the
Rabbit Haemorrhagic Disease Virus, RHDV), and a human
virus (the Hepatitis A Virus, HAV). The structure and the
morphology of isolated viruses is usually inspected by means
of complex atomistic models [16], [17]. Rather than aiming at
detailed and accurate virus descriptions, in this work we extend
our previous report [18] and we use the atomistic data as the
starting point to develop a compact and spatially averaged
virus model, representative of the main geometrical and elec-
trostatic properties and aimed at studying the HFIS response
of a realistic CMOS nanoelectrode biosensor platform [19],
by investigating the capacitance spectra properties of the three
different viruses. The results reveal aspects of relevance for
modeling and of practical importance to steer the design of
successful experiments.

II. BIOSENSOR PLATFORM AND NUMERICAL
MODELS

We consider the high frequency impedance spectroscopy
CMOS biosensor platform presented in [19] and extensively
described in [1], [3], as a reference test vehicle. The platform
implements 256x256 individual nanoelectrodes with 90 nm
radius and row/column pitches of 720 and 600 nm, respec-
tively, and it is excited one row at a time repeatedly scanning
the entire array approximately every 5 ms. The electrodes
are alternatively charged and discharged at frequencies up
to f=50 MHz via two n-MOS transistors actuated by non-
overlapping clock signals. The switching capacitance at each
electrode (Cswy) is computed from the measured integrated
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charging current [21]. Analytes next to the electrodes perturb
the electric field, generating detectable steps in the ACgy (7)
waveforms. More details on the platform are reported in [19],
(1], [3].

Numerical simulations are performed generating tetrahedral
meshes with netgen [22] and exploiting the in-house custom
3D CVFEM nanobiosensor simulator ENBIOS, which was
extensively described in [23] and is also partly available via
nanohub.org [24], [25]. ENBIOS solves self-consistently the
Poisson-Boltzmann (PB) and Poisson drift-diffusion (other-
wise denoted Poisson-Nernst-Planck, PNP) equations in DC
and AC small signal regimes, respectively [26]. As in [18],
the AC admittance of each electrode is computed from the
simulated small signal current /(®) divided by the applied
voltage V: Y(w)=I(0)/V=G(w) + joC(®). We will present
the capacitance spectra in terms of an effective capacitance
Cerr=|Y|/®, which we verified to be an excellent approxima-
tion of the actual switching capacitance Csy measured by the
on chip detector [1].

III. VIRUSES AND MODELING METHODOLOGY

Viruses with T=3 triangulation number are defined by an
icosahedral symmetry [27]. They are made up by a proteic
capsid arranged in truncated icosahedral shape, and a nucleic
acid is possibly enclosed within them.

Fig. 1 (bottom left) shows the icosahedral shape on top of a
detailed atomistic contour map of a CCMV virus, and Fig. 1
(top) shows the generated capsid structure of T=3 viruses on
top of the electrodes array. Part of the capsid proteins protrude
into the inner core, generating proteic tails (Fig. 1, bottom
center). The negatively charged nucleic acid interacts with the
positive charge of the proteic tails, and it is thus located next
to the capsid inner surface and with very low density at the
center [16] (Fig. 1, bottom right).

The first virus we consider is the Cowpea Chlorotic Mottle
Virus (CCMV). We select this virus as a plant virus example,
and because it is common and well studied. CCMV is a
ssRNA(+) virus with no external coating, made up only by
the proteic capsid (= 24 nm diameter) and a nucleic acid
(RNA) within it [17], as also partly described in [18]. Its
genome is composed of three distinct RNA molecules (RNAI,
RNA2, RNA3) [28]. The longest sequence (RNA1) has 3174
nucleotides. The CCMV native form is stable for pH values
between 3 and 6 and ionic strengths lower than 100 mM.
Increasing the pH level results in an increase of the virus size
(swollen state) [29], along with the formation of openings
in the capsid’s structure which allow the exchange of ions
between the inner core of the virus and the outer electrolyte.
On top of that, for large ionic strengths (= 1 M) the complete
disgregation of the capsid can also occur [17]. As in [18], we
will first consider a pH of 5 and concentrations much smaller
than 1 M, corresponding to the virus stable state, inspecting
the capacitance spectra of empty capsids and full viruses (i.e.,
capsid + RNA). Electrolytes of different salt concentration will
also be used. Then, we will also consider a higher pH value
(7), taking into account the swelling process of the capsid [30].

As a second case study, we consider the Rabbit Haemor-
rhagic Disease Virus (RHDV) [31]. We select this virus as
an animal virus example, and because of its economic and
ecological importance [32]. As for the CCMYV, it has a non-
enveloped capsid (i.e., it has no external coating). On top of
that, as reported in Sect. III-A6, it is also an interesting test
case due to its mass distribution. The capsid of the RHDV is
of about 27-40 nm in diameter, and its ssSRNA(+) genome is
7.5 kb long. As for the CCMYV, we investigate the capacitance
spectra of the capsid and the full virus. Given its pH stability
range (4.5 < pH < 10.5), we will consider physiological values
of pH (7) and electrolyte salt concentration (NaCl 150 mM).

Finally, we analyze the Hepatitis A virus (HAV) [33], [34].
We select this non-enveloped virus as a human virus example.
It is a nice test case because it is still an enigmatic virus,
since it has proved to be quite difficult to study. Its ssSRNA(+)
genome is of about 7.48 kb long [34]. HAV remains stable
up to 80 degrees and at pH levels down to 2. Thus, we will
inspect its structure and capacitance spectra at different pH
levels, for a physiological salt concentration electrolyte.

A. CAPSID MODEL

A continuum model suitable to analyze the virus—
nanoelectrode interactions is desirable for the analysis of the
electrical response. To this end, we extend the double-shell
modeling approach of [35], in which the capsid is represented
as a spherical shell with finite (non-zero) thickness. We build
a truncated icosahedral shape, inscribed within two spheres of
radii R;y and Royr, as also sketched in Fig. 1 (bottom center).
The methodology first presented in [18] has been refined in
the present work. In order to build the capsid of the viruses:

1) ATOMS spatial position: the spatial position of the
atoms (as obtained by X-ray crystallography) is taken from
[20]. Hydrogen atoms and some mobile proteic tails not
resolved by X-ray crystallography are not included in the list
of atoms.

2) ATOMS missing H and fractional charge: we use the
online tool PDB2PQR [36], which processes the list of atoms
adding the missing hydrogen atoms and also correcting the
charge values accounting for the pH-dependent atoms’ frac-
tional charge [37], [38].

3) AMINO ACIDS position: the position of each amino acid
R; is computed as the center of mass of the corresponding
atoms: R; = Zj m;;r;j, where m;; and r;; are the mass and the
position of the j-th atom of the i-th amino acid, respectively.
Due to their small mass, hydrogen atoms have a negligible
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Fig. 2. Left: 3D map representing the location of the amino acids of the
capsid of the CCMV. Right: 3D map representing the charge (red: positive,
blue: negative) corresponding to each amino acid of the CCMV.
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impact on the estimation of the position. As an example, Fig.
2 (left) shows a 3D map of the location of the atoms for the
CCMYV, as extracted with the described methodology.

4) AMINO ACIDS mass and charge: the mass of each
amino acid (M;, which is the sum of the masses of its atoms
M; =Y, jmij) is computed according to [39] (hydrogen masses
are included). A charge (Q;) is assigned to the center of
mass of each amino acid, and it is given by the sum of the
fractional charges of the atoms belonging to the amino acid
itself (Q; =Y qij, where g;; is the charge of the j-th atom of
the i-th amino acid, as shown in Fig. 2, right).

5) CAPSID mass and charge densities: the volume mass
density and the volume charge density distributions are com-
puted as a function of radial distance by averaging the local
values over polar and azimuthal angles. Fig. 3 (top row)
shows the averaged mass distributions for the three viruses
under study. Fig. 3 (central row) shows the averaged charge
distributions (at pH=5 for the CCMYV, pH=7 for the RHDYV,
pH=7 for the HAV).

6) CAPSID dimension: Full Width Half Maximum
(FWHM) limits of the mass distribution are extracted to iden-
tify Ryv and Royr (Fig. 3, top), following the approach of [35].
We verified that the bin width (2 A) does not have major impact
on the results, consistently with [35]. As anticipated, the mass
distribution of the RHDV is peculiar, due to the presence of
a density peak near the inner surface. As a consequence, the
FWHM extraction does not properly represent the mass profile,
since a large part of the right tail is excluded (Fig. 3, top
center). To overcome this limitation, we extract Full Width

Half Mean values instead. This approach entails a difference
in the radii estimation of only 2 A for the HAYV, while it results
in an increase of Royr by 1 nm for the CCMV. Table I reports
the radial parameters for the different capsids under study.

7) CAPSID charges: the charges beyond the inner and outer
surfaces of the capsid, Q;y and Qoyr, are computed summing
the charges of the amino acids at distance r < Rjy and r >
Rour, respectively. As for the body of the capsid, i.e. Rjy <
r < Royr, Ref. [40] concludes that the charges therein (Qpopy)
are essentially zero because the energy which is required to
dissociate them is very high. Instead, Refs. [41], [42], [43]
consider the amino acids in the body of the capsid as charged.
As in [18], we will first discuss both cases for the CCMYV; then,
we will rely on the latter assumption for the other viruses.

8) CAPSID mobile tails: the charge of the unresolved
amino acids of the mobile proteic tails is computed based
on the database [44] and the online calculator [45], and it is
added to Qyy. Table I reports the final electrical parameters
for the different capsids under study.

The above methodology was validated by generating the
cucumber mosaic virus (CMV) model as a test case. The
extracted model parameters are consistent with those reported
in [35], thus proving the accuracy of the methodology. The
truncated icosahedron model is inscribed into the spheres of
radii R;y and Royr. We assign Qv and Qoppyr as volume
charges to 6=0.5 nm thick shells located at [R;y — &,Ryy]
and [Rouyt — 0,Rout], respectively. We assign QOpopy, when
considered, to the remaining part of the capsid (i.e., in
[Rin,RouT — 6]). As an example, Fig. 3 (bottom) reports the
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Geometrical and electrical models of the stable CCMV capsid (left column), RHDV capsid (center column), and HAV complete capsid (right

column). Top row: density of mass radial distributions, highlighting R;y and Royr and Full Width Half Max/Mean values. Central row: charge radial
distributions, obtained at pH=5 for the CCMV, and pH=7 for the RHDV and the HAV. Bottom row: compact charge distributions assigned in the simulator.
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volume charge profiles (Q;v, Opopy, and Qoyr) as assigned
for the numerical simulations of CCMV, RHDV and HAV
capsids.

All the relevant geometrical and electrical parameters are
summarized in Tab. I. Finally, the dielectric permittivity of the
capsid body and shells (r € [Rjy — 8,Rour]) is set to g,=5, as
in [46], whereas the core of the virus (r € [0,R;y — 8]) is filled
with electrolyte.

B. RNA MODEL

The nucleic acid possibly enclosed in the capsids contributes

as well to the charge of the virus. We model the RNA as:
1) either an additional charge contributing to Qyy (thus, with
no change in volume of the shell at low dielectric constant),
2) or also partially filling the core of the CCMV (replacing the
electrolyte with a low dielectric constant material in another
0.5 nm shell). Regarding the CCMYV, it can be filled by three
possible RNA sequences [28], and we show results for the
longest one, which is 3174 nucleotides long. For the RHDV
and the HAV, 7500 and 7480 nucleotides are considered,
respectively [31], [34]. Since the RNA is partly immersed
in electrolyte, we assign an effective charge of —0.8¢g per
nucleotide (instead of the theoretical —1g) to account for
screening effects [18], as also reported in [46], [47].

The RNA carries a negative charge, that for the CCMV
compensates the positive charge of the proteic tails. The full
CCMV virus presents a negative Qyy value, compared to the
positive charge of the empty capsid (see Fig. 3 bottom left).

C. CAPSID WITH CHARGED BODY

As discussed in section III-A, the body of the capsid might
not be completely neutral. To investigate this scenario, we take
into account also the charge located in R;y < r < Royr, and
we set OQpopy to this value [18].

The first and second columns of Table I report the model
parameters for the CCMV following these two assumptions
regarding the charge of the body. We will compare these two
options for the CCMV case only (and, in this case only, for the
sake of a worst case estimation a charge of —1¢ per nucleotide
is assumed for the “charged” capsid body), then relying on the
“charged” model for RHSV and HAV viruses.

IV. NUMERICAL SIMULATIONS

The simulation setup follows the approach presented in [18].
An array of 5x5 electrodes is considered, and the AC excitation
is applied to the central row of electrodes, mimicking the
working principle of the biosensor platform [19]. A 3 nm thin
dielectric BSA layer (24% water content) is included on the
array surface as an analyte capture layer (Fig. 1 top) [48], [49].
We place the analyte at a distance of 0.5 nm from the BSA
surface (unless otherwise stated). The typical mesh has ~ 10k
elements for the virus (= 200k total) and the DC simulation
runs in about 2.5 hours, with an approximately 2 x increment
if the virus body is discretized in three regions instead of just
one. In the following we will inspect capacitance variation
frequency spectra, i.e. AC.rr = C, —C,

ffw/ analyte ffw/o analyte

A. CCMV

Since it is practical to manipulate the CCMV with sodium
acetate buffers [50], we first simulate the virus in a 100 mM
C,H3NaO; electrolyte, and the capsid in 300 mM NaCl water
electrolyte [18].

The left and right plots of Fig. 4 show the AC,rs spectra
considering both the “neutral” and the “charged” model for the
body of the capsid. We do also consider the cases in which the
RNA is either an additional charge (with no inner electrolyte
volume substitution), or it partially fills the core of the virus
(thus replacing the electrolyte with a low permittivity region).
AC, sy at 50 MHz (the operating frequency of the chip) is in the
order of a few hundred zF. The difference between the capsid
and virus responses is of the same order of magnitude [18].
As expected [13], the charge of the RNA in the CCMV has
no impact on the high frequency response, affecting mainly
the low frequency part of the curves. QOpopy has a small
impact on the capsid’s spectrum, also due to the relatively high
electrolyte salt concentration; conversely, it has a larger impact
on the CCMV’s, which is immersed in an electrolyte with
lower salt concentration. The partial replacement of electrolyte
with low dielectric constant RNA is visible mostly at low
frequency; however, if Qpopy is considered this impact is
smaller (the response being mainly determined by the extra
charge) [18].

Since different electrolyte salt concentrations shift the spec-
trum of AC,ys and amplify differences between the curves at
50 MHz, it would be of interest to compare the response of
empty capsid and full CCMV in the same ambient conditions.

Parameter | CCMV CCMV CCMV CCMV RHDV HAV HAV
Capsid Capsid Capsid Capsid Capsid Capsid Capsid

[18] [18] Swollen 1 | Swollen 2 Empty
(neutral) | (charged) | (charged) (charged) | (charged) | (charged) | (charged)

Ry 10.3 nm 10.3 nm 12.7 nm 12.5 nm *12.3 nm 11.5 nm 11.7 nm
Rour 127 nm | 12.7 nm 15.5 nm 15.3 nm *20.1 nm | 14.3 nm 14.3 nm
OIN +1812 q | +1812 q +1962 q +1842 q -576 q -141 q 238.8 q

Opopy 0 -550 q =720 q -660 q -1320.6 q -36.6 q 381 q
Qout -230 q -230 q -359 q -300 q -4.2 q -372.6 q | -549.6 q

* Full Width Half Mean calculation
TABLE I
CCMV, RHDV and HAV capsids model parameters. The labels “neutral” and “charged” refer to the assumption of Ref. [40] and that of Refs. [41]-[43] for
the charge in the body of the capsid, respectively. CCMV values correspond to pH=5. CCMV (swollen), RHDV, and HAV correspond to pH=7.
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Fig. 4. ENBIOS simulations of CCMV capsids in 300 mM NaCl water
electrolyte and CCMV full viruses in 100 mM CyH3NaO, electrolyte. The
symbols correspond to the 50 MHz point. The analyte is located 1 nm from
the BSA surface. The capsid body is assumed without (left) and with (right)
charge between Ryy and Royrt [18].
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Fig. 5. Same as Fig. 4 (right) with NaCl 150 mM electrolyte for all the
curves, both for capsids and for full CCMVs [18].

In Fig. 5, we make this comparison using a 150 mM NaCl
electrolyte. The corresponding change of AC,r; between the
empty capsid and full virus is reduced to only ~ 50 zF at 50
MHz (unless the change of € in the capsid core is considered):
sensitivity should be improved to ~ 10 zF to safely detect the
difference [18].

These preliminary results suggest that while detection of
one virus requires 0.1 aF sensitivity and resolution (a value
demonstrated in [51] but only up to 1 MHz), discriminat-
ing the virus from the capsid requires approximately 10 zF
sensitivity and resolution. Discrimination between the capsid
and the infectious virus remains very challenging because
the differences in response are mostly due to the electrolyte
environment required by experiments.

At sufficiently high frequency, we can infer from Fig. 5
that the response to empty capsids is always larger (in abso-
lute value) than the response to full CCMVs. However, the
deposited BSA layer would inevitably be affected by surface
roughness, and even more critically the biosensor coverage
cannot be expected to be perfectly uniform over the whole
array. For these reasons, the assumption that the response
to empty capsids is always larger than the response to full
CCMVs at 50 MHz may not always hold. To investigate this
scenario, we run ENBIOS simulations of CCMV capsids and
full viruses for different values of the BSA layer thickness.
The results are shown in Fig. 6 (top), with the two insets
highlighting how the capacitance variation changes with the
BSA thickness at 1 kHz and at 50 MHz. The profile at 50
MHz (top-right inset), in particular, shows that less than 1 nm
difference in BSA thickness can lead to a larger response
for the CCMV. Fig. 6 (bottom) shows how the capacitance
variation at low and high frequency changes according to
the analyte vertical elevation above the BSA (d;); due to the

@—@ capsid
- - full CCMV

10° 10" 10° 10° 10" 10® 10 10"
Frequency [Hz]
N|||| T |||||||| T T T TTT1TO
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Fig. 6. Families of ENBIOS simulations of CCMV capsid (blue curves) and
Sull virus (red curves) for different BSA thickness values (hpsa) or vertical
elevation (d;) above the BSA. For the full CCMV, the RNA is modeled as an
additional charge (as for the red curve in Fig. 5). The electrolyte is NaCl
150 mM. Top: capacitance spectra for different hpsa (3, 4, or 5 nm) with
the analyte located at d, = 0.5 nm. Bottom: capacitance variation response
at three different frequencies as a function of d..

screening induced by the EDL, the low frequency response
essentially vanishes above a few Debye lengths, whereas at
high frequency the discrimination is possible also at larger d..

As discussed at the beginning of Sect. IIl, an increase of
the pH of the solution swells the capsid. In the following
we investigate this scenario. A pathway for the pH-induced
swelling process of the CCMV is described in [30], where
the details of the loss of the interactions at the quasi-3-fold
interfaces (occurring especially in the initial stages of the
swelling process) are provided. The protein-protein interfaces
vary during the swelling, and to characterize the progressive
change of the structure the models of two intermediate states
(“Swollen Form Model 17 and “Swollen Form Model 2”) can
be obtained from [20].

We analyze these models assuming pH=7. The third and
fourth columns of Table I report the extracted values (radii
and charges) for these two models. It must be noted that the
differences with respect to the stable capsid arise not only due
to different protein-protein interactions and amino acids spatial
locations, but also due to the different pH of the environment.
In particular, the charge of the unresolved amino acids of the
mobile proteic tails (which is added to Qjy) differs as well,
as computed with [45].

Fig. 7 shows ENBIOS simulations for the stable capsid (at
pH=5) and for the two intermediate swollen structures (at
pH=7) in 150 mM NaCl electrolyte. At high frequency, the
response is larger for the swollen capsids. A peak of 1 aF is
obtained around 100 MHz, and the high frequency limit is at
0.33 aF (compared to the 0.2 aF for the stable CCMV). This
behavior is explained mostly by the difference in volume, as
also predicted by Eq. 10 and Fig. 5 in [13], since the charge
plays a marginal role at very high frequencies. In fact, the
response of the two swollen capsid models is essentially the
same, since the volume difference is minimal. Differently, at
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low frequency the response of the two swollen capsid models
differ: due to the very close distance to the BSA surface, part
of the capsid interacts with the electrical double layer. As a
consequence, small variations in volume and charge can lead
to larger variations of the capacitance profile.
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Fig. 7. Comparison between AC,yy spectra of stable CCMV capsid and two
models of swollen CCMV capsid. The analyte is located 0.5 nm from the
BSA surface. The electrolyte is NaCl 150 mM.

B. RHDV

As discussed in Sect. III-A6, we rely on a Full Width Half
Mean estimation of the capsid size to avoid losing a significant
part of the mass distribution, located beyond Royr. The RNA
sequence enclosed by the capsid is approx. 7.5 kb long,
corresponding to a partially screened charge of approximately
-6000qg [46], [47].

Fig. 8 compares the capacitance spectra of the empty capsid
and the full virus, considering both approaches to extract the
radii. As for the CCMYV virus, the difference between empty
capsids and full viruses is very small at high frequency, since
it is mostly due to a difference in the charge profile and spectra
at high frequency are weakly sensitive to charges. Regarding
the two approaches for the radii estimation, as expected the
Full Width Half Mean approach leads to larger capacitance
variations (in absolute value), since the volume of the analyte
is larger [13]. Due to the larger dimension, compared to the
CCMYV, a peak of about 2 aF can be noticed, whereas the high
frequency limit leads to a capacitance variation of -0.8 aF.
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3.0
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Fig. 8. AC,ys spectra of RHDV capsid and full virus, considering the two
models for the radii estimation. The analyte is located 0.5 nm from the BSA
surface. The electrolyte is NaCl 150 mM.

C. HAV

As anticipated in Sect. III, HAV remains stable down to
pH=2. Hence, we investigate the charge distribution and the
capacitance spectra at different pH levels.

Two models are available for the capsid of HAV [20]: the
complete capsid and an “empty” capsid version (a number
of amino acids is missing, compared to the complete model).
As a first step, we compare the charge values (Q;n, Opopy.
Qour) over different pH levels. Figure 9 (bottom) shows
how the charges vary with the pH. For progressively lower
pH values, the charge distribution within the capsid becomes
more positive, as can also be noticed by inspecting the charge
distributions at pH=3, pH=5, pH=7 (Fig. 9, top).
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Fig. 9. Top: HAV complete capsid charge distributions at pH=3, pH=>5,
pH=7. Bottom: HAV capsid charge values (Qin, Qpopy, Qour) as extracted
with the described methodology at different pH levels. Two models for the
HAV capsid are considered.
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Fig. 10. Top: AC.yy spectra of HAV capsid and full virus, considering
the two models for the capsid. The analyte is located 0.5 nm from the BSA
surface. The electrolyte is NaCl 150 mM. Bottom: low frequency capacitance
variation for varying pH.

In Fig. 10 we report capacitance spectra of complete and
empty HAV capsids, at different pH levels. For the complete
capsid, we do also show the spectra including the RNA charge.
As expected, since the volume difference is minimal, the
response to the two capsid models at high frequency is almost
indistinguishable. At low frequency, due to the significant
differences in volume charge, the two capsids can be easily
discriminated. On top of that it must be noticed that the
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response at different pH levels also changes remarkably, due to
the different charge distributions (Fig. 9). This is in particular
true at low frequency (Fig. 10 bottom)

V. DISCUSSION AND CONCLUSIONS

A methodology is proposed to study the response of a
realistic HFIS platform to small viruses, and the case study of
the CCMYV, RHDV, and HAV viruses are discussed. Compact
empirical models are derived for the viruses, which appear use-
ful for the analysis of impedance sensing electronic devices.
The methodology is quite general and can be adapted to the
user’s computational resources, possibly using finer lumping of
the structure (e.g. sub-dividing the virus body in more slices),
especially when high accuracy at low frequency is necessary.

The response at high-frequency is precisely proportional to
the total volume Q of the analyte including the electrolyte in
the core [13], as shown in Fig. 11, regardless of the particle
charge state. Deviation would be expected if the analyte were
too close to the electrode [13], but this is not the case here
since 3 nm of BSA is interposed between the array surface
and the electrolyte. At low frequency, instead, there is no
simple functional dependence to the volume. This is because
the capacitance change is largely driven by the analyte charge.
In fact, if we consider the low frequency limit of Fig. 7, we
clearly see that the two swollen CCMV models, which have
essentially the same volume but different charge values, yield
different AC, ¢ values.

Frequency=10 GHz
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Fig. 11. |AC,y| at the high-frequency limit as a function of the total volume
of the different T=3 viruses. The analytes are located 0.5 nm from the BSA
surface. The electrolyte is NaCl 150 mM.

The best detection conditions (maximizing |AC,yy|) are
found increasing the detection frequency above 100 MHz
where AC,rr has a peak response. For the same electrolyte
environment, the frequency of optimum sensitivity changes
only slightly for the different viruses. This is consistent
with the results reported in [13], in which the frequency
corresponding to the peaks in the AC,¢y spectrum is reported
to depend only on the electrolyte salt concentration (via
its relaxation frequency and Debye length) and the mean
unperturbed electric field in the region occupied by the analyte.
In fact, as it can be noticed from Figs. 5-8 and Fig. 10, top,
the peak frequency is about 100 MHz in all the cases. This is
because the electrolyte is always NaCl 150 mM, the analytes
are all located in the same position and are small with respect
to the electrode (hence, the difference in size between the
different viruses does not significantly impact the value of the
unperturbed electric field at the particle location). Moving to

lower or higher salt concentration electrolytes (as in Fig. 4)
clearly results in a decrease/increase of the peak frequency.

In summary, a number of qualitative and quantitative in-
dications have been derived to identify the sensitivity and
resolution requirements for optimal detection of small viruses
and their charge state. Due to the fact that different portions
of the capacitance spectra are sensitive to different factors
(e.g., the charge affects the response especially at low fre-
quency, the volume at high frequency), expanding the covered
spectrum both at high frequency (facing the issue of parasitic
capacitances) and low frequency (facing the issue of 1/f
noise) would also be of interest. The proposed methodology
is applicable to other viruses as well (provided the atoms’
positions and partial charges are available) and it would thus be
useful to build a library of HFIS spectra profiles for different
virus families.
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