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In situ labelling and encapsulation of biological entities, such as of single viruses, may provide a versatile
approach to modulate their functionality and facilitate their detection at single particle level. Here, we intro-
duce a novel virus metallization approach based on in situ coating of viruses in solution with silver nano-
particles (AgNP) in a two-step synthetic process, i.e. surface activation with a tannic acid — Sn(i) coordination
complex, which subsequently induces silver ion (1) reduction. The metalic coating on the virus surface opens
the opportunity for electrochemical quantification of the AgNP-tagged viruses by nano-impact electro-

chemistry on a microelectrode with single particle sensitivity, i.e. enable the detection of particles oherwise
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undetectable. We show that the silver coating of the virus particles impacting the electrode can be oxidized
to produce distinct current peaks the frequency of which show a linear correlation with the virus count. The
proof of the concept was done with inactivated Influenza A (H3N2) viruses resulting in their quantitation
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Introduction

The use of abiotic materials to encapsulate or coat individual
cells and other bioentities emerged as a versatile modality to
tune and control their biological functionality and to protect
them from external stress factors." However, beside modulat-
ing the inherent biological function abiotic materials can
provide bioentities with new properties such as magnetism,
electrical conductivity or fluorescence that can be further
exploited in biosensing, bioelectronics, biocatalysis, facilitat-
ing also their manipulation and handling.® Generally, there
are three main approaches to coat cells with abiotic materials
either partially or developing fully isolating shells:

- (i) Direct assembly of nanoparticles on the cell surface (e.g.,
using organic and inorganic precursors,’ noble metal
particles,”® quantum-dots,” magnetic nanoparticles,'®'" nano-
tubes and nanorods,"** graphene'>'® and graphene-oxide'’);

- (ii) Employing cell metabolism to attract coating building
blocks (e.g., Ca®>" uptake can be applied to attract Ca*>" deco-
rated gold nanoparticles onto the cell surface’®);
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down to the femtomolar concentrations (ca. 5 x 107 particles per mL) using 50 s counting sequences.

- (iii) In situ induced coating of targets® (e.g. surface
induced polymerization,’®>" silicification,*®>® gold particle
formation by in situ reduction®” and metal-polyphenolic
networks*®1),

Scaling down these encapsulation processes from cells to
much smaller size viruses with different surface functionality
is expected to be challenging. Such attempts were mostly made
by using the virus as a well-defined size and shape template to
generate abiotic nanomaterials.>*>® However, exactly because
of their small size, the metal encapsulation may represent a
convenient modality to increase the detection sensitivity of
viruses to single particle level while opening also the prospects
for more affordable means for quantitation. Presently, solu-
tion-based state of the art detection methods with single virus
sensitivity such as nanoparticle tracking analysis (NTA),>*°
resistive pulse sensing (RPS) with nanopores,’*™** and various
approaches based on hydrodynamic focusing (e.g. flow
cytometry,"**® optical waveguides®”*®) are either rather
complex or may have insufficient sensitivity for viruses in the
lower nanometer range. Therefore, here we explored the feasi-
bility to encapsulate virions in situ in a metallic shell that is
amenable to electrochemical oxidation and as such can enable
their electrochemical detection at single particle level. Such
nano-impact electrochemical methods requiring merely a
microelectrode and a potentiostat have clear advantages in
terms of cost-effectiveness and methodological simplicity. Our
main hypothesis was that viruses can be encapsulated in a
metallic shell and that the oxidation of this shell at a micro-
electrode surface will provide current pulses the frequency of
which correlates with the virus count. Previous innovative

This journal is © The Royal Society of Chemistry 2022
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attempts involved the detection of viruses in the presence of a
redox mediator in the sample solution. In this case virions
upon collision with the electrode surface cause current block-
ing events as it has been shown with murine cytomegalovirus
by Dick et al.*® However, irreversible adsorption of viruses on
the electrode surface may hamper the measurements, a
problem that could be potentially also addressed by an abiotic
encapsulation. Therefore, we investigated an abiotic metal
coating where protective metallic encapsulation can be
coupled with appropriate redox properties for nano-impact
electrochemistry. This is supported by recent work of Compton
and co-workers, showing that virus particles exposed to AgNP
solution result in adsorption of AgNPs on the virus surface
that could be detected and quantified by nano-impact coulo-
metry.” Here, in contrary to nanoparticle adsorption, which
may cause an undesirably large background without separ-
ation, we focused on developing a fairly universal methodology
based on an in situ surface-induced metallization chemistry. In
this respect we took advantage of tannic acid (TA) a polyphenol
compound that contain high levels of galloyl groups making
possible the coordination of a range of metal ions. Owing to
their high surface binding activity TA-metal ion films were
shown to form on the surface of various substrate
materials.’>>**! This procedure was mainly attempted with Fe
(m) ions to encapsulate cells, e.g. Park et al.>® used tannic acid-
Fe(m) complex for cytoprotective single-cell encapsulation. The
reported artificial shell could be degraded on-demand, while
protecting the cell from external stresses.”® A quasi-reversible
electrochemistry of the shell was also reported that involves
the irreversible oxidation of the phenolic ligand, and reversible
reduction of the metal ions. However, the detection of Fe(m)-
TA complex-based virus shells by nano-impact electro-
chemistry with extremely short contacting times was not suc-
cessful, and therefore we searched for a redox system with
higher heterogeneous electron transfer rate constant. While
nano-impact electrochemistry enabled efficient quantification
of a range of abiotic nanoparticles such as platinum,’>”>°
iridium-oxide,*®*” silver,**®* gold,**®” including insulating®®
and semi-conducting’® nanoparticles, the low oxidation poten-
tial of silver seemed the most appealing to pursue. Thus in
this study, we demonstrate the in situ chemical coating of
influenza A (H3N2) virus with Ag, coupled with nano-impact
electrochemistry as a new approach to functionalize and detect
virus particles.

Experimental

Chemicals and materials

Influenza A Udorn/307/72 (H3N2) virus was cultured in
embryonated eggs as previously described.”® Filamented
quartz capillaries with outer diameter: 1 mm and inner dia-
meter: 0.7 mm (QF100-70-7.5) were obtained from Sutter
Instrument Co. (Novato, CA). Polystyrene (PS) nanoparticles
with 4 w/v% concentration and 100 nm diameter were pur-
chased from Life Technologies Corporation (Carlsbad, CA).
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Tannic acid, SnCl,-2H,0, AgNO;, citric acid, NaOH, NH,OH, 3-
(N-morpholino)propanesulfonic acid (MOPS) and phosphate
buffered saline (PBS) + 0.05% Tween 20 (PBST) buffers were
obtained from Sigma-Aldrich. All solutions were prepared with
deionized (DI) water (18.2 MQ cm resistivity, Millipore).

Modification of PS nanoparticles for modelling the virus
system

Five pL of the PS nanoparticles were purified with DI water
(18.2 MQ cm resistivity, Millipore) using centrifugation (30 000
ref, 20 min) (Centrisart G-26C, Sartorius). 5 pL of the tannic
acid solution (40 mg mL™") and 5 pL of SnCl,-2H,0 (10 mg
mL™") were added sequentially to 490 uL colloidal suspension
of the PS nanoparticles. Next the pH of the suspension was
adjusted to 7.4 by adding 500 pL of 20 mM MOPS buffer. The
resulting solution was mixed vigorously for 10 seconds, fol-
lowed by incubation for 30 minutes resulting in the tannic
acid and Sn** complex formation on the surface of the nano-
particles. The unreacted tannic acid and Sn** were separated
in three subsequent washing steps with centrifugation (30 000
ref, 20 min) to avoid later stage silver nanoparticle synthesis in
solution phase. Diamminesilver(1) solution was prepared by
dissolving AgNO; (0.2463 ) in 10 mL DI water and NH,OH
(25%) was added dropwise until the precipitate dissolved and
then the solution was completed to 50 mL with deionized
water. The PS nanoparticles coated with TA-Sn*" complex were
resuspended under ultrasonication in 1 mL [Ag(NH;),]" solu-
tion to form Ag(0) by local reduction with Sn** on the surface
of the PS nanoparticles (10 min). The reduction of the Ag" was
followed by absorbance measurement through the subsequent
formation of Ag-coated nanoparticles using NanoDrop 2000c
spectrophotometer (Thermo Fischer Scientific). The silver
encapsulated nanoparticles were centrifuged (10000 rcf,
10 min) three times and washed with DI water to remove the
unreacted [Ag(NH;),]" solution.

In situ AgNP synthesis on the surface of influenza A (H3N2)
virus

The modification of the influenza A (H3N2) virus particles was
performed as described for PS nanoparticles. However, the
virus coated with TA-Sn** coordination complex was further
purified using a Vivaspin 500 centrifugal concentrator (15 000
ref, 10 min) with 100000 MWCO to remove the unadsorbed
coordination complex while the PES (polyethersulfone) mem-
brane retained the modified virus particles. After resuspension
of the virus in [Ag(NHj;),]" solution the Ag ion reduction on the
surface of the particles was performed, and the silver encapsu-
lated virus particles were centrifuged three times in Vivaspin
500 (15 000 ref, 10 min) and washed with DI water.

Nanoparticle tracking analysis

NTA measurements were performed using Nanosight LM10-HS
system (Malvern Instruments Ltd) equipped with a 488 nm
laser light source and a sCMOS camera (Hamamatsu
Photonics) triggered by the laser. Particles were diluted in DI
water to a nominal concentration of 10% particles per mL and
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were injected with a sterile syringe in the thin layer measure-
ment cell. All measurements were performed at room tempera-
ture and at optimized camera level (shutter and gain). Results
were evaluated as an average of ten track records, each of 30 s
duration. Nanosight NTA 2.3 software was used for concen-
tration determination, normalized intensity calculation and
size distribution analysis.

Amperometric nano-impact measurements

Nanoparticle suspensions were diluted in 100 mM sodium-
dihydrogen-citrate (pH = 3.9) solution. For nanoparticle count-
ing experiments a HEKA EPC 10 USB patch-clamp amplifier
(HEKA Elektronik) with a low/noise headstage, 4 kHz low-pass
filter and 50 kHz sampling rate were used. For nano-impact
electrochemistry measurements a carbon fiber microelectrode
with 11 pm diameter (MF-2007, BASi®) and a Ag/AgCl quasi-
reference electrode (QRE) were immersed in the deoxygenated
sample solution. The potential was held at —500 mV (vs. QRE)
for reducing the in situ synthetized, partly oxidized and passi-
vated silver nanoparticles for 50 s, followed by applying
+600 mV (vs. QRE) oxidizing potential for 50 s for nano-impact
measurements. The resulted current spikes originated from
the random collision of the AgNP-tagged viruses with the
microelectrode surface. The number of impacts were corre-
lated with the silver tagged virus concentration. Current spikes
were analyzed using a peak detection algorithm using a
custom-written Python-software.”® For each measurement the
number of the detected peaks was determined including the
time of current spike, the full width at half maximum and the
current amplitude. All results were calculated from ten repeti-
tive measurements of ca. 50 s duration.

Tannic acid

Sn2*
—_—

__Separation

[Ag(NH;),]*
Separation
<
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Resistive-pulse sensing measurements

Nanopipets with desired diameter around 400 nm were fab-
P-2000 micropipette puller (Sutter
Instruments) using quartz capillaries with internal filament.
A two-step pulling program was used: Cycle 1: Heat 750;
Filament 4; Velocity 55; Delay 132; Pull 55 and Cycle 2:
Heat 800; Filament 4; Velocity 30; Delay 129; Pull 120. The
nanopipets were filled with PBST solution and were inserted
into a pipet holder that included a Ag/AgCl wire and a
pressure port. The latter served to draw inside the sample
solution through the tip during RPS by applying a negative
pressure of ca. 900 Pa. The nanopipet was immersed into a
custom-made cell filled with the sample solution, diluted in
PBST to a nominal concentration of 10° mL™". For counting
measurements, the previously mentioned HEKA EPC 10 USB
patch-clamp amplifier was used. The diameter of the nano-
pipets were determined based on electrical resistance
measurements, iLe., the resistance was calculated from the

ricated with a

current change upon applying two 10 ms duration square-
wave pulses with + 10 mV amplitude. For virus counting a
constant +400 mV voltage was applied using a 8.7 kHz low-
pass filter and 50 kHz sampling rate. The current transients
were evaluated by a custom-made Python-software as pub-
lished previously.”®

Scanning electron microscopy (SEM) investigations

SEM images of silver-modified and unmodified particles
spotted onto a gold substrate were captured using a Thermo
Scientific Scios™ 2 DualBeam™ SEM system at 5 keV beam
energy.

Scheme 1 Schematic workflow of the in situ AgQNP coating of virions for amperometric nano-impact measurements. The surface of the virions was
first activated with tannic acid—Sn?* complex, followed by their separation from the reagent solution. The activated virus particles were then sus-
pended in [Ag(NH3),]" solution with concomitant reduction of silver on the virus surface. This silver coating enables through its amperometric oxi-

dation the quantification of virions at single particle level.
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Fig. 1 Time dependence of the absorbance spectra indicative of in situ silver nanoparticle formation on the surface of the PS nanoparticles (A) as
result of tannic-acid—Sn?* coordination complex activation, followed by Ag* reduction. (B) The relevant absorbance values of the Ag-coated nano-
particles at 425 nm (the characteristic absorption wavelength of AgNPs). The reaction terminated in five minutes, without the aggregation of the
nanoparticles. (C) SEM images of AgNP-tagged nanoparticles shown at 150 000x magnification.

Results and discussion

The overall concept to encapsulate viruses in a nanoparticulate
silver shell that was expected to be amenable to electrochemical
oxidation during their collision with a properly polarized micro-
electrode is shown in Scheme 1. The essential enabling techno-
logy in this respect is the two-step synthesis of the Ag layer on
the surface of virus particles that involves first the formation of
the tannic acid-Sn** coordination complex on the virus surface,
which is inducing the reduction of Ag" in the subsequent step.

In situ silver coating of the surface of polystyrene
nanoparticles

The surface induced coating of particles with silver was first
tested using PS nanoparticles. The time dependence of the
silver(r) reduction was examined with UV-VIS spectroscopy
based on the appearance of the characteristic absorption band
corresponding to the plasmonic resonance of the silver nano-
particles. The addition of the purified PS nanoparticles activated
with tannic acid-Sn>" coordination complex to the [Ag(NH;),]"
solution generated localized silver nanoparticles on the particle
surface. As it can be seen on the UV-VIS spectra (Fig. 1A) the
absorbance at 425 nm increased without any significant wave-
length shift that suggests the absence of aggregation. It also
indicates AgNP formation instead of a fully encapsulating layer,
which was confirmed by SEM measurements (Fig. 1C) that also
revealed mostly distinct single AgNPs coating the surface. The
absorbance reached saturation very fast, in 5 min, indicating the
termination of the AgNP formation reaction (Fig. 1B). A negative
control in which the PS nanoparticle surface was not modified
with tannic acid-Sn*>* coordination complex confirmed no
detectable silver formation in the absence of surface-activated
particles. Thus the deposition occurs selectively on the surface
of the activated particles.

In situ silver coating of influenza A (H3N2) virus

The method worked out for PS nanoparticles could be seam-
lessly adapted for Influenza A (H3N2) virus particles. As in

This journal is © The Royal Society of Chemistry 2022

case of PS nanoparticles the reaction resulted in a nanoparticle
coating rather than a continuous silver layer. The equivalent
diameter increase as result of the silver coating was confirmed
using both NTA and RPS as shown in Fig. 2A and B,
respectively.

Relative Frequency (%)

B ——H3N2
—— H3N2/Ag

Concentration (-10° mL™")

T T T T T T 1
150 200 250

Diameter (nm)

T
100

Fig. 2 Size distribution of untagged (blue) and AgNP-tagged (red)
H3N2 influenza virus. NTA (A) and RPS (B) measurements show a good
correlation in terms of size increase as result of the silver nanoparticle
formation on the virus surface. NTA was performed in ~10%8 mL™ while
RPS measurements in ~10° mL™! virus particle solution. The RPS
measurements were made, with a 469.5 + 35.5 nm diameter pipet, at
+400 mV (vs. Ag/AgCl) and 900 Pa negative pressure.
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Fig. 3 Comparative 2D plot of the scattered light intensity of AgNP-
tagged and untagged virus particles at a concentration of 10 mL™ as
determined by NTA.
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The influenza A (H3N2) virus, like envelope viruses in
general, is pleomorphic that explains the relatively broad size
distribution. However, there is a clear shift of the equivalent
diameter, ca. 88 nm, with ca. 10 nm due to the silver coating
of the virus surface. Owing to the separation of the unab-
sorbed TA-Sn(u) complex from the surface-activated virus after
the activation step, bulk phase AgNP formation was not
observed. This is clearly indicated by the absence of AgNPs
with diameters lower than 50 nm,”" showing that silver nano-
particle formation and growth is induced by the virus surface.
We expected that the silver coating will not only change the
size of native virus particles, but owing to the metallization
also the refractive index. This change may be more sensitively
detected than the size change through an increase in the scat-
tered light intensity of the Ag-covered virus particles. Of note,
to detect the increase in the particle size would have not been
trivial with ensemble methods and needed the extraordinary
resolving power of single particle detection techniques as NTA
and RPS. The change in the refractive index upon silver
coating could be revealed in NTA through a significant
increase in the scattered light intensity of the individual virus
particles as shown in Fig. 3.
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Fig. 4 Representative current transients during nano-impact electrochemistry of individual in situ AQNP-tagged H3N2 viruses and the magnified
current signal of a single current spike. The inset shows as control the same experiment performed with unmodified H3N2 influenza virus particles
and AgNP synthesis in the absence of H3N2 that reveal the full lack of any current spike.
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Remarkably, the normalised light scattering intensity
allows explicit discrimination of the AgNP particle tagged
viruses from untagged virions in the whole size range. While
this further confirms the surface induced silver deposition, it
can be exploited for more sensitive NTA measurements.

Quantification of influenza A virus with nano-impact
electrochemistry

First we investigated the effect of the applied potential on the
oxidation of Ag-covered nanoparticles. During nano-impact
electrochemistry the nanoparticles undergo stochastic col-
lisions with the microelectrode surface leaving very short times
for the oxidation of the Ag shell. Indeed, the corresponding
oxidative current peaks had half widths of ca. 1 ms (Fig. 4
inset) and therefore the applied potential should maximize the
efficiency of the oxidation indicated by the frequency of the
current spikes. We found that as the potential was increased
from 200 mV the frequency of the current spikes corres-
ponding to individual particle-microelectrode collisions
increased and finally levelled at +600 mV (vs. QRE) (Fig. 5
inset). Thereby, the applied potential in all further nano-
impact electrochemistry experiments was 600 mV, which was
in agreement to the oxidizing potential reported by Compton.”
A typical recording during a nano-impact electrochemistry
experiment performed in a AgNP encapsulated influenza A
virus solution (1.4 x 10° particles per mL) is shown in Fig. 4.
The negative control experiments involving unmodified
virus particles and samples in which the synthetic procedure
was made in the absence of the influenza A (H3N2) virus did

Particle concentration (pM)
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Fig. 5 The relation between the impact count and the AgNP tagged
virus particle concentration as determined by nano-impact electro-
chemistry at an applied voltage of +600 mV vs. Ag/AgCl. The inset
shows the optimization of the applied potential, showing saturation at
600 mV. The measurements were made using a carbon fiber microelec-
trode (@ 11 pm) in 100 mM sodium-dihydrogen-citrate solution (pH =
3.9). The two horizontal axis show the same virus concentrations
expressed in different units. The pM concentrations were calculated as
1000 x viral particles/(mL X Na), where Ny is the Avogadro number.
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not reveal any current spikes (Fig. 4 insets). These results
confirm that the detected current events in the nano-impact
electrochemistry measurements are due to the oxidation of
AgNP-tagged virus particles and there is no Ag particle for-
mation in the absence of the surface-activated virus particles
acting as “nucleation centers”. This contours as major benefit
of in situ metallization as compared with direct modification
with metal nanoparticles. We obtained a linear correlation
between the number of impacts and the Ag-tagged virus con-
centration spanning over more than an order of magnitude as
shown in Fig. 5.

The uncertainty of the measurements was much lower than
previously reported for AgNP uptake-based tagging of viruses,”
which might be due to the relatively even distribution of the
AgNPs on the particle surface, ie. such in situ deposition
might be less affected by local particle aggregation on the
virus surface. This is supported by the relatively narrow charge
distribution obtained by integration of the current spikes, 5.90
+ 1.80 x 107" C. The smallest concentration of the AgNP-
tagged influenza A virus that could be detected using a 50 s
time frame for the analysis was 5.2 x 107 particles per mL (86.5
fM), which is competitive with other state of the art single
virus detection electrochemical methods such as RPS.”*”?

Conclusions

Here we have proven the feasibility of in situ AgNP coating of
viruses mediated by coordination complexation to enable their
detection at single particle level with nano-impact electro-
chemistry using as a model the influenza A (H3N2) virus. At
present this method is intended as a general metallization
strategy to enhance the sensitivity and foster detectability
rather than a mean for selective virus detection. Even at the
proof of concept level the advantages of metallization are clear
for both optical (NTA) and nano-impact electrochemistry
methods. In case of NTA, the metallization may be of signifi-
cance for very small viruses (<30-50 nm) with hardly detect-
able light scattering, which can be enhanced by the metal
coating. Most importantly, however, the electrochemically
active coating enables the direct and simple detection of
viruses with a microelectrode. In this respect, the present
coating methodology, most likely because of a more even dis-
tribution of the AgNP on the virus surface seems to result in
significantly improved precision with respect of the state of
the art. While the present approach is largely limited to rather
pure virus formulations, e.g. vaccines, the methodology may be
further developed for selective deposition.
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