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Abstract

Surface-immobilized fd bacteriophage particles are used as scaffolds to coassemble the redox enzyme
quinoprotein glucose dehydrogenase, PQQ-GDH, and its cosubstrate, PEG-tethered ferrocene.
Individual decorated fd phages are visualized and simultaneously functionally interrogated by Mt/AFM-
SECM microscopy, an in-situ local probe correlative imaging technique, combining atomic force
(AFM) and electrochemical (SECM) microscopy in a mediator tethered (Mt) configuration. The
statistical distribution of catalytic activity across the fd population is resolved, and the correlation
between the functional properties of the phages and their actual dimensions assessed. Moreover,
achievement of sub-particle resolution allows the enzymatic activity of individual viruses to be spatially
mapped, revealing a highly active region located in the middle of the filamentous fd-scaffold.
Quantitative modeling shows that this “catalytic hot-spot™ arises from the interplay between charge
transport by electron hopping between ferrocene moieties along the viral particles, and enzymatic
catalysis. The developed model also enables complete analysis of GDH kinetics at the single
bioscaffold scale, revealing differences in the functional behavior of the biocatalytic viral particles

when addressed at the ensemble or at the single particle scale.

Keywords: Single entity electrochemistry, PQQ-GDH, Bioscaffolding, Nanoparticle enhanced

bioelectrocatalysis, Virus nanotechnology



Introduction

It is increasingly recognized that immobilizing enzymes onto, or within, scaffolds that are tens to
hundreds of nanometers in size (nanoscaffolds) can enhance enzymatic activity, compared to when the
enzyme molecules are dispersed in solution or immobilized onto non-nanostructured surfaces.'* This
catalytic enhancement has been observed for many different types of enzymes, such as hydrolases,*’
proteases,”’ or even redox enzymes,”® assembled onto or entrapped within nanoscaffolds of various
kinds, ranging from inorganic nanoparticles to bioscaffolds.”'® Amongst the latter, DNA
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nanostructures, and more particularly DNA origamis,”> offer unmatched control of enzyme

10,1620

placement, and have frequently been used to reconstitute enzymatic cascades, that often displayed

10,21,22

improved catalysis. This enhancement has generally been attributed to efficient channeling of

metabolites between the enzymes. However, it was recently demonstrated that it can simply be due to
the confinement of the enzymes onto the DNA nanostructures, i.e. to scaffolding itself.'**"**

Virus particles from plants, as well as bacteriophages, (both harmless to humans) are also very good
candidates for bioscaffolding. They have often been employed to construct enzymatic systems, in
search of catalytic enhancement and/or metabolite channeling. Enzymes were either displayed on the
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outer surface (capsid) of virus particles or encapsulated inside. The ability of virus-based

nanoscaffolds to enhance, or at least protect, enzymatic catalysis has been demonstrated in many
instances, 25:26:29.32.34

Although the phenomena of scaffolding-induced catalytic enhancement has been widely observed, a
full understanding of its underlying mechanisms is still lacking.*® Such fundamental knowledge is vital
for developing artificial scaffolded enzymatic systems that display improved performances, in order to
engineer more efficient bioreactors, more sensitive biosensors, or more powerful biofuel cells.*'**"°
To this aim, model, organized, mono- and multi- components enzymatic systems have to be assembled
onto well-defined nanoscaffolds and their catalytic behavior thoroughly studied.' It is also important

that novel experimental approaches are proposed for an in depth exploration of the catalytic response of

scaffolded enzymatic systems.



Of particular interest is the development of new experimental tools enabling investigations to go
beyond the “ensemble scale” of the kinetic characterization methods used in the vast majority of studies
on catalytic enhancement, where catalysis is typically probed at the scale of millions of copies of
scaffolds dispersed in solution. Indeed, being able to address the catalytic behavior of individual
enzymatic scaffolds could yield valuable information, which are otherwise averaged-out in ensemble
measurements. For example, such is the case of the statistical distribution of the enzymatic activity
across the scaffold population, a fundamental parameter only accessible by single-particle approaches.
Moreover, since nanoscaffolds unavoidably display some degree of topological diversity (folding,
shape, size), it would also be most interesting to be able to relate the activity of individual enzyme-
bearing scaffolds to their actual spatial conformation.

However, until now, functional interrogation of individual enzymatic nanoscaffolds has, to the best of
our knowledge, only been achieved a hand full of times. In a pioneering paper, Carette et al. probed the
catalytic response of Lipase B decorating the surface of particles of the Potato Virus X (PVX), using
single molecule confocal fluorescence microscopy.”’ Later, the same technique was used to visualize
and analyze the activity of single Horse Radish Peroxidase (HRP) enzyme molecules entrapped within
individual chlorotic mottle virus (CCMV) viral par‘[icles.28 More recently, total internal reflection
fluorescence microscopy (TIRF) was employed to record catalytic bursts arising from single molecules
of glucose-6-phosphate dehydrogenase entrapped within a DNA nanocage,® and of HRP decorating
individual DNA origami tiles,**' respectively. In all of these works, the enzyme-bearing nanoscaffolds
were adsorbed onto a substrate, and the activity of single enzyme molecules was resolved, but
simultaneous in-situ visualization of the supporting individual nanoscaffolds themselves was not
possible. This limitation notably precluded exploring the relation between the actual structure of the
surface-adsorbed scaffolds and their catalytic response.

Herein, we propose to use AFM-SECM, an in-situ local probe correlative imaging technique,
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combining atomic force (AFM) and electrochemical microscopy (SECM), in an original mediator-

45,46

tethered (Mt) configuration, ™ to selectively trigger and probe the catalytic activity of individual virus



particles bearing a multicomponent system integrating a redox enzyme and its cosubstrate. The chosen
system is an immuno electro-enzymatic system we recently introduced,’ consisting of the enzyme
pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQ-GDH) and of polyethylene glycol
(PEG)-tethered ferrocene (Fc) redox moieties, co-immuno-assembled onto fd-bacteriophages used as
viral scaffolds. We previously demonstrated, by ensemble scale cyclic voltammetry (CV) experiments,
that this Fc-PEG / GDH system displays superior catalytic performances compared to other integrated
PQQ-GDH systems reported in literature.*” Such a catalytic enhancement warrants analysis at the
individual particle level.

Herein Mt/AFM-SECM microscopy is employed to identify and topographically map individual Fc-
PEG / PQQ-GDH decorated virus particles immobilized on a flat SiO, surface, whist simultaneously
quantifying their electro-enzymatic activity. This allows the statistical distribution of biocatalytic
activity across the population of decorated fd-particles to be resolved, as well as permitting the cross-
correlation of the functional properties of the particles with their actual dimensions. Moreover,
achieving sub-particle resolution enables to reveal a high activity region located in the middle of the
particles, attributable to the interplay between charge transport, occurring via electron hopping between
Fc moieties along the viral particles, and enzymatic catalysis: By quantifying and modelling such
nanoscale 1D-reaction-diffusion coupling, full kinetic characterization of the fd-scaffolded integrated
system is achieved, revealing differences in the functional behavior of the biocatalytic viral particles
when addressed at the ensemble or at the single particle scale.

It is worth noting that SECM-derived techniques have recently been successfully used to image
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cellular biostructures a few 100 nm in size, and also to interrogate inorganic catalytic nanoparticles

0% In this context of quickly expanding applications of nano-SECM, our

at the ~10 nm resolution.
work provides the first demonstration of the ability of an electrochemical microscopy technique to

probe the enzymatic activity of individual nano bio-objects at the single- and sub- particle scale.



Results and Discussion

Step by step assembly of a random array of Fc-PEG / PQQ-GDH immunodecorated fd on SiO.
The integrated Fc-PEG / PQQ-GDH system studied herein was assembled onto fd-bacteriophage

particles acting as bio(nano)scaffolds.”>**’

fd-bacteriophage is a structurally well-defined and highly
monodispersed, flexuous rod-like particle, 880 nm in length and 6.6 nm in diameter.”® It is composed of
~2700 copies of a major coat protein, packed around a single-stranded circular DNA, and of a few
copies of four other proteins forming its extremities. Key advantages of using this virus as the scaffold
carrier include its structural robustness, ability to be produced at high yields, ease of handling, as well
as its completely harmless nature to humans.>’

fd-phage particles were adsorbed onto SiO, surfaces bearing a stable adhesion-promoting C11
amino-silane self-assembled monolayer (see methods section). Adsorption of the viral particles was
carried out in a phosphate buffer pH 7.4 as, under these conditions, the negatively charged fd-particles
adsorbed irreversibly onto the positively charged amino layer, forming random arrays (Figure S1). The
surface was then protected against non-specific adsorption by a BSA backfilling step. The integrated
system was subsequently assembled onto the fd-scaffolds using a step-by-step immunological process,
which ensures both the specific immobilization of the molecular components of the system onto the
viral particles, and their correct orientation towards the bulk solution (Figure 1(7)). For this, the fd-
bearing surface was sequentially exposed to solutions of: (i) rabbit anti-fd-capsid antibody
(immunoglobulin G, IgG), (ii)) GDH-anti-rabbit IgG conjugate, (iii) rabbit anti-GDH antibody and,
finally, (iv) redox-labelled anti-rabbit IgG, bearing polyethylene glycol (PEG) chains terminated by a
ferrocene group (Fc).”® Experimental conditions for the assembly of the successive IgG layers were
such that, at each assembly step, saturated layers of antibodies were formed on the scaffold. As

demonstrated previously,” this ensured the growth of a well-defined hemi-cylindrical multilayered

immuno-assembly on the fd-scaffolds, resulting in uniformly decorated particles (Figure S2).



In-situ Mt/AFM-SECM imaging of a random array of fd-particles decorated with the integrated
Fc-PEG / PQQ-GDH system: Triggering and probing the catalytic activity of individual particles.

The SiO, surface bearing a random array of fd-particles decorated with the integrated system was
imaged in-situ (in Tris buffer pH 7.5) by tapping mode Mt/AFM-SECM, making use of home-made
gold probes (tips), able to act simultaneously as force sensors and ultramicroelectrodes.” The
electrochemical tip potential was set to E,, = +0.3 V/SCE, a value largely anodic with respect to the
standard potential of the Fc heads of the PEG chains (£° = +0.15 V/SCE).

Simultaneous topography and current Mt/AFM-SECM images of the surface, acquired in the

absence of glucose - the enzymatic substrate of GDH- are reproduced in Figure 1B(i),
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Figure 1. (A) Molecular components of the Fc-PEG / PQQ-GDH integrated system immuno-assembled onto fd-particles, (i),
functional interrogation of the resulting scaffolded integrated system by a Mt/AFM-SECM tip (#i). (B) In-situ tapping-mode
Mt/AFM-SECM imaging of a random array of Fc-PEG / PQQ-GDH immunodecorated fd-particles adsorbed on a SiO,
surface. Shown are the simultaneous topography and tip current images of the very same particles, acquired in the absence
(7) and after the addition (i) of 10 mM glucose. Tip potential £, = + 0.3 V/SCE. Imaging buffer: Tris buffer pH 7.5. The

correlated height and current profiles shown in (B) are image cross-sections taken along the dotted line.



Individual and well-defined decorated fd-particles can be clearly identified in the topography images,
as elongated objects. It can also be seen that, at the opposite, no object whatsoever appear in the
simultaneous current image. The tip was then withdrawn a few microns above the surface and glucose
was injected into the cell, up to a concentration of 10 mM. The tip was then brought back into contact
with the sample surface and the surface reimaged. As can be observed from the topography image
presented in Figure 1B(ii) the very same particles imaged before glucose injection can then be
recognized from their particular shape, and from the patterns they form. Strikingly, these particles that
were undetected in the initial current image, in the absence of glucose, now appear as bright elongated
spots after glucose injection.

The clear spatial correlation between the tip current and topography images recorded in the presence
of glucose, and the total absence of current between the particles, demonstrates that the tip current is
specifically generated by the Fc-PEG / PQQ-GDH integrated system borne by the fd-particles, (Figure
1A(ii)). Upon interacting with a decorated fd-particle, the appropriately biased tip oxidizes the PEG-
attached Fc heads into their Fc' form which, as shown previously, acts as a very efficient redox
cosubstrate for the PQQ-GDH catalyzed oxidation of glucose.*’” As a result of this enzymatic reaction,
the reduced Fc form of the mediator is generated and fed back to the tip to be further oxidized. Hence,
the tip triggers the enzymatic redox cycle that, in turn, generates a stationary tip current reflecting the
local catalytic activity of the individual particle interrogated. The Fc-head-mediated nature of the
enzymatic process was confirmed by the fact that the intensity of the current spots was shown to vary
with the tip potential following a typical S-shaped curve centered around a value of 0.14 V/SCE, i.e.
close to the standard potential of the Fc heads, E, = 0.15 V/SCE (Figure S4). No current was detected
when the tip was biased at potentials such that £, << E,, where no Fc" was generated, while for £, >>
E, the current became E,;, independent, indicating infinitely fast Fc" generation at the tip. It is worth
noting that, when the Fc-PEGylated IgG was omitted from the construction, no current spots were
recorded, evidencing that the observed biocatalysis takes place via the Fc-PEG serving as the sole

cosubtrate present for GDH.



It is worth pointing out that absolutely a// of the hundreds of decorated fd-particles we imaged
throughout this study were associated with a current spot, illustrating the high efficiency of the
immunoassembly process employed to construct the integrated system on the fd-scaffolds. However,
examining the current image shown in Figure 1B(ii), one can see that the spots associated with the viral
particles vary in intensity, evidencing a distribution of catalytic activity across the decorated particles
population. Owing to its single particle resolution, Mt/AFM-SECM enables quantitative study of this

intrinsic statistical property of nano-scaffolded enzymatic systems.

Quantifying the statistical dispersion of the catalytic and topographic properties of decorated fd-
particles, and exploring their cross-correlations.

Examination of height profiles taken along the contour of particles visible in the topography image
enables the measurement of their apparent dimensions (red trace plot in Figure 1B(ii)). The particle
contour length, L, and the particle height averaged along the particle contour, H, were chosen as the
topographic parameters of interest. The particle width was not considered as meaningful here as, in
AFM, the width of objects is overestimated due to tip convolution effects, to an extent that depends on
the relative sizes of the imaged object and the imaging tip. This effect is expected here to be (and is)
more pronounced for current than for topography images (see SI). For consistency, the data reported in
the present paper were thus acquired with a limited set of tips, having a similar radius of ~100 nm.

The catalytic activity of individual particles can be quantified by taking particle profiles in the
current images, following the contour paths defined from the topography image (blue trace plot in
Figure 1B(ii)). One then measures the value of the parameter iy, defined as the maximum intensity of
the catalytic current recorded for any given particle.

The statistical distribution of the catalytic and topographic properties across the decorated fd-

population can be analyzed by constructing i, L and H histograms, Figure 2.
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Figure 2. Statistical distribution of the geometric and catalytic properties of Fc-PEG/ PQQ-GDH decorated fd-scaffolds as
reflected by histograms of their: (a) length, L; (c) height, H; (f) characteristic catalytic tip current intensity, i,,,. Data were
acquired from the analysis of Mt/AFM-SECM images of N = 59 individual decorated fd-particles. Medium: Tris Buffer pH
7.5 containing 10 mM glucose. Tip potential £, = + 0.3 V/SCE. (b), (d) and (e) are cross-correlations plots, where two of
the characteristic parameters (L, H or i,,,) measured for each of the particles are plotted as a function of one another: (b) and
(d) show the L dependence of H and i,,,, respectively, (e) shows the dependence of i, on H. The red lines in (b), (d) and

(e) are linear regression lines, the corresponding squared Pearson’s correlation coefficients (+°) are shown.

The particle length histogram, Figure 2a, shows that the length of the decorated fd-particles is
narrowly distributed (relative standard distribution, RSD of 5 %) around an average value of L,, = 875
nm, which closely matches the nominal length of the bare fd-particle itself (880 nm). In Figure 2c, it
can be observed that the height of the decorated particles is somewhat more broadly distributed (RSD =
20 %), around a statistical average value of H,, = 12.5 nm. This value is substantially lower than the
estimated decorated particle height of ~80 nm, as calculated from the nominal dimensions of the
macromolecules constituting the integrated system. This result indicates that the multilayered antibody
assembly on the virus is too soft and flexible to be sensitively detected in topography by AFM-tips (see
Figure S2 and associated discussion in SI).*°

Of particular interest is the catalytic tip current, i,,., histogram presented in Figure 2f, as it uniquely
enables one to visualize and quantify the statistical distribution of the electro-enzymatic activity of the

decorated fd-particles. It can be seen from this plot that the activity of the particles follows a relatively
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symmetrical distribution around an average catalytic current value of ~70 fA per particle, and is
characterized by an RSD value of ~18%. This value is significantly higher than the 5% error margin
that characterizes the reproducibility of our tip current measurements.

Interestingly, the average catalytic tip current is close to the characteristic current of 100 fA per fd-
particle, which we determined previously from ensemble CV measurements, carried out on the very
same fd-scaffolded Fc-PEG/IgG-GDH integrated system displayed on gold electrodes.*” This result is
most intriguing as one would expect that the tip current, which results from the activity of a limited
number of GDH molecules located below the tip, would be much lower than the current per particle
value measured by CV, which corresponds to the activity of all of the GDH molecules borne by each
particle. The fact that both techniques yield comparable current per particle values implies that the tip
can apparently address a much larger number of GDH molecules than mere physical contact between
the tip and the decorated fd-particles could a priori allow. Indeed, the interaction area of the ~100 nm
radius tip with the decorated fd is expected to encompass only a small fraction of the full virus length,
for mere geometric reasons (Figure S7).

A likely mechanism by which the tip could collect electrons from remotely located GDH molecules
is Fc" propagation along the fd capsids. This is made possible by the complex and composite nature of
the processes generating the electrocatalytic current (Figure 3A): Upon touching the Mt/AFM-SECM
tip, the PEG-borne Fc heads are locally oxidized into their Fc" form. The elasticity of the PEG chain
enables Brownian elastic motion of the Fc' heads over ~10 nm, a distance small enough to favor the
encounter and electron exchange with neighboring Fc heads. Such a combined elastic diffusion /
electron hopping mechanism enables the Fc" heads to propagate along the fd capsid, until they are
consumed by the enzymatic reaction, and converted back to their Fc form. The efficiency of this charge
transport mechanism for conveying Fc™ across hundreds of nanometers within antibody assemblies, and
toward the catalytic site of redox enzymes, has been demonstrated in our earlier works.®' More
generally electron hopping between surface-confined Fc moieties, forming monolayers,**® or

entrapped within thin films, has been extensively described in literature.*’
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Figure 3. (A) Schematics of the processes associated with the electrochemical interrogation of the Fc-PEG/ PQQ-GDH
decorated fd-particles by Mt/AFM-SECM: Fc™ generation at the tip, electron transport along the fd-particle between
neighboring Fc/Fc™ heads, and enzymatic catalysis (glucose is omitted for clarity). (B) High-resolution tapping mode
Mt/AFM-SECM images of an individual Fc-PEG/ PQQ-GDH decorated fd-particle. Simultaneously acquired topography
and tip current images are shown together with the profiles taken along the dotted line as drawn. (C) Normalized topography
(upper graph) and tip current (lower graph) profiles, taken along the long axis of 25 decorated fd-particles and superimposed.
The green line in the current profiles plot is a theoretical profile calculated using Equation 5 with A = 10. (D)
Top:.theoretical Fc' concentration profile along a fd-particle, calculated with Equation (2). Bottom: dimensionless theoretical
current profiles calculated using Equation 3 (left plot) or Equation 5 (right plot). Plots were calculated with the values of
A indicated.

In order to gain insights into the coupling between such Fc' propagation and enzymatic activity on
fd-particles, the possible relationships between the particle dimensions and activity was explored. This
is made possible by the fact that Mt/AFM-SECM is a correlative imaging technique enabling the values
of the three parameters i, L, and H to be measured for each individual decorated fd-particle imaged.

It was thus possible to construct cross-correlations plots, where the value of i, measured for each
of the particles interrogated was plotted as a function of either the length L or the height H of the very

same particle (Figures 2d and 2e respectively). The i, vs. L plot (Figure 2d) does not evidence any
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obvious correlation between the particle length and catalytic activity. At the opposite the i, vs. H plot

(Figure 2e) reveals that the particle activity is moderately correlated to the particle height.

Probing the catalytic activity of individual decorated fd-particles. Analysis of the topography and
current profiles taken along the particles.

To further investigate the relationship between the catalytic activity of the decorated fd-particles and
their dimensions, we closely examined high-resolution current and topography images of individual
decorated fd-particles. As exemplified in Figure 3B, we observed that a region of maximum catalytic tip
current intensity was typically located near the center of the fd-particles (also see Figure S8). To
quantify this intriguing observation, we took current and height profiles along the contour of a series of
25 particles. The resulting superimposed sets of topography and current profiles are displayed in Figure
3C, upper and lower plots respectively. In order to take into account the statistical distribution of the
particle length, the abscissa, x, of each individual profile was normalized by the actual length, L, of the
corresponding particle. Similarly, the ordinate of the individual topography, Z, and current, i;,, profiles
were normalized by the values of H and i,,, derived for each fd-particle. The resulting normalized
topography and current profile plots enabled several general trends to be identified.

One can see that the general shape of the topography profile is seemingly rectangular, displaying a
“rough” top region extending over almost the full length of the viral particle (x/L = 0 to 1). The actual
1-2 nm ‘roughness’ of this plateau region probably reflects the “grainy” nature of the assembly, which
consists of discrete macromolecular entities (IgGs, GDH and Fc-PEG chains) imperfectly sensed by the
tip. The sharp rise and fall of the topography profile on each side of the “plateau” is also coherent with
the scenario outlined above of the tip mostly interacting with the robust fd capsid (and only weakly with
the IgGs). The same is valid to explain the close match between the average L and nominal (bare) fd-
particle length values.

Unlike the topography profiles, the superimposed set of tip current profiles (Figure 3C) does not

display any plateau region, but is actually bell-shaped. This is intriguing as it means that the tip current
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actually varies continuously in the region spanning from x/L = 0 up to x/L=1, where the tip is actually
positioned above the capsid of the particle, passing through a maximum located at the particle mid-
length. As a result, an apparent catalytic “hot-spot” appears along the middle of the decorated fd-
particles (Figure 3B and Figure S8).

One can also notice in Figure 3C that the tip current slightly extends beyond the region spanning
from x/L = 0 up to x/L=1. This can be explained by the tip making contact with the part of the
immunoassembly that “overhangs” each end of the fd-particle, before “touching” the viral particle itself
(Figure 3A). This tip-convolution effect can be quantitatively reproduced by considering the
dimensions of the fd-supported immunoassembly and the tip radius, as detailed in supporting
information (Figure S6 and Figure S7).

In order to rationalize all of our above observations, notably regarding the intensity and spatial
distribution of the catalytic tip current over the fd-particles, we developed a mathematical model

describing Fc" transport along the fd-particle coupled to enzymatic catalysis, as follows.

Modelling the tip-triggered enzymatic catalysis taking place on individual decorated fd-scaffolds.

In order to reduce the number of parameters involved in modeling the enzymatic electrocatalysis,
locally triggered (and probed) by the AFM-SECM tip, we considered the decorated fd-particles as
homogenous 1D objects, of length L. The high aspect ratio of the fd-scaffold makes this simplifying
assumption reasonable. Besides, we verified that the tip catalytic current did not depend on the actual
curvature of the decorated fd-particles (Figure S5). Considering the 1D dimension of the model, the tip
is viewed as a single point, located on the virus at a position x,, (Figure 3A), from which Fc' can
propagate toward each of the virus extremities.

We modeled Fc" propagation along the viral capsid as an effective diffusional process, as is typical
(albeit approximate) for charge transport by electron hopping between redox sites.”> We thus introduced

an effective “electron” diffusion coefficient, D,. The reaction of PQQ-GDH with the Fc" co-substrate
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was, as a first approach, modeled as a first order reaction, characterized by a first order rate constant,
kqpp (the validity of this assumption is discussed in details below).

The model thus assumes that the decorated fd-particle behaves as a continuous medium, displaying
homogeneous electron transport and enzymatic properties. This assumption is justified by the high
homogeneity of the antibody coverage of the fd-scaffold evidenced by high resolution AFM images
(Figure S3), as discussed above.

Hence, Fick’s law can be used to describe the space dependence of the linear Fc'" concentration, 7,

all along the virus capsid. The 1D Fick’s equation to be considered is then:

62
Dea_x}zl_kappyzo (1)

This equation can be solved by taking into account the following boundary conditions:

(i) At each viral particle extremity (x = 0 and x = L), the Fc¢' flux is zero:
dy
=0
0x

(11) At the tip electrode surface, x = x;;,: The tip being biased at a potential Ey, >> E°F., the Fc
heads can only exist in their Fc™ form, so that y = y,, where 7o is the total linear ferrocene
heads concentration borne by the virus (in number of Fc heads per unit length).

By resolving Equation 1 the following analytical expression is obtained. It gives the concentration

profile of Fc" along the fd-particle, for any position of the tip on the virus, x:

¥ = vofcosh(VA[1 = y])/cosh(VA[1 = y.ip])} )
where y;, = x;p/L and y = x/L are the dimensionless tip position and coordinate along the virus,
respectively.
The profile depends on a single dimensionless kinetic parameter, 4 = kg, L?/D,, which compares
the rate of catalysis to the rate of diffusion along the full length of the virus.
A few Fc' concentration profiles, calculated for a few A values, and for a tip positioned near one

extremity of the decorated fd-particle (x;,/L= 0.2) are plotted in Figure 3D. One can observe that the
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stationary Fc' concentration profile developing on each side of the electrode extends along the virus
capsid, over a typical length of ~1/v/A. Depending both on the tip position and on the A value, the
concentration profiles can reach both the nearest or eventually none of the virus extremities. In any
case, the tip actually addresses GDH molecules remotely located on the virus capsid, “via” the Fc"
profile. This justifies the above discussed experimental observation of a tip current generated by more
enzyme molecules than those located immediately above the tip.

The expression of the catalytic tip current value, i, is given by the first derivative of the Fc' profile:

ltip = i*\/z{tanh(\/zytip) + tanh(\/Z[l — ytl-p])} 3)

where i* = FD,y,/L, is a characteristic (non-catalytic) tip current.

The variation of the normalized catalytic tip current (i5p/i*) with the tip position, calculated for
various values of A, is illustrated in Figure 3D. One can see that the magnitude of the theoretical tip
current profiles depends sharply on the A value: the higher the enzymatic activity as compared to the
Fc' diffusion rate, the higher the expected current. However, one also sees that, no matter the A value,
the current always reaches its maximum intensity at the center of the fd-particle. This maximal
theoretical current value, obtained from Equation 3 with y;, = 0.5 is given by:

imax = 20"VAtanh(V2/2) 4)

Normalizing i, by im. shows that the actual curvature of the tip current profile solely depends on

the exact A value (Figure 3D, lower right plot).
itip/ imax = {tanh(VAyyp) + tanh(VA[1 — yyip|)}/{2 tanh(V2/2)} (5)
Two interesting limiting situations are reached for extreme values of A:
* A >>10 Gy = 2F Dyom , this situation corresponds to the enzymatic rate being much higher

than the Fc' propagation rate, and is characterized by a tip current becoming independent of the virus
length, L. In that situation the F¢" diffusion layer only reaches the extremity of the fd-particles when the

tip is very close to the extremity.
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* A <<l:imax = FYokappL, this situation corresponds to the enzymatic rate being much slower than

the Fc' propagation rate, and is characterized by a tip current becoming proportional to virus length, L.
In that case the Fc¢" diffusion layer encompasses the whole particle length.

Thus, we have so far demonstrated, on the basis of a simple model that the combination of Fc'
transport and its enzymatic consumption can fully account for the apparent “catalytic hot-spot”,
appearing at the central region of the viral particles. Besides, the apparent lack of dependence of the
catalytic tip current on the virus length observed in Figure 2d can be justified by a high A value
situation.

Importantly the mere fact that bell-shaped catalytic profiles were experimentally observed confirms
that the IgG-PEG-Fc and the IgG-GDH antibodies were homogenously distributed along the fd-
particles. Indeed, inhomogeneous decoration by these antibodies would result in local variation of the
electron hopping rate and/or enzymatic activity along the viral particles, i.e. in zones of non-uniform
catalytic activity. Depending on their extent, these zones would modulate the tip current in a detectable
way, resulting in non-bell shaped current profiles. We demonstrated the possibility of mapping such
local variations in catalysis by imaging (rare) fragmented decorated fd-particles that, unlike intact
particles, were found to display marked high and low activity zones (see Figure S10).

Our model suggests that, in any case, the curvature of the central region of S-shaped tip current
profile, observed for all intact decorated fd-particles, can be used to access the value of the kinetic
parameter A, without having any a priori knowledge of the individual values of the parameters involved
(kapps De,...).

We therefore fitted Equation 5 to the overlapped experimental catalytic tip current profiles shown in
Figure 3C, using A as a sole adjustable parameter, and determined a best fit value of A ~ 10, (thick green
trace). Reporting this A value, together with the average i, value of 70 fA determined above, into
Equation 4, it yields: i* = FD,y,/L ~ 12 fA. Since we previously measured that the average number of

Fc heads borne by the decorated fd-particles was about nz, ~ 4000, and taking L = 880 nm, one can
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estimate a yy value of yo= ng, /L= 4.5 Fc per nm. Hence, from the above given expression of i* we
obtain: D, = 1.5 10”7 cm?/s. This value is larger than the physical diffusion coefficient of the PEG-

attached Fc heads, that we previously estimated ((2 - 5) 10°® cm?/s),°%%

indicating the effective
contribution of electron hopping to the Fc' propagation. This result evidences that confinement of the
flexible Fc-PEG chains on the fd-scaffold enables a fast electron transport rate, which, as shown
previously, contributes to enhance the catalytic performance of the Fc-PEG/GDH integrated system, as
compared to non-scaffolded systems.”” The question that arises now is how can one quantitatively
characterize the full kinetic behavior of individual decorated fd-particles from Mt/AFM-SECM
measurements using our model?

This requires that the dependence of the catalytic activity of the decorated fd-particles on glucose

concentration is studied.

Dependence of the catalytic activity of individual decorated fd-particles on glucose concentration.

Thanks to the nondestructive character of tapping mode Mt/AFM-SECM, together with its high
spatial resolution and stability, we were able to image decorated virus particles repeatedly while
injecting increasing amounts of the enzymatic substrate glucose in solution. Figure 4A shows the
correlated current and topography images of several particles, recorded for various glucose

concentrations in the 0-100 mM range.
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Figure 4. (A) Mt/AFM-SECM images of individual Fc-PEG/ PQQ-GDH decorated fd-particles recorded at various glucose
concentrations (indicated on top of the images). The very same particles were imaged recursively after incremental
injections of glucose. Five particles, labelled 1 to 5, appear in their entirety in all of the images. (B) Kinetic plots showing
the variation of the catalytic tip current, i,,,, as a function of glucose concentration for each of the 5 indexed particles. The
red curves are guides to the eye. Tip potential £,, =+ 0.3 V/SCE. Imaging buffer: Tris buffer pH 7.5

It can be observed that, in spite of a slight drift of the images, five particles (indexed from 1 to 5)
appear in their entirety in each of topography and current images recorded at each of the glucose
concentrations explored. Interestingly, examination of the sequence of current images also shows that
the intensity of the current spots associated with the particles first increases when glucose is injected, up
to ~ 10 mM, and then decreases upon extra-injections of glucose. This trend is attributed to the known
reversible inhibition of the PQQ-GDH enzyme by its substrate.®® This behavior can be quantified by
plotting the variation of the catalytic tip current, i, with the glucose concentration, for all of the
particles interrogated, (Figure 4B).

Being able to plot such kinetic curves yields an unprecedented access to the kinetic behavior of
individual enzymatically decorated scaffolds. This uniquely enables us to address the issue of the
statistical dispersion of the kinetic behavior of the biocatalytic fd-particles across their population, and

to track down its origin.

19



Examination of the kinetic plots reproduced in Figure 4B reveals that, for all of the particles
interrogated, qualitatively similar bell-shaped variations of the catalytic tip current with glucose
concentration are obtained. Yet, one also notices that the magnitude of the curves can differ from one
particle to the other, and so can possibly the exact shape of the curves (Figure 4B). In order to reveal the
similarity and differences of kinetic curves recorded for different particles, we constructed the cross-
correlation plots, where the catalytic tip current, iy,,, recorded for any given particle at every glucose

concentration explored, is plotted versus the i,,, values measured for all of the other particles (Figure

5A).
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Figure 5. (A) Cross-correlation plots where the catalytic tip currents i« (fA) corresponding to the particles labelled [1, 2, 3,
4 and 5] in Figure 4, and recorded at every glucose concentration explored, are plotted as a function of each other. Red
traces are least square regression lines passing through the origin. (B) Kinetic plots characterizing the catalytic glucose
oxidation by the fd-supported Fc-PEG/PQQ-GDH integrated system. Triangles: Variation of the particle-averaged

experimental catalytic tip, {4, current with the glucose concentration. The black dashed line is a guide to the eye. Yellow

dots: Calculated apparent first order catalytic rate constants, ,,,, as derived from i}, values using Equations 4 and 8. Red
curves: Best fits of the kinetic Equation 9 to the experimental k,,, vs. C°g data, either considering the central values (thick
line) or boundary values corresponding to a £15 % error margin (thin lines). Dotted blue curve: Dependence of the

experimental k,,, value measured at the ensemble scale by cyclic voltammetry in our previous work. !’
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One can clearly visualize that the data points presented in all of the cross-correlation plots tend to
align along straight lines passing through the origin. This result indicates that the catalytic tip current
determined for all of the particles are simply proportional to each other. To interpret this result on a
kinetic basis, it is interesting to recall that the rate law for the oxidation of glucose, catalyzed by surface
immobilized GDH, using Fc" as a redox cosubstrate, can be written under the following general form,
valid both for its slow (noncooperative) or fast (cooperative) kinetic modes:®

1

vE’Z X nE/[kox [FC+] (1 + chg) + . KM

+

Keat  KcatCJ

(6)

where v, is the enzymatic rate, ng is the number of GDH molecules involved, [Fc+] the “local” Fc©
concentration as “seen” by the enzyme, C°g the bulk glucose concentration. k., is the catalytic constant
of the enzyme, K, the Michaelis constant for glucose, k,, the second-order rate constant corresponding
to the oxidation of the enzyme by Fc', and K; the equilibrium constant of the enzyme inhibition by
glucose.

From Equation 6, it can be deduced that the proportionality between the catalytic current for
different fd-particles, over the whole range of the glucose concentrations, implies that the particles only
differ by the number of GDH enzyme they bear, nz. Indeed, had they individually followed rate laws
differing by their dependence on glucose concentration, or even had the values of the GDH kinetic
constants differed from one particle to the other, no such linear correlation would have been obtained.
This result demonstrates that the microenvironment provided to the GDH enzyme by the fd-scaffolds is
extremely homogeneous across the fd population, and as a result all of the particles display identical
kinetic behaviors. Hence, one can conclude that the distribution in catalytic tip current quantified above
simply represents the particle-to-particle variation in the amount of GDH molecules they bear, thus
characterized by a relative standard dispersion of 18 %. This relatively narrow distribution is a benefit
of the high yield of the immunological assembly technique used to decorate the fd-scaffolds, rooted in

the very high affinity of the polyclonal antibodies for their macromolecular antigens. Indeed, as
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previously determined,”’ the average number of GDH molecules per fd is ng’ = 230 + 30, and
corresponds to a saturating coverage of the virus capsid.

A welcome consequence of the uniform kinetic behavior of the biocatalytic fd-particles is that it
makes averaging of the kinetic curves recorded for multiple particles legitimate. This yields a unique
representative particle-averaged tip current, i35 ., versus C°g plot (Figure 5B), whose well-defined bell-
shaped variation is, as stated above, typical of the kinetic behavior of PQQ-GDH with respect to
glucose. Also shown in Figure 5B, is the corresponding (normalized) kinetic curve we reported
previously for the fd-decorated particles probed at the ensemble scale by CV. It is noticeable that the
ig vs. C°g curve derived from single fd-particle measurements is significantly shifted toward lower
glucose concentrations as compared to the kinetic plot corresponding to the ensemble scale
measurement. The glucose concentrations corresponding to the peak of the iy, vs. C°g variations
obtained for the single particle and ensemble measurements are 6 + 1 mM and 27 + 3 mM, respectively.

Revealing the cause of this scale-effect on catalysis requires that the kinetic parameters of the fd-

supported Fc-PEG / PQQ-GDH system are carefully extracted from the Mt/ AFM-SECM data.

Analyzing the kinetics of GDH action at the single fd-scaffold scale.

The iy, vs. C°g curve contains the sought information regarding the kinetic behavior of fd-
supported GDH, but its quantitative interpretation requires that an actual enzymatic turnover rate is
obtained from the i%,, values. This imposes that Equation 1, ultimately enabling to calculate i, is
modified to incorporate the full kinetic expression characterizing PQQ-GDH-catalyzed oxidation of

glucose, given by Equation 6. The modified equation is:

9%y 2koxYEY
eoxz k K =0 (7)
ox [ 14 M
k 0
Cat( kcatcg>]

where yg = ng? /L, is the linear enzyme concentration on the fd-particle.

(1+KiC)+y
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This non-linear differential equation can be solved numerically on the basis of two dimensionless
kinetic parameters A* = 2k, L2y /[De(1 + K;CJ)| and o = koyxyo(1 + Kn/CJ)/[kcar(1 + KiCY)]
(see supporting information).

A simplification is however possible, realizing that in the practical range of A = 1...30 and ¢ =0...10,
Equation 7 yields i,,/i* values which are numerically similar (within 20%) to those derived with
Equation 1 using an “equivalent” A value of A = 1*/(1 + o). This simplification allows us to use the
analytical expression (4), together with the above-determined i* = 12 fA value, to convert experimental
imac values into A values.

Finally, a first order catalytic constant (apparent turnover), k,,, characterizing the overall enzymatic
rate, can then be derived from the experimental A values as:

Kapp = A X De¥o/L?vg 8)
kapp 1s related to the full expression of the enzymatic rate law as:
kapp = 2kox¥o/[(1 + KiCJ) +koxVo(1 + Ku/CJ)/kcar] )
Variation of the experimental value of k,,, with the glucose concentration is plotted in Figure 5B,
yellow filled symbols. Equation 9 was used to fit the data points, allowing the experimental bell-shaped
variation to be very satisfyingly reproduced (thick red line), and yielding the set of best-fit kinetic

parameters reported in Column (I) of Table 1.
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(n

(i

(v)

Enzymatic fd-scaffolded fd-scaffolded GDH in solution GDH in solution
system system Fci luti Fci luti
MtAFM-SECM cV N cinsolu |or¢|j (c:: in solu |;n
constants (Single particle (Ensemble scale) on-coop. mode 0op. mode
scale)
k_, (3'1) 10000 £ 4000 8500 + 1500 1500 £ 300 6000 + 1000
KM(mM) 8+3 14+ 2 0.27 £ 0.005 47+0.3
KI(M“) 90 + 35 11+3 52+6 127 + 20
Ko CE (s N.A. 3000 + 700 N.A. N.A.
-1
Kox 70 (S ) 5000 + 2000 N.A N.A. N.A.

Table 1. Sets of kinetic constants, characterizing the catalytic activity of PQQ-GDH in various systems, configurations and
kinetic modes as indicated. Columns (I) to (II) (gray background) present data for the fd-scaffolded Fc-PEG/PQQ-GDH
system, derived either from single particle Mt/AFM-SECM experiments (this work), or ensemble scale CV studies
(reference [47]), respectively. Columns (III) and (IV) present data from reference [69]. N.A. = non-applicable.

The K, k.. and K, values, characterizing the enzymatic action on glucose, can be directly compared
to those reported for PQQ-GDH acting in solution, both in its non-cooperative and cooperative kinetic
modes, which are reproduced in Table 1, Columns (IIT) and (IV), respectively.®’

We observe that the K;, k.., and Kj, values derived here are close to those typical of the cooperative
mode of PQQ-GDH. This result is in agreement with our previous finding that confinement of the
integrated system on the fd-scaffold turns the enzyme into its fastest kinetic mode.*” Moreover, it also
demonstrates the validity of our Mt/AFM-SECM approach, and its associated theoretical model, for
probing and analyzing the catalytic activity of individual nano-scaffolded integrated enzymatic systems.

Also of interest is to compare the set of K, k.., and Kj, values we determined by our single particle
approach, to those derived from our previous ensemble scale CV measurements, presented in Table 1
Column (I).* We find a good agreement between the k., and Kj; values derived for the fd-scaffolded
system from either CV or Mt/AFM-SECM experiments. However, the K; value measured at the single
particle level is ~9 times higher than the corresponding value measured at the ensemble scale. Such a

large difference in K; explains the dissimilar peak positions of the i, vs. C°g kinetic plots obtained
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from CV or Mt/AFM-SECM measurements (Figure 5B). This result suggests that the inhibition of
PQQ-GDH by glucose is less intense when the system is probed at the ensemble scale, than at the single
particle scale. The similarity between the K; value derived by Mt/AFM-SECM, and the one reported for
the enzyme in solution, points to an artificially low level of inhibition in ensemble scale CV
experiments being the cause of this unexpected measurement scale effect. This may be due to the fact
that, in CV, all of the decorated fd-particles borne by the electrode are triggered simultaneously,
potentially leading to some degree of glucose depletion near the electrode surface, and consequently to
lower inhibition. However, this is not an issue in Mt/AFM-SECM, where only a single fd-particle,
specifically addressed by the tip, is catalytically functioning.

The k,, Vo kinetic parameter we determined herein represents the net rate of oxidation of PQQ-GDH
by the Fc' heads. It can be compared to the equivalent parameter obtained from our previous CV
studies, originally labeled k,x Cg , Where Cg was the volume concentration in Fc' seen by the enzyme,

and reported in Column (II) of Table 1.

One can see that the values derived for these parameters, either
by studying individual particle kinetics, or at the ensemble scale, are similar. Such a result further

underlines the self-coherence of our multi-scale quantitative analysis of the catalytic activity of the fd-

scaffolded Fc-PEG/PQQ-GDH integrated system.

Conclusion

We have shown herein that Mt/AFM-SECM can be used as a powerful single particle correlative
microscopy technique to resolve the position, acquire the topography and simultaneously probe the
catalytic activity of individual viral nano-bioscaffolds bearing integrated enzymatic systems. This not
only enables sampling of the statistical distribution of the topographic and catalytic activity parameters
across the bioscaffold population, but also to investigate meaningful cross-correlations between them.

Beyond that, we also demonstrated that the sub-particle resolution achievable by Mt/ AFM-SECM

allows the enzymatic activity of individual viruses to be spatially mapped.
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More specifically, in the present case of the fd-bacteriophage scaffolded Fc-PEG/PQQ-GDH system,
the high-resolution allowed the presence of a high activity region located along the centre of the
filamentous fd-scaffold to be revealed. Quantitative modelling enabled identification of electron
hopping-based propagation of the active form of the enzyme co-substrate along the viral nanoscaffolds,
and its coupling with the enzymatic reaction to be the source of this unexpected catalytic hot-spot. The
model developed then enabled the catalytic tip current to be converted into meaningful kinetic data,
which in turn permitted the unprecedented, complete, analysis of the GDH kinetics at the single fd-

scaffold scale.

Methods.

Biological Material.

Virus particles. Fd viruses were grown and purified as described elsewhere.”® Virus suspensions were
then concentrated by ultracentrifugation (200 000 g) and redispersed in a stock solution of about 4
mg/mL as measured by spectrophotometry with an absorption coefficient of 3.84 cmz/mg at 269 nm. To
control the ionic conditions, the fd suspension was then extensively dialyzed against 10 mM sodium
phosphate buffer pH 7.4 and stored at 4°C until further use.

Antibodies. The anti-fd polyclonal antibody (Immunoglobulin G, IgG) produced in rabbit was
obtained from Sigma-Aldrich. The anti-rabbit GDH-IgG conjugate was prepared in-house by
conjugating PQQ-GDH to a polyclonal goat anti-rabbit IgG, as previously detailed.*” The anti-GDH
polyclonal antibody was custom produced in rabbit by Genosphere Biotechnologies using apo-GDH
monomers as antigens. The goat anti-rabbit antibody to be conjugated with GDH or Fc-PEG chains, and
the bovine serum albumin (BSA) (IgG-free grade) blocking agent were from Jackson ImmunoResearch
Laboratories.

Enzymes. PQQ-GDH to prepare the IgG-GDH conjugate was produced from Acinetobacter

calcoaceticus and purified as detailed previously.?’
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Chemicals and solutions. 11-Aminoundecyltriethoxysilane (AUTES) was obtained from Alfa Aesar.
All other chemicals were analytical grade Sigma-Aldrich products and used as received. All solutions
were prepared with double-deionized water (18.2 MQ cm resistivity, TKA Micro-Pure UV). Two
buffer solutions were used: 10 mM phosphate buffer at pH 7.4 (phosphate buffer), and 50 mM Tris-HCI
buffer at pH 7.5 (Tris buffer). Phosphate buffer was used for the preparation of the fd bacteriophage and
of the anti-fd antibody solutions. Tris buffer was used to prepare the solutions of all the other
antibodies, and also as the imaging medium for the in-situ AFM-SECM experiments. All antibody
solutions contained 1 mg/ml BSA and 0.01 % sodium azide. Note, the stock solutions of glucose in Tris
buffer were allowed to mutarotate overnight.

Preparation and characterization of the redox secondary antibody, IgG-PEG-Fc. Fc-PEG chains
were covalently conjugated to goat anti-rabbit IgG by reacting the NHS activated ester of a home
synthesized NHS-PEGj;sp0-Fc chain with the amino groups of the IgG species, as previously
described.”® The purified IgG-PEG-Fc is decorated with ~ 27 + 3 Fc-PEG chains per IgG, as determined
by MALDI-TOF MS.*

Preparation of fd-scaffolded integrated catalytic redox systems on SiO; surfaces.

Ultra-flat SiO; chips. The ultra-flat silicon dioxide substrates (SiO, chips) used to support the fd-
scaffolded integrated systems were from NanoAndMore, and consisted of a 200 nm-thick amorphous
Si0; layer thermally grown on a 5 x 5 mm” ultra-flat silicon chip.

Amino-Cy; modified ultra-flat SiO; surfaces. The ultra-flat SiO, chip was UV-ozone cleaned for 5
min. After being rinsed with water and ethanol, it was immersed in a 1 mM 11-
aminoundecyltriethoxysilane (AUTES) solution in ethanol during 30 min. AUTES was preferred over
shorter chain silanes as it forms self-assembled layers on SiO, surfaces that are particularly stable in
aqueous medium.’' The thus obtained amino-C-silane modified chip was then thoroughly rinsed again
with ethanol and water and annealed at 120 °C for 45 min. After being mounted on a 2 x 2 cm’ glass
slide with double sided tape, the chip was masked with a perforated Teflon adhesive mask to provide a

4 mm diameter disk-shaped amino-C;; modified ultra-flat SiO, surface.
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Random fd arrays on SiO; surfaces. A 20 pL solution of phosphate buffer containing fd phage at 0.4
pg/mL was left on the amino-Cj-silane SiO, surface for 5 min-adsorption. The surface was then
carefully rinsed by two droplet replacement steps and left in contact with phosphate buffer for 10 min to
desorb any weakly bound material. These conditions yielded random arrays of irreversibly adsorbed fd
on SiO, with a reproducible surface coverage of ~0.5 fd per pm”. The interspace between adsorbed fd-
particles was then backfilled with BSA protein to block non-specific binding during immune assembly
steps.

Protective BSA backfilling. The fd arrayed-surface was then exposed to 20 uL of 2.0 mg/mL BSA in
phosphate buffer solution for 1 h, followed by two subsequent rinsing and 10 min desorption steps with
phosphate buffer.

Assembly of the anti-fd antibody. The fd-BSA backfilled surface was incubated with 20 pL of 2 pg/mL
(~0.8 10" molecules/mL) anti-fd rabbit antibody solution for 1 h, followed by two droplet replacement
rinsing and desorption steps of 10 min. The surface was stored overnight at room temperature in the
dark under a phosphate buffer solution containing 1 mg/ml BSA and 0.01 % (w:v) sodium azide.
Assembly of the POQ-GDH conjugated antibody. 20 pL of a 5 pg/mL (~1.2 10" molecules/mL) anti-
rabbit GDH-IgG conjugate in Tris buffer was left in contact with the surface for 2 h. A double 5 min
rinsing/desorption step was performed in the same buffer solution containing 1 mg/mL BSA.

Assembly of the anti-GDH antibody. The surface was then exposed to 20 puL of 5 pg/mL solution of
rabbit anti-GDH IgG in Tris buffer for 1 h, rinsed by drop replacement and left to desorb twice for 5
min in Tris buffer solution with 1 mg/mL BSA.

Assembly of the IgG-PEG-Fc antibody. 20 pL of the 20 pg/mL anti-rabbit IgG-PEG-Fc solution in
Tris buffer were then deposited on the surface and left to incubate overnight at 4°C under a water-
saturated atmosphere. After that, 2 rinsing/desorption steps of 5 min each were carried out using Tris
buffer solution with 1 mg/mL BSA.

AFM-SECM imaging. Mt/AFM-SECM images were acquired using the JPK Nanowizard II

microscope operated in AFM-SECM mode as previously described.*® The AFM-SECM tips were hand-
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fabricated from flattened and etched 60 pm diameter gold microwires as detailed elsewhere.” For
consistency, the data reported in the present paper were acquired with a limited set of tips, having
similar radii of ~100 nm, spring constant in the order of 1 nN/nm, and fundamental flexural frequencies
of 1-1.5 kHz. The standard JPK electrochemical liquid cell, containing 1 mL of Tris buffer, was
equipped with a platinum wire counter-electrode, and a polypyrrole coated platinum wire as a quasi-
reference electrode. All potentials in this work are reported versus a KCI saturated calomel electrode
(SCE) reference. An in-house fabricated bipotentiostat was used to control the tip potential versus the
reference electrode, and to measure the tip current. The tip current signal was passed through a 10 Hz
low-pass analogue filter. Slow enough image scan rates (0.2-0.3 Hz) were used to avoid distortion of
the current image by the filter. When needed, the tip was withdrawn a few pm away from the surface,
and 100 pL of stock solutions of glucose with concentration ranging from 10 mM to 1 M were carefully
injected into the liquid cell using micro-syringe equipped with a long bent metallic needle. After
injection, glucose concentration was homogenized by repeatedly pumping/re-injecting ~ 100 pul of the
cell solution using the micro-syringe. The tip was then brought back to the sample and the surface
imaged again. The tapping mode imaging conditions were soft enough for the viral particles to be
recursively imaged without being damaged by the tip. No numerical post-filtering was applied to the

images, that were processed using the WSxM software.”?
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Supporting Information Available

Detailed schematic description of the step by step assembly of a random array of Fc-PEG / PQQ-
GDH immunodecorated fd on SiO2. AFM images of the array, and analysis of topography profiles
evidencing homogenous particle decoration. Variation of the height of the decorated fd-particles with
the decoration steps. Statistical relation between the catalytic tip current of the fd-decorated particles
and their curvature. Dependence of the particle-averaged catalytic tip current on the tip potential.
Geometric modeling of the tip convolution effect on the topography and current images. Extra zoomed-
in Mt/AFM-SECM images of both intact and fragmented individual decorated fd-particles. Derivation
of the catalytic tip current profile considering the complete rate law of GDH kinetics. Tip potential
dependence of current images of individual decorated fd-particles. This information is available free of

charge on the ACS Publications website.
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