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Abstract  

A virus-based nanostructuring strategy is proposed for improving the catalytic performance of 

integrated redox enzyme electrodes. Random arrays of adsorbed filamentous fd bacteriophage particles, 

used as scaffolds, are assembled onto gold electrode surfaces. The viral particles are endowed with 

functionally coupled enzymatic and redox properties, by the sequential immunological assembly on their 

protein shell of quinoprotein glucose dehydrogenase conjugated antibodies and ferrocene PEGylated 

antibodies. The resulting virus-scaffolded enzyme/redox mediator integrated system displays a large 

enhancement in the catalytic current generated per enzyme molecule (i.e. in enzymatic turnover) as 

compared to non-scaffolded integrated glucose oxidizing enzyme electrodes. The mechanism underlying 

the observed scaffolding-induced catalytic enhancement is deciphered. Confinement of the mediator on 

the viral scaffold enables fast electron transport rate and shifts the enzyme behavior into its most effective 

cooperative kinetic mode. 

 

Keywords: bioelectrocatalysis, enzyme nanocarriers, bioelectrocatalytic viral particles, pyrroloquinoline 

quinone dependent glucose dehydrogenase, bioscaffolding 

 

Introduction 

Enhancing the catalytic activity of electrode-immobilized glucose oxidizing enzymes is key to the 

design of more sensitive glucose biosensors, and more powerful biofuel cell anodes.1,2 The glucose 

oxidase (GOx), and the much more active, and oxygen insensitive, pyrroloquinoline quinone (PQQ)-

dependent glucose dehydrogenase (PQQ-GDH), are amongst the most widely used redox enzymes for 

these important applications. A promising way to enhance their bioelectrocatalytic activity is to 

immobilize these enzymes on nanostructured electrode surfaces.3–7 The expectation is that mastering the 
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surface architecture at the nanometer scale will provide a more-enzyme friendly environment, avoiding 

immobilization-induced denaturation. In addition, this may also improve the electrical communication 

between the redox enzymes and the electrode, notably if the enzyme can undergo direct electron transfer 

(DET) with the electrode material.6,7 Similarly, for integrated systems,8 where the enzyme and its redox 

mediator are co-immobilized onto the electrode surface, nanostructuring can enhance the rate at which 

the mediator shuttles electrons from the electrode to the enzyme. 

In seminal works regarding integrated systems, the catalytic activity of nanostructured electrode 

materials combined with hydrogel composites entrapping both enzymes and redox centers has been 

assessed.9–11 It has notably been shown that depositing GOx-containing redox hydrogels on carbon 

nanotubes microfiber networks, instead of on regular (non-nanostructured) carbon fibers, resulted in 

biofuel anodes displaying increased power density.9 An enhanced catalytic response was also observed 

by "dopping" with gold nanoparticles the electron conductivity of GOx containing redox-hydrogels.10,11 

Other works considered carbon nanotubes12–14 and ZnO nanoparticles15 functionalized by ferrocene 

moieties as redox mediators for polymer-entrapped GOx. Another type of nanostructured integrated 

system, consisting of a mesoporous enzyme electrode, where ferrocene molecules were trapped in 

nanopores capped with GOx, was also described.16 Recently, PQQ-GDH has been covalently 

functionalized by a ferrocene mediator and immobilized on a quantum dot-decorated electrode, and a 

photo-electrocatalytic response was evidenced.17  

In search of nanostructures offering a microenvironment potentially more enzyme-favorable than 

inorganic nanoparticles or porous electrodes, integrated systems based on DNA material have been 

developed.18–20 DNA hydrogels, incorporating GOx and a ferrocene mediator have notably been 

reported.18 DNA strands were also used as bio-scaffolds to assemble GOx and ferrocene relays.19,20  

Even though many of the above works reported valuable results, new nanostructuring or scaffolding 

strategies have to be designed to improve further the catalytic performances of integrated enzyme 

electrodes. This is evidenced by the fact that, for every integrated system reported in literature, the 

apparent enzymatic turnover, i.e. the current generated per enzyme molecule, falls behind the turnover of 
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the enzymes in solutions. This may result from the electron transport between redox relays being rate 

limiting, or from partial inactivation of the enzyme. 

In that context, the aim of our work is to explore the possibility of using an original bottom-up 

scaffolding approach for improving the catalytic performances of electrode-supported glucose oxidizing 

enzymatic systems. This strategy makes use of viral particles as electrode-immobilized bio-scaffolds. The 

specific interest of using virus particles arises from their availability as perfectly monodisperse 

nanometer-sized particles and their highly ordered architectures enabling the topologically controlled 

assembly of enzyme molecules. Moreover, since the introduction of the concept of using viral particles 

as enzyme nanocarriers,21,22 preserved or improved catalytic performances for virus-supported or virus- 

encapsulated enzymes, have been repeatedly reported, albeit almost exclusively for viral scaffolds 

dispersed in solution.23–29 The possibility of using viral particles as enzyme carriers for enhancing the 

catalytic response of electrode-supported enzymatic systems has, at the opposite, been little explored. In 

pioneering works, Wege et al. reported that adsorbing GOx-functionalized tobacco mosaic virus 

nanotubes onto a sensor electrode surface did not actually enhance O2-mediated catalysis, but 

significantly improved enzyme loading and sensor reusability.30–32 The design of a bioanode bearing a 

random mesh of M13 bacteriophage particles decorated with GOx has also been reported, but in that case 

the viral particles were “mineralized” by being gold coated in order to promote direct electron transfer 

(DET).33  

Using an original immuno-based process, our group previously assembled, a non-integrated GOx-

based system on fd bacteriophage particles adsorbed on gold electrodes.34 What we address here is the 

benefit of scaffolding a much more complex, integrated, system on electrode-supported viral particles, 

by co-immobilizing a redox ferrocene mediator and the redox enzyme PQQ-GDH onto fd bacteriophage 

particles. Even though multi-enzymatic constructs on viral particles,30,35–37 and virus particles decorated 

by redox moieties, have already been reported,38–40 this is the first time that viral particles are endowed 

with functionally coupled redox and enzymatic properties. 
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Herein, fd particles, randomly adsorbed on a gold electrode surface, were equipped with redox and 

enzymatic functions thanks to the sequential immunological assembly on their protein shell (capsid) of 

PQQ-GDH conjugated antibodies and redox-labeled antibodies. It is shown that confinement of the 

system’s molecular components on the rod-like fd-nanoscaffold facilitates the mediated electronic 

communication between the enzyme and the supporting electrode, while fully preserving the enzyme 

activity, so that the electrocatalytic current is solely limited by the enzyme turnover rate. Moreover, 

confinement also results in shifting the PQQ-GDH kinetic behavior into its most effective cooperative 

mode. Consequently, the current generated by each of the GDH molecules incorporated in our fd-

scaffolded system reaches exceptionally high values.  

Results and Discussion 

Fd bacteriophage is a filamentous virus, and a close cousin of the M13 bacteriophage which is widely 

used to design virus-based biosensors.41,42, 43 Fd differs from M13 only by a single-point mutation of the 

12th amino acid of each major coat protein, changing from asparagine (Asn) in M13 to aspartate (Asp) in 

fd. This results in a more negatively charged phage by about 30%, having similar dimensions, 880 nm in 

length and 6.6 nm diameter (Figure 1). Fd bacteriophage can be used as an electroinactive rod-like 

enzyme nanocarrier, which displays the extra advantages of being robust, easy to handle and totally 

harmless to humans.  

Step by step immunological assembly of a PQQ-GDH integrated system on fd particles. 

Fd particles were adsorbed from a stock solution prepared in a 10 mM pH 7.4 phosphate buffer onto ultra-

flat template-stripped (TS) gold surfaces modified by a self-assembled layer of cysteamine (Figure 1).  

  



 6

 
Figure 1. Assembly steps of the fd-scaffolded ferrocene-PEG-(Fc-PEG) / PQQ-GDH integrated system on a TS ultra-flat gold 
electrode surface. Right: In-situ AFM topography control image of a random array of Fc-PEG / PQQ-GDH immunodecorated 
fd particles on gold. 

As shown in our previous work, electrostatic attraction at pH 7.4 between the negatively charged fd 

particles and the positively charged cysteaminated gold surface result in the irreversible adsorption of fd 

on the surface to form random virus arrays.34 Immediately following the adsorption of the fd particles, 

the surface was protected against non-specific adsorption by a BSA backfilling step. The surface was 

then exposed to a rabbit antibody (immunoglobulin G, IgG) directed against the coat protein of fd, in 

order for this IgG to assemble by immunological recognition onto the whole virus capsid.  

Then, the surface was sequentially exposed to: a home prepared PQQ-GDH/anti-rabbit IgG conjugate, 

a commercial anti-GDH rabbit IgG, and finally to a redox-labelled antibody bearing polyethylene glycol 

(PEG) chains terminated by a ferrocene group (Fc).44 Note that based on our previous experience of 

immunological assemblies,45 we kept the concentration of the antibodies and the antigen-antibody 

reaction times high enough to ensure that a saturating “coating” of the virus particles by the IgGs was 

formed at every immunological immobilization step. This insures that a largely defect-free multi-

monolayer immunoconstruct is effectively assembled onto the virus capsid (see Supporting Information). 

Besides, as demonstrated earlier,45 and confirmed here, the antigen-antibody binding was found to be 

strong enough to confer very high stability to the immunological assemblies (see Methods section). In-
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situ AFM imaging of the surface allowed decorated fd particles, forming a random array on the gold 

surface, to be identified (Figure 1).  

The virus coverage, fd, was determined by simple counting of the viral particles visible in the AFM 

image. fd was experimentally adjusted in the 0-2.5 fd/µm2 range by controlling the concentration of the 

fd solution used for the adsorption step.  

The redox and enzymatic integrated system ultimately assembled on the fd particles can, in principle, 

be schematically represented as shown in Figure 1. The successively assembled antibodies form 

concentric layers, color coded in Figure 1, around the virus scaffold. The expected “thickness” of each 

layer should correspond to the typical size of an IgG, ~10 nm.46 The enzymatic component of the system, 

the GDH enzyme, is considered as forming a layer of its own, the third layer, also of about ~10 nm 

thickness.47 The redox component of the system, the Fc-PEGylated antibody, comes as the last layer 

forming the outer “shell” of the assembly. Overall, the fd particles supporting the Fc-PEG / PQQ-GDH 

system should thus display a hemicylindrical geometry ~ 55 nm in radius and ~900 nm in length. 

We sought to experimentally confirm this schematic view of the fd-supported antibody construct by 

finely characterizing its structure and/or functions by an ensemble of techniques, as described below. 

We found that AFM imaging alone was not well suited for monitoring the complete step-by-step 

assembly of the antibody construct on the fd-scaffold, as we observed that the height increment associated 

with the immobilization of antibody “layers” on the virus tended to become immeasurably small when 

more than three successive IgG layers were assembled. This result indicates that the multilayered 

antibody assembly on the virus is too soft to interact in a detectable way with the solid AFM tip.48  

We thus turned to a more sophisticated local microscopy technique of our own,49 combining AFM 

with scanning electrochemical microscopy (SECM) in an original mediator-tethered (Mt ) configuration, 

for imaging individual virus particles decorated by the Fc-PEG / PQQ-GDH immunoconstruct. We 

previously demonstrated that this microscopy technique uniquely enables to map the distribution of redox 

functionalities on viral particles.39 
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Probing the redox function of the decorated fd particles at the single viral particle scale by 

Mt/AFM-SECM microscopy. 

A home-made combined local probe (tip), acting as both a force sensor and a microelectrode, and 

operating in tapping mode, was used to raster scan the TS gold surface immersed in phosphate buffer. 

The probe and surface were biased at potentials respectively largely anodic (Etip = +0.3 V/SCE) and 

cathodic (Esub = - 0.05 V/SCE) with respect to the standard potential of the Fc heads of the PEG chains 

(E° = 0.15 V/SCE). Simultaneously acquired topography and current Mt/AFM-SECM images of the 

surface are reproduced in Figure 2.  

  
 
Figure 2. Mt/AFM-SECM images of the individual decorated fd particles. Simultaneously recorded tapping-mode topography 
and tip current images. The contrast in the current image is generated by the electrochemical detection of the Fc heads by the 
scanning combined AFM-SECM probe (tip). Tip and TS gold surface potentials were respectively of: Etip = + 0.3 V/SCE, Es= 
-0.05 V/SCE. Scale bar: 200 nm. Imaging buffer: phosphate buffer.  
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The topography images enabled to identify and locate individual decorated fd particles, and to measure 

their apparent height (~ 20 nm) and width (~ 150 nm). These values are respectively under- and over-

estimates of the actual particle dimensions because of tip-sample interactions and convolution artefacts 

common to all AFM-based imaging techniques. The current images showed electrochemical tip current 

detection specifically at the location of the particles. This current reflects the electrochemical probing of 

the Fc-heads by the tip. It is generated by electrons originating from the TS gold surface, propagating 

along the capsid of the decorated fd and ultimately collected by the tip, as schematized in Figure 2. 

Electron propagation over the few tens of nanometers high decorated virus particle is made possible by 

the swinging motion of the flexible PEG chains, coupled to electron exchange between neighboring Fc 

heads.39,49,50 Importantly, no current was detected if decorated fd particles lacking the IgG-PEG-Fc were 

imaged, or if the tip potential was less than the onset oxidation potential of the Fc heads. 

These results demonstrate unambiguously the presence of Fc-PEG chains, hence of the Fc-PEG-IgG, 

on the capsid of the decorated fd particles. The observation that no current was recorded at locations on 

the surface away from the particles is an indication of the appropriate protection of the surface against 

nonspecific adsorption of the Fc-PEG-IgG. We also note that tip current was detected all along the length 

of the decorated fd particles, confirming that the immunoassembly covers the entire capsid of the fd 

particle. The fact that some sections of the fd particles appear as brighter spots in the current image may 

indicate the artefactual formation of antibody clusters resulting from the glutaraldehyde fixation of the 

sample, a required pretreatment step for Mt/AFM-SECM imaging (see Methods section). Finally, it is 

worth mentioning that all of the fd particles visible in topography images also appeared in the associated 

current images, showing that the immunological assembly process left no fd-particles un-decorated.  

Even though we were able to visualize the Fc-PEG-IgG layer forming the outermost shell of the 

integrated virus-scaffolded assembly, extra characterization was needed in order to quantify the number 

of Fc-chains (hence of redox antibodies) decorating each fd particle. For this, we turned to cyclic 

voltammetry. 
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Quantifying the number of ferrocene units decorating fd particles by cyclic voltammetry. 

Cyclic voltamograms (CVs) were recorded at gold surfaces bearing arrays of fd particles decorated by 

the Fc-PEG / PQQ-GDH system. The surfaces were mounted in a liquid cell containing 50 mM Tris-HCl 

buffer pH 7.5 as the electrolyte. A typical raw CV signal, recorded at a potential scan rate of 0.05 V/s, is 

presented in Figure 3B (red trace).  

 

Figure 3. (A) Schematic representation of the electron transfer and transport processes occurring at the gold electrode surface 
supporting a random array of fd particles decorated by the Fc-PEG / PQQ-GDH system, during the anodic scan of the electrode 
potential. (B) Cyclic voltammetry (CV) response of the gold electrode supporting an array of the decorated fd particles. The 

raw and background corrected CVs are plotted in red and green traces respectively. Scan rate, 0.05 V/s. fd = 2.56 fd 

particles/µm2. (C) Square-wave voltammetry signal (SWV) of gold electrodes supporting decorated-fd particles at various 
coverages as indicated (in fd particles per µm2). Medium: Tris buffer. SWV parameters: Amplitude, 25 mV; frequency, 25 
Hz; increment 5 mV. 

The raw CV displays a pair of peaks superimposed on a large capacitive component that can be easily 

subtracted to yield the well-defined background-corrected signal shown in green trace in Figure 3B. On 

the corrected CV, the peak-shaped signal is centered on a potential of ~0.15 V/SCE, corresponding to the 

standard potential of the Fc heads, and the peak-to-peak potential separation is very small (~10 mV). 

Moreover, we verified that the intensity of the peaks was proportional to the scan rate, v (0.01 – 0.2 V/s 

range). All these characteristics evidence that the recorded CV signal corresponds to the response of 

surface confined Fc heads borne by the Fc-PEG-IgG of the construct, undergoing fast (Nernstian) electron 

transfer at the gold electrode surface.51 As a result, integration of the anodic peak of the CV yields the 

surface coverage in Fc-PEG, Fc, which should depend on the number of decorated particles on the 

surface. 
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To verify this relationship, we carried out CV measurements for a large number of gold surfaces 

bearing decorated fd particles, randomly assembled at coverages varying from fd = 0 (no fd particles) to 

2.5 fd /µm2. In parallel to CVs we also recorded square wave voltammograms (SWVs) at these surfaces 

(Figure 3C). Indeed, SWV signals display a much lower background component than CVs, making it 

easier to probe the presence of the Fc heads from raw data (see Supporting Information). As seen in 

Figure 3C, the intensity of the SWVs was observed to increase with the virus coverage on the surface. 

The surface coverage in Fc heads, as determined by CV, obviously showed the same trend, as can be seen 

in Figure 4A, where experimental values of Fc (number of Fc/µm2) are plotted as a function of fd. 

 
 

Figure 4. Structural and functional parameters characterizing gold surfaces bearing random arrays of fd particles decorated 

by the Fc-PEG / PQQ-GDH system, as a function of the fd surface coverage fd. (A) Fc head surface coverage, Fc as 
determined by CV. (B) Intensity of the CV catalytic plateau current icat,pl in Tris buffer containing 30 mM glucose. (C) GDH 
surface coverage as determined by the PQQ stripping method. The insets in (A), (B) and (C) respectively show the number of 
Fc heads, the intensity of the catalytic plateau current and the number of GDH molecules per fd particle as a function of the fd 
coverage fd. 
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One can see that, at low coverages corresponding to fd = 0 - 1.5 fd /µm2, Fc increases linearly with 

fd. Also, when no virus is present (fd =0), almost no Fc is detected, demonstrating the absence of non-

specifically adsorbed IgG-PEG-Fc on the surface. At high coverages, corresponding to fd > 1.5 fd /µm2, 

the Fc vs. fd variation is seen to reach a plateau. 

The linearity of the Fc vs. fd variation observed for fd < 1.5 fd /µm2 brings extra evidence that the Fc 

heads detected in CV and SWV are borne by the fd particles, and also shows that in this low fd region 

the average number of Fc-PEG chains borne by decorated fd, NFc, does not vary with the virus coverage 

on the surface. NFc is given by the experimental Fc /fd ratio, and is plotted as a function of fd in the 

inset in Figure 4A. One can see that ~ 4000 ± 400 Fc heads are decorating each fd particle. Since each 

redox IgG used in this study bears ~ 24-30 Fc-PEG chains, (see Methods section), one can conclude that 

as many as 120-180 IgG-PEG-Fc molecules are decorating each fd particles.  

The observation of a plateau region in the Fc.vs. fd plot, occurring beyond a threshold value of fd = 

1.5 fd/µm2, indicates that at higher virus coverages on the gold surface, decoration of the fd particles 

becomes incomplete. As discussed in our previous work,34 this can be attributed to the fact that, above 

this threshold, a significant fraction of the randomly adsorbed fd particles are intertwined and display 

limited accessibility for the antibodies. As previously shown, this problem can be fully alleviated by 

orientating the fd particles, using simple molecular combing techniques.34 However, being solely 

interested in exploring scaffolding effects, we did not attempt this here, and shall therefore only discuss 

data obtained with electrodes characterized by fd ≤ 1.5 fd/µm2. 

Having ascertained and quantified the selective redox-immunodecoration of the fd particles by the Fc-

PEG chains, it is next necessary to evaluate the ability of the Fc heads to efficiently shuttle electrons from 

the gold surface toward the enzyme active site and to serve as enzymatic redox mediators. 
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Catalytic activity of the integrated Fc-PEG / PQQ-GDH system. 

Cyclic voltammetry was used to probe the catalytic activity of random arrays of fd particles decorated 

by the integrated Fc-PEG / PQQ-GDH system. To this aim, glucose was injected in the liquid cell holding 

the gold surface bearing the decorated fd-nanoarrays, and CVs were recorded at 10 mV/s.  

As can be seen in Figure 5B, the injection of glucose resulted in a spectacular increase in intensity of 

the CV current, accompanied by a remarkable change in shape of the signal: from being dominated by 

the capacitive component (red trace), the current developed a marked S-shape (blue trace).  

 

Figure 5. (A) Schematic representation of the catalytic oxidation of glucose by PQQ-GDH, coupled to electron transfer and 
transport processes occurring at the gold electrode surface supporting a random array of fd particles decorated by the Fc-PEG 
/ PQQ-GDH system. (B) Cyclic voltammetry (CV) response of the gold electrode supporting a random array of decorated fd 
in the absence of glucose (red trace) and in the presence of 30 mM glucose (blue trace). (C) Purely catalytic voltammogram 
derived from the CVs presented in (B) by subtracting the CV recorded in the absence of glucose from the signal recorded in 

its presence. Scan rate, 0.01 V/s. fd = 0.85 fd particles/µm2. Medium: Tris buffer. 

This change in shape is characteristic of the catalytic response of an integrated system, where both the 

mediator and the redox enzyme are immobilized on the electrode. In the present case, and as schematically 

represented in Figure 5A, electrons resulting from the oxidation of glucose by GDH are transferred to 

nearby oxidized Fc heads (Fc+), which play the role of enzymatic cofactors. Electrons are then relayed to 

the electrode surface by a composite charge transport process, implying physical elastic bounded motion 

of the Fc heads and electron self-exchanges between neighboring Fc/Fc+ heads.50 The high intensity and 

well-defined S-shape of the catalytic signal is thus a qualitative indication of the efficient coupling 

between electron transport and enzymatic catalysis in the fd-scaffolded immunoassembly. 
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As demonstrated earlier for integrated catalytic system,52 in the absence of kinetic limitation due to 

electron transport, a catalytic voltammogram icat vs. E, solely containing information on enzyme catalysis, 

can be conveniently obtained by subtracting the signal recoded in the absence of glucose from the 

catalytic signal obtained in its presence. The resulting subtracted signal, plotted in Figure 5C displays a 

remarkably well-defined, hysteresis-free S shape, typical of purely catalytic voltammograms. This 

notably enables accurate determination of the catalytic plateau current, icat,pl. 

Values of icat,pl measured for several gold surfaces bearing decorated fd nanoarrays, characterized by 

differing virus coverages, are plotted as a function of fd in Figure 4B. One can see that icat,pl increases 

linearly with fd up to fd ~ 1.5 fd / µm2, and reaches a plateau for higher fd values. In the absence of viral 

particles (fd = 0), a negligibly small catalytic current is recorded indicative of a trace amount of 

nonspecifically adsorbed IgG-PEG-Fc/IgG-GDH immunocomplexes on the electrode. These results 

evidence that the GDH molecules were specifically assembled on the virus capsid. The data presented in 

Figure 4B allow the average characteristic catalytic current generated by each individual fd particle, 𝑖௖௔௧
௙ௗ , 

to be calculated from the expression: 𝑖௖௔௧
௙ௗ  = icat,pl /(S fd), where S is the geometric surface area of the 

electrode. As seen in the inset in Figure 4B, a value of 𝑖௖௔௧
௙ௗ = 100 ± 10 fA per fd particle is found for all 

of the surfaces examined, independently of their virus coverage.  

Assaying the number of GDH enzyme molecules decorating the fd-particles. 

Our strategy for “counting” the number of GDH enzyme molecules decorating the fd particles is based 

on assaying the amount of its PQQ cofactor stripped from gold surfaces decorated by fd-nanorrays at 

various coverages of fd (see Supporting Information for details). For this, the surfaces were first treated 

by a 0.1 M pH 2.5 glycine buffer solution, in order to strip the antibodies off the viral scaffolds by 

disrupting antigen-antibody bonds. The recovered sample solution was then heated to 50 °C in order to 

trigger the spontaneous release of the non-covalently bound PQQ cofactors from GDH.53 The 

concentration of PQQ in the heat-treated sample was then assayed by introducing in solution an excess 

of apo-GDH. The activity of the thus reconstituted holo-GDH enzyme in solution was finally monitored 
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spectrophotometrically in the presence of glucose and soluble electron donors (see Supporting 

Information).54,55  

The PQQ-GDH used herein is a dimer, each monomer containing one PQQ moiety. Hence, 𝑁ீ஽ு
௧௢௧௔௟, 

the amount of PQQ-GDH molecules initially present on the surface (i.e. on the fd particles) was derived 

simply by dividing the amount of assayed PQQ by a factor 2. The interest of this original protocol to 

quantify the amount of fd-immobilized PQQ-GDH is to be totally independent of the actual activity of 

the fd-bonded enzyme.  

Figure 4C shows the value of the determined amount of PQQ-GDH, converted into an overall GDH 

coverage on the surface, GDH = 𝑁ீ஽ு
௧௢௧௔௟ /S, and determined for a series of gold surfaces characterized by 

various fd values. As can be seen, GDH increases linearly with fd for fd < 1.5 fd/µm2, indicating that in 

this low fd region, each fd particle carries on average 𝑁ீ஽ு
௙ௗ ൌ GDH /fd ~ 230 ± 30 GDH molecules, as 

shown in the inset. 

The number of 230 GDH per fd particles found here is in fair agreement with the number of ~ 180 

GOx molecules that, as showed previously, can be immunologically immobilized on randomly adsorbed 

fd particles.34 Considering that the adsorbed fd particle exposes half of its total capsid area of 18700 

nm2,56 and considering ~100 nm2 as the footprint of an IgG, one would expect that about 100 rabbit anti- 

fd IgG can bind to each fd particle. Since the anti-rabbit GDH conjugate is polyclonal, an estimate of 2-3 

copies of it can thus possibly bind per anti-fd IgG, resulting in an estimated saturating number of 200-

300 GDH molecules per fd. Hence it can be concluded that the packing density of GDH on the fd particles 

is close to its maximum, i.e. the GDH-IgG conjugate forms a “saturating” layer on the virus capsid. This 

results confirms our previous observation,22 and is in agreement with other works,30,35,57 showing that 

affinity binding allows high yield decoration of virus particles by enzyme molecules. 
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Quantifying the catalytic efficiency of the scaffolded integrated system, on the basis of the current 

per enzyme molecule parameter. 

Cross-analysis of the plots presented in Figure 4, enables to derive the 𝑖௖௔௧
௙ௗ  / 𝑁ீ஽ு

௙ௗ  ratio, which is the 

value of the catalytic current generated by each GDH molecule incorporated in the fd-scaffolded 

integrated system, 𝑖௖௔௧
ீ஽ு = 0.45 ± 0.09 fA per GDH molecule. Remarkably, this specific current per 

enzyme molecule is 7 to 15 times higher than the 0.03-0.065 fA specific current that can be calculated 

for the most effective integrated PQQ-GDH system reported to date.58  

This notable enhancement in specific current shows that electron transport, enzymatic activity and/or 

their coupling is superiorly efficient in our virus-scaffolded Fc-PEG / PQQ-GDH system compared to all 

other reported integrated systems.  

Note that the performances of integrated enzymatic systems are often discussed in terms of current 

density, rather than on the basis of the current generated per enzyme molecule as we do here (albeit the 

notion of current per mg of enzyme has been recently introduced for describing the performance of an 

enzymatic biofuel cell).59 In order to achieve high current densities, it is quite common in literature that 

the equivalent of several hundreds of enzyme monolayers are immobilized on an electrode, meaning that 

the sub-optimal activity of the immobilized enzyme is artificially compensated by the enzyme loading of 

the system. We suggest that the current per enzyme criteria, as introduced here, is also used as a figure 

of merit for comparing integrated enzymatic systems, as it is a test of the ability of the entrapped enzyme 

to work at its optimal rate. Once optimal enzymatic conditions are defined, high current densities can 

then be reached with minimal enzyme loading, which is obviously beneficial considering the cost of 

enzymes. More generally, expressing the performance of a catalytic system as a function of the amount 

of catalyst involved is common in the field of electrochemical catalysis,60,61 but strangely enough 

disregarded in the field of bioelectrocatalysis.  

The all-protein microenvironnment experienced by the enzyme in the on-virus immunological 

assembly, and the large enzyme-electrode separation, probably contribute to make our virus-scaffolded 
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integrated system so catalytically effective.31,62 In order to reveal in more details what are exactly the 

beneficial factors at play, a thorough kinetic analysis of its catalytic response was carried out by cyclic 

voltammetry.  

Kinetic analysis of the catalytic activity of GDH in the virus-scaffolded integrated system. 

Cyclic voltammograms were recorded at a gold electrode bearing random arrays of fd-particles 

immunodecorated by the Fc-PEG / PQQ-GDH system for increasing glucose concentrations. As seen in 

Figure 6A, it was observed that the plateau current of the catalytic signal increased in intensity with 

increasing glucose concentration, C°g, up to 30 mM, but then decreased when C°g was further increased. 

Figure 6.  (A). Catalytic voltammograms recorded at a gold electrode bearing fd particles decorated by the PQQ-GDH 
integrated system in Tris buffer containing glucose at the following concentrations: (a) 3 (black), 5 (red), 10 (light green), 30 
(blue) mM; (b) 30 (blue), 50 (cyan), 100 (orange), 200 (deep green) mM glucose. (B) Steady-state catalytic plateau currents 

icat,pl as a function of glucose concentration C0g for two surface coverages in decorated fd particles, fd. Plain lines are the 
theoretical fits of Equation 2 to the experimental data using the here-determined kinetic constants reported in Table 1. Scan 
rate (v = 0.01 V/s).  

This behavior is indicative of the well-documented substrate inhibition of PQQ-GDH.63,64 As a result, 

and as observed by others both for PQQ-GDH in solution,64 or reconstituted as monolayers on electrode 

surface,65 the variation of the catalytic plateau current, icat,pl, with the bulk glucose concentration, C°g, is 

bell-shaped, as seen in Figure 6B.  

The kinetics of glucose oxidation catalyzed by the enzyme PQQ-GDH, using single electron ferrocene 

mediators as co-substrates, has been studied in great details in literature.64 From these studies, it appears 

that PQQ-GDH displays a very complex catalytic behavior characterized by the co-existence of two 
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kinetic modes. A non-cooperative mode, where no kinetic interaction exists between the monomers in 

the dimer constituting this enzyme (each monomer containing a PQQ active site), and a cooperative mode, 

where glucose binding by one of the monomeric units accelerates the catalytic action of the other. It was 

also shown that the non-cooperative and cooperative modes were prevailing at low and high mediator 

concentrations respectively. Later it was reported that, in either of these modes, the stationary catalytic 

current generated by PQQ-GDH molecules confined on an electrode surface is given by the following 

expression:65 
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൫ଵା௄೔஼೒
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ା

಼ಾ
ೖ೎ೌ೟಴೒

బ

  (1) 

where C°g and Q0 are, respectively, the bulk glucose concentration and the oxidized mediator 

concentrations locally “seen” by the enzyme. Observation of a well-defined plateau in the catalytic CVs 

ascertains that glucose consumption is negligible, so that C°g can actually be taken as the bulk glucose 

concentration. kcat is the catalytic constant of the enzyme, KM the Michaelis constant for glucose, kox the 

second order rate constant corresponding to the oxidation of the enzyme by the mediator, and Ki the 

equilibrium constant of the enzyme inhibition by glucose.  

It was also shown that the individual values of the kinetic constants appearing in Equation 1 differed 

greatly between the non-cooperative and cooperative modes. 

As reported previously,52 for integrated systems, when neither electron transfer from the enzyme to 

the electrode nor electron transfer at the electrode limit the overall kinetics, Q0 is simply given by Nernst 

law. Q0 is thus related to 𝐶௣
ா, the total concentration of the mediator in both of its redox forms, and as 

“seen” by the enzyme, and also to the electrode potential E by: 

𝑄଴ ൌ 𝐶௣
ா/ሺ1 ൅ expሺെ 𝐹ሺ𝐸 െ 𝐸°ሻ 𝑅𝑇⁄ ሻሻ. 

It thus appears legitimate to tentatively analyze the series of experimental catalytic voltammograms 

we recorded on the basis of Equation (1), or more conveniently of its reciprocal expression: 
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which is actually a linearized theoretical expression for the catalytic voltammogram.  

Thus, as suggested by Equation 2, we plotted reciprocal of the catalytic current icat (E), measured along 

the experimental catalytic voltammograms for a wide range of E values, as a function of the expression: 

1+exp(-xsi), where xsi = F(E-E0)/(RT).  As can be seen in Figure 7 panel A, and as predicted by Equation 

2, extremely well defined linear variations were then obtained for all of the voltammograms recorded for 

various glucose concentrations, C°g. 

 

Figure 7. Kinetic analysis of the catalytic response of the integrated fd-scaffolded Fc-PEG / GDH system. (A) Primary plots 
where the reciprocal of the catalytic current (icat (E)) is plotted as a function of the 1 ൅ expሺെ𝑥𝑠𝑖ሻ term calculated all along 
the voltammograms shown in the insets (in the electrode potential region delimited by the double-headed red arrow shown). 
Each plot corresponds to a different glucose concentration, C°g, as indicated. (B) Secondary plots showing the dependence of 

: (left) the intercept of the primary plots with 1/C°g, (right) the slope of the primary plots with C°g. Scan rate, 0.01 V/s. fd = 
0.85 fd particles/µm2. Medium: Tris buffer. 
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Observation of such linear Lineweaver-Burk-like “primary plots” validates our analysis and initial 

assumptions. In particular, this result shows that in our integrated system, the overall kinetics of PQQ-

GDH can be phenomenologically described by the kinetic Equation 1, even though the kinetic mode 

adopted by GDH is not yet known. 

From Equation 2, it can be seen that the theoretical expression for the slope, s1, and origin, o1, of the 

primary plots are respectively given by: 𝑠ଵ ൌ  
ଵା௄೔஼°௚

ଶிௌ௰ಶ௞೚ೣ ஼°௣
 and 𝑜ଵ ൌ

ଵା௄ಾ ஼೒
బ⁄

ଶிௌ௰ಶ௞೎ೌ೟ 
. Hence, the slopes of each 

of the lines shown in Figure 7 panel A were plotted as a function of the corresponding value of C°g, and 

their origins as a function of 1/C°g. As can be seen in Figure 7 panel B, two linear “secondary” plots were 

thus obtained, in agreement with theory.  

Linear regression of the o1 vs. 1/C°g secondary plot (left plot in Figure 7 panel B), yielded best-fit values 

of : KM = (14 ± 2) mM and kcat = (8500 ± 1100) s-1. Similarly, linear fitting of the s1 vs. 1/C°g variation (right 

plot in Figure 7 panel B) yielded values of: Ki = (11 ± 3) M-1 and kox 𝐶௣
ா = (3 ± 0.7) 103 s-1.  

Determining the value of kox requires that the notion of the local concentration in mediator, 𝐶௣
ா, is now 

clarified. 𝐶௣
ா actually corresponds to the average local concentration in Fc heads as “seen” by the enzyme 

active site. Its value depends on the actual Fc-PEG coverage on the viral particles, on the respective 

positions of the IgG-PEG-Fc and GDH-IgG conjugate “layers” in the assembly, but also on the elasticity 

of the PEG chain. As discussed in details in Supporting Information, a reasonable estimate for 𝐶௣
ா can be 

obtained based on our previously introduced elastic bounded diffusion model adapted to describe the 

behavior of IgG-bound Fc-PEG chains in immunoassemblies.52 We thus derived a value of 𝐶௣
ா~ 12 µM, 

which yielded kox = (2.5 ± 0.6) 108 M-1 s-1.  

The set of values obtained here for kox, kcat, KM and Ki for fd-scaffolded integrated system  are gathered 

in Table 1 (Column (I)), and compared to those determined by Limoges et al. for PQQ-GDH, using 

ferrocene methanol as a mediator, and functioning in both of its kinetic modes in solution (Column (IV) 

and Column (V)).65 
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Table 1. Sets of kinetic constants, and specific current per GDH molecule, characterizing the catalytic activity of PQQ-GDH 
in various systems, configurations and kinetic modes as indicated. Columns (I) to (III) (gray background) present data derived 
herein on the basis of Equation 1, columns (IV) and (V) present data from reference 65.  

  

Comparing the data presented in Table 1, it appears that the values of both of the kinetic constants kox 

and kcat measured for our fd-scaffolded integrated system match those corresponding to the cooperative 

mode of PQQ-GDH in solution. The value found here for Km (14 ± 2 mM) is somewhat higher than 

reported for the cooperative mode of PQQ-GDH (4.7 ± 0.3 mM), but mostly is ~20 times higher than the 

Km value reported for the non-cooperative mode of the enzyme. Interestingly, the value of the inhibition 

constant Ki we find for our system is ~10 and ~3 times lower than reported for the cooperative and non-

cooperative modes respectively.  

Hence, our global observation of a particularly high activity of PQQ-GDH assembled on fd-

nanoscaffolds can now be understood on the basis of enzyme kinetics: within our virus-scaffolded 

assembly, the conditions are such that the enzyme spontaneously adopts its cooperative mode. Besides, 

as an extra (less decisive) benefit, the fd-supported enzyme displays somewhat lower inhibition with 

respect to glucose than it does in its native state.  

The simplest explanation for this unprecedented result is that the dense molecular arrangement of the 

IgG-PEG-Fc and GDH conjugated antibodies on the fd-scaffold, results in a local concentration in Fc 

heads sufficiently high to favor the cooperative mode of the enzyme. Actually, one can evaluate from the 
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above data that each GDH molecule is, on average, surrounded by ~18 ± 5 Fc heads. The reason for a 

lower sensitivity to inhibition by glucose of the fd-scaffolded PQQ-GDH enzyme is not clear at this stage.  

Demonstrating that enhanced bioelectrocatalysis is due to scaffolding. 

In order to elucidate which part of these catalysis enhancing effects are due to confinement of the 

integrated system on the fd-scaffold, or to the particular molecular architecture of the immunological 

construct, we assembled the integrated system as an immunological monolayer on a planar gold surface 

(see scheme on top of Column (II) in Table 1). For this, the viral scaffold was replaced by a saturated 

monolayer of rabbit- Fab fragments, as they display approximately the same diameter (~5 nm)46 as fd-

particles. We then fully characterized the catalytic response of the electrode. As can be read in Table 1, 

bottom line, the current per GDH molecule recorded for such system was of only 0.08 fA, i.e. about 6 

times lower than for the virus-scaffolded system. The kinetic constants derived from kinetic analysis were 

accordingly very low, even lower than expected for the non-cooperative mode of GDH. This latter result 

indicates that, when the system is assembled on a planar surface, the rate of electron transport, and not 

only GDH kinetics, contributes to the kinetic control of the catalytic current. Such is expected here since, 

in a planar monolayer configuration, mere elongation of the 30 nm long fully extended PEG chains cannot 

allow the Fc+-heads to directly collect electrons from the remote electrode surface. However, the fact that 

a catalytic current is nevertheless recorded suggests that hinge-like motion of the antibodies constituting 

the assembly provide an extra degree of freedom to the system, enabling electron transport from the 

enzyme to the electrode surface by electron hopping/elastic bounded diffusion. 

The above comparative results demonstrate that the optimal catalytic response observed for the virus-

scaffolded integrated system can unambiguously be attributed to a beneficial nano-scaffolding effect.  

In search of the mechanism underlying such an effect, we assembled a non-integrated two-IgG 

construct comprising solely the anti-fd antibody and the PQQ-GDH conjugate (see Column (III) in Table 

1), and we interrogated its activity by cyclic voltammetry, using ferrocene methanol as a soluble mediator. 

We restricted our-selves to a low concentration in mediator (3 µM), where the enzyme works in its non-
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cooperative mode, since previous work showed that for higher mediator concentrations glucose diffusion 

partially controls the catalytic CV signals, which interferes with kinetic analysis.65 The kinetic and 

thermodynamic constants we determined for the non-integrated scaffolded system are reported in Table 

1, Column (III). Comparing the data presented in Column (III) and Column (IV) shows that the activity 

of PQQ-GDH is virtually the same whether the enzyme is scaffolded on the fd particles or free in solution.  

This result confirms that the immunological assembly process fully preserves the activity of the enzyme, 

but also that scaffolding by itself does not enhance the catalytic performances of PQQ-GDH. Hence, we 

can conclude that the catalytic enhancement effect observed here for the integrated system is due to the 

confinement of both the enzyme and the redox mediator on the fd-scaffold. Our interpretation is that this 

effect is rooted in the nanoscale hemicylindrical geometry of the fd-scaffolded assembly which, as 

represented schematically in Figure 5A, facilitates access to the electrode for the Fc heads, but also 

accelerates electron transport within the assembly. This not only cancels the kinetic limitations due to 

electron propagation to/from the enzyme but also, by insuring a high local concentration in Fc heads in 

the vicinity of the enzymatic sites, drives PQQ-GDH toward its most effective catalytic mode.  

We believe that the present work is a rare example where the effect of enzyme nano-scaffolding could 

be so clearly evidenced, and explained on sound enzyme kinetics and (nano)-topological basis. This is 

the first time that such an effect is evidenced for a fully integrated enzymatic system. 

Conclusion.  

It has been shown herein that assembling an integrated enzymatic system on a viral nanoscaffold 

strongly enhances its catalytic performance compared to non-scaffolded systems. We elucidated the 

physical reason underlying such a catalytic improvement in the present case: the hemicylindrical 

arrangement of the system’s molecular components on a nanometer-sized rod-like scaffold enhances the 

rate of mediated electronic communication between the enzyme and the supporting electrode. As a result, 

the only kinetic limitation to the current generated by the integrated system is enzyme kinetics. As a 

benefit of the enzyme-friendly microenvironment provided by the immunological assembly, the enzyme 
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PQQ-GDH can remain fully active. Moreover, confinement of the Fc-PEG on the virus scaffold results 

in a high local mediator concentration, which shifts the enzyme behavior into its most effective 

cooperative mode. Consequently, the current generated by each of the GDH molecules incorporated in 

our fd-scaffolded system reaches its maximal, enzyme kinetics limited value, which significantly exceeds 

the current-per-enzyme molecule generated by other integrated PQQ-GDH systems reported in literature. 

More generally, we are not aware of any glucose oxidizing immobilized PQQ-GDH electrode where the 

enzyme was shown to work in its high-current generating cooperative mode.  

Although the present work is of fundamental nature, it sets some rules for improving the performances 

of PQQ-GDH integrated glucose biosensors and bioanodes, as we showed that optimal current-per-

enzyme is achievable via virus particle-based nanostructuring of enzyme electrodes. However, for these 

applications high current densities is also required, which is typically achieved in literature by 

immobilizing the equivalent of multiple enzyme layers. Hence, a possible development of the present 

work would be forming multilayers of PQQ-GDH decorated fd particles, using for example layer by layer 

electrostatic assembly of fd/polyelectrolyte polymers,66 to ensure both optimal enzyme activity and high 

current density. 

Materials and methods 

Biological Material. 

Virus particles. Fd viruses were grown and purified as described elsewhere.67 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 cm2/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 detailed in Supporting Information. The anti-GDH 



 25

polyclonal antibody was custom produced in rabbit by Genosphere Biotechnologies using apo-GDH 

monomers as antigens (see Supporting information). 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 in Supporting Information. Apo-GDH (GD-2) used for the PQQ assays was 

acquired form Sekisui enzymes. 

Chemicals and solutions. All chemicals were analytical grade Sigma-Aldrich products and used as 

received, expect for PQQ that was a gift from the group of Dr. Benoit Limoges. All solutions were 

prepared with double-deionized water (18.2 MΩ 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-HCl buffer 

at pH 7.5. Phosphate buffer was used for the preparation of the fd bacteriophage solutions and of the anti-

fd antibody solutions employed for the assembly of the fd-scaffolded integrated system. Phosphate buffer 

was also the imaging medium for the in-situ AFM and AFM-SECM experiments. Tris buffer was used 

to prepare the solutions of GDH-IgG conjugate, of anti-GDH IgG and of Fc-PEG-IgG, required for the 

successive system assembly steps. Tris buffer was also the supporting electrolyte for the CV and SWV 

experiments. We chose Tris buffer over phosphate for these solutions/experiments since we observed 

increased stability of PQQ-GDH activity in Tris. All antibody solutions contained 1 mg/ml BSA. 0.01 % 

sodium azide was added as a preservative to the antibody solutions if used or stored for longer than a few 

hours at room temperature. All solutions and systems were protected from light with aluminum foil during 

investigation and storage.  

Preparation and characterization of the redox secondary antibody, IgG-PEG-Fc. Fc-PEG chains 

were covalently conjugated to goat anti-rabbit IgGs by reacting the NHS activated ester of a home 

synthesized NHS-PEG3500-Fc chain with the amino groups of the IgG species, as previously described.44 

The purified IgG-PEG-Fc product used in this study is decorated by a number of Fc-PEG molecules per 

IgG protein, n ~ 27 ± 3, as determined by MALDI-TOF MS. Briefly, the IgG-PEG-Fc sample and its 
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starting IgG were (after reconstitution in a 0.1M ammonium acetate buffer) analyzed by MALDI-TOF 

MS on a UltrafleXtreme mass spectrometer (Bruker Daltonics). Sinapic acid (Aldrich) at a concentration 

of 45 mM in 50:50 water/acetonitrile (0.05% TFA) was used as a matrix. MALDI-TOF (positive ion 

mode) m/z data: Starting IgG, Singly charged ion M+ 147121, Doubly charged ion M2+ 73179 ― IgG-

PEG Fc conjugate, Singly charged ion M+ 253675 Doubly charged ion M2+ 126337. Calculated M+ for 

[IgG + 27.3 PEG3500-Fc] ~ 253600 (knowing that the average molecular mass for the Fc-PEG3500 chain 

is ~ 3900).  

Production of GDH, preparation and characterization of the GDH-IgG conjugate. See Supporting 

Information. 

Preparation of the ultra-flat gold electrodes. Ultra-flat gold surfaces were produced by template-

stripping of a 200 nm thick gold layer deposited on mica, as previously described.68 A perforated Teflon 

adhesive mask was glued onto the surface in order to define a 4 mm diameter disk-shaped electrode. All 

subsequent surface modification steps were carried out by depositing/rinsing with ~20 µL drops of 

solutions confined to the electrode area by the hydrophobic Teflon mask.  

Preparation of cysteaminated-gold surfaces. A 20 µL drop of a 5 mM cysteamine hydrochloride (HS-

(CH2)2-NH3
+, Cl-) solution in water was left in contact with the electrode for 2 h under a water-saturated 

nitrogen atmosphere. The surface was then thoroughly rinsed by droplet replacement of cysteamine with 

water (twice) and then with phosphate buffer (twice). Drop replacement was cautiously carried out to 

avoid drying of the surface. Note, thiol functionalized surfaces were kept under a water-saturated nitrogen 

atmosphere in all subsequent assembly steps to prevent oxidative desorption of the cysteamine layer from 

the gold surface. 

Adsorption of random fd nanoarrays on cysteaminated gold. A 20 µL solution of phosphate buffer 

containing fd particles at 0.1 to 1.7 g/mL ((0.4 to 7.0) x 1010 phage particles /mL) was deposited onto 

the cysteaminated gold surface for 5 minutes. The surface was then rinsed by two droplet replacement 

steps and left under phosphate buffer for 10 minutes for desorption of any weakly bound material.  
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Protective BSA backfilling. Fd bearing surfaces were backfilled with a protective BSA layer by 

adsorption from a 20 µL drop of 2 mg/mL BSA in phosphate for 1 h followed by two 10 minutes rinsing 

steps by drop replacement with phosphate buffer. 

Assembly of the anti-fd antibody. The surface was left in contact for 1h with a 20 µL droplet of a 2 

g/mL (~0.8 1013 molecules/mL) solution of the anti-fd rabbit antibody. After two 10 minutes drop 

replacement rinsing steps, 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. This overnight 

storage/desorption step was found to be important for reducing non-specific binding of subsequent 

antibodies onto the surface. 

Assembly of the PQQ-GDH conjugated antibody. A 20 µL droplet of a 5 µg/ml (~1.2 1013 

molecules/mL) anti-rabbit GDH-IgG conjugate in Tris buffer was left in contact with the surface for 2 h. 

Two drop replacement rinsing steps with Tris buffer containing 1mg /mL BSA followed. 

Assembly of the anti-GDH antibody. The surface was left in contact for 1h with 20 µL of a 5 µg/ml 

solution of the rabbit anti-GDH IgG in Tris buffer. Rinsing was then carried out by drop replacement 

with Tris buffer containing 1mg /mL BSA. 

Assembly of the IgG-PEG-Fc antibody. 20 µL of a 20 µg/ml solution of the home prepared anti-rabbit 

IgG-PEG-Fc in Tris buffer were deposited on the surface, the assembly reaction was left to proceed 

overnight at 4°C.  

When required, the surfaces were stored at 4°C in Tris buffer, being placed in a water-saturated 

nitrogen atmosphere.  

Assaying the amount of PQQ-GDH molecules immuno-scaffolded on fd-particles. The assay protocol 

developed in this work is fully described in Supporting Information. Briefly, the antibodies of the 

immunoassembly are stripped off the fd-scaffolds, PQQ is thermally released from the IgG-GDH 

conjugate and assayed spectrophotometrically by an enzymatic method. 
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AFM imaging. Tapping mode AFM images were acquired with a Nanowizard II microscope (JPK, 

Germany). In-situ (i.e. in phosphate buffer) imaging was carried out with V-shaped contact mode probes 

(MLCT-AUMN or MSNL-10, Bruker, spring constant 0.1 N/m, tip curvature 20 nm).  

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

operated in AFM-SECM mode as previously described.39 The AFM-SECM tips were hand-fabricated 

according to a procedure detailed elsewhere.69 The standard JPK electrochemical liquid cell contained 

900 µL of filtered phosphate buffer solution, and was equipped with a platinum wire as a counter-

electrode, and a micro Ag/AgCl reference electrode. All potentials in this work are reported versus the 

KCl saturated calomel electrode reference SCE. A home-made bipotentiostat was used to control 

independently the potential applied to the TS gold surface and to the electrochemical tip, and to measure 

the tip current. The tip current signal was passed through a 10 Hz low-pass analogue filter. The current 

images were first order flattened and a light gaussian filter was applied. Images shown in text were 

processed using the JPK software. 

Electrochemical analysis. The surface was mounted in a standard JPK electrochemical liquid cell. Cyclic 

voltammograms (CVs) were recorded with a CHI630C electrochemical workstation, in a three electrode 

configuration, using the platinum wire counter electrode encased in the JPK cell, and a standard KCl-

saturated calomel electrode (SCE) inserted in the middle of the cell. Temperature of the air-conditioned 

room was around 22 °C. Measurements were carried out under ambient atmosphere, PQQ-GDH being 

insensitive to oxygen. Note, the stock solutions of glucose in Tris buffer were allowed to mutarotate 

overnight. When not in use the electrodes bearing the Fc-PEG / PQQ-GDH system were stored at 4°C in 

Tris buffer. Upon one week storage, a maximal loss of ~15 % in catalytic activity was typically observed. 

 

Supporting Information Available 

Detailed experimental protocol for assaying the number of enzyme molecules borne by the viral particles. 

Demonstrating that the immunoassembly process yields saturated antibody layers onto the viral particles. 
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Correlation between the ferrocene head coverage on the electrodes, determined by CV, and the intensity 

of the corresponding SWV signals. Estimation of the concentration of ferrocene heads “seen” by the 

enzyme. Production of holo-GDH. Preparation and characterization of the GDH-IgG conjugate. This 

information is available free of charge via the Internet at http: //pubs.acs.org.  
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