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1. Introduction

In living cells, many enzymes involved in metabolic path-
ways are organized in ordered supramolecular enzyme 
complexes, supported by scaffold proteins.[1] This nanoscale 
organization endows biological synthetic pathways with 
unmatched efficiency and specificity. It is therefore highly 
tempting to try mimicking this natural enzyme organiza-
tion for designing bioreactors enabling the synthesis of 
valuable metabolites of industrial or medical importance, 
but also for enhancing the sensitivity of enzyme-based sen-
sors.[2] In parallel, fundamental studies are also required to 
try to understand how spatial organization modulates the 
catalytic efficiency of natural scaffolded enzymatic systems. 
To achieve this goal, model nanoscale enzymatic platforms 
have been designed and their functional behavior interro-
gated.[2] In these systems enzymes are typically assembled at 
the surface of, or within, nanometer-sized scaffolds, referred 
to as enzyme nanocarriers,[3] which may be inorganic nano-
particles, liposomes, polymersomes, DNA origamis, or even 
viruses.[4] Of particular interest is the co-immobilization of DOI: 10.1002/smll.201603163

Organizing active enzyme molecules on nanometer-sized scaffolds is a promising 
strategy for designing highly efficient supported catalytic systems for biosynthetic 
and sensing applications. This is achieved by designing model nanoscale enzymatic 
platforms followed by thorough analysis of the catalytic activity. Herein, the virus fd 
bacteriophage is considered as an enzyme nanocarrier to study the scaffolding effects 
on enzymatic activity. Nanoarrays of randomly oriented, or directionally patterned, 
fd bacteriophage virus are functionalized with the enzyme glucose oxidase (GOx), 
using an immunological assembly strategy, directly on a gold electrode support. The 
scaffolding process on the virus capsid is monitored in situ by AFM (atomic force 
microscopy) imaging, while cyclic voltammetry is used to interrogate the catalytic 
activity of the resulting functional GOx-fd nanoarrays. Kinetic analysis reveals 
the ability to modulate the activity of GOx via nanocarrier patterning. The results 
evidence, for the first time, enhancement of the enzymatic activity due to scaffolding 
on a filamentous viral particle.
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several different enzymes on a single nanocarrier in order to 
reconstitute enzymatic cascades. In this arrangement multiple 
enzymes catalyze a series of conversions. This sequential 
organization is supposed to be a key factor for the efficiency 
of natural enzymatic nanosystems.[5] Several artificial enzy-
matic cascades have been recently assembled on various sup-
ports and catalytic enhancement has indeed been observed 
in some cases.[6] Yet it has, surprisingly, also been shown that 
even much simpler scaffolded enzymatic systems, involving 
only a single type of enzyme (and not a cascade), can equally 
display enhanced catalysis.[7] This effect has been reported 
for many different types of enzymes immobilized on various 
nanometer-sized particles, ranging from gold nanoparticles to 
carbon nanotubes and graphene nanosheets.[8] Virus particles 
have also attracted a lot of attention as enzyme nanocarriers 
to study scaffolding effects on enzymatic activity.[9] The rea-
sons for such an interest are that viruses are nanometer to 
micrometer-sized monodisperse particles, offering a large 
shape diversity and a highly ordered architecture specifi-
cally enabling spatially controlled assembly of biomolecules. 
Besides, viral particles themselves can be patterned onto solid 
supports using top-down technologies,[10] which opens the yet 
unexplored possibility of producing highly ordered arrays 
of functional viral particles with order-related properties. In 
literature, one can find several reports where the catalytic 
activity of various types of such virus-supported enzymatic 
systems has been assessed, the enzyme molecules being either 
attached to the surface of the virus[9c,f,j,k] or encapsulated 
inside.[9b,d,e,g–j] However, in spite of these studies, the effects 
on the enzymatic performance of enzymes attached to viral 
particles remains unclear as they differ depending on the 
system considered.[9a] In many cases, enzymes borne by virus 
particles were simply found to display the same activity as 
when freely dispersed in solution.[9b,c,f,h–k] In other instances, 
the activity of virus-bound enzymes was found to be either 
enhanced[9e] or inhibited.[9d,g] Interpretation of these varia-
tions is quite complex since many factors, such as substrate 
mass transport to/within the enzyme nanocarrier, or macro-
molecular crowding, can simultaneously modulate the overall 
reaction rate. The question of whether classical Michaelis–
Menten kinetics can be applied to analyze the behavior of 
virus-scaffolded enzymatic systems has even been raised.[9a]

In order to address these issues, herein, we assemble 
randomly oriented, or directionally patterned, arrays of fd 
bacteriophage, as the viral scaffold, onto a gold electrode 
surface. The surface-immobilized bacteriophage particles are 
immunodecorated by the enzyme glucose oxidase (GOx) by 
making use of virus-specific antibodies, further recognized 
by GOx-conjugated antibodies. The step-by-step immuno-
logical construction of the enzymatic assembly on the virus 
protein shell (capsid) is monitored in situ by atomic force 
microscopy (AFM) imaging. The catalytic activity of the final 
electrode-supported functional virus-nanoarrays is probed 
by cyclic voltammetry using the one-electron mediator ferro-
cenedimethanol as the GOx cosubstrate. This configuration 
allows the kinetic behavior of the virus-supported enzyme to 
be fully characterized.

The individual values of the enzymatic rate constants are 
determined for both directionally patterned and randomly 

oriented glucose oxidase-functionalized viruses, and com-
pared to the values measured for the enzyme immunologi-
cally assembled as a monolayer onto gold electrodes in order 
to reveal enzyme scaffolding and scaffold-ordering kinetic 
effects.

2. Results and Discussion

Fd bacteriophage was chosen as the enzyme nanocarrier as it 
is closely related to the M13 bacteriophage commonly used 
for nanobiotechnological[11] and sensing applications.[12] The 
fd bacteriophage is a ≈880 nm long, 6.6 nm diameter semi-
rigid filamentous virus specifically infecting Escherichia coli 
bacteria (see Figure 1).[13] It is composed of ≈2700 copies of 
a major coat protein (P8), packed around a single-stranded 
circular DNA, and of a few copies of four other proteins con-
stituting each of its (dissimilar) extremities. The isoelectric 
pH of fd is ≈4.2, hence in physiological conditions the phage 
capsid is highly negatively charged, displaying a linear charge 
density of ≈10 e− nm−1 at pH 7.4.[13]

GOx was employed as the enzyme to build a functional 
nanoscaffolded catalytic system due to its importance and 
broad use in biosensing. Moreover, its kinetics, both in solu-
tion and on surfaces, are very well established,[14] and as a 
redox enzyme, its catalytic behavior can be very finely probed 
by electrochemical techniques.[15] An antigen-antibody reac-
tion was used for functionalization of fd nanocarriers with 
enzymes as this method has previously proven to allow for 
the immobilization of GOx onto surfaces whilst fully pre-
serving its catalytic activity,[16] allowing for the kinetic effects 
of nanoscaffolding to be studied.

2.1. Step-by-Step Assembly of Random Arrays 
of GOx Immunodecorated fd

An original aspect of the present work is that the virus-borne 
enzymatic system is directly assembled on a sensing surface, 
a gold electrode, rather than assembling it in solution as com-
monly done. The major advantage of direct surface assembly 
is that separation of the building elements (free antibodies) 
and decorated virus particles is immediate. However, strong 
binding of fd to the electrode surface is required.

Spontaneous adsorption of fd as a way of anchoring the 
virus to an ultraflat template-stripping (TS) gold surface 
was first attempted, however, in contrast to what has been 
observed with other viruses (lettuce mosaic virus and potato 
virus A),[17] mere adsorption from solution does not result in 
stable enough anchoring of fd to bare gold. Hence, we modi-
fied the gold surface with a positively charged self-assembled 
layer of cysteamine, promoting electrostatic adhesion of the 
negatively charged fd particles (at pH 7.4).[18] Once fd was 
adsorbed on a cysteaminated surface, the surface was then 
imaged in situ (PB (phosphate buffer), pH 7.4) with AFM 
tapping. For example, 5 µm × 5 µm topographical image 
(Figure 1A) showed numerous filamentous ≈900 nm long and 
≈6 nm high particles, ascribable to intact individual fd virions 
randomly organized on the surface. The viruses seen in the 
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images appear much wider than they actually are (apparent 
width ≈80 nm) due to a well-known tip convolution artifact. 
Hence, the apparent widths of viruses are only considered 
qualitatively.

A 1 h bovine serum albumin (BSA) backfilling step was 
carried out to prevent nonspecific adsorption of the biomol-
ecules involved in the construction processes. The presence of 
the BSA layer was revealed in AFM images by an increased 

roughness in the background-areas extending between the 
virus particles (Figure 1B). An apparent 4 nm decrease in 
height of the virus particles was also observed, indicative 
of partial embedding of the fd particles by the surrounding 
BSA molecules.[15] Subsequently, the surface was exposed 
to the primary anti-fd antibody for 45 min. Post in situ AFM 
imaging showed a remarkable increase in virus height and 
width indicative of effective immunobinding of the anti-fd 
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Figure 1. Schematic representation of fd phage and the sequential steps for construction of GOx-decorated fd random nanoarrays on TS-gold. In 
situ tapping mode AFM images of the arrays at each assembly acquired immediately following: A) Adsorption of fd, B) surface backfilling by BSA, 
C) recognition of fd by the primary anti-fd IgG, and D) recognition of the primary IgG by the GOx-conjugated secondary antibody. Below each image 
are cross-sections taken: (i) along the individual fd particles marked by arrows (pink traces) and (ii) along the vertical green lines shown in the 
image (green traces). fd concentration used for adsorption [fd]ads = 1.9 µg mL−1. γfd ≈ 1.7 particles µm−2.
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immunoglobulin G (IgG) to the virus surface (Figure 1C). 
The increase in virus height was of ≈6–8 nm, which cor-
responds to the dimension of an IgG molecule (≈10 nm)—
albeit slightly smaller.[19] It is widely known that during 
tapping mode AFM imaging of soft materials, including bio-
molecules, small height discrepancies are observed owing to 
sample–tip interaction. Moreover, it was previously reported 
that IgGs bound to virus capsids are imperfectly sensed by 
AFM probes,[20] likely due to their inherent flexibility. Both 
effects likely contribute to these observations herein.

Finally, the surface was exposed to the glucose oxidase-
conjugated antirabbit antibody (IgG-GOx) for ≈15 h (over-
night). Subsequent AFM images showed that the apparent 
width and height of the virus particles had further increased 
(see Figure 1D). The 10–15 nm increase in height was close 
to the estimated molecular size of the IgG-GOx conjugate 
(≈20 nm) and thus demonstrates the effective immuno-
assembly of the conjugate onto the fd particles. Note, the 
change in virus height and width was observed for all of the 
viruses in the images and along the full length of each of 
them, suggesting a very high degree of immunodecoration by 
the IgG-GOx conjugate. Importantly, besides virus particles, 
very few objects can be seen on the surface that are likely 
sparsely adsorbed immunocomplexes, confirming specific 
immunodecoration of fd viruses with enzyme tagged anti-
bodies is achieved. The randomly oriented nanoarrays appear 
partly intertwined but are easy to individualize and count, 
allowing for an average virus coverage on the surface (γfd) 
to be obtained. Varying the fd solution concentration enabled 
the γfd to be tuned from 0.5 up to 2 particles µm−2 (Figure S1, 
Supporting Information).

2.2. Probing the Catalytic Activity of Randomly Oriented 
GOx-fd Nanoarrays

Voltammetric measurements were carried out to probe the 
catalytic activity of random GOx-fd nanoarrays in deoxy-
genated PB pH 7.4 containing ferrocenedimethanol, Fc. 
A representative cyclic voltammogram (CV) is shown in 

Figure 2A (red trace). The voltammogram is typical of dif-
fusive redox species undergoing fast and reversible (i.e., 
Nernstian) (one) electron transfer at the electrode surface; 
the peak current of the forward wave is proportional to the 
square root of the scan rate and the peak-to-peak separa-
tion is close to 60 mV. The average of the forward and return 
peak potentials is ≈0.235 V per saturated calomel electrode 
(SCE), corresponding to the standard potential E° of ferro-
cenedimethanol as measured at a bare gold electrode.[21] 
The data confirm electron transfer between the underlying 
gold electrode and freely diffusing Fc is not inhibited by 
the (bio)molecular species present on the electrode surface. 
Importantly, in situ AFM imaging carried after CV measure-
ments shows the GOx-fd arrays intact, verifying the virus 
nanoarrays are not damaged during electrochemical interro-
gation (see Supporting Information).

Upon injection of glucose into the Fc solution, to a 
final concentration of 100 × 10−3 m, the CV signal markedly 
increased in intensity, whilst seemingly losing its reversibility 
(see Figure 2A, blue trace), an expected response evidencing 
enzymatic catalysis of glucose oxidation, where GOx uses 
the oxidized form of Fc (the ferroceniumdimethanol, Fc+) 
produced at the electrode as a redox cosubstrate.[16] The 
resulting regeneration of Fc triggers the catalytic cycle repre-
sented in Figure 2B.

The GOx-catalyzed oxidation of glucose mediated by ferro-
cene species can be represented by the following sequence of 
reactions:[15]

�P Q e
E

++ −
°

 

2Q EFADH 2P EFAD 2H2
oxk+  → + + +

 

G EFAD EFAD G1

1

k
k+ ← → −

−  
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Figure 2. A) CV, i versus E, of ferrocenedimethanol (Fc) (0.25 × 10−3 m in deoxygenated 10 × 10−3 m PB, pH 7.4) recorded at a gold electrode bearing 
GOx-decorated fd particles, either in the absence (red trace) or in the presence (blue trace) of 100 × 10−3 m glucose. B) Schematic representation 
of the catalytic cycle taking place at the GOx-immunodecorated fd particles adsorbed on the surface. C) Purely catalytic CVs, icat versus E, derived 
for surfaces bearing either no viruses (bottom, pink beige trace) or GOx-decorated fd particles of coverages γfd: 0.5, 1.3, and 2.5 particles µm−2 
(green, orange, and blue traces, respectively). In situ AFM images of the surfaces corresponding to each catalytic CV are also shown. Scan rate 
10 mV s−1. T = 25 °C.
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where P and Q are the reduced (Fc) or oxidized (Fc+) forms 
of the ferrocene cosubstrate. EFADH2, EFAD, and EFAD-G 
represent the prosthetic group of GOx (the enzyme-bound 
flavin adenine dinucleotide, EFAD) in its reduced state, in its 
oxidized state, and its complexed state, respectively. G is glu-
cose and Gl is the enzymatic product gluconolactone.

Full kinetic characterization of enzyme activity can be car-
ried out by analysis of CVs using a methodology introduced 
previously in a related context.[16] In this earlier work, GOx 
was immunologically immobilized onto electrodes bearing a 
layer of adsorbed IgGs. It was shown that the immunological 
immobilization permitted a positioning of the enzyme suffi-
ciently far away from the electrode surface to not be denatur-
ated, but sufficiently close enough for diffusional limitation 
of the Fc+ cosubstrate to be negligible. Hence, the entire flux 
of Fc produced by the enzyme molecules is then collected at 
the electrode.

The above conditions are also fulfilled here as the immo-
bilization strategy is the same and the enzyme-electrode 
separation is equally small (see “estimation of Fc+ diffusion 
layer” in the Supporting Information). As demonstrated pre-
viously, in such a case, the following statements apply

(i) The CV current, i, recorded during enzymatic catalysis is 
simply given by

0 cati i i= +  (1)

where i0 is the current recorded in the absence of catalysis 
(i.e., without glucose), and icat is the current specifically due 
to the catalytic activity of the enzyme. The catalytic current, 
icat, is directly related to the rate of the enzymatic reaction 
vez, and, assuming Michaelis–Menten kinetics, is given by 
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where /M
Fc

cat oxK k k=  is the ratio of the enzyme turnover 
upon the kinetic constant for enzyme oxidation by ferroce-
nium Fc+ and ( )/M

G
cat 1 1K k k k= + −  is the Michaelis constants 

for glucose. [G] is the glucose concentration sensed by the 
enzyme, nE is the number of moles of enzyme species on the 
surface, as defined in the above kinetic scheme. Hence, nE is 
actually the total amount of enzyme-bound flavin.

(ii) The Fc+ concentration “as seen” by the surface-confined en-
zyme equals Q0, the Fc+ concentration at the electrode sur-
face, which is simply related to the electrode potential, E, by

= + − −° °Q C F E E RTNernst law : /(1 exp( ( )/ ))0 P  (3)

where °CP  is the bulk concentration of cosubstrate and E° is 
the standard potential of the Fc/Fc+ redox couple.

As suggested by Equation (1), icat is experimentally deter-
mined by subtracting the CV signal recorded in the absence 
of catalysis (of glucose) from the signal recorded after 
injection of glucose (see Figure 2A). Figure 2C (blue trace) 
shows the result of this subtraction, a sigmoidal-shaped icat 
versus E steady state voltammogram typical of a purely 

catalytic regime, as predicted by Equations (2) and (3), con-
taining all the kinetic information characterizing the catalytic 
behavior of the virus-bound enzymes. The observation of an 
extended plateau current in the E >> E° region demonstrates 
that, due to its large excess, consumption of glucose by the 
enzymatic reaction is negligible and the glucose concentra-
tion sensed by the enzyme is the bulk concentration °CG , i.e., 
[G] = °CG  in Equation (2). Hence, as a benefit of the experi-
mental configuration explored here, kinetic information can 
be obtained without interference from substrate or cosub-
strate mass transport limitations.

Importantly, we observed that the intensity of the plateau 
current icat, pl is also a function of the virus coverage, γfd. This 
is evidenced in Figure 2C where catalytic voltammograms 
acquired at surfaces of various virus coverages are repro-
duced, but also in Figure 3A, where a large set of icat, pl versus 
γfd data is plotted. Demonstrating that it is the GOx mol-
ecules specifically bound to the virus that are electrochemi-
cally interrogated and not nonspecifically adsorbed enzymes. 
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Figure 3. Intensity of the catalytic plateau current, icat, pl, recorded at 
electrodes bearing either A) random or B) oriented nanoarrays of GOx-
decorated fd bacteriophages as a function of fd surface coverage, 
γfd. The right Y-axis is the overall electrode GOx coverage, ΓGOx in 
molecules µm−2, calculated from each icat, pl value as described in the 
text. The insets show the number of GOx molecules borne by fd-viruses, 
nGOx, as given by the ΓGOx/γfd ratio calculated for each data point.
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Indeed, in the absence of virus (γfd = 0) a weak and distorted 
icat versus E signal was obtained (Figure 2C, lower trace), 
pointing to negligibly trace amounts of GOx-conjugate on 
the surface.

The kinetic behavior of scaffolded GOx molecules can 
be quantitatively analyzed using the icat versus E purely cata-
lytic signal as the electrode potential, E, corresponds to the 
cosubstrate concentration, Q0. The exact value of Q0 is cal-
culated from Equation (3) and varies all along the potential 
scan, from 0 × 10−3 m at the foot of the voltammogram up 
to C°P (0.25 × 10−3 m) in the plateau region. As a result, the 
icat versus E voltammograms can be directly converted into 
icat versus Q0 kinetic curves reflecting the dependence of the 
enzymatic rate on the cosubstrate concentration. A series of 
such experimental curves, corresponding to various glucose 
concentrations, are plotted in Figure 4 (left) and display 
the typical “saturating” behavior characteristic of enzyme 
kinetics.

Classical Lineweaver–Burk primary plots were then 
derived from these raw kinetic curves by plotting 1/icat as a 
function of 1/Q0. One can see from Figure 4 (center) that 
perfectly linear 1/icat variations are then obtained over an 
extremely wide range of 1/Q0 values, corresponding to actual 
cosubstrate concentration at the electrode in the 1 × 10−6 to 
0.25 × 10−3 m range. The observed linearity evidences that the 
scaffolded GOx molecules obey Michaelis–Menten kinetics, 
confirming the starting assumption, see Equation (2) above. 
Hence, for the quantitative interpretation of the primary 
plots, one can justifiably make use of the following theoret-
ical expression derived from Equation (2)
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1 1
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(4)

As predicted by this latter equation, the primary plots cor-
responding to the range of glucose concentrations explored 
form nicely parallel lines (see Figure 4, center) and from 
their common slope a value for the first global parameter 

was obtained, /(2 )M
Fc

E catK Fn k . The intercept of the primary 
plots as a function of the reciprocal of glucose concentra-
tion yielded the secondary plot shown in Figure 4 (right). 
The slope and the intercept of this plot provided the value 
for the second global parameter, K Fn k/(2 )M

G
E cat , and the 

1/(2 )E catFn k  ratio, respectively. These values were then used 
to derive two individual Michaelis constants that characterize 
glucose oxidase enzyme kinetics: (50 20) 10M

G 3 MK = ± × − , 
(50 7) 10M

Fc 6 MK = ± × −  (averaged from three repeats).
The value of the rate constant kcat can be derived from 

the experimental value of the 1/(2 )E catFn k  ratio provided 
the value of nE is determined independently from any kinetic 
measurement. To perform such a delicate determination, 
a highly trustful protocol was implemented (fully detailed 
in the Supporting Information) to mildly denature GOx 
to release FAD, which was then assayed by fluorescence. 
Experimentally, nE values in the 0.03–0.08 pmol range were 
measured for the relatively densely populated (γfd ≈ 1.5–2.4 
particles µm−2) nanoarrays purposefully used for our kinetic 
studies.

From the values of nE and of the Fn k1/(2 )E cat  ratio 
determined for the same electrodes, an average value for 
kcat = 1000 ± 300 s−1 was ultimately derived. Indeed by pro-
ceeding in this way we implicitly assumed that all of the GOx 
molecules present on the surface were catalytically active. 
This seems reasonable considering that the immunoassembly 
process is known to preserve GOx’s activity.[16]

2.3. Estimating the Enzyme Coverage on fd Random Arrays

The number of GOx molecules borne by the randomly 
arrayed fd particles (nGOx) can be estimated if one knows, for 
each surface examined, both the virus coverage, γfd, and the 
number of GOx molecules per unit surface area, i.e., the GOx 
coverage, ΓGOx. Since there are two FAD moieties per GOx 
molecule,[22] ΓGOx is related to nE by ΓGOx = nE N/(2S), where 
N is the Avogadro number and S is the area of the gold surface. 
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Figure 4. Kinetic characterization of random nanoarrays of GOx-decorated fd bacteriophages. (Left) Variation of the catalytic current icat as a function 
of Q0, the concentration of cosubstrate (ferroceniumdimethanol) at the electrode surface calculated from the electrode potential E displayed as 
the upper X-axis of the graph. Each curve corresponds to a different glucose concentration as indicated. (Center) Lineweaver–Burk-like primary 
plots showing the reciprocal of the catalytic current (1/icat) as a function of 1/Q0, the square symbol marks the intercept of the plots. The glucose 
concentration is indicated on each plot. (Right) Secondary plot where the intercepts of the primary plots are reported as a function of the reciprocal 
of glucose concentration. Ferrocenedimethanol 0.25 × 10−3 m in PB buffer pH 7.4. T = 25 °C. γfd ≈ 1.5 particles µm−2. S ≈ 0.466 cm2.
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Having obtained all of the kinetic constants (kcat, K
Fc

M, KG
M), 

the value of nE can directly be determined simply from the 
intensity of the catalytic plateau current icat, pl recorded at 
each of the surfaces interrogated, by applying Equation (2) 
with Q0 = C°p. This allows us to rescale the icat, pl versus γfd 
plot in Figure 3A into a ΓGOx versus γfd plot. One can see from 
this figure that ΓGOx increases approximately linearly with γfd 
within the region where γfd = 0–1.8 particles µm−2, but begins 
to plateau when γfd is further increased. These results show 
that, when γfd < 2 particles µm−2, virus particles are decorated 
by a constant number of GOx molecules independently from 
the virus coverage on the electrode. This number is given by 
the slope of the linear fit to the ΓGOx versus γfd data set, which 
yields a value of nGOx = 175 GOx molecules per fd particle. 
At higher γfd coverages, the number of GOx molecules deco-
rating the virus can be derived for each of the data points by 
calculating the ΓGOx/γfd ratio. It can be seen in the inset of 
Figure 3A, that in this region viruses are decorated by only 
≈130 GOx molecules. This lower nGOx value may be due to 
the fact that, with high virus coverages, a significant fraction 
of the adsorbed phage particles are intertwined and display 
limited accessibility for the primary antibody and the GOx-
antibody conjugate.

It is interesting to compare the experimentally obtained 
GOx coverage to the maximum number that can decorate 
the surface of fd particles, which can be estimated based on 
the following geometric considerations. The accessible outer 
surface area of fd is of 18 700 nm2;[13] in the adsorbed state it 
is assumed about half of its surface is actually masked by the 
electrode. Taking 100 nm2 as the footprint of an IgG, it is thus 
estimated that the adsorbed virus can accommodate ≈100 
primary anti-fd capsid antibodies.[19] Assuming that each 
primary antibody can be recognized by 2–3 IgG-GOx mol-
ecules, a reasonable assumption due to their polyclonality, it 
can be estimated that 200–300 GOx molecules at most can be 
immobilized on each viral particle. Comparing this figure to 
the experimental GOx coverage on fd a maximum packing 
coverage of 65%–90% is evident. Notably, such a high yield 
decoration of individual fd particles by active enzyme mol-
ecules has never been reported to date. Recently, a record 
of ≈90 copies of the relatively large green fluorescent pro-
tein (27 kDa) has been assembled on M13 using an original 
sortase-mediated virus modification method.[23] Our results 
demonstrate that a significantly higher number of the much 
larger GOx enzyme molecule (150 kDa) can be displayed on 
fd by immunodecoration. This finding is in agreement with 
other studies which have shown that affinity-based methods 
allow high yield decoration of plant viruses by enzyme 
molecules.[5d,9j,24]

2.4. Assembly of an Oriented Array of GOx 
Immunodecorated fd

One of the interests of using viruses as nanocarriers, espe-
cially linear viruses, is that, in spite of their nanometric size, 
they can be manipulated using a variety of techniques to form 
ordered patterns.[10] Indeed, it has been reported that bacte-
riophage M13, differing from fd by only a single amino-acid 

change in the major coat protein P8, can be patterned into 
nanoarrays of oriented viruses on various surfaces, such 
as graphene oxide,[25] SiO2,

[26] or polymer surfaces,[27] via a 
simple molecular combing technique.[28] Molecular combing 
relies on the shear forces generated by a recessing meniscus 
to align high aspect ratio macromolecules at interfaces.[28] 
This technique was used herein to align fd viruses on bare 
TS-gold by depositing a solution of fd in PB pH 7.4 for 5 min, 
followed by molecular combing at ≈45° angle, causing the 
drop to tip over (see Figure 5A). A gentle flux of nitrogen was 
simultaneously flowed over the tilted sample, in the direction 
of the recessing water droplet, in order to complete drying of 
the surface. Tapping mode AFM imaging in air of the surface 
confirmed orientated and well individualized fd nanoarrays 
on the bare gold surface (Figure S4, Supporting Informa-
tion). The particles were observed to be oriented along the 
drying direction, i.e., perpendicularly to the recessing water 
drop meniscus. Interestingly, we observed that orientation of 
fd particles was only possible on bare gold surfaces and not 
on cysteamine modified surfaces, likely due to strong electro-
static binding of fd to cysteamine inhibiting virus orientation 
after adsorption.

Following orientation, the surface was then rehydrated 
with buffer and blocked by BSA adsorption. Immuno-
decoration of the virus particles by GOx was carried out as 
described above for the random particle nanoarrays. In situ 
AFM imaging was employed to monitor each assembly step 
and, importantly, showed that minimal desorption of virus 
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Figure 5. A) Schematic of the molecular combing technique used to 
produce nanoarrays of highly oriented fd particles on bare gold. B) In 
situ tapping mode AFM images of a surface showing the oriented viral 
particles after immunodecoration by GOx, as schematically represented 
by the cartoon above the images. The black frame in the center shows 
the locations where the images were acquired, illustrating the high 
degree of conservation of the viral orientation along the surface. 
[fd]ads = 1.9 µg mL−1. γfd ≈ 1.9 particles µm−2.
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particles from the surface occurred during each step. This is 
likely due to reinforced attachment of adsorbed fd virus par-
ticles to gold surfaces as a benefit from the drying process 
during molecular combing.[18a]

The final result was a dense nanoarray of oriented GOx-fd 
with minimal overlap, Figure 5B, where the directional order 
of the nanoarrays was found to be preserved over domains 
many hundreds of micrometers across. The surface concen-
tration of virus, γfd, was varied from 0.1 to 2 particles µm−2 
by adjusting the concentration of the fd solution used for 
adsorption (see Figure S1, Supporting Information).

2.5. Probing the Catalytic Activity of Oriented GOx-fd 
Nanoarrays and Determination of the GOx Coverage 
on Oriented Viruses

The kinetic behavior of oriented GOx-fd nanoarrays 
was studied by CV as described above for the random 
nanoarrays. High quality kinetic data were obtained from 
careful analysis of purely catalytic CVs (see Figure 6), 
yielding the following values for the enzyme kinetic con-
stants; (30 6) 10M

G 3 MK = ± × − , (35 8) 10M
Fc 6 MK = ± × − , and 

kcat = 500 ± 150 s−1 (average values out of three replicates).
Using this set of kinetic constants the GOx coverage, 

ΓGOx, for each surface bearing oriented GOx-fd nanoarrays 
was calculated. The obtained ΓGOx versus γfd dataset is 
plotted in Figure 3B. One can see in this figure that ΓGOx 
increases linearly with γfd over the whole range of virus cov-
erage explored (0–2.1 particles µm−2), with no sign of leveling 
off at high γfd values. This behavior contrasts with what was 
observed for random GOx-fd arrays and illustrates a benefit 
of orientating the phage particles:particle intertwinement is 
avoided and the whole virus capsid remains accessible for the 
antibodies to decorate even when forming relatively dense 
arrays.

From the slope of the ΓGOx versus γfd plot (dotted line in 
Figure 3B), an average number of nGOx = 220 GOx molecules 
per oriented virus particle was determined. This amounts to 

a 75%–100% coverage of the fd surface and is noticeably 
higher than that for random GOx-fd arrays, confirming that 
oriented viruses are more prone to immunodecoration than 
randomly adsorbed viruses.

The origin of the line of best fit, shown in Figure 3B, 
suggests that about 100 GOx molecules µm−2 were nonspe-
cifically adsorbed on these surfaces and is likely due to the 
limited ability of BSA to block nonspecific adsorption on bare 
gold.[29] However, these molecules were found to have a neg-
ligible effect on the kinetic analysis of the activity of oriented 
GOx-fd arrays, as these experiments were carried out on sur-
faces displaying high virus coverages (≈1.5–2 particles µm−2) 
corresponding to over 500 GOx µm−2.

2.6. Immunoassembly and Kinetic Characterization 
of “Reference” GOx Monolayers on TS-Gold 
and Cysteamined TS-Gold

In order to have “reference” systems, where GOx would be 
immobilized on a surface but not confined to a nanoscaffold, 
we assembled immunologically monolayers of GOx both 
on bare and cysteaminated TS-gold electrodes. Following a 
previously reported protocol,[17] a monolayer of rabbit IgG 
molecules was first adsorbed onto the electrodes and, after a 
BSA blocking step, the rabbit IgGs were recognized by the 
antirabbit GOx conjugate used throughout this study. The 
enzymatic activity of the resulting immunoassembled GOx 
monolayers was characterized by CV, and its FAD content 
assayed as described in the Supporting Information, yielding 
the values of rate constants reported in Table 1. In order to 
allow for comparison with published data, these rate con-
stants were also measured in 0.1 m ionic strength PB, pH 8, 
the working medium used in early works,[16] and are reported 
in Table S1 (Supporting Information). The kinetic values 
obtained for the reference monolayers are consistent with 
values reported in literature and in agreement with those of 
the native enzyme in solution, hence, verifying the immuno-
logically scaffolded GOx molecules were active.
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Figure 6. A) Schematic of the molecular combing technique used to produce nanoarrays of highly oriented fd particles on bare gold. B) In situ 
tapping mode AFM images of a surface showing the oriented viral particles after immunodecoration by GOx, as schematically represented by the 
cartoon above the images. The black frame in the center shows the locations where the images were acquired, illustrating the high degree of 
conservation of the viral orientation along the surface. [fd]ads = 1.9 µg mL−1. γfd ≈ 1.9 particles µm−2.
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2.7. Catalytic Activities of GOx-fd Nanoarrays: Searching 
for Scaffolding and Orientational Kinetic Effects

Kinetic constants characterizing the activity of GOx, either 
immunoassembled as monolayers, or confined onto random/
oriented fd nanoarrays, are collected in Table 1. For the ease 
of discussion, and for comparison with earlier works on GOx 
kinetics, the value of the rate constants kox and kred are also 
given. These values were calculated from the set of kinetic 
constants, KM

G, KM
Fc, kcat experimentally determined herein, 

using the relations /ox cat M
Fck k K=  and /red cat M

Gk k K= .
kox was introduced in the kinetic scheme shown above 

and characterizes the rate of oxidation of the enzyme flavin 
by Fc+. kred is the so-called specificity constant of the enzyme, 
measuring the efficiency of GOx to convert glucose into 
gluconolactone.

Table 1 shows all kinetic constant values acquired for 
the random GOx-fd nanoarrays are higher than for the ref-
erence GOx monolayer assembled on cysteaminated gold. 
In particular, the catalytic constant kcat, which reflects the 
enzyme’s maximum rate, is markedly higher and evidences 
an enhancement in the intrinsic catalytic activity of GOx 
when confined to the capsid of randomly adsorbed phage 
particles. The fact that both of the KM values are also higher 
for the random GOx-fd nanoarray system is consistent with 
an increased kcat value since, by definition /M

Fc
cat oxK k k=  

and ( )/M
G

cat 1 1K k k k= + − . Note that KM’s are kinetic and not 
affinity constants, their variation cannot be straightforwardly 
interpreted as a modulation of the enzyme affinity for its sub-
strate or cosubstrate, as is often done in literature.

Interestingly, it can also be seen from Table 1 that the 
/ /M

G
M
Fc

ox redK K k k=  ratio is largely preserved when passing 
from the GOx monolayer to the random GOx-fd nanoarray, 
indicating that kox and kred were similarly affected by con-
finement of the enzyme on the virus. This is confirmed by 
examining the values given in Table 1 for these rate constants 
where one can see that both increased to a similar extend.

For the case of oriented GOx-fd nanoarrays, values for 
all the kinetic constants are, within experimental uncertain-
ties, identical to those for the GOx monolayer on bare gold, 
indicating that the activity of GOx is fully preserved upon 
confinement. However, no catalytic enhancement of GOx 
activity was observed, hence, mere confinement of GOx to 
the virus particle is not sufficient to increase the enzyme 
activity. The results obtained herein show that randomly 
arranged nanocarriers favor enhancement rather than an 
oriented fd, hence arrangement is key to enhancing catalysis. 

There is no clear-cut explanation for this unprecedented 
result. Importantly, one cannot attribute the enhancement of 
GOx activity on randomly oriented viruses to the cysteamine 
anchoring layer, as the catalytic constants for the reference 
GOx monolayer assembled on bare gold and on cysteami-
nated gold are comparable within error (see Table 1) and, if 
anything, displays a somewhat lower kcat value.

We note that enhanced activity of GOx has previously 
been reported for substantially different “disordered” scaf-
folded systems, characterized in solution, where the enzyme 
was decorating gold nanoparticles.[30] However, to the best 
of our knowledge, this work is the first report of catalytic 
enhancement for an enzyme attached to a filamentous virus 
nanocarrier.

3. Conclusion

The enzymatic activity of random and oriented GOx-fd 
nanoarrays on gold surfaces was carefully studied. Immuno-
decoration allowed fully active enzyme molecules to be spe-
cifically assembled onto surface-immobilized viruses. Higher 
enzyme coverage of virus particles was observed for oriented 
fd nanoarrays, 220 GOx per fd corresponding to full satura-
tion, compared to randomly oriented viruses, 175 GOx mol-
ecules per fd corresponding to 65% coverage.

The kinetic analysis carried out on random and oriented 
GOx-fd nanoarrays showed that neither the confinement of 
the enzymes onto the virus, nor the orientation of the virus 
particles affected the mechanism of GOx-catalyzed glucose 
oxidation, which closely followed Michaelis–Menten kinetics. 
However, a clear kinetic effect was observed in the case of the 
random system which displayed enhanced catalysis compared 
to the monolayer system. This enhancement was rooted to a 
twofold increase in the catalytic rate constant kcat and a more 
modest increase in the enzyme’s KM’s. These results provide 
clear evidence of catalytic enhancement due to scaffolding of 
a redox enzyme on a filamentous viral particle. Yet, most sur-
prisingly, kinetic analysis of the oriented system did not show 
any sign of such an enhancement, providing the first ever evi-
dence that orientation of virus particles can also modulate 
the activity of virus-scaffolded enzymes.

The original experimental platform implemented here, 
where enzyme-decorated phages are directly assembled on a 
flat electrode surface, allowing for kinetic interrogation and 
structural characterization, is a promising and convenient new 
approach to studying the scaffolding effects on enzymatic 
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Table 1. Kinetic constants for the enzymatic activity of random and oriented GOx-fdnanoarrays, and a monolayer of GOx, in 10 × 10−3 m PB, pH 7.4. 
Mediator: Ferrocenedimethanol. The error margins represent standard deviation of (at least) triplicate experiments. T = 25 °C.

Kinetic constants GOx-fd nanoarrays GOx monolayer on bare gold GOx monolayer on cysteaminated gold

Random Oriented No fd No fd

KM
G  [× 10−3 m] 50 ± 20 30 ± 6 35 ± 20 20 ± 10

KM
FC  [× 10−6 m] 50 ± 7 35 ± 8 35 ± 10 35 ± 10

kcat [s
−1] 1000 ± 300 500 ± 150 450 ± 100 260 ± 80

kox [m−1 s−1] (2.1 ± 0.6) × 107 (1.9 ± 0.6) × 107 (1.2 ± 0.3) × 107 (0.8 ± 0.3) × 107

kred [m−1 s−1] (2.9 ± 0.8) × 104 (1.7 ± 0.5) × 104 (1.4 ± 0.4) × 104 (1.3 ± 0.4) × 104
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activity, opening up new perspectives for further broadening 
the scope of phage-based electrochemical applications.

4. Experimental Section

Biological Material: Virus Particles: Viruses were grown using 
an ER2738 strain as E. coli host bacteria and purified following 
standard biological protocols.[31] Yields of ≈10 g of bacteriophages 
per liter of infected bacteria culture were typically obtained. 
For this work, virus suspensions (≈4 mg mL−1) were extensively 
dialyzed against 10 × 10−3 m sodium phosphate buffer pH 7.4 and 
stored at 4 °C until further use.

Primary and Secondary Antibodies: Primary anti-fd polyclonal 
antibody (IgG) produced in rabbit was obtained from Sigma-Aldrich. 
Secondary GOx (from Aspergillus Niger)-conjugated antirabbit 
polyclonal antibody produced in goat was acquired from Covalab 
(France). The secondary unconjugated polyclonal goat antirabbit 
IgG (for negative controls), the sacrificial rabbit IgG (for testing GOx 
monolayers in reference systems), and the BSA (IgG-free grade) 
blocking agent were from Jackson ImmunoResearch Laboratories.

Chemicals and Solutions: All chemicals were analytical grade 
Sigma-Aldrich products and used as received. All solutions were 
prepared with double-deionized water (18.2 MΩ cm resistivity, TKA 
Micro-Pure UV). A solution of 10 × 10−3 m PB at pH 7.4 was used 
throughout and 0.1% sodium azide was added as a preservative 
to the antibody solutions if used for longer than a few hours. All 
solutions and systems were protected from light with aluminum 
foil during investigation and storage.

Preparation of the Gold Surfaces: Ultraflat gold surfaces were 
produced by TS of a 200 nm thick gold layer deposited on mica, as 
previously described.[32] An adhesive perforated Teflon mask was 
then glued to the gold surface, leaving a disk-shaped area of bare 
gold 0.76 cm in diameter.

Preparation of Cysteaminated Gold Surfaces: Gold surfaces were 
treated with 5 × 10−3 m cysteamine, hydrochloride (HS(CH2)2NH3

+, 
Cl−), 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 PB pH 7.4 (twice). Drop 
replacement was cautiously carried out to avoid drying of the sur-
face. 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 gold.

Adsorption of Random fd Nanoarrays on Cysteaminated Gold: 
A 70 µL solution of PB pH 7.4 containing fd viruses at 0.5 to 
2 µg mL−1 ((0.25–1) × 1011 phage particles mL−1) was deposited 
onto the cysteaminated gold surface for 5 min, followed by two 
drop replacement rinsing steps with buffer for 20 min each for the 
desorption of any weakly bound material.

Adsorption and Molecular Combing of fd on Bare Gold for Ori-
ented Nanoarrays: A 70 µL solution of PB pH 7.4 containing fd 
viruses at 0.1–2 µg mL−1 was deposited onto a bare TS gold sur-
face for 5 min, the surface was rinsed twice with buffer and once 
with water by drop replacement. The surface was then tilted at 
≈45° to tip off the water drop, whilst simultaneously blowing a 
gentle flow of nitrogen over the surface for 10 s, completely drying 
the surface. The surface was then rehydrated by a drop of PB.

Protective BSA Backfilling: Virus bearing surfaces were back-
filled with a protective BSA layer by adsorption from a 70 µL drop 

of 2 mg mL−1 BSA in PB for: 1 h for random arrays on cysteamine, 
and 2 h for oriented arrays on bare gold, as BSA blocking of bare 
gold was not as good as on cysteaminated surfaces.

Assembly of the Primary (Anti-fd) Antibody: The surface was 
rinsed and left in contact for 45 min with a 5 µg mL−1 (≈1.5 × 
1013 molecules mL−1) solution of the primary anti-fd rabbit antibodies.

Assembly of the Secondary GOx-Conjugated Antibody: Surfaces 
bearing random virus arrays were left overnight in contact with a 
20 µg mL−1 solution of the secondary antirabbit IgG-GOx conju-
gate. Surfaces bearing oriented virus arrays were first left in buffer 
overnight, in order to desorb any loosely adsorbed primary anti-
body molecules, before being exposed to a 10 µg mL−1 solution of 
the IgG-GOx conjugate for 4 h. This latter protocol aimed at mini-
mizing nonspecific binding of GOx-conjugated antibodies to the 
surface, which was found to be harder to prevent on surfaces that 
were not treated with cysteamine—in order to allow for fd orienta-
tion—likely due to less effective BSA blocking (see above).

Experimental conditions (time, concentration) were adapted 
for the assembly of the primary and secondary antibody layers 
onto the fd particles in order to bring the antigen-antibody recogni-
tion reactions to completion based on previous studies on similar 
immunoconstruction,[16] and viral particle decoration by redox 
antibodies.[17] Surfaces were stored at room temperature, in PB 
containing 0.1% sodium azide. The surfaces bearing a cysteamine 
layer were placed in a water-saturated nitrogen atmosphere.

AFM Imaging: Tapping mode AFM images were acquired with 
a Nanowizard II microscope (JPK, Germany). In situ (i.e., in buffer) 
imaging was carried out with V-shaped contact mode probes 
(MLCT-AUMN or MSNL-10, Brucker, spring constant 0.1 N m−1, tip 
curvature 20 nm). For in air imaging rectangular contact mode 
probes (PPP-CONTR-10, Nanosensors, spring constant 0.2 N m−1, 
tip curvature 10 nm) were used. No correction other than first 
degree flattening was applied to the images.

Electrochemical Analysis: The surface was mounted at the 
bottom of a jacketed glass cell, equipped with an O’ring, designed 
and fabricated in-house. CVs were recorded with a CHI630C elec-
trochemical workstation, in a three electrode configuration with 
a platinum wire counter and a micro-Ag/AgCl reference electrode 
(3 m KCl, World Precision Instruments), at 25 °C using a circulating 
water bath. All potentials in this work are reported versus the KCl 
saturated calomel reference electrode (SCE) (+47 mV versus Ag/
AgCl, KCl 3 m). Measurements were carried out in deoxygenated 
solutions that were maintained under an N2 atmosphere inside the 
cell. Note, the stock solutions of glucose were allowed to mutaro-
tate overnight, and deoxygenated before use.

Fluorescence Assay of Enzyme-Bound FAD from GOx-fd 
Nanoarrays: The fluorescence assay is fully detailed in the 
Supporting Information. Briefly, GOx-scaffolded fd surfaces were 
treated with PB pH 2.55 for 24 h in order to denature the enzymes 
and promote release of FAD into the solution, allowing the FAD 
concentration to be assayed using fluorescence.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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