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S1 Simulation Mesh
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Figure S1 lllustration of the micro-sphere (a) and micro-disc (b) in two-dimensional cylindrical

coordinates.

As the enzyme-electrode system is symmetric to the z-axis, only the simulation space r > 0

needs to be taken into consideration. Figure Sla shows the spherical electrode in the two-

dimensional cylindrical coordinate system. In the finite difference method, the half circle

representing the sphere electrode in the simulation space is evenly divided into n4 parts. To

make the simulation simple, ny is usually selected to be an even value. The angle ¢ of the half

circle is distributed evenly over the range {—%%} ;
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The mesh for the area {z/r, e[-1, 1],r/r, [0, 1]} is then determined by:
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In r direction, for the region r > r the expanding grid is:

|-

i-| 2|1
o arw z Ar=sin(Ag),i =~ +2.2 +3. @)
el

gﬁ

where w is the expandion factor selected to be 1.03 in the simulations of this work. The

convergence test on w can be found in Section S2.
In z direction, a similar expanding grid is built for the region z < —ry:
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The same expandion factor w = 1.03 is applied.

Due to the presence of the enzyme, the grids built in positive z direction are more complex.

In the region z e(r r,+d ] as the concentration gradient changes dramatically at the

el el enzyme

enzyme location, the grid is built as follows:
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where ne is the index of z; corresponding to zj = re + denzyme-
For the rest of z direction z > g + denzyme, @n €xpanding grid is applied:
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An illustration of the disc electrode in (r, z) coordinates is shown in Figure S1b. To keep
consistency with the spherical model, the calculation grid of the enzyme-disc system in r
direction is the same as that of the enzyme-sphere system, determined by Eq(2) and Eq(4). In

the z direction, when z < r, the grid is calculated as:
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For the grids in the region z > denzyme, EQ.(7) is applied.

S2 Convergence Test of the Simulation for the Enzyme Catalysis Model
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Figure S2 Convergence check of (a) the simulation time interval, (b) the number of grid points
on the half sphere, (c) the expanding factor for the enzyme-microdisc model. Dp is 10° m* s™

and r, is 1 um.
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Figure S3 Convergent check of (a) the simulation time interval, (b) the number of grid points
on the half sphere, (c) the expanding factor for the enzyme-microsphere model. D5 is 10°m?s™

and re is 1 ym.

In Figure S2 and Figure S3, the reaction flux (J) caused by the redox reaction of the enzyme
product P at the microdisc (S2) and the microsphere (S3) electrode are calculated with a
series of simulation time intervals A(Dpt/rs°) and simulation grids. The simulation girds are
determined by two parameters: the number of grid points on the half sphere surface [-n/2,
n/2] ny and the expanding factor w. It is proved that for both the enzyme-microdisc and the
enzyme-microsphere models, the simulation results are independent on the value of ny when

these simulation parameters are small enough to reach convergent states.

S3 Enzyme-Microsphere Geometry

Figure S4 shows the characterisation of the enzyme-microsphere system. Similar to Figure 3
in the main text, similar responses to the variation of the catalytic ability K.,; and the relative
distance from the electrode d can be observed. Figure S5 is the working curve of the
normalized steady-state current for the enzyme-microsphere system. Compared with the
working curve collected from the microdisc electrode, the collecting efficiency is slightly
smaller at a microsphere electrode with identical radius. This is because, when the enzyme is

located on the z-axis, the disc geometry allows the electrode interacting with more product

S5



species than the sphere geometry. But as the difference is not significant between the
enzyme-microdisc model and the enzyme-microsphere model, the results obtained from the
two microelectrodes are approximately the same. Therefore in the main text, only the

simulation for the enzyme-microdisc electrode is presented.
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Figure S4 Characterisation of the enzyme-microsphere system. (a), (b) and (c) are the current
flux J, the total amount of product Np, and the collecting efficiency o varying with the reaction
time T under different catalytic ability K ... K., varies from 10 to 10°. d = 0.05. (d), (e) and (f) are
the current flux J, the total amount of product Np, and the collecting efficiency o varying with

the reaction time T under different enzyme location d. d varies from 0.05 to 1.0. K. = 10°.
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Figure S5 Normalized steady-state current (defined as the current at T = 0.25) as a function of

d and K., for the enzyme-microsphere system.

S4 Convergence Test of the Electrode Response of a Freely-Diffusing Enzyme

Via the combined finite difference simulation of a stationary enzyme and the movement of a
freely-diffusing enzyme as described by the hindered diffusion theory, the current signal
caused by the solution-phase catalytic reaction of an enzyme can be simulated. The
simulation of this whole enzyme-electrode system is tested under different simulation
parameters: the random walk step length At.,, during which the enzyme is regarded
stationary and the catalytic reaction occurs at a certain location; the maximum simulation
time for one enzyme location tmax; and the simulation space denzyme = [dmin, dmax]. In addition,
to simulate the experimental situation, a low-pass filter with a cutoff frequency feuws IS
applied, which influences the convergence of a simulation. Here the average half-spike width
is selected to characterize the random current signals collected in the chronoamperogram. An
example is shown in Figures S6 and S7 depicting the convergence test for the 0.5 pm
electrode in Figure 7. Figure S6 compares the simulation results at different tm.x and Aty,. It
shows that when the random walk step length is short and the maximum simulation time for
one position is long, similar stochastic spikes are obtained. Figure S7 studies the influence of
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the simulation space. The expansion of the simulation space does not make much difference

on the spike duration for the 0.5 um electrode.

To simulate the experimental data, the results are required to be independent of ty.x and
Atnw, Which we have examined for all simulation results in Figures 7 and 8. However, the
influence of the simulation space remains an input parameter, as the closest approach dmi, IS
limited under real experimental conditions. For instance, as the enzyme undergoes a solution-
phase catalytic reaction, the closest approach should be larger than the size of the enzyme but
the exact distance cannot be determined. The value of the upper boundary dmax determines the
frequency of observed spikes. Considering the simulation time it may cost, the upper
boundary cannot be selected as far as possible. In the comparison among the simulation
results at different microelectrodes as shown in Figure 7, the simulation space is therefore
defined identically from 5 nm to 5 um for all electrode sizes. It can be found in Figure S7 that
the simulation space is large enough to describe the movement of the enzyme around a 0.5
pm electrode. But as the collecting efficiency is determined by the relative distance denzyme/Tel
rather than denzyme, the closest approach 5 nm may be too large for smaller electrodes to be
convergent and the upper boundary 5 um may be too small for larger electrodes. When
theoretically investigating the difference between the electrodes of various sizes, it is
however necessary to keep the simulation space consistent for all the enzyme-electrode
systems as done in Figure 7. When simulating real experimental conditions, the simulation
space tough needs to be carefully selected to make the results converge as it was done in

Figure 8, where a greater value was modelled.

S8



(a) t =300 At ; At =10%s (b)
max nw nw

1 s ¥
0.4
% % half splke =0.04 s
_E05 s 02
= o
o
i | i |7 A
1 15 2 0 0.05 . 0.15 0.2
t(s) Arhalf spike ()
(© ¢ =300 At :At =107s (d)
max W w
> <At - >=0.041s
= half spike
x =02f '
_E05 8
= o
: y
0 0
1 15 2 0 0.05 0.1 0.15
t(s) Al ot spike (8)
(@) ¢ =200 At :At =10%s (f)
_“max w = rw
> =|
é . % 0.2 <Athalf ik >=0.035s
= 201
@
0 0
1 1.5 2 0 0.05 0.1
t(s) Al spike (8)

Figure S6 Convergence test of t,., and At,, for the 0.5 yum electrode in Figure 7.
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Figure S7 Convergence test of the simulation space for the 0.5 um electrode in Figure 7.

S5 Control Experiment to Figure 8a

The control experiment to Figure 8a, in the absence of catalase, is shown in Figure S8. The

other experimental conditions are the same as applied in Figure 8a.
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Figure S8 Control experiment relating to Figure 8a.
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