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Amperometric biosensors are widely applied for rapid biomarker
detection in physiological and environmental samples. The
dynamics and linearity of the current signal, however, are only
partially understood. This study investigates the diffusion-reaction
kinetics of amperometric biosensing using a self-assembled
monolayer (SAM) based biosensor for bacterial 16S rRNA. A nu-
merical model is developed to optimize the chamber dimensions
and elucidate the concentration dependences of the biosensor.
The results revealed that depletion of substrates associated with
the chamber dimension can limit the current signal in a target
concentration dependent manner. This study provides practical
guidelines in the design and interpretation of microfluidic ampero-
metric biosensors for biochemical applications.

Enzymatic biosensors based on amperometric readouts can
detect molecular targets, such as nucleic acids, protein, and
metabolites for clinical diagnosis, the food industry, and
environmental monitoring. Advances in microelectronics
improve the cost-effectiveness, portability, and robustness of
electrochemical biosensing systems, which facilitate their
implementation in point-of-care and field-forward settings."”
Furthermore, the advent of nanotechnology dramatically en-
hances the performance of amperometric biosensors by opti-
mizing the immobilization strategy and reducing non-specific
binding.’> For instance, a self-assembled monolayer (SAM)
based nucleic acid biosensor for bacterial 16S rRNA has been
reported for rapid quantification of pathogens in patient sam-
ples at clinically relevant concentrations.”” The amperometric
biosensing platform can be modified for multiplex detection
of protein and nucleic acid biomarkers simultaneously as well
as performing pathogen identification and antimicrobial sus-
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ceptibility testing.®® These biosensors have also been

implemented in microfluidic formats to facilitate automated
analysis and point-of-care applications.”*°

In SAM-based amperometric biosensors, enzymes, such as
horseradish peroxidase (HRP), are immobilized on the
electrode surfaces using a sandwich based binding strategy
(Fig. 1A). The enzyme catalyzes the reaction and creates a cur-
rent readout, which can be detected amperometrically. In the
amperometric biosensor for bacteria detection, a biotinylated
capture probe is immobilized on the SAM on the electrode
surface. The capture DNA probe binds the target 16S rRNA,
which is hybridized with a fluorescein-labeled detector probe.
The presence of a target 16S rRNA then immobilizes HRP
conjugated with an anti-fluorescein antibody. The current
obtained through the redox reaction between the substrates,
including hydrogen peroxide (H,0,) and 3,3,5,5-
tetramethylbenzidine (TMB), correlates with the enzyme, ie.,
the target 16S rRNA, captured on the electrode surface
(Fig. 1B). Owing to the consumption of the substrates in the
reaction, spatial concentration gradients of the substrates are
created near the electrode surface and the amperometric bio-
sensor creates a time dependent current signal.'*

To study factors that influence the current signal, the am-
perometric biosensor was applied to detect the 16S rRNA of
uropathogenic Escherichia coli (E. coli) from patient samples
(ESIt). The concentration of the bacteria was between 10*-10°
cfu mL™", which covers the clinically relevant range for uri-
nary tract infection diagnostics. The bacteria were lysed and
the species-specific bacterial 16S rRNA molecules were
detected using the sandwich hybridization scheme (Fig. 1B).
The signal was recorded from 0 to 60 seconds (Fig. 1C). In
the experiment, a rapid decay of the current was observed ini-
tially. The current signal reached a quasi-steady state in ap-
proximately 10 seconds.**>®*° It should be noted that the cur-
rent continued to decrease but at a much lower rate. Fig. 1D
shows the current signal at 60 seconds as a function of the
target concentration. Fitting the data with the power law re-
vealed a power exponent of 0.90 + 0.25 and linear regression
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Fig. 1 An amperometric biosensor for pathogen diagnosis. (A) Schematic view of a surface reaction and diffusion model in a biosensor. (B)
Molecular sensing target in a TMB-H,O,-HRP system. The target can be quantitatively detected by the amount of HRP that is functionalized on
capture probes, which is hybridized with target and detector probes. (C) The real-time detection of Escherichia coli (E. coli) on the biosensor. (D)
Representative current for different pathogen concentration at 60 s (n = 2 independent experiments, mean * SD).

analysis revealed an R-square value of 0.9958, suggesting the
relationship is approximately linear. The concentration of the
bacteria was between 10°-10° cfu mL ™, which covers the clin-
ically relevant range for urinary tract infection diagnostics.
The limit of detection of the assay was 4.58 x 10" cfu mL™
based on three times the standard deviation above the back-
ground. The value matches the clinical cutoffs for urinary

tract infection diagnostics. These data illustrate the applica-
bility of the amperometric biosensor for detecting bacterial
pathogens and highlight the dynamic nature of the current
signal.

A finite element model was established to study the diffu-
sion-reaction kinetics of the amperometric biosensor (Movies
S1-S31). In the simulation, the substrate concentration was
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substrate (i.e., TMB) distribution in sensors with height of 1000, 300, and

100 um, respectively. The time was at 60 s. (D) Real-time detection of target in sensors with a large range height. (E) The relationship between the
dimensionless height and the detection current. The target concentration was 5 x 108 cfu mL™.
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uniform at the beginning of the simulation. The enzymatic
reaction occurred only at the electrode surface with
immobilized HRP. As the reaction proceeded, the substrates
were consumed at the electrode surface. Similar to the experi-
ment, a rapid decay of the current signal was observed in the
first 10 seconds. Replenishment of the substrate by diffusion
then stabilized the concentration. A depletion region was cre-
ated and the distribution reached a quasi-steady state. The
depletion region was approximately 300 um above the sensor
surface. Fig. 2A shows the distribution of the substrate at 60
s. As the reaction continued near the electrode surface, a
quasi-steady current was generated. The time dependent sig-
nal was consistent with the experimental result, supporting
that the current is governed by the diffusion-reaction kinetic
of the substrate.

The amperometric biosensors have been applied in micro-
fluidic formats for point-of-care diagnostic applications.”"’
We therefore investigated the effect of the reaction chamber
dimension on the current signal. The height of the chamber
was adjusted from 2 mm to 100 um to study the effects of
the chamber dimension on the diffusion-reaction kinetics.
These values were chosen to cover the length scale of typical
biosensing systems, spanning from multiwell plates to micro-
fluidic channels. Fig. 2A-C show the spatial distributions of
the substrate at 60 seconds in chambers with heights of
1000, 300, and 100 um. For chambers with a large height
(e.g., 1000 pm), a depletion region was created and the sub-
strates were able to diffuse to the sensor surface from differ-
ent directions (Fig. 2A). For smaller chambers (e.g., 100 pm
and 300 um), the substrate was depleted in the top region
and the substrate was mainly diffused from the sides
(Fig. 2B and C). The time-dependent current signals were
studied in chambers with various dimensions (Fig. 2D). The
time-dependent current was indistinguishable for chambers
with a height over 300 um. Similar to experimental results
(Fig. 1C), the real-time current reached a quasi-steady for
these chambers. For smaller chambers (below 300 um), the
current signals were similar for all chambers initially (~7 sec-
onds). After the initial period, the current signal displayed a
dimension dependence and generally decreased with the
chamber size. In these cases, the current did not reach a
quasi-steady state. The discrepancy was attributed to the sub-
strate depletion in the top region of the chamber, which ex-
tended toward two sides of the chamber (e.g., Fig. 2C)

The current signal was plotted as a function of the dimen-
sionless height (Fig. 2E). In this study, the dimensionless
height was the ratio between the chamber height, H, and the
diffusion length, L. The diffusion length was calculated by

the diffusion coefficient and the reaction time (7, =./p¢ ). The

dimensionless height, H/L, is related to the mass Fourier
number, Fo,, = Dt/H”, and is associated with the depletion
length in the quasi-steady state.'” In the numerical analysis,
the current increased linearly with the dimensionless height
and reached a plateau when the dimensionless height is ap-
proximately 2. Further increase in the chamber height did
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not have a significant effect on the current signal. In other
words, the height of the reaction chamber should be signifi-
cantly larger than the diffusion length to avoid the signal re-
duction due to substrate depletion in the top region of the re-
action chamber.

We further investigated the effect of target (and en-
zyme) concentration, which directly determines the reac-
tion kinetics on the sensor surface, on the current signal.
It is important to evaluate the nonlinearity related to the
target concentration as amperometric biosensors are ap-
plied for detecting various analytes with a large concentra-
tion range. Fig. 3A-C show the substrate distribution in a
reaction chamber with a height of 300 pm at 60 s. The
target concentrations were 1.0 x 10% 1.0 x 10° and 1.0 x
10* cfu mL™". These values were equivalent to concentra-
tions from nanomolar to sub-picomolar. Examining the re-
sults revealed that the chemical gradient decreased with
the target concentration and the depletion region was not
observable at low target concentrations (e.g., 1.0 x 10* cfu
mL™ or below). The current was calculated as a function
target concentration (Fig. 3D). At a low target concentra-
tion, the current increased linearly with the concentration
and was consistent with experimental results (Fig. 1D).
This assumption is valid when the current is reaction rate
limited. At a high concentration, the current was limited
due to the diffusion of substrates and the signal displayed
nonlinearity relative to the target concentration. The
threshold concentration for the transition was at approxi-
mately 10° cfu mL™ in the current biosensor condition.

To generalize the result, we analyzed the effects of dimen-
sionless height and target concentration on the signal of the
amperometric biosensor (Fig. 3E). At low target concentra-
tions (e.g., below 1.0 x 10° cfu mL™"), the current at the
quasi-steady state increased linearly with the target concen-
tration and was independent of the chamber dimension, as
the reaction was reaction rate limited. This linearity is a typi-
cal assumption in the interpretation of amperometric biosen-
sors. Nevertheless, the numerical results suggest the current
response could be limited by the target concentration. This
nonlinear response is important when the dimension of the
reaction chamber is comparable to the diffusion length of
the substrates (e.g., in microfluidic systems). For instance,
the current signal displayed a high nonlinearity between 10°
and 10° cfu ml™" when the dimensionless height is 1. A maxi-
mum was observed at 10” cfu mL™ and the current decreased
with high target concentration due to the depletion of the
substrate (Fig. 3E and S17).

This study reports an integrated experimental and com-
putational investigation of the dynamics and linearity of
amperometric biosensors. The biosensor detects bacterial
16S rRNA and exhibits a linear response from 10* to 10°
cfu mL™, which allows diagnosis of urine tract infections.
To understand the performance of the biosensor, a nu-
merical model was built based on a simplified geometry.
Convection and sources of noise within the chambers
were ignored. Despite the simplified assumptions, the
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Fig. 3 Dimension and concentration dependences of amperometric biosensors. (A-C) The substrate distribution in the sensor with target
concentration of 1 x 108, 1 x 10°, and 1 x 10* cfu mL™, respectively. The sensor height was 300 pm and the time was at 60 s. (D) The dynamic
range of pathogen diagnosis was studied for the sensor at height of 300 um. (E) The dynamic range of pathogen diagnosis was studied for sensors

with different dimensions.

model successfully captured the essence of the current sig-
nal observed in the experiment. While the initial current
is proportional to the enzyme concentration, the current
signal is typical measured at the quasi-steady state to
minimize the uncertainties due to substrate loading time
and motion of the substrate solution. At the quasi-steady
state, the current is governed by the local concentration
of the substrate. Our results revealed a nonlinearity of
amperometric biosensors that is associated with the di-
mension of the reaction chamber. In particular, the cur-
rent signal can be limited by the dimension of the reac-
tion chamber and the target concentration in an
interrelated manner. Microfluidic amperometric biosensors
for bacterial 16S rRNA are known to have a lower signal
level compared to the manual assay with a large dimen-
sion.”' Furthermore, amperometric biosensors are satu-
rated at high target concentrations."”> Our model provides
a physical explanation that contributes to the reduction in
the current signal in these studies. Importantly, the re-
sults will represent useful guidelines in the design and
interpretation of the microfluidic biosensors with ampero-
metric readouts in the future.

Conclusions

This study investigates the diffusion-reaction kinetics of am-
perometric biosensors. Our results reveal a nonlinearity of
the sensing scheme associated the reaction chamber dimen-
sion and provide guideline in the implementation of micro-
fluidic electrochemical biosensors.
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