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ABSTRACT: Nature produces a plethora of nanochannels to carry
out highly complex biological tasks in a sophisticated manner. There
have been several studies to understand the characteristics of these
channels; however, efforts to apply them for technological advance-
ments are still scarce. Here, we have demonstrated that the fluidic
channels of biomaterials can be harvested as nanofluidic devices to
produce energy from enzymatic chemical reactions. The bionanochan-
nel-based nanofluidic devices exhibit various nanofluidic phenomena
like surface-charged-governed ionic conductivity and development of
the transmembrane potential. The mobility of ions in the hydrated bionanochannels are found to be higher than that of bulk
water. The cation-selective nature of the biochannels was also exploited to harvest a continuous supply of power up to 74 mW
m−2 for 3 h from the enzymatic decomposition of urea. The transmembrane potential across the biochannels was also explored
for label-free electrical monitoring of the enzymatic reaction inside the biological medium. Electrical monitoring on the kinetics
of urease at different reaction temperatures suggested that inside biological medium the reaction goes through a pathway of
lower activation energy (31.1 kJ) than that in the bulk environment (34.1 kJ). Enzyme urease was found to be more sustainable
in bionanochannels than in glass vials.
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■ INTRODUCTION

While artificial devices and machineries are providing countless
conveniences to modern life, their disposals are creating major
havoc in the environment.1 Therefore, in recent years,
numerous research efforts are being dedicated to replace
unsustainable materials and devices with environmentally
benign alternatives of similar functionalities. For example,
different kind of electronic devices such as solar cells,
diagnostic tools, sensors, electrochromic displays, and artificial
tissues, etc.2−6 have been developed based on sustainable
materials obtained from the environment. Similarly, the
outstanding new properties of liquids confined inside nano-
meter sized containers promise numerous technological
breakthroughs in the areas of water treatment, energy
harvesting, and molecular sieving.7−10 Studies on confined
liquid also open up an avenue to understand the activity of
biological nanochannels creating a platform to exploit them for
various biomedical and chemical applications.11,12 However, in
practice, the excellent properties of numerous biological
channels readily available to us have not been explored yet
for the technological applications.
Solanum tuberosum or potato, taken here as a model system,

is one of the most widely used staple foods across the globe. It
exhibits very interesting internal features in the micro and
nanometer regime just like any other biological system.13,14 It
also possesses a highly active fluidic network across the cell
walls to facilitate communications and transport of materials
between the plant cells.15 The transport pathways of plants are

divided into two types, the “living symplastic pathway” and the
“dead apoplastic pathway”.16 In the symplastic pathway,
movement of masses from one cell to another cell occurs
through the plasmodesmata, the narrow channels that act as an
intercellular cytoplasmic gate between the cells. While in the
active or regulated transport, plasmodesmata dilates to
accommodate much larger macromolecules or viruses through
a set of highly specific and complex molecular interactions; in
the passive mode, it possesses a size exclusion limit of ∼1 kDa
(2−3 nm2).17 In the apoplastic pathway, the mass is
transported through the narrow interfibrillar and intermicellar
space of the cell walls and channels formed between the
adjacent cell units18−20 (Figure 1a). Carpita et al. and
Marchner et al. demonstrated that the nature of molecular/
ionic transport through the narrow (3−5 nm) channels of the
cell walls are not free or bulk-like, and it is strongly influenced
by the interactions with the nondiffusible anions of the cell
wall, like the carboxyl groups of the galacturonic acids of
pectin.21,22 Motivated by the interesting nanofluidic properties
of biological nanochannels, tremendous research efforts have
been devoted to prepare artificial nanochannels involving
various expensive and sophisticated instrumentation. However,
the abundant nanofluidic channels ubiquitous in the biological
systems around us have not been considered yet for
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technological applications. Here, as a proof of the concept, the
intracellular transport pathways of raw potato are harvested as
biodegradable nanofluidic devices to produce energy from
enzyme-catalyzed chemical reactions. The potato derived
nanofluidic channels are also exploited to study the kinetics
of enzymatic reaction inside the biological medium.

■ RESULTS AND DISCUSSION
In order to harvest nanofluidic channels of the biological
system, rectangular pieces of raw potato were first dipped into
liquid nitrogen, which was followed by sublimation of the
frozen solvents under ultrahigh vacuum in a lypholizer
instrument. After 24 h of lypholization, potato pieces were
examined under electron microscopes and preserved in a
desiccator until further use. A field emission scanning electron
microscopic (FESEM) image of the cross-section of freeze-
dried potato is shown in Figure 1b. The three major
components of potato tissues, viz., cortex, storage parenchyma,
and pith, are composed of tightly packed isodiametric cells, and
hence under electron microscope it appears as a network of
tightly packed polygonal cells. The tiny oval shaped structures
(∼3−50 μm) seen in the parenchyma cellular compartments
are the starch granules, the most important energy reservoir of
the plants23 (Figure 1b).
Nanofluidic devices of biochannels were fabricated by

immersing freeze-dried pieces of potato (dimensions ∼20 ×
4 × 0.5 mm3) in a freshly prepared polydimethylsiloxane
(PDMS) elastomer solution. After curing the elastomer at 60
°C, two reservoirs of about 0.6 mL in volume were carved out
to expose both the ends of the potato strips to electrolyte
solutions (Figure 1c). The as-prepared nanofluidic devices
were then soaked in deionized water for 1 day to ensure
complete rehydration of the biochannels. After hydration, the
reservoirs were filled with electrolyte solutions of known
concentrations and allowed for 6 h to reach the equilibrium.
The ionic current through the biochannels were measured
through Ag/AgCl electrodes inserted into the reservoirs by

employing a Keithley 2450 source meter instrument. Figure 1d
shows the I−V curves recorded through a potato device with
different concentrations of KCl. The linearity in the I−V curve
confirms the presence of a continuous network of hydrated
channels throughout the potato tuber. The ionic conductivity
of the nanofluidic device was calculated by normalizing the
slope of the I−V curves with the overall dimensions of the
potato strip, that is length (l), width (w), and thickness (t) of
the rectangular pieces used for the device fabrication. In Figure
1e, conductivity values calculated for the potato strip are
compared with that of bulk solutions as a function of salt
concentration, I−V curves recorded for bulk with different
concentrations of KCl as shown in Figure S1 (Supporting
Information). As typical artificial nanofluidic devices, bio-
channels of the potato strip also show the characteristics of
surface-charged-governed ionic conductivity. At the high
concentration regime (10−2 M to 1 M), the conductivity
values increase linearly with that of the salt concentration, but
at the low concentration regime (10−3 M to 10−6 M) it did not
change even for orders of magnitude change in the salt
concentration. On the contrary, in the bulk water, conductivity
decreases linearly with decreasing salt concentration. Such
drastic different behavior of water molecules inside the
biological system from that of bulk water was also predicted
by Sahu et al. and Esch et al.24,25 The walls of plant cells are
made up of various polymeric materials with negative surface
charges, such as celluloses, hemicelluloses, pectins, and
phenolics. These negative surface charges create an electrical
double layer by attracting the co-ions and repelling the
counterions. When Debye lengths of the channel surfaces
overlap, the concentration of ions inside the channels is
determined by the surface charge density of the surrounding
walls, not by the concentration of the reservoirs, leading to the
surface-charge-governed ionic conductivity.26,27 The existence
of surface-charge-governed ionic conductivity not only
confirmed successful construction of the biochannel-based
nanofluidic devices but also indicated absence of large

Figure 1. (a) Schematic illustration of the ion transportation pathways in the plant cell. (b) FESEM image of the cross-section, (c) digital image of
the nanofluidic device, and (d) I−V curves recorded through bionanochannels of Solanum tuberosum. The ionic conductivities of the bionanofluidic
device with different concentrations of (e) KCl and (f) HCl.
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interconnected macropores inside the freeze-dried potato. In
order to further confirm, the proton conductivity of
biochannels was also measured as a function of time. As
shown in Figure 1f, for the protons, the bionanofluidic device
also displayed the characteristic surface-charge-governed ionic
conductivity.
The fluidic network of the potato tuber contains a range of

nanochannels of different sizes and shapes with specific
functionalities; however, in the bioderived nanofluidic devices
it is important to know the combined effective dimension (heff)
of the nanochannels. The heff of the potato tuber was
determined from the transition point (Ct) of conductivity vs
concentration plot, the point at which the characteristics of
ionic current changes from the bulk-like regime to the surface-
charge-governed regime, shown in the Figure S2 (Supporting
Information). From the relationship between surface charge
density (σs) and Ct of nanofluidic channels, shown in eq 1)
(Mathematical Equation section), the heff of the potato
nanochannels were calculated to be 6 nm.28,29 The rehydration
characteristics of the freeze-dried potato tuber were studied by
monitoring the emergence of the ionic current in the otherwise
insulating ion channels. As shown in Figure 2a, liquid water
was introduced to a rectangular strip of freeze-dried potato
embedded in PDMS from one side and allowed to diffuse
toward the other end. The ionic current was measured at two
different points (near and far ends) of the potato strip to
determine the rate of diffusion. At the beginning, no current
was observed at either end; however, as soon as the liquid
water diffused through the strip, it hydrated the ion channels
displaying a sharp rise in the current values. In Figure S3a
(Supporting Information), ionic current measured at the near
and far ends is plotted as a function of time, and the time

difference between the saturation points at either end of the
potato strip is taken as the time required for water molecules to
travel the distance. The diffusivity (D) of water through the
freeze-dried strip was calculated to be 1.58 × 10−6 cm2 s−1,
from the time (t) taken by water molecules to travel the
distance (x) between the near and far ends by using Einstein’s
approximation for three-dimensional diffusion31 (eq 2). The
same method was also employed to determine the diffusivity of
K+ and NH4

+ ions by allowing 0.1 M aqueous solutions of KCl
and NH4Cl to diffuse from one end of the rehydrated potato
tuber to the other end. The ionic current values recorded at
the near and far ends for KCl and NH4Cl solutions are shown
in Figure S3b,c (Supporting Information), respectively. The
diffusivity values of K+ and NH4

+ ions calculated as such were
used for calculating the mobility of the ions through the potato
nanochannels by employing the Nernst−Einstein equation32

(eq 3, Figure S3d, Supporting Information). Remarkably, the
mobility values of K+ and NH4

+ ions calculated as such are
found to be higher than that in the bulk liquid as shown in the
bar diagrams of Figure 2b.
The large number of ion selective channels readily available

in the freeze-dried potato could have multiple applications. As
a proof of concept, the same has been employed to harvest
green energy from the concentration difference. A device
comprised of two compartments separated by a potato tuber
membrane (dimension 12.5 mm2 × 2 mm) was fabricated by
using PDMS elastomer as shown in Figure S4 (Supporting
Information). The high concentration compartments (CH)
were filled with KCl solutions of 1 M concentration and the
low concentration (CL) chamber was filled with 10−3 M KCl
solution. The trans-membrane potentials originating from the
selective transport of the cations through the potato

Figure 2. (a) Schematic diagram of the experimental setup used for the diffusivity measurement, (b) mobility values of different ions inside
bionanochannels compared with that of bulk water, (c) transmembrane potential harvested from the concentration gradient across the potato
membranes of different thickness as a function of time, and (d) transmembrane potential and (e) open circuit ionic current across the potato
membrane developed by the enzymatic decomposition of urea by urease.
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membranes were measured by inserting two Ag/AgCl
electrodes into the reservoirs. The black curve in Figure 2c
shows the trans-membrane potential originating from the 3-
fold concentration gradient across a potato membrane (2 mm
thickness) for 10 min. The transmembrane potential develops
as such declines quickly and became almost negligible after 50
min (see Figure S5 in the Supporting Information), which
suggest that the potato membrane could not hold the
concentration gradient for a long time. Therefore, the
thickness of the membranes was successively increased from
2 mm to 15 mm, and a concomitant improvement in both the
open circuit voltage was observed. However, in order to get a
constant voltage supply for a longer duration, it will be ideal to
have a system that constantly produces ions in an environ-
mentally friendly manner. For the proof of concept, a nickel-
dependent metalloenzyme (urease), synthesized by plants,
bacteria, and fungi, is used for the constant supply of ions.
When urease decomposes the substrate (urea), it produces
ionic products like OH−, HCO3

−, and NH4
+, which increases

the conductivity of the reaction medium. It offers a convenient
electrical monitoring of the enzymatic reaction. In Figure S6,
the ionic conductivity of reaction medium was compared with
the amount of NH4

+ ions released from the reaction by
employing the Nessler method.33 The inherent cation
selectivity of the potato membrane preferentially allows
transport of the cations (NH4

+) generated in the enzymatic
reaction, creating a potential gradient across the membrane.9

In typical experiments, both of the reservoirs were initially
filled with a buffer solution (0.01 mM KCl, 1 mg/mL urease,
pH 7) and held for 4 h to ensure complete rehydration of the
biochannel membranes with a thickness of 2 mm. After
attaining the equilibrium, 0.1 M urea was added to one of the
reservoirs to carry out the enzymatic decomposition reaction.
As the enzymatic reaction started producing the ions, both the
open circuit potential and current started rising and reached
saturation after 50 min, see Figure 2d,e. The power densities
obtained from the KCl-based concentration gradient experi-
ment and enzymatic decomposition reaction were calculated
based on eq 4. Although the magnitude of the transmembrane
potential (130 mV) for the KCl concentration gradient
experiment was higher at the initial stage, the magnitude of
the ionic current (120 nA) obtained was low (Figure S7). As a
result, the maximum power density achieved from a 15 mm
thickness potato membrane from the KCl concentration
gradient experiment was calculated to be only ∼6 mW m−2.
On the other hand, the power density calculated for the
enzymatic experiment following the same method was found to
be 74 mW m−2.
As the enzyme catalyzed reactions are crucial for the

functioning of numerous biological systems, much research
effort has been devoted to unveil its characteristics, both in the
in vitro and in vivo conditions. While in vivo studies are
extremely challenging, in vitro studies offer the convenience of
applying various analytical tools to obtain detailed information
about the samples. Unfortunately, the in vitro studies do not
reflect the actual activities of enzymes inside the confinement
of complex biological mediums, which motivated the
researchers to synthetically imitate the molecularly crowded
environment inside the channels of nanofluidic devices.34,35

These artificial channels allow one to study activities of
enzymes under confinement, but it is still far from mimicking
the actual conditions of the biological environment. The
nanofluidic devices of the potato offer label-free electrical

detection of enzymatic reactions under the confinement of
biological nanochannels. The straightforward utilization of
biological channels not only avoided the discrepancies
frequently encountered in developing biomimicking artificial
devices but also provided a physiological environment which is
otherwise difficult to conserve in artificial units. Here, the
transmembrane potential developed by the preferential
migration of NH4

+ ions was employed to monitor the
characteristics of the enzymatic reactions inside the biological
medium. Multiple potato strips embedded inside the PDMS
elastomer were soaked with a desired aqueous solution of urea
(10 mM, 8 mM, 5 mM, and 1 mM) for 6 h to make sure there
was complete rehydration of the channels. After rehydration,
0.5 mL of an aqueous solution of urease (1 mg/mL) was
injected into each potato strip (3 mm away from the reservoir
1), as shown in the schematic in Figure 3a. Here, one side of

the bionanofluidic system acts as an enzymatic reaction
chamber and the other part as the ion-selective membrane.
The membrane potentials developed as such are shown as a
function of time in Figure 3b. Here, the rate of the potential
development at different substrate (urea) concentrations can
also be considered as the rate of ionic product formation. The
initial reaction velocity (Vint) that is the mass of the product
formed per unit time during the initial stage of the reaction was
found to be proportional to the value of the membrane
potential.36 The Vint values for urease-catalyzed decomposition
of urea for different starting concentrations of substrate (urea)
were obtained by the linear fit of the curves shown in Figure
3b. The experiment was repeated several times under identical
conditions, and representative results of the repetitions are
shown in Figure S8. The Vint values obtained as such are
plotted as a function of urea concentration in Figure 3c, which

Figure 3. (a) Schematic illustration of the bionanofluidic device
utilized for the study of enzyme kinetics inside bionanochannels, (b)
open circuit voltage generated from the enzymatic reaction of urease
starting with different substrate (urea) concentration, (c) Michaelis−
Menten plot of initial reaction rate versus substrate concentration, and
(d) Lineweaver−Burk double reciprocal plot of initial reaction rate vs
substrate concentration. The linearization of the plot signifies the
enzymatic reaction to be of first-order kinetics with respect to the
substrate concentration.

ACS Applied Bio Materials Article

DOI: 10.1021/acsabm.9b00249
ACS Appl. Bio Mater. 2019, 2, 2549−2556

2552

http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b00249/suppl_file/mt9b00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b00249/suppl_file/mt9b00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b00249/suppl_file/mt9b00249_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b00249/suppl_file/mt9b00249_si_001.pdf
http://dx.doi.org/10.1021/acsabm.9b00249


follows the Michaelis−Menten equation (eq 5).37 From the
data shown in Figure 3c, the maximum reaction velocity (Vmax)
and Michaelis−Menten constant (Km) were found to be 4.5
mV s−1 and 3.78 mM, respectively. Similarly, a double
reciprocal Lineweaver−Burk plot (Figure 3d, eq 6) of the
initial enzymatic reaction rate vs concentration of urea was
found to be linear, confirming the reaction to be of first order
with respect to the substrate concentration.36 From the
linearization method, Vmax and Km values were calculated to
be 4.36 mV s−1 and 3.54 mM, respectively, which are found to
be in good agreement with the values obtained from the
Michaelis−Menten method.
The transmembrane potential was also exploited to study

the effect of reaction temperature on the enzyme kinetics.
Here, the trans-membrane potential developed by the
preferential migration of NH4

+ ions was employed to study
enzyme kinetics at different temperatures. For the temperature-
dependent studies, devices were prepared by encapsulating a
thermometer along with a potato strip into a freshly prepared
PDMS elastomer and cured at 60 °C. The specific temperature
of the reaction was maintained by placing the devices on a hot
plate, and the temperature was monitored by the thermometer
inserted just next to the potato channels. After soaking these
devices with 10−2 M urea solution, 0.5 mL of urease (1 mg/
mL) was injected to one end of the potato strip (schematic in
Figure 4a1) and the development of open circuit membrane
potentials as a function of time was monitored with a source
meter instrument. Figure 4b shows the potential developed as
a function of time at different reaction temperatures (see
Figure S9 for the representative results of the repetitive
experiments), and from the slope of the linear segments of the
curves, the initial rates of the urea−urease reaction was

determined. As the enzymatic reaction follows first order
kinetics with respect to the substrate (urea) concentration, the
rate constant values (k30, k40, k50, and k60) at different
temperatures were obtained by employing eq 7. From the
Arrhenius plot of the rate constants as shown in Figure 4c, the
activation energy of the reactions was found to be 31.1 kJ. For
comparison purposes, the activation energy of the enzymatic
reaction was also evaluated in the bulk condition. Here, instead
of injecting directly into the potato strip, urease solutions were
added to one of the reservoirs as shown in the schematic in
Figure 4a2. The potentials developed under such conditions
are plotted as a function of time at different reaction
temperatures and shown in Figure 4d (results corresponding
to representative repetitions of this experiment are shown in
Figure S10). From the Arrhenius plot of the rate constants, the
activation energy of the reactions (Figure 4e) in the bulk
condition was found to 34.1 kJ, which is in good agreement
with the values reported earlier in the literature.38

Similarly, the sustainability of urease inside the potato
channels was compared with that of the bulk environment.
Multiple strips of freeze-dried potatoes of similar dimensions
(7 × 4 × 1 mm3) were soaked with identical amounts of urease
solutions (300 μL and 1 mg/mL) and stored in a hydrated
environment. In order to monitor the activity of urease as a
function of time, after every 24 h 1 mL of urea (0.01 M) was
injected to one of the urease soaked potato strips, and the
amount of NH4

+ ions released from the reaction was
determined by employing the Nessler reagent. Simultaneously,
several glass vials containing 300 μL of 1 mg/mL urease
solutions were stored separately, and activity of the same was
determined by the same method and compared with the
samples stored in the biological channels. As shown in the bar

Figure 4. (a) Schematic illustration of the experimental setup used for the comparative study of enzyme kinetics. Open circuit membrane potentials
developed as a function of time (b) inside versus (d) outside biochannels at the different reaction temperatures. Arrhenius plot of the rate constants
for enzymatic reaction (c) inside, and (e) outside biochannels, respectively. (f) Comparison of the activity of urease inside and outside the
biochannels as a function of time.
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diagrams of Figure 4f, the activity of urease was found to be
declining in the glass vials at a much faster rate than that inside
the biochannels, suggesting the latter to be a better medium for
the enzyme activity. Similar observations about superior
activity and specificity of enzymes in the biological medium
are already reported in the literature.39−44 Based on the
existing knowledge, the enhancement of the activity of urease
inside the potato nanochannels is attributed to the conducive
biological environment, like compartmentalization of enzymes
by the cells. Compartmentalization enhances the efficiency of
enzymes metabolic pathways by not only maintaining a high
local concentration but also providing favorable spatial and
temporal organization of molecules within the cell. These
complexes allow optimized substrate channelling and thereby
prevent loss of intermediates and improve control and
efficiency of catalysis.40−42

■ CONCLUSIONS
In conclusion, we have demonstrated the possibilities of
employing large number of biochannels readily available in our
surroundings for the technological advancements in multiple
directions. The nanofluidic channels harvested from the potato
tuber exhibit surface-charge-governed ionic transport and cross
membrane potentials just like artificially fabricated nanofluidic
membranes. As expected, inside bionanofluidic channels,
cations such as K+ and NH4

+ exhibit mobility values higher
than that of bulk water. The ion-selective nature of biochannels
was also exploited for energy harvesting from concentration
differences and enzymatic chemical reactions. It also provided
a platform for convenient electrical monitoring of enzyme
kinetics inside biological systems. The studies of the kinetics of
enzymatic decomposition of urea by urease at different
reaction temperatures revealed that inside biological mediums,
the reaction goes through a pathway of lower activation energy
than that in the bulk environment. Similarly, inside the
biochannels, the activity of urease was found to be active for a
longer duration of time than that in the glass vials. Finally,
looking at the large variety of nanofluidic channels designed by
nature to carry out highly complex biological tasks in a very
sophisticated manner, it should be possible to design/develop
different kinds of nanofluidic devices for future applications.

■ EXPERIMENTAL SECTION
Materials. Urease, potassium chloride, and Nessler reagent were

purchased from Sigma-Aldrich. Urea and hydrochloric acid were
purchased from Merck. Ammonium chloride was purchased from
Rankem. Polydimethylsiloxane (PDMS) was purchased from Sylgard.
Characterization. The potato samples were lyophilized with the

help of a Labconco Freezone 4.5 L-50C Benchtop freeze-dryer. The
morphology of the potato samples was characterized by a field
emission scanning electron microscope (FESEM) (Zeiss, model
Sigma). All the electrochemical measurements were performed with
the help of a source meter (Keithley 2450 model). The concentration
of the colored complex HgO·(HgNH2)I was determined by using a
UV−vis spectrophotometer (Systronics, UV−vis spectrophotometer
117).
Methods. Surface Charge Governed Ionic Transport. Nano-

fluidic devices of potato biochannels were fabricated by embedding
strips of the freeze-dried potato tubers of known dimensions in the
PDMS elastomer. The ends of the strips were exposed to electrolyte
solutions by carving out reservoirs on the PDMS stub at either end of
the strip. Ag/AgCl electrodes which are connected to the terminals of
a Keithley source meter (model 2450) were immersed in the
reservoirs filled with electrolytes at both ends of the strip.
Representative I−V curves for the potato strips were recorded at

different electrolyte concentrations ranging from 10−6 M to 1 M by
sweeping voltage from −0.5 V to 0.5 across each strip. Conductivity
calculations were done using the following equation:

= ×C G cell constant

where C is the conductivity, and G is the conductance.
Enzyme Sustainability Measurement. Multiple strips of freeze-

dried potatoes of similar dimensions were soaked with identical
amounts of urease solutions (300 μL, 1 mg/mL) and stored in a
hydrated environment. After every 24 h, 1 mL of urea was injected
into one of the urease soaked potato strips. Enzymatic decomposition
of urea releases ammonium ions, which was sensed by introducing a
dilute solution of Nessler reagent. The initially colorless solution of
ammonium ion turns light yellow upon addition of the Nessler
reagent. The concentration of ammonium ion produced during the
enzymatic decomposition was quantified from the absorbance values
of Millon’s base HgO·Hg(NH2)I by UV−vis spectroscopy. Simulta-
neously, several glass vials containing 300 μL of 1 mg/mL urease
solutions were stored separately, and activity of the same was
determined by the same method and compared with the samples
stored in the biological channels.

Mathematical Equations. Effective nanochannel height calcu-
lation:

σ
=

−
h

eN c
10 3

s

A t (1)

where NA and e stands for Avogadro’s number and elementary charge,
respectively. The σs value of the cell wall (−2.3 mC m−2) was
determined by Obi et al. by employing the electrophoresis method
based on the Gouy−Champman−Stern model.30

Einstein diffusivity equation:

=x Dt62 (2)

where x is the distance between the two electrodes mounted between
the near and far ends, t is the time required for the electrolyte to travel
the distance x, and D is the diffusivity.

Nernst−Einstein equation:

μ = eD
kT (3)

where k is the Boltzmann constant and T is the absolute temperature.
Power density calculation:

=
×V I

power density
area

max max
(4)

where Vmax and Imax represent the maximum stable voltage and
current, respectively.

Michaelis−Menten equation:

=
[ ]

+ [ ]
V

V
K

S
S

max

m (5)

where Vmax represents the maximum velocity achieved by the system,
[S] is the substrate concentration, and Km is the Michaelis constant.

Lineweaver−Burk equation:

=
[ ]

+
V

K
V V

1 1
S

1m

max max (6)

First order enzymatic rate equation:

= [ ]V K S (7)

where V represents the rate of the reaction, [S] is the concentration of
the substrate, and K is the rate constant.
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