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ABSTRACT: Molecular design of biosensors based on enzymatic processes taking place in nanofluidic elements is receiving
increasing attention by the scientific community. In this work, we describe the construction of novel ultrasensitive enzymatic

nanopore biosensors employing “reactive signal amplifiers” as key elements coupled to the transduction mechanism. The
proposed framework offers innovative design concepts not only to amplify the detected ionic signal and develop ultrasensitive
nanopore-based sensors but also to construct nanofluidic diodes displaying specific chemo-reversible rectification properties.
The integrated approach is demonstrated by electrostatically assembling poly(allylamine) on the anionic pore walls followed by
the assembly of urease. We show that the cationic weak polyelectrolyte acts as a “reactive signal amplifier” in the presence of local
pH changes induced by the enzymatic reaction. These bioinduced variations in proton concentration ultimately alter the
protonation degree of the polyamine resulting in amplifiable, controlled, and reproducible changes in the surface charge of the
pore walls, and consequently on the generated ionic signals. The “iontronic” response of the as-obtained devices is fully
reversible, and nanopores are reused and assayed with different urea concentrations, thus ensuring reliable design. The limit
of detection (LOD) was 1 nM. To the best of our knowledge, this value is the lowest LOD reported to date for enzymatic urea
detection. In this context, we envision that this approach based on the use of “reactive signal amplifiers” into solid-state

nanochannels will provide new alternatives for the molecular design of highly sensitive nanopore biosensors as well as

(bio)chemically addressable nanofluidic elements.
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In recent years, nanofluidic devices such as nanopores and
nanochannels have attracted much attention due to the devel-
opment of promising technological applications in diverse fields
such as sensing, nanofluidic actuation and delivery, water desali-
nization and energy conversion, among others.' > However, the
field of nanofluidics itself is only starting to show its potential,
and a prominent role in future technologies is expected.6
Nanofluidics deals with the transport of ionic and molecular
species upon the application of force fields both electrical and
mechanic in highly confined environments, typically in the
femtoliter regime.7 Early results showed that rare phenomena,
such as unipolar conductivity, ionic rectification, or molecular
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sieving by size and charge, arise from this confinement.”” The
explanation and manipulation of such phenomena (previously
observed only in biological systems) are currently the aim of
many research projects in different fields, especially toward
biosensing and micrototal-analysis systems (4 TAS) applications.

Some specific features observed in nanofluidic devices which
are related to their exquisite control over ionic transport have
been termed “iontronics” due to their resemblance with features
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observed in electronic components.'’ The idea behind this
relatively new field is the realization of fluidic components that
would allow designing actual molecular circuits. To date,
different nanofluidic components such as ionic rectifiers, diodes,
or transistors have been achieved by combining nanofabrication
with surface modification techniques, showing that it is possible
to selectively control in an accurate manner the transport of
different ionic species by applying experimentally controlled
stimuli.'”'* These concepts are heavily inspired by biological
systems performing different functions like transfer of informa-
tion, building up gradients of energy, or performing complex
biochemical reactions that depend on the precise control of the
amounts of specific molecules. The process is typically based on
selectively transporting ions and molecules through high-
impedance membranes (10'° Q)."*7"°

Moreover, just like in biological systems, abiotic nanofluidic
devices have the potential to allow not only the separation and
distribution of different charged species but also its determi-
nation by transducing the presence of a certain molecule into a
readable output.'® In this regard, two general approaches have
been used for nanofluidic sensing. The most commonly used is
based on the Coulter counter principle of resistive-pulse sensing
(RPS), and it determines the size of a molecule by observing the
change in the current when the molecule passes through and thus
blocks the pore.'” This is a time-resolved type of measurement
that needs equipment with good frequency resolution. Specific
statistical analysis is required, and because of the fact that it
depends on the steric blockage of the fluidic channel, the size of
molecules that can be sensed is limited. The other, perhaps less
explored procedure, consists of steady-state measurements
performed by sweeping the transmembrane potential at low
enough frequencies (<0.1 Hz) and measuring the complete
current—voltage characteristics." "’ In this kind of experiment, a
broader picture of the behavior of a particular nanofluidic device
can be obtained. For example, for the case of nanofluidic diodes,
systems that rectify the ionic current at opposite polarities,
current/voltage characteristics show a nonlinear tendency that
can be ultimately related with the geometry and charge of the
ionic diode (nanochannel). As demonstrated, asymmetric geome-
tries or charge distributions lead to current rectification.”” This
implies that modifying the magnitude or sign of the surface
charge of the nanochannel concomitantly changes the magnitude
or direction of the rectified current, because of the inversion of
the electric potential distribution across the nanochannels.”!
Because of this, it is possible to sense molecules that produce
small changes in the surface charge of these ionic diodes with
potentially high sensitivity.”” In this sense, we could think of ionic
diodes (asymmetric nanochannels) as amplifiers that—resulting
from confinement effects—enhance the response to small
chemical conversions that otherwise would be impossible to
sense using bulk or common surface methods. This concept is
often referred to as “iontronic amplification”, which is in a way a
concept related to surface-enhanced Raman spectroscopy
(SERS) for which nanometric confinement of electronic surface
modes enhance the signal produced by specific molecules in
solution.” In this regard, biosensing with nanofluidic diodes is
foreseen as one of the major applications of these interesting
nanosystems. To this end, early attempts have previously explored
different strategies, such as direct attaching of responsive mole-
cules to the surface of the pores.”*™>” In particular, the inte-
gration of enzymatic processes into solid-state nanopores confer
them outstanding specificity on target analytes resulting from
biological recognition.
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Manipulating the specificity and selectivity of solid-state nano-
pores with enzymatic architectures available to catalyze specific
biochemical reactions has attracted considerable attention during
recent years. Fink and workers™ first proposed the fabrication of
urea sensors by attaching urease to the inner walls of etched ion
tracks within thin polymer foils, i.e., polymer nanochannels. They
demonstrated that the presence of urea affects the resistance and
capacitance of the nanosystem. Then, Jiang and co-workers”’
described the conjugation of glucose oxidase into conical nano-
pores to detect glucose via changes in the transmembrane ionic
current arising from changes in the protonation of the enzyme
residues due to local pH changes induced by the enzymatic
reaction. However, relying on the protonation of enzyme resi-
dues can pose limitations to the transduction mechanism because
of the limited number of protonable groups on the enzyme.
In addition, the use of covalent immobilization strategies might
affect the enzymatic activity and reduce the number of proton-
able groups. On the other hand, one may also consider designing
nanofluidic elements that can switch their rectification direction
in the presence of specific chemical species of biological interest,
such as, for example, a nanofluidic diode that can reverse the
passage of anions and cations in the presence of a specific analyte.
The achievement of such a system would pave the way toward
the creation of chemically reconfigurable nanofluidic circuits.
Interestingly, Matile and his collaborators®® proposed the use of
“reactive amplifiers” to covalently capture elusive analytes after
enzymatic signal generation and drag them into synthetic pores
for blockage. This notion offers us a particularly suitable frame-
work for exploration, provided that the use of interfacial
architectures that could alter the magnitude and sign of the
nanopore surface charge after the enzymatic recognition might
confer not only amplified sensing capabilities to the nanopores
but also reversible rectification properties. Taking into account
these concepts and being aware of the promising features of
enzymatic biosensing in nanopores, we have taken this new
paradigm a step further and propose a new approach to design
nanofluidic biosensors based on the iontronic amplification of an
enzymatic reaction by electrostatically incorporating polyelec-
trolytes into the nanopore as “reactive signal amplifiers”. As an
example, we demonstrated the versatility of the proposed
strategy by electrostatically assembling poly(allylamine) (PAH)
(a cationic weak polyelectrolyte) on the anionic surface of
asymmetrically shaped nanochannels and subsequently assem-
bling urease on the PAH layer. In the presence of urea, urease
degrades the analyte into ammonia and carbon dioxide leading to
a change in the protonation degree of the polyamine and
ultimately changing the charge state of the surface of the solid-
state nanochannel. This procedure is shown to be both reversible
and reproducible while yielding a limit of detection (LOD) of
1 nM which to the best of our knowledge is the lowest value
reported to date for urea with a reaction time of <1 min.
Additionally, we show that the rich interplay between the native
anionic charges of the nanopores and the cationic poly-
(allylamine)—which leads to a zwitterionic pore wall—can be
modulated by the enzymatic process in such a way that the urea-
responsive nanofluidic device displays fully tunable and revers-
ible ionic rectification. We expect that this work has profound
implications not only for the supramolecular design of ultra-
sensitive nanopore biosensors but also for design and develop-
ment of reconfigurable nanofluidic circuits driven by specific
chemical inputs.

The success of the PAH modification procedure was verified
by I-V measurements testing if the net charge of the nanochannel
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Figure 1. (a) Scheme depicting the fabrication procedure of the urease-poly(allyl amine)-nanochannel and the electrostatic interactions taking place on
the nanochannel surface. (b) Current—voltage curves measured before and after each modification step at pH 6, bare nanochannel (blue curve), after the
modification with PAH (red curve) and after subsequent modification with urease (green curve).

changed from negative (carboxylate groups) to positive (amine
groups) at the working solution pH (~5.5). Changing the surface
charge of the nanochannels produces a switch in its ionic selec-
tivity, which can be observed as a change in the direction of the
rectified ionic currents (or by a change in the rectification
efficiency) at opposite polarities. This current gating process is
illustrated in Figure 1.

The PAH modification procedure is very robust”** and has
the great advantage that it allows obtaining an “amphoteric”
surface in a simple manner. This “amphoteric” surface generated
by the electrostatic assembly of cationic PAH on the carboxylate-
bearing wall of the poly(ethylene terephthalate) (PET) nanopores
(Figure 1) represents a useful resource in nanofluidics to control
the ion selectivity of nanofluidic devices by controlling the
proton concentration in solution. Therefore, the PAH-modified
PET nanochannel (PET/PAH) shows a pH-dependent behavior
that allows reaching different rectification efficiencies at different
pH values and even changing the direction of the rectification.
This pH-dependent behavior was characterized by measuring the
current—voltage characteristics, while changing the solution pH
by adding dropwise HCl or NaOH solutions to explore the
complete functional pH range. The nanofluidic titration curve is
presented in Figure S2. As expected, these results show an
isoelectric region at pH values close to 7.”"

Once the surface of the nanochannels was modified with PAH,
the urease (Ur) was electrostatically incorporated into the
nanopore at pH 7.4 (HEPES buffer). Under these conditions the
enzyme is negatively charged since it has an isoelectric point
of 5.2.* The modification procedure was also confirmed by
measuring I—V curves (Figure 1). In this case, the change in ionic
currents and rectification efliciency did not show a reversion
of the rectification efficiency direction as with the PAH
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modification, mainly because the amount of electrostatic charges
exposed by the enzyme is not high enough to overcompensate
the charges stemming from the PAH layer. However, the I-V
curves showed a slight decrease in the rectified current, which
might be related to the reduction of the nanochannel cross-
section due to the presence of the enzyme.

After the incorporation of urease, current—voltage character-
istics were measured again at different pHs. The shape of the
rectification efficiency versus pH curve was qualitatively the same
as with PAH only (Figure 2) but showing systematically lower
rectification efficiencies for each pH. This is understandable since
a certain fraction of the positive charges of the PAH layer are
neutralized by the protein, therefore reducing the number of
available charges contributing to the net charge of the nano-
channel. It is important to note that even though the presence of
the protein on the surface of the PAH-modified nanochannels
(PET/PAH) reduces the magnitude of ionic currents through
the pore, it does not preclude the pH responsiveness of the
nanochannel maintaining its amphoteric behavior.

Figure 2 shows the response of a urease-PAH-modified
nanochannel (PET/PAH/Ur) as a function of pH. Changing the
pH from acidic to basic conditions leads to the reversion of the
rectification direction, and consequently to the reversion in the
selectivity of the channel. To use this device as an iontronic
amplifier, it was important to determine the pH value at which
the sensing response is enhanced to a greater extent, i.e., a region
where the gating of the ionic currents is greater. By inspection of
Figure 2, this region was found to lie within the range of pH
between 6 and 7.

The next feature to take into account is the activity of the
enzyme which is known to peak around pH 7.4 decreasing toward
more acidic or basic conditions.>* As shown in the reaction below,

DOI: 10.1021/acs.nanolett.8b01281
Nano Lett. 2018, 18, 3303-3310


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b01281/suppl_file/nl8b01281_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b01281

Nano Letters

o] o 0 (a)
OH @&HN _H+ Q@ EHN _H+ 08  HN
R —
o NHL O g+ 0 n, +HE 0 NH
089 @HN 09 @HN 00 @HN
- o -2000
Anlon Salect ive Cation Sel ective
25 L} 1 L L} L L} L L} L T ]D
- (b) pH 4 (c) 1s
20} 11 ®
I - \. 16
I 15: H5 1 [ 1
c
~ 10+ 1 \ —
£ 5l pHe | [ ® 1?8
s - — ?
o 0 *—eo
' pH7 i \ 1=
-5 : I - . L @ 14
1oL PHS a
i L L I L 1 I 1 L L _6
15 -10 05 00 05 10 15 4 5 6 7 8 9
Transmembrane potential / V pH

Figure 2. (a) Schemes depicting the different protonation states of the amphoteric nanochannel and the resulting charge and selectivity. The urease
is not included in the schemes for the sake of simplicity. (b) I-V curves and (c) rectification efficiency versus pH after the modification of the
PAH-coated nanochannel with urease (PET/PAH/U). Curves were measured in 0.1 M KCI with dropwise addition of NaOH or HCI to reach each

pH value.

urease catalyzes the decomposition of urea into ammonium and
carbonic acid®

urease
_—

(NH,),CO + 3H,0 2NH} + HCO; + OH™
272 2 4 3

(1)

During the course of the reaction, the pH of the solution is
increased locally; actually it was recently shown that the pH can
be shifted several units in a urea-concentration dependent fashion
reaching pH as high as 9.*° However, being able to observe such
pH changes requires a large amount of proteins anchored to the
surface because a detectable pH shift requires the reaction of a
large amount of urea. On the other hand, the same extent of
products generated inside a nanochannel would produce a higher
change in the local pH due to the confinement into a femtoliter
volume, and therefore, by increasing the concentration of urea it
would be possible to move across the nanofluidic titration curve
from left to right (Figure 2). This could be accomplished by
indirect generation of hydroxyl ions that, in turn, shift the
protonation degree of the PAH monomeric units toward the
deprotonated state. By adding different concentrations of urea to
solutions with different pH values, we found that pH 5 prompts
the best iontronic amplification. We hypothesize that at this pH
the relation between the regions on the titration curve that yields
the maximum amplification of the enzymatic reaction and the
region of highest enzymatic activity is maximal.

Once the working pH was set at 5, the urea-dependent
behavior of the PET/PAH/Ur nanochannel was tested by using
aqueous urea solutions with concentrations ranging from 1 nM
to 5 mM. Upon increasing the amount of urea in solution, the
nanofluidic system shifted progressively from anion selectivity to
cation selectivity, or in rectification terms, from positive rectifi-
cation to negative rectification. Figure 3 shows the normalized
rectification efficiency versus the concentration of urea in
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solution. The trend is similar to the one observed for the
titration curve. This is not surprising because of the fact that the
increasing amount of urea is expected to shift the protonation
degree of the PAH to lower values through its degradation by the
urease. At low urea concentrations the rectification efficiency
(free) s positive, which according to our convention means that
the surface of the nanochannel is positively charged, and the
permselectivity of the channels concerns anions. Upon an increase
in the concentration, the rectification efficiency linearly decreased,
up to a concentration of 1 uM. This decrease is attributed to the
deprotonation of both primary amines of the PAH and carboxylate
groups of the surface of the unmodified nanochannels. Higher
concentrations, up to 100 uM, did not produce a significant change
of the rectification efficiency. Within this region, both the PAH and
the carboxylate groups are significantly charged, possibly pro-
ducing an electrically neutral surface. According to previous
reports, this electrostatically neutral region is termed the isoelec-
tric region.31 Further increase of the concentration (>100 uM)
induced the increment of the rectification efliciency in the
negative direction. According to our convention, this means an
increase in the negative surface charge of the nanochannel and a
permselectivity toward cations. The increment of the negative
charge saturated at a concentration of S mM.

For verification of the reproducibility of the fabrication pro-
cedure and functional response of the system, these experiments
were repeated using different single nanochannels. From sample
to sample, the nanochannel signal slightly differs because of small
differences in the foil, etching procedure, and thus resulting pore
size. For comparison of different samples, the rectification
efficiencies (f,..) were normalized by dividing each value with the
maximum absolute value obtained for a given nanochannel
(see eq S2 in the SI file). A remarkable reproducibility was found
between different experiments by comparing normalized
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Figure 3. (a) Scheme depicting the relation between the biochemical degradation of urea and the nanofluidic output of the nanochannel through the
amplification of the enzymatic reaction. Low concentration leads to positively charged surfaces while high concentration leads to negatively charged
surfaces with concomitant changes in the ionic selectivity of the nanochannels. (b) Normalized rectification efficiencies (f,..-norm) and error bars were
obtained from the results for three different nanochannels. The solid line has been introduced to guide the eye.

rectification efficiencies ( f..-norm; Figure 3; see Figure S4 in the
SI file for further details).

Our data provide clear evidence that regulating the concen-
tration of urea in solution allows a wide variety of nanofluidic
operations including permselective current gating and selectivity
switching. This type of chemically reconfigurable system is of
great interest in nanofluidics if we consider that a specific preset
chemical input can finely regulate the direction and the magni-
tude of the ion flux through the nanochannels. Concerning this
matter, it is important to assess the kinetic response in the
presence of the chemical stimulus, i.e, how fast the system
responds to the presence of urea in solution. We thus performed
a time-resolved measurement by determining the transmem-
brane current of a PET/PAH/Ur nanochannel while applying
a constant voltage of 1 V (Figure 4). After several minutes of
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Figure 4. Kinetic response of a PET/PAH/Ur nanochannel to the
addition of urea up to a concentration of 3 mM in solution while
measuring the transmembrane current at 1 V.

continuous current measurements, a small amount of urea
(0.18 mg) was added to the solution in the conductivity cell up to
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a final concentration of 3 mM. The response was almost
immediate; within a few seconds the current steeply decreased
indicating that the enzymatic degradation of urea generates an
immediate reduction of the protonation degree of the PAH and a
concurrent decrease in the anion-driven current.

Up to now, we have discussed the general response of the
system to urea in solution as a chemical gate for the ionic permse-
lective transport providing a promising system for nanofluidic
biosensing applications. Figure 3 illustrates that urea concentration
can be analyzed in a broad range and shows a linear relationship for
urea concentrations between 1 nM and 1 uM, where the ampli-
fication capability of the system is maximum. Higher con-
centrations already fall into the isoelectric region. The limit of
detection (LOD) resulting from measurements with our
biosensing nanopore was 1 nM. At this point, we should note
that lower LOD values were reported for enzyme-free
biosensors.””** However, it is well-known that, despite the fact
that enzyme-free biosensors are very sensitive, their selectivity is
very poor. On the contrary, enzyme-based sensors typically
exhibit higher LOD values, but they display excellent selectivity
because of the high specificity of the enzymes.” This explains
why it is important to actively endeavor to devise strategies for
increasing the sensitivity of enzymatic biosensors to create highly
sensitive and highly specific sensing platforms. In our case, the
combination of the high specificity of the enzyme (urease) with
the sensitivity of the nanopore transducer boosted by the
“reactive signal amplifier” led to a high-sensitivity urea sensor.
To the best of our knowledge, 1 nM is the lowest LOD value
reported for enzymatic urea detection®® (for a detailed com-
parison of characteristics of different enzymatic urea biosensors,
refer to Table S1 in the SI file). Figure S shows the linear region
of the semilog plot of f.. vs urea concentration including the
error bars calculated as the standard deviation of the values
measured for three different nanochannels. The behavior in this
region was found to be highly reproducible. As can be seen in
Figure S, the normalized rectification efficiency (f,..-norm) as a
function of the logarithm of concentration of urea follows a linear
behavior.
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Figure S. Normalized rectification efficiencies versus urea concentration
obtained from the data of three different PET/PAH/Ur nanochannels.

In addition to reproducibility tests of the complete system, we
also investigated the reversibility of the nanofluidic biosensor.
In particular, we were interested in assessing whether the system
was still responsive after being exposed to high concentrations of
urea. To address this point, we carried out experiments by suc-
cessively changing the electrolyte solution from a urea-free solu-
tion to a 1 mM urea solution, which is close to the saturation region.
I-V curves were measured for each cycle, and the rectification
efficiencies were calculated and plotted successively (Figure 6)
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Figure 6. Reversibility tests for a PET/PAH/Ur nanochannel. The
rectification efficiencies were calculated using 0.1 M KCI solutions
containing either 0 (red dots) or 1 (blue dots) mM urea at pH 6.

which allows us to clearly illustrate the high reversibility of the
system. After we performed 6 repetition cycles, the nanofluidic
biosensor did not lose its responsive behavior, thus implying that
the device could be used several times without compromising its
performance.

In conclusion, nanofluidic experiments demonstrate the potency
of enzymatic processes in the presence of “reactive signal
amplifiers” as a key enabling approach to set, modulate, recon-
figure, and amplify the biospecific responsiveness of solid-state
nanopores. The conceptual framework is based on the strong
dependence of the ionic transport properties of nanofluidic
devices—and especially nanofluidic diodes—on the sign and
magnitude of their surface charges. Combining this strong
dependence with the incorporation of a weak polyelectrolyte,
poly(allyl amine) (PAH), that renders the nanofluidic device an
amphoteric behavior, the construction of a highly sensitive device
for the detection of local pH changes can be realized. Additional
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incorporation of urease into the PAH-modified nanopore via
electrostatic assembly yields supramolecular integration of molec-
ular recognition elements into the device. The transduction mech-
anism of the nanopore biosensor operates according to the local
pH changes induced by the enzymatic decomposition of urea
into ammonia and carbon dioxide. Our results demonstrate that
the proposed mechanism based on “reactive signal amplifiers”
allows the fine control of the nanofluidic output; ie., ionic
currents are tailored by varying the amount of urea in solution.
In particular, the fast and high responsiveness of the urease-
equipped amphoteric nanofluidic device to urea concentration
makes it a highly sensitive enzymatic biosensor with a limit of
detection of 1 nM. Furthermore, this system was proven to be
highly reproducible and reversible, two fundamental features
required for a technologically applicable biosensing device.
Another important aspect that deserves particular attention is
that this concept can be further applied to other combinations of
weak polyelectrolytes and “pH-shifting” enzymes, therefore
becoming a valuable strategy to design and construct nanofluidic
biosensors. Additionally, this approach also offers accurate con-
trol over the reversible reconfiguration of anion-selective and
cation-selective rectified transport as a function of a given chem-
ical input. This is fundamentally interesting chemistry with strong
implications for nanofluidics since these significant changes in
transport properties stemming from the nanoconfined enzymatic
process could be harnessed as a (bio)chemical actuation mech-
anism in nanofluidic circuits.

Taken all together, our set of experiments introduces a new
concept to design nanopore biosensors and chemically recon-
figurable nanofluidic elements based on the exquisite synergy
arising from the combination of the remarkable physical charac-
teristics of asymmetric nanopores, the chemical richness of
polyelectrolyte assembly, and the unsurpassed specificity of
enzymatic recognition. We envision that further extrapolation
of these notions and concepts relying on the use of “reactive
amplification” to other enzymatic systems will open up new
opportunities to devise new, highly sensitive nanopore
biosensors as well as to build up (bio)chemically addressable
nanofluidic circuitry.
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