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Continuous biosensors provide real-time information about biochemical processes occurring in the
environment of interest and are therefore highly desirable in research, diagnostics and industrial settings.
Although remarkable progress has been made in the field of biosensing, most biosensors still rely on
batch processes and, thus, are not suited to perform continuous measurements. Recently, however, it has
been shown that by combining affinity-based nanoswitches with state-dependent readout platforms, the
necessity for batch processes can be overcome and affinity-based continuous biosensing can be
achieved. In this review, we first provide an overview of affinity-based continuous biosensing and discuss
the required components to achieve this goal. More specifically, we summarize the strategies that have
been applied to develop and tune both protein and nucleic acid-based switches, as well as readout strat-
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were already integrated and hence enabled continuous measurements are reviewed. We also discuss the
challenges and opportunities associated with each approach and therefore believe this review can help to
rsc.li/analyst encourage and guide future research towards continuous biosensing.

1. Introduction

Real-time, continuous biosensing is gaining more and more
attention in healthcare,"? biotechnology,** and food and bev-
erage processing,”® as it provides instant and continuous
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environment of interest, thereby allowing direct and even feed-
back-controlled intervention.” Furthermore, by continuously
monitoring target molecules in their respective environment,
the necessity for batch measurements can be overcome, which
is often a tedious and time-consuming process, as samples fre-
quently have to be withdrawn, processed, transported to the
sensing setup, and analyzed before information about the
target concentration can be obtained.” Although remarkable
progress has been made in the field of biosensing since the
development of the first biosensor in 1956,° most biosensors
do not satisfy the requirements for continuous biosensing,
being that they (i) must not require externally added reagents,
(ii) cannot generate products, (iii) cannot rely on multistep pro-
cesses such as washing, incubation or regeneration steps, (iv)
must exhibit a dynamic response and (v) must be stable for a
long time period in the environment of interest.”® Glucose
and other enzymatic sensors are the best-known examples of
biosensors that are capable of continuously monitoring
specific target concentrations,"® but as their detection strategy
relies on the reactivity of the target itself, it cannot be applied
for non-reactive targets.”>'" Affinity-based biosensors on the
other hand, represent a more general approach for biosensing.
However, they generally rely on multistep processes including
washing, incubation or regeneration steps to translate the
binding of an analyte to the bioreceptors into a detectable
output, which limits their use for continuous biosensing.”’
Recently, it was shown that by combining affinity-based nanos-
witches with a state-dependent readout platform, the afore-
mentioned limitations could be overcome and affinity-based
continuous biosensing could be achieved.'*™” Therefore, in
this review, we will discuss both crucial components separately
and will explain how these can be applied to develop affinity-
based continuous biosensors.

First, we explain the concept of affinity-based nanoswitches
in terms of continuous biosensing and provide an overview of
the approaches to transform affinity-binders into the former.
Second, we review readout strategies that are suitable to be
applied in combination with the affinity-based nanoswitches,
to develop an integrated biosensor for continuous monitoring.

A) Clamping

B) Competition
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Finally, we discuss the platforms that have already integrated
both elements, thereby overcoming the abovementioned chal-
lenges and enabling continuous biosensing.

2. Elements to enable affinity-based
continuous biosensing
2.1. Affinity-based nanoswitches

Affinity-based nanoswitches are entities, composed of affinity-
binders, that undergo a reversible conformational change
upon target binding. Due to the conformational change, target
binding can directly be translated into a detectable output (by
using a state-dependent readout platform as will be explained
in the next section), without multistep processes or exogenous
reagents. Furthermore, as this conformational change is
reversible, the switch can react to changing target concen-
trations and a dynamic response can thus be achieved.”® In
this manner, the abovementioned limitations can be overcome
and therefore, affinity-based nanoswitches are key elements
for continuous biosensors. The development and use of these
switches is inspired by nature, where switching molecules
sense and react to biological cues in a variety of ways. The
amount of targets for which naturally occurring switches exist
is however limited, and therefore, strategies have been
described to develop synthetic switches from affinity binders,
which we subdivide here in the following categories."®°

The first approach is the development of a clamp, as shown
in Fig. 1A and 2A, for which two affinity-binders are tethered
together, so the switch will shift from a loose to a more rigid
state when both receptors are bound to the target. In order to
develop a switch using this approach for multivalent targets,
two copies of the same binder can be used, as they can bind to
different subunits of the target molecule.* For monovalent
targets however, either two affinity binders that can bind to
distinct epitopes of the target molecule, or one affinity binder
recognizing the target molecule and a second one binding to
the target-receptor-complex, are required.'®**>* This strategy
is highly modular and thus allows for straightforward design

C) Alternative folding
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Fig. 1 Strategies to create protein switches. (A) Clamping: Two protein binders are tethered together via a flexible linker. When the target is
present, both will bind the target and a rigid structure will be formed. (B) Competition: The protein binder is linked to an intramolecular ligand via a
SNAP-tag and stiff linker. In this manner, the target will compete with the ligand, leading to its displacement and thus an extended conformation of
the protein switch. (C) Alternative folding: Part of the protein binder is duplicated and linked to its opposite end so the protein can fold into two dis-
tinct conformations. Furthermore, a mutation is inserted into the duplicated part and as a result, the target can only bind one of both conformations.
In this way, the protein binder can switch between its two conformations of which one is stabilized by target binding. A protein switch can also be
developed via alternative folding by destabilizing the protein structure, so folding is only achieved in presence of the target molecule. For all strat-
egies, the switches are depicted in blue while the target molecules are portrayed in orange.
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Fig. 2 Strategies to create NA switches. (A) Clamping: Two NA receptors are tethered together via a flexible linker. When the target is present, both
will bind the target and a more rigid structure will be formed. (B) Competition: The NA receptor (light blue) is linked to a NA competitor (dark blue).
In this way, the target will compete with the competitor, leading to its displacement and thus a conformational change of the NA switch. (C)
Alternative folding: The secondary structure of the NA receptor to which the target binds is destabilized or an alternative folding of the receptor is
introduced. In this manner, the NA receptor can switch between its two conformations of which one is stabilized by target binding. For all strategies,
the switches are depicted in blue while the target molecules are portrayed in orange.

of affinity-based nanoswitches.”® However, as small ligands
cannot easily be detected using clamping due to their limited
recognition domains, affinity-based nanoswitches have also
been engineered based on competition, which relies on the
attachment of a competitor to the bioreceptor (Fig. 1B and 2B).
The competitor will bind to the target recognition zone, so
when the target is present, it will compete with and lead to the
displacement of the competitor and thus conformational
change of the switch. Next to the modularity and generalizabil-
ity of this approach, the overall affinity of the switch can be
rationally tuned without requiring changes to the native biore-
ceptor itself, by adjusting the binding strength of the competi-
tor. However, by using a competitor, the overall affinity of the
target towards the switch will be lower than its affinity for the
native bioreceptor."®****72° Lastly, synthetic switches can be
developed by introducing an alternative folding, as depicted in
Fig. 1C and 2C. In this strategy, the affinity-binder needs to be
adapted so it can fold into two well-defined structures, of
which one is stabilized by target binding. As for this approach,
the bioreceptor itself needs to be tailored to undergo a confor-
mational change upon target binding, the design process is
often challenging and requires empirical optimization, which
is why this strategy is less generally applicable.'®?%>*2327

Using these strategies, both protein and nucleic acid (NA)
switches have been developed. As both molecules are structu-
rally and chemically different, the engineering of protein or
NA switches requires a different expertise and is even con-
ducted in different research fields (i.e. protein engineering and
DNA nanotechnology, respectively). Therefore, the abovemen-
tioned strategies to create either protein or NA switches will be
discussed in more detail separately. Afterwards, the develop-
ment of NA-protein hybrid switches will be discussed shortly.

Importantly, for affinity-based switches suitable for con-
tinuous monitoring, all components of the switch need to be
linked together, as no components can be added as external
reagents. Therefore, we will only discuss the switches that
fulfill this requirement.

2.1.1. Protein switches. Protein switches have become
invaluable tools in both fundamental and applied research, as
they provide a means to report or respond to desired biological
cues in real-time. Therefore, in the field of protein engineer-
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ing, much research is being performed to tailor-engineer
protein switches with custom input and output functions.'®?®
Although many protein switches have been described that are
able to act as transducers or actuators, ®>° we will only discuss
protein switches that undergo a conformational change as
output since they fulfill the requirements for continuous
biosensing.

To engineer such protein switches, the abovementioned
strategies have been widely applied. For instance, protein-
based clamps have been constructed for antibody detection by
the group of Maarten Merkx by connecting two copies of the
respective antibody binding epitope, as presented in Fig. 1A.
This construct was developed for antibodies against HIV (anti-
HIV1-p17),°* EGFR (cetuximab),’*?* hemagglutinin®*'** and
dengue virus (type I),>"*? thereby demonstrating the suitability
of this approach for antibody detection. Notably, the binding
epitopes were connected by a glycine-serine linker, which are
commonly applied flexible spacers, and are therefore desirable
to develop a protein clamp that switches between a flexible
and rigid state upon target binding.** The abovementioned
strategy was also applied by Adamson et al. by connecting two
Affimer proteins®® that bind to human C-reactive protein (a
protein biomarker), Herceptin (a therapeutic antibody) or the
cow pea mosaic virus (a plant virus) respectively, thereby
further demonstrating the generalizability of this approach to
develop protein switches for multivalent targets.>’ Moreover,
protein clamps have also been developed for various peptides,
by sandwiching them between two distinct peptide binding
interfaces that were selected through directed interface
evolution.’*® Additionally, a Zn(u)-binding clamp was devel-
oped by connecting two metal-binding domains (Atox1 and
WD4).>*7*! Altogether, clamping proved to be a straightforward
and general strategy to develop protein switches for multi-
valent targets, but remains less widespread for small and
monovalent targets, due to the need for two distinct epitopes
and affinity binders.

Therefore, protein switches have also been engineered
based on competition as depicted in Fig. 1B. To achieve this,
the group of Kai Johnsson covalently attached protein binders
to their ligands via an intramolecular tether and SNAP-tag (a
commercially available self-labeling protein tag), so when the

This journal is © The Royal Society of Chemistry 2022
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target molecule is present, the intramolecular ligand is dis-
placed by the target and the protein switch adopted an
extended conformation.”? Importantly, to ensure an extended
conformation upon target binding, the linker between the
binder and SNAP tag should not be too flexible. Therefore,
although glycine/serine linkers proved useful for the develop-
ment of clamps, polyproline linkers were applied in this
format, as they are more rigid and thus better suited for the
development of competitive protein switches. Furthermore,
the intramolecular tethers should be long enough to allow
binding of the intramolecular ligand and thus closing of the
switch. Another important consideration is the affinity of the
protein binder for its intramolecular ligand, as this should be
high enough to ensure the closed state is predominant in the
absence of target molecules, whereas it should be low enough
to allow competition with the respective target, for the desired
target concentration range. As a result, the overall affinity of
the protein switch for its target depends on the affinity
between the applied protein binder and the intramolecular
ligand as well as the affinity between the protein binder and
its target, of which the first can be tuned to adjust the
concentration range to which the switch will respond. Using
this strategy, the research group of Kai Johnsson was able to
develop protein switches for the detection of small molecules
such as glutamate,”® acetylcholine,** sulfonamides,*>*
y-aminobutyric acid*® as well as for clinically relevant drugs
including anti-epileptics (topiramate),*” immunosuppressants
(sirolimus, tacrolimus and cyclosporine A),*” anti-arrhythmics
(digoxin),*” anticancer agents (methotrexate),*”**® bronchodila-
tors (theophylline)*® and drugs against malaria (quinine).*®
Furthermore, as many naturally occurring protein switches
are based on alternative folding, this strategy has also been
applied to develop their synthetic counterparts.'®*° In particu-
lar, to engineer protein switches using alternative folding,
either the structure of the protein can be destabilized, so the
protein only folds upon target binding,*® or the topology of the
polypeptide chain of the respective protein binder itself can be
altered, so the protein can fold into two distinct confor-
mations, of which one is stabilized by target binding. For
instance, Kevin Plaxco and coworkers inserted switching pro-
perties in the FynSH3 protein using the first alternative
folding strategy. More specifically, they truncated the respect-
ive protein (four-residue carboxy-terminal truncation), which
led to the destabilization of FynSH3 in absence of the target
molecule. As a result, the population FynSH3 successfully
shifted from an unfolded to a folded conformation upon
binding of the VSL12 peptide target.*>** To induce an alterna-
tive folding using the latter strategy, the research group of
Stewart N. Loh duplicated part of the protein that recognizes
the target molecule and attached it to the opposite side of the
protein allowing its folding either into its native or alternative
conformation. Furthermore, they inserted a mutation in the
duplicated segment, so target molecules could only bind to
the native state and as a result, an equilibrium was formed
between the two conformational states of the protein binder,
of which one (native) was stabilized by binding of the target

This journal is © The Royal Society of Chemistry 2022
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molecule,”®*'>* as presented in Fig. 1C. Using this approach,
protein binders were successfully converted into protein
switches for the detection of Ca(n)>"** and ribose.”*

Notably, when engineering protein switches, most often the
reporter molecules and switching properties are engineered
into the protein binder simultaneously. However, as the
respective labels depend on the applied readout strategy, they
will be discussed separately in section 2.2.

Although the broad chemical diversity of amino acids pro-
vides a wide functionality to proteins, which enabled the devel-
opment of protein switches with various in- and outputs, due
to this diversity, the behavior of proteins cannot be easily pre-
dicted. As a result, the development of protein switches can be
challenging and commonly relies on extensive empirical
optimization and is often limited to binders for which struc-
tural information is available."®*°

2.1.2. Nucleic acid switches. Due to the emerging field of
DNA nanotechnology in which NAs are used for engineering
purposes rather than as a genetic carrier, NAs have extensively
been used to develop affinity-based nanoswitches.”® Although
the chemistry and structure of nucleic and amino acids differs
significantly, the same strategies to convert NA receptors into
switching molecules can be applied.

In fact, NA switches have been engineered by tethering two
aptamers or single-stranded NA (ssNA) probes together, via a
flexible linker. This was achieved either through covalent
attachment, using DNA,***°7>° RNA,*° PEG,*>°" phosphorami-
dite linkers®” or larger scale structures,'" or through hybridiz-
ation of ssNA linkers.®® In this manner NA clamps were suc-
cessfully formed that switched from a flexible to a more rigid
state upon target binding,**°® as shown in Fig. 2A. Using this
clamping strategy, NA switches have been developed for
protein targets including the hepatitis C virus non-structural
protein 3,% vitronectin,®* thrombin'"?*°¢738:61.62 and vascular
endothelial growth factor®*® as well as DNA targets."’
Although the design and development of NA clamps proved to
be straightforward, their application remains limited and is
mostly applied to thrombin, as this is the best-known example
for which two well established aptamers targeting distinct epi-
topes are available.®”

In contrast to clamping, competition is a widespread strat-
egy for the development of NA switches from aptamers, as the
predictability of Watson-Crick basepairing provides a straight-
forward approach to design and tune a competitor, consisting
of ssNA that is partially complementary to the target binding
region of the aptamer,>®?® as presented in Fig. 2B.
Importantly, in contrast to many protein switches developed
via competition, the competitors of these NA switches thus do
not consist of the respective (modified) target itself. These
switches were termed duplexed aptamers in a previous review
paper by Munzar et al. (2019)** and have been developed by
linking the competitor NA strands and aptamers again either
covalently using ssNA spacers®®*® or PEG,””'°° or via hybridiz-
ation to NA linkers'®"'®* or even DNA origami structures.'®?
Using this strategy, NA switches have been developed for the
detection of various targets including thrombin,®®7*~74102:104
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protein tyrosine kinase-7,”*”7%'% immunoglobin heavy mu
chain,®® nucleolin,®®'°® theophylline,®® platelet-derived growth
factor (BB),*"® lysozyme,®"®* IFN-Y,**%%%° TNF-o,*° IgE'"!
ATP,”%87:91799 Apnip 7981 ADP® and GTP.*® This broad avail-
ability proves the generalizability of this approach for a wide
range of targets. Note that these only represent the duplexed
aptamers in which the competitor is linked to the aptamer
itself, but that many more duplexed aptamers have been
described in which the competitor is added as an external
reagent which further demonstrates their widespread
application.>®*% However, the latter do not fulfill the
requirements for continuous biosensing and thus will not be
discussed further. Importantly, as was also the case for protein
switches developed by competition, the binding strength
between the competitor and NA receptor needs to be carefully
tuned. Therefore, in our previous work, we developed a model
that predicts how the competitor affects the final switching pro-
perties of duplexed aptamers.>® This model allows to rationally
tune the performance of duplexed aptamers and thereby reduce
the amount of empirical optimization required to develop new
NA switches from NA bioreceptors based on competitive displa-
cement. Furthermore, although most competitive NA switches
were developed starting from a previously described aptamer,
Nutiu et al adapted the standard SELEX procedure (systemic
evolution of ligands by exponentially enrichment), which is
commonly used for the in vitro selection of aptamers for specific
targets, to directly select NA switches based on competition
from random sequences. Using this strategy, they successfully
selected NA switches for the detection of ATP and GTP.'*°
Altogether, the development of NA switches based on competi-
tive displacement proved to be a straightforward and general
strategy suitable for a variety of target molecules.

Finally, NA switches have been constructed based on the
introduction of an alternative fold from both ssNA probes'®”
and aptamers,”"?” commonly described as molecular beacons
or structure-switching aptamers (SSAs) respectively, of which
the latter is depicted in Fig. 2C. To develop SSAs, the group of
Kevin Plaxco either destabilized the tertiary structure of the
respective aptamer or introduced an alternative fold, similar as
was described for protein switches.>” Notably, to do this, the
tertiary structure of the aptamer needs to be known. Using this
strategy, they were able to develop NA switches for the detec-
tion of proteins,'*®'% drugs'>'* 7917 and other small
molecules,"™® including thrombin,'® the TATA binding
protein  (transcription  factor),’®®  doxorubicin,'**71>113
kanamycin,">'”'** tobramycin,"'®'”""*>''” gentamycin,"” irino-
tecan,''® vancomycin,"'' cocaine and melamine.'*®
Although SSAs have successfully been developed using this
strategy, the engineering process remains unpredictable and is
mostly based on trial and error, thereby undermining the
widespread adaptation of this type of NA switch.>® Molecular
beacons are commonly applied to detect NAs, due to their ease
in design and development, as all interactions are based on
hybridization. They were first described by Tyagi and Kramer
in 1996 ''° and are composed of a ssNA probe equipped with
hairpin formation sequences on each end. In this manner, a

15,112,114
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hairpin loop is formed in absence of the NA target, which
opens when the respective target sequence binds. This format
has been widely applied throughout the years and proven its
applicability for the detection of NA.'>°?8

Altogether, NAs are suitable components for the develop-
ment of affinity-based nanoswitches due to their ease of syn-
thesis and use, and their highly predictable thermodynamic
behavior.>*'2%13° Furthermore, due to the progress in aptamer
selection processes (SELEX), the amount of NA receptors for
various targets keeps increasing.”*'"** Consequently, NA
switches have already been widely applied for bioassay
development®>'**1%> and play an important role in the devel-
opment of continuous biosensors.

2.1.3. Nucleic acid-protein hybrid switches. As explained
in the previous sections, both protein and NA switches have been
developed to respond to molecular cues in real-time. Importantly,
as NA and proteins are inherently different, the opportunities
and potential of both components for the development of
affinity-based nanoswitches differs significantly. However, by
merging NA and protein molecules, the advantages of both com-
ponents can be combined and NA-protein hybrid switches can
thus be engineered with a broad functionality and high predict-
ability. For instance, the wide range of protein binders can be
implemented for target recognition, whereas NA can be used to
implement the conformational change after target binding."***”

In a similar format as the protein clamps developed by the
group of Maarten Merkx (shown in Fig. 1A), the group of
Francesco Ricci developed an NA-protein hybrid switch for the
detection of the anti-HIV and anti-flag antibodies as presented
in Fig. 3A. Therefore, they designed a DNA hairpin with ssDNA
tails, that are hybridized with ssDNA equipped with the
ligands of the respective antibodies. In this manner, when the
target antibodies are present, they will bind to their respective
ligands and thereby open the DNA hairpin."*® With this
format, they could achieve the same advantages as discussed
in section 2.1.1. for the protein clamps developed by the group
of Maarten Merkx. On top of that, their format allows (i)
straightforward control over the conformational change and
(ii) tuning of the switch thermodynamics, by altering the base-
pairing of the hairpin stem, which further demonstrates the
potential of NA-protein hybrid switches.'*”**® Furthermore,
they showed that this format can be applied for the detection
of monovalent targets (anti-Dig Fab fragment and DNA-
binding transcription factor TBP), as well, on the condition
that the simultaneous binding of two target molecules causes
enough steric hindrance to open the DNA hairpin.**®

Aside from the abovementioned NA-protein hybrid clamps,
a competitive hybrid switch has also been developed by the
research group of Menno Prins. Herein, DNA was applied both
as a tether to link a microparticle to the sensor surface, as well
as a linking group, to attach the competitor of the
protein bioreceptors,'*'*° as shown in Fig. 3B. This switch was
developed for creatinine and will be elaborated further in
section 3.2, where we will discuss biosensing strategies that
applied affinity-based nanoswitches to enable continuous
measurements.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Strategies to create NA—protein hybrid switches. (A) Clamping: Antibody ligands were attached via hybridization to a DNA hairpin. In this
manner, when target antibodies were present, they would bind to their respective ligands and the DNA hairpin would be opened. (B) Competition:
Switches are composed of microparticles, which were immobilized on the surface via dsDNA tethers. The microparticles were equipped with a
(creatinine) competitor via hybridization, whereas the surface was equipped with protein bioreceptors (antibodies). In this manner, when the target
molecule (creatinine) was present, they would bind to the protein bioreceptors and the switches became less restricted in their movement. For all
strategies, the switches are depicted in blue while the target molecules are portrayed in orange.

The abovementioned examples clearly show how the advan-
tages of proteins and NAs can be combined for the develop-
ment of affinity-based nanoswitches. Notably, to do this,
knowledge about both protein engineering and DNA nano-
technology is required, which might be a reason why the
amount of NA-protein hybrid switches remains limited. In
summary, although the potential of NA-protein hybrid
switches is in our opinion currently still underexplored, we
believe that this strategy can further help in broadening the
library of available affinity-based nanoswitches and provides a
highly versatile and modular technique for the development of
affinity-based switches, suitable for continuous biosensing.

2.1.4. Dynamic response. Although many affinity-based
nanoswitches have been developed and described in literature,
most of them have only been studied in equilibrium con-
ditions rather than in a continuous manner. In order to apply
them for continuous biosensing applications however, it is
important that the kinetic behavior of these switches is evalu-
ated, as this will ultimately determine the dynamic response of
the biosensor. Generally, there is a trade-off between the affinity
for the target and the dynamic response of the biosensor. On
one hand, a high affinity is considered advantageous as it gener-
ally provides a low detection limit.” More specifically, the
affinity between the switch and target will determine how many
target molecules will bind to the switches and thus how many
state-changes will occur for a certain target concentration. As for
most readout platforms, the amount of state-changes is directly
proportional to the obtained signal, a higher sensitivity and
lower limit of detection (LOD) can usually be achieved for
higher affinity capture elements. On the other hand, a high
affinity generally provides a slower dynamic response. Indeed,
as the dissociation constant, which is inversely correlated with
the affinity, is defined as:'*%'**

. . - M 1
with Kp[M] the dissociation constant and ko, {?} and ko {E}

the association and dissociation rate, respectively, a lower dis-

This journal is © The Royal Society of Chemistry 2022

sociation constant is associated with a lower dissociation or
higher association rate and thus less dissociation of the switch-
target complex.'*® Consequently, for conditions in which the
reaction rates are the limiting step of the (un)binding, the
higher the affinity, the longer it will take for a new equilibrium
to be formed and thus the slower the dynamic response.
Notably, here, K, represents the overall dissociation constant of
the switch for its target, which depends on but is not the same
as the dissociation constant of the applied bioreceptor for its
target.

As both the sensitivity and dynamic response are important
parameters for the performance of a continuous biosensor,
attention should be paid to this trade-off during the design
process of the affinity-based nanoswitches, for which the time-
resolution and sensitivity that is required for the respective
application should be taken into account. Notably, the choice
of the strategy to achieve switching will affect the performance
of the continuous biosensor and will even more determine
how the abovementioned trade-off can be tuned. For example,
when creating an affinity clamp, the overall binding strength
between the switch and its target is generally increased com-
pared to the binding strength of the stand-alone bioreceptors
due to their increased avidity, which is aside from switching
properties a main reason for the development of many
clamps.”>®* Furthermore, for both protein and NA clamps, it
was shown that by altering the length or stiffness of the linkers
that attach both binders, the affinity of the switch can be
tuned.>***'***3 More specifically, the length and stiffness of
the linkers will affect both the magnitude of the conformation-
al change as well as the local effective concentration of the
respective binders, which both affect the final signal that is
generated for a certain target concentration.>**® This strategy
was applied to enhance the affinity of protein and NA clamps
for the detection of Ca(n),"** K(1),"*> Zn(im)*** and immunoglo-
bin heavy mu chain,'*® by screening different lengths and
compositions of glycine-serine and PEG-linkers
respectively."***** In this manner, the affinity could be
enhanced from the pM to fM,"*> low to mid nM,"** low to mid
mM and low to mid pM'*® range for the Zn(m),"** Ca(u),"**

Analyst, 2022, 147,1006-1023 | 1011


https://doi.org/10.1039/d1an02308j

Published on 15 2565. Downloaded on 12/6/2569 1:46:51.

Critical Review

K(1)'** and immunoglobin heavy mu chain'*’ binding switches
respectively.

In contrast, by using a competitor, the overall affinity of the
resulting competitive switches will be lower than the affinity of
the applied native bioreceptor. However, this strategy allows
rational and straightforward tuning of the final switch per-
formance, as it was previously described how the final per-
formance of competitive switches can be tuned by altering the
binding strength between the bioreceptor and competitor. As a
result, the overall affinity of competitive switches can be tuned
by adapting the competitor’s affinity for the bioreceptor.>>2°
For example, Xue et al.*® modified the structure of the intra-
molecular ligands in competitive protein switches for anti-
bodies against methotrexate, theophylline and quinine, to
lower their LOD. They did this by taking advantage of struc-
tural information available on the interaction between the
antibodies and drugs, and in this manner could specifically
remove or shift the position of the groups taking place in the
binding.*® As a result they were able to enhance the affinity
from low to mid pM range for all three antibodies. Notably,
the binding strength between the bioreceptor and competitor
is not only dependent on the affinity between both, but also
on their local effective concentration, meaning that the length
or stiffness of the linker attaching both can also be changed to
tune the overall affinity,”® similar as for clamping. In fact,
Wilson et al.**' successfully developed a range of competitive
NA switches with distinct affinities for the detection of ATP
(ranging from 10 pM to 40 mM) by screening both (i) different
linker lengths between the aptamer and competitors (ranging
from poly T(23) to poly T(43)) and (ii) different lengths of com-
peting NA strands (ranging from 6 to 9 complementary
nucleotides)."*!

Lastly, when an alternative fold is introduced to develop
affinity-based nanoswitches, the overall affinity of the switch
for the target can be tuned by adjusting the equilibrium
between the native and the alternative conformational state of
the switch, as both states have a distinct affinity for the target,
by stabilizing or destabilizing either state (e.g. by inducing
mutations in the oligo or peptide sequence).”””*> This was
done by Porchetta et al.,"*® who destabilized the folded state of
a SSA for cocaine, so the equilibrium would shift more to the
unfolded state. Therefore, based on the secondary structure of
the SSA, which is predicted to be a three-way junction, they
designed three SSA variants in which either (i) mutations were
inserted, (ii) the terminal stem was shortened or (iii) the
sequence was circularly permutated. Notably, the target
binding region was kept conserved throughout the variants to
ensure target binding was not hindered. In this manner, they
obtained three SSA variants with a distinct, lower affinity (Kp, of
23, 82 and 1390 pM) compared to the original SSA (Kp =
0.5 pM).**® Similarly, as the equilibrium of their FynSH3
protein switch shifted almost completely to the folded state at
high ionic strength conditions (present in whole blood),
Kurnik et al.*® destabilized the folded state of the respective
switch by performing an I50L substitution in the hydrophobic
core of the protein. In this manner, they successfully altered
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the overall affinity and obtained target-responsiveness at high
ionic strength conditions.*® Importantly, by introducing an
alternative fold, the overall affinity of switches developed
through this strategy will be lower compared to the affinity of
the applied bioreceptor,'*” similar as for competitive switches.

In summary, depending on the final application, particular
care should be given to the trade-off between the sensitivity
and dynamic response of the resulting biosensor, which will
be partly determined by the applied strategy to transform
affinity-binders into affinity-based nanoswitches. Importantly,
although the affinity of the obtained switches is often charac-
terized, this is not the case for the kinetics and dynamic
response. Therefore, in order to apply these switches for con-
tinuous measurements, more research is required in the
future to characterize and tune the kinetics as well.

Importantly, although we discussed the dynamic response
and sensitivity of affinity-based switches, other performance
parameters, such as the selectivity, are also important to take
into account when developing a continuous biosensor. More
specifically, as the selectivity of the affinity-based switches is
mainly determined by the selectivity of the applied biorecep-
tors, care should be taken regarding this parameter when
choosing which bioreceptor to apply.'*® Notably, as a thorough
discussion about the selectivity of affinity-based bioreceptors
is out of the scope of this review, it will not be discussed
further.

2.1.5. Stability of affinity-based nanoswitches. Another
important aspect of affinity-based nanoswitches for continu-
ous biosensing is their stability. As the goal is to continuously
measure target molecules directly in the environment of inter-
est, it is needless to say that the sensor, and thus the affinity-
based nanoswitches should be stable in that specific environ-
ment for the duration of the measurement.” For most appli-
cations, this is composed of complex matrices such as body
fluids,">'"'"* culture media®* or foodstuffs 118149150
Therefore, it is of paramount importance that the affinity-
based nanoswitches are resistant to degradation or inacti-
vation by the surrounding conditions or components present
in the respective matrix, to avoid drift of the final output over
time.'*® Importantly, various strategies have already been
described to increase the stability of both protein and NA
bioreceptors.'>*'*® More specifically, as proteins can generally
fold in various intermediates, it needs to be ensured that the
fold which renders the protein with the desired functionality is
the most stable under the respective conditions. To achieve
this, protein engineers both used rational and semi-rational
approaches of which the first includes finding of the unstable
regions, wherein structural features can be integrated to
improve the stability of that certain region. Furthermore,
sequence information can be used to design stable homologs
of the protein of interest, or stable folds can be generated
ab initio. In semi-rational approaches, protein stability can be
improved by grafting from stable homologs or through
directed evolution.™®

Besides, to increase the stability of NA bioreceptors, both
pre- and post-SELEX modification strategies have been
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described. Notably, although an advantage of NAs compared
to proteins is their high stability in various conditions, they
are susceptible to nuclease degradation, and therefore, most of
the reported modifications are meant to protect the NAs from
the latter. More specifically, chemical modifications can be
made post-SELEX to the sugar backbone, phosphate linkages
or 3' and/or 5 ends, which all lead to an improved
stability.'>®'%771%> Furthermore, SELEX can be performed start-
ing from a modified NA library (pre-SELEX), such as xeno-
biotic nucleic acid (XNA), threose nucleic acid (TNA), locked
nucleic acids (LNA), fluoroarabino nucleic acid (FANA) and
hexitol nucleic acid (HNA) amongst others, which are more
stable against nuclease degradation.'®**°® Importantly, as NAs
are chemically synthesized, they can be modified easily."”’
Notably, not only the inherent stability of NAs, but also the
stability of aptamer folding is important, as their tertiary struc-
ture is responsible for target recognition. The tertiary structure
of NAs is affected by the surrounding conditions such as pH,
temperature or ionic strength and therefore, SELEX can be per-
formed in those respective conditions to ensure target reco-
gnition in the environment of interest."*"'%°

We will not provide a detailed description of the abovemen-
tioned strategies to improve both protein and NA stability
here, as it is out of the scope of this review and already dis-
cussed elsewhere.">* ¢!

2.2. State-dependent readout platforms

In the previous section, affinity-based nanoswitches were dis-
cussed as an essential tool for continuous biosensing, as they
respond to target binding by undergoing a conformational
change.”® However, in order to translate this conformational
change into a measurable output, a readout platform that is
able to distinguish the different states of the switch (state-
dependent), is required. Furthermore, the switches need to be
labeled with reporter groups, depending on the respective

A) Fluorescence resonance
energy transfer (FRET)

a
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readout platform, as will be discussed further. In this manner,
a distinct signal will be generated for the bound and unbound
state, so the obtained output can be linked to the target
concentration.’

2.2.1. State-dependent readout platforms combined with
affinity-based nanoswitches. Fluorescence resonance energy
transfer (FRET) is the most widely applied readout strategy in
combination with affinity-based nanoswitches.’>'¢”'%® This
strategy is very well-suited to distinguish conformational
changes, as the energy transfer between donor and acceptor
fluorophores is highly dependent on the distance between
both (effective at distances <10 nm).>>'*®'%® To utilize this
approach, fluorescent reporters (donor and acceptor) have to
be included in the protein or NA switch at locations known to
participate in the conformational change, as represented in
Fig. 4A. The total fluorescent signal is dependent on the
amount of switches undergoing a conformational change and
thus on the concentration of the target molecule.’>'®® To
perform a FRET readout, the biosensor should contain a light
source to excite the respective donor fluorophore, a wavelength
filter to isolate the photons emitted by the acceptor fluoro-
phore and a detector that records the emitted photons and
transduces it into a measurable output."’® Consequently, the
resulting biosensors rely on bulky, expensive optical equip-
ment and therefore often are not suitable to be applied directly
in the environment of interest (in situ). Furthermore, due to
the optical readout, measurements cannot be performed in
opaque samples (such as whole blood). As a result, although
FRET proved to be a highly suitable ‘state-dependent’ readout
strategy, it has mostly been applied in solution-based assays
(NA switches)®® or for intracellular imaging (protein
switches),'®® where the switches itself were applied as external
reagents, and not for affinity-based continuous biosensing.

In contrast to FRET, electrochemical readout platforms
have already been frequently applied in combination with

B) Electrochemical

-1

&

e

Fig. 4 Representation of the two most widely applied state-dependent readout strategies in combination with affinity-based nanoswitches. (A)
Fluorescence resonance energy transfer (FRET): by labelling the switches with both a donor and acceptor fluorophore, a distinct fluorescent signal
will be generated for the bound and unbound state of the switch, as the distance between both fluorophores gets altered due to the conformational
change. Indeed, when the donor and acceptor fluorophores are in close proximity, energy will be transferred from the donor to the acceptor mole-
cule, leading to a fluorescent signal originating from the acceptor molecule. As the energy transfer efficiency is highly dependent on the distance
between both fluorophores, the energy transfer will decrease upon increasing distance between both and as a result, the fluorescent signal originat-
ing from the donor fluorophore will be released at higher distances. (B) Electrochemical: The affinity-based nanoswitches are labelled with a redox
reporter. In this manner, when the switches undergo a conformational change after target binding, the redox reporter will be brought closer to the
surface, thereby enhancing the electron transfer efficiency between the reporter and sensor surface and thus generating a detectable signal.
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surface-immobilized, affinity-based nanoswitches (NA and
hybrld SWitCheS).15_17’68’69’80’90’91’101’102'108_118’125’137’171’172
Using this platform, a state-dependent readout can be
obtained by immobilizing the switches on the sensor surface
and labelling them with a redox reporter, as depicted in
Fig. 4B. Since the electron transfer efficiency between the
reporter and sensor surface is highly dependent on the dis-
tance between both, a distinguishable signal can be obtained
for the bound and unbound state of the respective switches,
provided that the conformational change caused by target
binding alters the distance between the reporter and sensor
surface.”” The respective signal can be obtained using various
electrochemical interrogation methods, including square-wave
Voltammetry’12,16,17,49,69,80,90,101,109—116,118,137,150,173,174 differen—
tial  pulse  voltammetry, alternating  current
voltammetry,'>'°>1% impedance spectroscopy’’ and chron-
oamperometry’'” among others. Interestingly, as electro-
chemical sensors are easy and cheap to manufacture, can be
miniaturized, and can easily be combined with further elec-
tronic readout and processing, they already have found wide-
spread applications in the field of continuous biosensing.'””
In Table 1, the readout strategies that have currently been
combined with affinity-based nanoswitches are summarized,
together with the applied switching strategy, target molecule,
obtained K and LOD values, as well as the matrices in which
measurements were performed. Importantly, only readout
strategies for which the switches were attached to the sensor
surface are provided, as these are in accordance with the
requirements for continuous biosensing applications. As can
be seen in this table, this strategy proved to be suitable for the
detection of a variety of target molecules including proteins,
NA and small molecules in a wide range of complex matrices.
Notably, until now, mostly NA switches have been applied,
whereas the amount of protein switches that have been
attached to a sensor surface remains limited. However, as
protein switches already proved to be suitable for real-time
intracellular imaging,"®® we believe that they are promising for
surface-based continuous biosensing as well. Moreover, although
many more state-dependent readout platforms have been com-
bined with affinity-based nanoswitches, from this summary, it
becomes clear that electrochemical sensors are most widespread
in this field. Importantly, not all biosensors listed in Table 1 have
been applied for continuous measurements. Indeed, although in
theory they consist of the required components to develop a con-
tinuous biosensor, this often simply was not the final objective. In
particular, reagentless biosensors, intended for batch measure-
ments, are a major achievement in itself, and already entail signifi-
cant improvements compared to conventional affinity-based
assays.’””” Furthermore, even when all components required for
continuous biosensing are combined, important challenges still
need to be tackled to turn a reagentless biosensor for batch
measurements into a continuous biosensor, being the long-term
stability of the sensor and its dynamic response, as discussed in
the following and previous sections, respectively. The biosensors
indicated in Table 1 that have been applied for continuous
measurements will be discussed in more detail in section 3.

68,125,171
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Notably, the readout strategies summarized in Table 1 are not the
only possible choices when developing a continuous biosensor,
but only represent an overview of what has been reported in litera-
ture. In fact, more already existing strategies or newly developed
approaches could be applied for this purpose, on the condition
that they provide a distinguishable signal when the switches are in
their bound or unbound states respectively.

2.2.2. Stability of the state-dependent readout platforms.
As explained before, stability is an important aspect for con-
tinuous biosensing. Not only does this relate to the affinity-
reagents, but also to the readout platforms, on which the
affinity-based nanoswitches are immobilized. The main
difficulty again arises from the application of the sensors in
complex matrices, depending on the final application. For
example, to perform continuous measurements for patient or
bioreactor monitoring, the sensors should be functional in
bodily fluids such as blood and urine, or culture media
respectively. More specifically, significant fouling effects are
often observed when exposing sensor surfaces to complex
matrices, which cause drift in the output signal, thereby
affecting the accuracy of the measurement.'*® Several low-
fouling strategies have been proposed to block foulants from
sticking to the sensor surface, such as polymers and copoly-
mers, hydrogels, peptides, zwitterionic materials, polysacchar-
ides, biomimetic membranes and even 3D NA structures,
which proved to be successful when subjected to complex
matrices.”'”#78% Next to low fouling-layers, the use of dialysis
membranes also proved beneficial to increase sensor stability,
by blocking large components present in complex matrices
from the sensor surface.'””'®"'8> However, as this strategy is
size-based, it cannot be used for detecting large target mole-
cules such as large proteins or extracellular vesicles, since they
cannot reach the surface.” We will not discuss the strategies to
reduce fouling further, as this is out of the scope of this review
and as this is already discussed elsewhere”'”8718°

3. Innovative concepts for
continuous biosensing

In the following section, we will discuss biosensors in which
affinity-based nanoswitches have been successfully combined
with a state-dependent readout platform to achieve continuous
measurements of varying target concentrations.

3.1. Electrochemical aptamer-based sensors

The electrochemical aptamer-based sensor (EA-B), developed
in the research group of Kevin Plaxco, was the first platform to
be applied for affinity-based continuous biosensing. Herein,
SSAs, labelled with a redox reporter, are applied on an electro-
chemical sensor (using square wave, alternating current or
cyclic voltammetry). These probes undergo a reversible confor-
mational change after target binding, thereby altering the dis-
tance between the redox reporter and the biosensor surface, as
depicted in Fig. 5A, which provides a dynamic signal, depen-
dent on the target concentration. Using this strategy, continu-

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (A) Working principle of the electrochemical aptamer-based sensor (EA-B): SSAs, equipped with a redox reporter, are immobilized on an
electrochemical sensor. Upon target binding, the SSAs will undergo a conformational change, thereby bringing the redox reporter closer to the
sensor surface. This conformational change enables electron transfer, which provides a detectable signal.*? (B) Dynamic signal obtained by the EA-B
platform for Doxorubicin detection. Adapted with permission from ref. 12. Copyright (2013) The American Association for the Advancement of

Science.

ous monitoring of small molecules, including drugs such as
Doxorubicin,'*'”"'>'3  Kanamycin,'>'”  Cocaine,">"'>'"
Tobramycin,">'”***"'"”  Irenotican,"'® Gentamycin,"”” and
Vancomycin,'"' could be achieved, of which an example can
be seen in Fig. 5B.

In their first report on the use of this platform for continu-
ous biosensing in 2009, cocaine concentrations were moni-
tored in undiluted blood serum." Since then, much progress
has been made to further enhance the performance and appli-
cation of these sensors, such as the inclusion of a second
reporter'' and the application of a biomimetic monolayer to
increase the stability of the respective sensor.''® In this
manner, they could successfully reduce drift due to fouling of
the sensor surface when performing multi-hour measurements
in whole blood.""""* Furthermore, they tuned the affinity of
SSAs as elaborated in section 2.1.4. and in this manner could
tune, extend and narrow the dynamic range of the final EA-B
146,183,181 Moreover, by using chronoamperometrical
interrogation, they achieved measurements with a 300 ms time
resolution.'*® The group also increased the surface area of the
working electrode by roughening the gold surface, which
resulted in a higher signal to noise ratio.''” Later, the surface
area was further increased by employing nanoporous gold,
allowing miniaturization of the sensor.'®® Due to these
improvements, the EA-B sensor could be applied in situ
(in vivo) for multi-hour measurements of therapeutic drug con-
centrations with (sub)second resolution.'*>''” On top of that,
to close the gap between drug administration and therapeutic
drug monitoring, the EA-B sensor was successfully applied for
feedback-controlled drug administration.'™* Furthermore,
aside from the application of the EA-B sensor for therapeutic
drug monitoring, the sensor was also applied to continuously
monitor a protein biomarker for acute renal injury (NGAL) in
urine'”® and toxic substances (melamine, ochratoxin A) for
molecular quality control in food and beverage streams.''®*>°

In 2020, the Plaxco group supplemented their arsenal of
SSAs applied on the electrochemical platform for continuous
biosensing with a protein switch as well, to further expand the

1

Sensor.

This journal is © The Royal Society of Chemistry 2022

range of targets to be detected. The protein switch was engin-
eered through the inclusion of an alternative fold from the
SH3 domain from human Fyn kinase (FynSH3), as discussed
in section 2.1.1, so a binding-induced conformational change
could be achieved.*’

Altogether, the EA-B sensor enables continuous biosensing
directly in the environment of interest (in situ) with a fast
time-resolution (subsecond). However, as mentioned before, a
trade-off between dynamic response and detection limit can
generally be expected. Indeed, although the dynamic response
of the EA-B sensor is fast, the detection limit of the EA-B
sensors is relatively high (uM-mM). This is however not
necessarily a limitation, as the detection limit suffices for
reported applications of the EA-B sensor.

Currently, there are 2 companies working on the commer-
cialization of the EA-B sensors, being Nanogenecs and Eccrine
Systems, Inc.,"®°
sensors for continuous biosensing, and aims to ‘individualize

of which the latter is commercializing these

the prescription of medicine with a breakthrough platform for
remote, non-invasive, and quantitative medication monitoring
through sweat’.'%°

3.2. Biomarker monitoring by particle mobility sensing

A second biosensor in which affinity-based nanoswitches have
been combined with a state-dependent readout system to
achieve continuous biosensing, was developed by the group of
Menno Prins. The switches applied on their sensor are NA-
based affinity clamps, composed of a microparticle tethered to
a surface via dsDNA. Both the particle and surface are
equipped with NA bioreceptors (ssDNA probes or aptamers),
so when the target is present, a sandwich will be formed and
the switch will undergo a conformational change, as presented
in Fig. 6A. Digital state-change events of the particles are
observed by tracking the mobility of each particle through
microscopy. More specifically, when the switches are
unbound, the particles will move according to Brownian
motion and are only restricted in their movement by the
dsDNA tether, with which they are linked to the surface. When
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(A) Affinity clamps composed of a microparticle, tethered to a sensor surface, both equipped with bioreceptors (top). The bound and

unbound states of the switch can be discriminated through their mobility patterns (below), which are obtained by following the position of a single
particle over time.!* (B) The target concentration is linked to the activity of the sensor as shown in the left graph. Herein, the activity is determined as
the average amount of state-changes occurring per switch, during a certain time-interval. By following the activity of the sensor over time, a

dynamic signal, dependent on the target concentration, can be obtained (right graph). Adapted with permission from ref. 11 (CC BY 4.0

they are however bound to the target, a sandwich is formed,
and the particles are more restricted in their movement as they
are linked to the surface both via the tether and the formed
sandwich. In this manner, the mobility patterns, which are
shown in Fig. 6A for both the bound and unbound state, can
be clearly discriminated. Furthermore, by following the activity
of the sensor (which is defined by the average amount of state-
changes occurring per switch during a certain time-interval),
the analyte concentration can be determined and continuously
followed, as shown in Fig. 6B.""

Using this approach, continuous monitoring of both ssDNA
and protein (thrombin) targets could be achieved in filtered
blood plasma, obtained by applying a porous membrane to
the sensor setup (as discussed in section 2.2.2), of which the
results can be seen in Fig. 6B for ssDNA detection."
Furthermore, by utilizing the dissociation rate of each single
particle as a signature to identify a kinetic subpopulation, mul-
tiplexing of target molecules with a significantly different dis-
sociation rate (ssDNA with different length and sequence)
could be achieved.™

Although the proposed combination of the particle mobility
sensing platform with affinity clamps proved to be suitable for
continuous biosensing of both ssDNA and protein targets, it
does not allow detection of small molecules, as the size of
such analytes restricts the use of a sandwich conformation.
Therefore, similar NA and NA-protein hybrid switches were
developed via competition,'* for the detection of both creati-
nine and a short ssDNA oligo. The switches were again com-
posed of a microparticle linked to the sensor surface. However,
only one was equipped with a bioreceptor (antibody or ssDNA
probes), whereas the other was linked to the competitor, being
(i) a creatinine molecule or (ii) a DNA strand containing the
same sequence as the short oligonucleotide target, for the
detection of creatinine and DNA respectively. The resulting
NA-protein hybrid switch for creatinine was depicted in
Fig. 3B. Using these competitive switches, they were able to
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successfully detect creatinine and DNA with pM and nM detec-
tion limits respectively."* Furthermore, corresponding to the
importance of long-term stability of a continuous biosensor as
discussed above, they improved the control and durability of
their platform by functionalizing the respective switches via
click-chemistry to a bottlebrush polymer (PLL-g-PEG)."*°

Overall, by tracking the mobility of affinity-based switches,
continuous biosensing of DNA, proteins and small molecules
could be achieved with a low detection limit (pM-pM), due to
the single molecule resolution of the platform."" Importantly,
although it was stated before that a lower target affinity gener-
ally provides a lower sensitivity, this is not the case for this
readout strategy. Indeed, low affinity capture elements can be
applied to achieve a low detection limit, as the obtained signal
is not determined by the average amount of bound switches
for a certain target concentration, but by the amount of state-
changes the switches will undergo during a certain time inter-
val. Moreover, information about the binding kinetics could
be obtained, which allowed multiplex detection.™® A limitation
of the proposed strategy however arises from the fact that the
readout strategy is based on microscopy. As a result, measure-
ments cannot be performed in opaque samples (such as whole
blood) or directly in the environment of interest (in situ).
Rather part of the sample needs to be transported over the
sensor and can potentially be transported back to the environ-
ment of interest (in-line). Furthermore, in order to determine
the activity of the sensor (and thus the target concentration),
the state-changes of the switches need to be followed over a
certain timeframe and therefore, the time-resolution is limited
by the duration this timeframe.""

The biosensor for biomarker monitoring by particle mobi-
lity sensing is currently in the process of being commercialized
by Helia Biomonitoring, a spin-off company of Eindhoven
University of Technology, with a vision of ‘real-time bio-
molecular sensing for closed-loop control in healthcare and

industry’.'%®
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4. Conclusions and future
perspectives

Continuous biosensors can provide real-time information
about biochemical processes occurring in the environment of
interest, which is highly desirable in both research, diagnostic,
as well as industry settings. However, the amount of commer-
cially available biosensors for this purpose remain limited and
are all based on the enzymatic conversion of the target mole-
cules. Affinity-based biosensors are not dependent on the reac-
tivity of the target itself and can therefore be applied for a
wider range of targets, such as DNA, proteins, small molecules
etc.” Recently, it was shown that affinity-based continuous bio-
sensors can be developed by combining affinity-based nanos-
witches, with a state-dependent readout platform.'"'

Three main strategies have been applied to develop affinity-
based nanoswitches from affinity binders, being (i) the devel-
opment of a clamp,'®** (ii) linking the affinity binder to a
competitor'®?*2> and (iii) the introduction of an alternative
fold.'®?*?>2” Using these approaches, both DNA and protein
switches have successfully been developed. Importantly, as
both components are structurally and chemically different,
they require a different expertise and provide distinct opportu-
nities for switch development. Generally, due to its chemical
simplicity, the thermodynamic behavior of NA is predictable,
which eases the design and development of NA switches.>® On
the other hand, as amino acids have a broader chemical diver-
sity than nucleic acids, a broader functionality can be obtained
using protein switches.'® Furthermore, by combining both
components, their strengths can be combined, and NA-
protein hybrid switches can thus be engineered with a broad
functionality and high predictability."**'*” However, in our
opinion, the potential of hybrid switches currently remains
underexplored. Moreover, further improvements of current
predictive software for both DNA and protein engineering are
required to allow rational tuning of affinity-based nanos-
witches and thereby ease their design and development of
affinity-based nanoswitches for a specific application in the
future.

To convert the conformational change of affinity-based
nanoswitches into a detectable signal, they should be com-
bined with a state-dependent readout strategy, which provides
a distinct signal for both conformational states of the affinity-
based nanoswitches. In this manner, the conformational
changes of the switches can be linked to the target concen-
tration.” Furthermore, as the switches itself cannot be applied
as external reagents, due to the requirements for continuous
biosensing, all components should be attached to the sensor
surface.””® Although many affinity-based nanoswitches have
already been combined with state-dependent readout plat-
forms, resulting in reagentless biosensors,>” up to now, only 2
research groups have integrated both components for continu-
ous biosensing.'"'® Indeed, although in theory it might seem
easy to combine the required components to develop a con-
tinuous biosensor, in practice, it takes more than that. More

This journal is © The Royal Society of Chemistry 2022
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specifically, depending on the final application, the affinity-
based nanoswitches must be carefully tuned to obtain the
required sensitivity and dynamic response.””? Furthermore, the
switches and sensor surface must be stable in the environment
of interest for the duration of the measurement, so the pro-
vided signal does not suffer from drift over time.”*'*®
Although much progress has already been made to overcome
each of the aforementioned difficulties, it remains challenging
to integrate all solutions into one continuous biosensor. We
believe however, that due to the ever-improving fields of
protein engineering and DNA nanotechnology and by bringing
together expertise from those and other fields, the field of con-
tinuous biosensing holds much more potential in the future.
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