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n mechanism as a generalizable
approach to improve the sensitivity of biosensors
and bioassays†

Alejandro Chamorro-Garcia, ab Claudio Parolo, c Gabriel Ortega,de

Andrea Idili, b Joshua Green,a Francesco Ricci b and Kevin W. Plaxco *a

Biosensors and bioassays, both of which employ proteins and nucleic acids to detect specific molecular

targets, have seen significant applications in both biomedical research and clinical practice. This success

is largely due to the extraordinary versatility, affinity, and specificity of biomolecular recognition.

Nevertheless, these receptors suffer from an inherent limitation: single, saturable binding sites exhibit

a hyperbolic relationship (the “Langmuir isotherm”) between target concentration and receptor

occupancy, which in turn limits the sensitivity of these technologies to small variations in target

concentration. To overcome this and generate more responsive biosensors and bioassays, here we have

used the sequestration mechanism to improve the steepness of the input/output curves of several

bioanalytical methods. As our test bed for this we employed sensors and assays against neutrophil

gelatinase-associated lipocalin (NGAL), a kidney biomarker for which enhanced sensitivity will improve

the monitoring of kidney injury. Specifically, by introducing sequestration we have improved the

responsiveness of an electrochemical aptamer based (EAB) biosensor, and two bioassays, a paper-based

“dipstick” assay and an enzyme-linked immunosorbent assay (ELISA). Doing so we have narrowed the

dynamic range of these sensors and assays several-fold, thus enhancing their ability to measure small

changes in target concentration. Given that introducing sequestration requires only the addition of the

appropriate concentration of a high-affinity “depletant,” the mechanism appears simple and easily

adaptable to tuning the binding properties of the receptors employed in a wide range of biosensors and

bioassays.
1. Introduction

Due to the extraordinary versatility, affinity, and specicity of
biomolecular recognition, biosensors and bioassays (sensors
and assays employing biological recognition elements) have
seen signicant academic and commercial exploration over the
last 50 years.1,2 Widely used examples include the home glucose
meter,3 enzyme linked immunosorbent assays (ELISA),4,5 and
lateral ow immunoassays.6 Another, more recent example is
electrochemical aptamer-based (EAB) sensors,7–9 a platform
technology capable of performing continuous, high-frequency
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molecular measurements not only in unmodied clinical
samples, but even in situ in the living body.10–13

The many promising attributes of biological recognition
notwithstanding, biosensors nevertheless suffer from a some-
times-signicant limitation. Specically, the physics of satu-
rable binding creates a hyperbolic relationship (the “Langmuir
isotherm”) between receptor occupancy and ligand concentra-
tion that renders the useful dynamic range of most biosensors
rather broad, or relatively insensitive to small changes in target
concentration (an effect amusingly termed the “tyranny of the
Langmuir isotherm”14,15). For example, to shi from 10% to
90% occupancy (a span that is oen used to arbitrarily dene
a “useful dynamic range”) of a single-site receptor the ligand
concentration must change by 81-fold.16 This broad dynamic
range greatly reduces the precision with which technologies
that employ such receptors can monitor small relative changes
in target concentration.

Because of the broad dynamic range associated with the
Langmuir isotherm, a 10% change in ligand concentration
produces at most a 2.5% change in receptor occupancy. This
can be a major limitation. For example, the entire healthy
physiological ranges of many ions and metabolites are less than
Chem. Sci., 2022, 13, 12219–12228 | 12219
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2-fold, including potassium at 1.5-fold (physiological range 3.5
to 5 mM),17 sodium at 1.3-fold (physiological range 120 to 160
mM),18 and glucose at 2-fold (5.5 to 11 mM).19 The therapeutic
windows of many pharmaceuticals are likewise narrow,20–23

including vancomycin (clinical range 6 to 21 mM)24 and doxo-
rubicin (35 to 65 mM).25 Given the narrowness of many physio-
logical or clinical concentration ranges, relatively small changes
in the level of a ion, metabolite, drug or biomolecule can have
profound clinical implications, thus driving the need for high-
precision measurements. A sensor based on a receptor with
a set dynamic range spanning over a much broader 81-fold
change in target concentration, however, offers poor sensitivity
and precision. In response, the ability to engineer sensors with
narrower dynamic ranges matching the clinically relevant range
of their targets will optimize the precision of their
measurements.

Nature also faces the tyranny of the Langmuir isotherm. For
example, blood oxygen, must be delivered efficiently over only 5-
fold difference of partial pressures between the lungs and
peripheral tissues.26 How does nature maintain such tight
control over molecular concentrations using receptors that,
nominally, would exhibit only trivially small changes in occu-
pancy over such narrow ranges? To achieve this, evolution has
invented a number of mechanisms by which biomolecular
receptors can achieve much higher sensitivity (i.e., a larger
change in output signal for a given change in relative target
concentration) than that afforded by a single, saturable binding
site.27 These include, for example, cooperativity,28,29 sequestra-
tion30,31 and amplication cascades/allosteric activators,27,32

mechanisms that are employed in the regulation of numerous
biological pathways,33–35 hormone responses,36 across-
membrane transporters,37,38 and transcriptional activation.39,40

Given the ubiquity with which nature uses the above-
described mechanisms to “ne-tune” the binding properties
of naturally occurring receptors, we have argued that these
mechanisms might also be of value in improving the
measurement precision of articial biosensors.41–43 Specically,
we have made the case that steepening concentration/
occupancy curves can enhance the precision of biomolecule-
based measurements. Such steepening would likewise benet
scenarios, such as HIV status, and pregnancy, in which a qual-
itative, “yes/no” answer is sufficient.44 In these cases, steeper
binding curves minimize false positive results by converting the
response into a more binary, “on-off” output on either side of
a desired threshold concentration. Thus motivated, we explore
here the application of one such mechanism, sequestration
(Fig. 1), to the problem of improving the sensitivity of biosen-
sors and bioassays.

2. Experimental
2.1. Reagents

Sodium hydroxide, sulfuric acid, sodium chloride, potassium
chloride, sodium borate, potassium dihydrogen phosphate,
tris(hydroxymethyl)aminomethane (tris) (Pittsburg, PA), ethyl-
endiaminetetraacetic acid (EDTA), 6-mercapto-1-hexanol, tris(2-
carboxyethyl) phosphine (TCEP), sodium hydrogen phosphate,
12220 | Chem. Sci., 2022, 13, 12219–12228
biotinylated peroxidase (Biotin-HRP), 1-step Ultra 3,3′,5,5′-Tet-
ramethylbenzidine (TMB) ELISA substrate, Tween 20, sucrose,
and Bovine serum albumin (BSA) were purchased from sigma
Aldrich (St. Louis, MO). Articial urine solution (SURINE) was
purchased from DTI (Lenexa, KS). Phosphate buffered (PBS;
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4

pH 7.4) was prepared at 10x stock and diluted to 1x before use.
The assembling buffer was composed of 10 mMNa2HPO4 1 mM
MgCl2 1 M NaCl pH 7.0.

CHmultipotentiostat Model 1000C, polycrystalline gold disk
electrodes (2 mm diameter), reference electrode Ag/AgCl in
saturated 3 M KCl and a platinum wire counter electrode were
purchased CH instruments Inc., Austin, TX. MicroCloth (2.875
inches), 1 mmmonocrystalline diamond suspension (oil-based),
and 0.05 mm aluminum slurry were purchased from Buehler,
Lake Bluff, IL.

Nitrocellulose for the dipstick assays, Unisart CN 180
backed, was purchased from Sartorius (Göttingen, Lower
Saxony, Germany). Absorbent pads, grade MF1, purchased from
Millipore-sigma (Temecula, CA). Backing cards to assemble the
pads were purchased from Kenosha (Amstelveen, the Nether-
lands). Streptavidin coated plates (Pierce high binding high
capacity, HBC, SuperBlock™ blocking buffer), HRP labelled
streptavidin were purchased from thermosher (Rockford, IL).
Multi-well plates, clear at bottom, half area, non-treated
polystyrene, were purchased from Corning (Corning, NY).

The DNA sequences of the aptamers used to fabricate the
sensors were: NGAL Full aptamer (80-base): 5′-
GAATTCCGCCCTCGTCCCATCTCGGCTTGGTATGGCGGAGCT-
GGATAGTATAGTCGGAACACCAACCGAGAACGGAATTC–3’
(purchased from Sigma Aldrich Saint Louis, MO).

NGAL truncated aptamer (26-base): 5′ thiol S–ATGGCG-
GAGCTGGATAGTATAGTCGG – Methylene Blue–3’ (purchased
from LGC Biosearch technologies; Petaluma, CA).

NGAL truncated aptamer biotinylated (26-base): 5′ Biotin–
ATGGCGGAGCTGGATAGTATAGTCGG-3’ (purchased from
Integrated DNA technologies; IDT, Coralville, IA).

All aptamers were purchased as dual-HPLC purication
grade (and used as received), dissolved to 100 mM in a 1 mM
EDTA, 10 mM Tris–HCl, pH 8 buffer upon receipt and stored at
−20 �C.

The target (Neutrophil gelatinase-associated lipocalin,
NGAL) was produced recombinantly in E. coli following
a previously reported procedure,45 and briey described in the
ESI.† Monoclonal antibody against NGAL (unlabeled, NGAL-
4C10A7-, mouse mAb) was purchased from GenScript (Piscat-
away, NJ). Chicken HRP labeled Polyclonal antibody against
mouse IgG was purchased from Life Technologies Corporation
(Carlsbad, CA). Goat anti mouse polyclonal IgG, unlabeled was
purchased from Abcam (Waltham, MA).
2.2. Electrochemical sensor fabrication

We fabricated the aptamer based electrochemical sensors (EAB
sensors) on gold electrodes, following previously described
procedures.7,45,46 In brief, we cleaned the polycrystalline gold
disk electrodes by polishing them with 1 mm monocrystalline
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) The sequestration mechanism employs a depletant: biomolecule that binds its target with high affinity but without producing any
significant signal. This depletant acts as a “sink,” ensuring that the concentration of free target remains low until the target concentration exceeds
the sink's capacity, which is principally defined by the concentration of the depletant. As the target concentration rises above this threshold, the
relative concentration of free target increases dramatically. This, in turn activates a second, lower affinity “receptor” that generates a signal
change. (Right) Sequestration leads to a binding curve that is steeper, improving the response to small changes in target concentration, but at the
cost of being shifted to higher target concentrations, leading to poorer limits of detection. The theoretical curves presented in panel B were
determined using the model of Buchler and Cross31 (presented as eqn S6† in the ESI†), with an nH of 1, Kd

dep 10-fold below Kd
receptor, and

depletant concentrations of 5x, 20x, 50x and 100x Kd
dep.
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diamond suspension on a MicroCloth, sonicated them in
ethanol, polished again using this time a 0.05 mm aluminium
slurry, and nally sonicated in ethanol. Subsequently, we rinsed
the electrodes with double distilled water and cleaned them
electrochemically. This rst entailed oxidation and reduction
cycling in 0.5 M in NaOH at−0.4 to−1.35 V (all potentials versus
Ag/AgCl) for 1000 scans at 2 V s−1, 0.01 V interval. Next, we
rinsed the electrodes and transferred them to a 0.5 M H2SO4

solution in which we applied oxidation (2 V for 5 s) and
reduction steps (−0.35 V for 10 s), followed by oxidation and
reduction scans over −0.35 to 1.5 V for 20 scans at 4 V s−1 scan
rate and 0.01 V sample interval. Finally, we applied 4more scans
at scan rate 0.1 V s−1 and 0.01 V sample interval.

We fabricated the EAB sensors as follows. Cleaned electrodes
were rinsed with double distilled water and kept immersed in
distilled water until fabrication of the sensor. To reduce the
thiol in the DNA we mixed the aptamers at a ratio of 5 mL of
TCEP10 mM in double distilled water per 1 mL of DNA at 100 mM
and incubated for 60 min at room temperature in the dark.
Next, we diluted the reduced DNA in PBS 1x buffer to
a concentration of 100 nM before immersing the clean elec-
trodes in this solution for 1 h at room temperature in the dark.
Aer the incubation we rinsed the electrodes with double
distilled water and immersed them in a 2.8 mM 6-mercapto-
hexanol in PBS buffer overnight at room temperature in the
dark.
2.3. Electrochemical measurements

All electrochemical measurements were performed with a CH
multipotentiostat Model 1000C. Polycrystalline gold disk
© 2022 The Author(s). Published by the Royal Society of Chemistry
electrodes (2 mm diameter; CH instruments Inc., Austin, Tx)
were used as working electrodes. An external reference electrode
Ag/AgCl in saturated 3 M KCl and a platinum wire counter
electrode were used in all electrochemical experiments.

We removed the sensors from the 6-mercapohexanol solu-
tion, rinsed them with double distilled water and placed them
in a standard electrochemical cell with external reference and
counter electrodes, and containing a 2.5 mL of articial urine.
At this point, we added the corresponding amount of depletant
to achieve the desired working concentration. We used the
same measurement parameters for square wave voltammetry as
previously reported for the specic aptamer used:45 50 mV
amplitude, potential step of 4 mV and frequency of 100 Hz.
Prior to performing the NGAL titrations we applied 50 scan
cycles until the voltammetry peak stabilized. When titrating
NGAL, we mixed and allow stabilization for 10 min aer every
addition. We calculated relative signal change as follows:

Signal change ¼ peaki � peak0

peakm � peak0

(1)

where peaki is the peak height of the methylene blue volta-
metric peak at a given target concentration, peak0 corresponds
to the peak height seen in the absence of target and peakm is the
signal seen at the highest target concentration employed.
2.4. Dipstick strip fabrication and measurement

We fabricated our dipstick assay using the typical lateral ow
strip fabrication process47 with a few variations. Specically, we
opted for not using neither sample pad nor conjugation pad
and instead we lyophilized gold-nanoparticle-labelled
Chem. Sci., 2022, 13, 12219–12228 | 12221
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antibodies (Ab-NPs) in an Eppendorf tube. When adding the
sample and depletant to the tube the Ab-NPs are reconstituted
and mixed with the sample, then we inserted the strip in
upright position (for details see the “dipstick assay” section).
Given this we call the resulting assay a “dipstick” rather than
a “lateral ow assay.”

2.4.1 Gold nanoparticle synthesis. AuNPs (20 nm diameter)
were prepared by reduction of HAuCl4$3H2O following a prior
procedure.48 Briey, we cleaned all glassware with aqua regia
(HCl and HNO3 at 3 : 1 by volume) and thoroughly rinsed with
double distilled water. First, we heated a 0.25 mM aqueous
solution of HAuCl4$3H2O in double distilled water to boiling
and then added vigorous stirring. Next, we added 1.25 mL of
a 34 mM trisodium citrate while maintaining heating and stir-
ring until the colourless solution turn into violet and later red
solution (�10 min). We characterized the resulting nano-
particles by UV-vis to conrm the presence of the absorbance
peak at 520 nm (Fig. SI2 in the ESI†) characteristic of 20 nm
diameter gold nanoparticles.49 The resulting AuNP solution was
stored at 4 �C in the dark.

2.4.2 Ab-NP formation. AuNP-modied antibodies were
obtained following a previously reported protocol.47 Briey, we
mixed gold nanoparticle stock solution with 10 mM pH 9 borate
buffer (5 volumes of AuNPs to 1 volume of buffer). Next, we added
the mouse monoclonal anti-NGAL to a nal concentration of 5.25
mg mL−1 and incubated for 30min in a shaker stirrer at 30 �C and
550 rpm. To block non-specic adsorption on the AuNPs, we then
added bovine serum albumin (BSA) to a nal concentration of 50
mg mL−1 and incubated for 30min in a shaker stirrer at 30 �C and
550 rpm. To separate unbound reagents, we centrifugated the
resulting Ab-NPs at 18 000 g for 30 min at 4 �C, discarded the
supernatant, and resuspended the pellet in 2 mM pH 7.4 borate
buffer. We repeated the centrifugation step a second time and
resuspended the resulting pellet in 2mMpH 7.4 borate buffer at 14
the original volume. We then, split the resulting Ab-NPs in
Eppendorf tubes and lyophilized them. Each tube contained
sufficient “mix” for one dipstick assay: 60 mL of Ab-AuNPs at
optical density of 1.2 absorbance units in 10 mM pH 7.4 PBS
buffer containing 10% (w/v) sucrose 0.05% (v/v) Tween 20 and
10 mg mL−1 BSA. We spun these down and froze them at −80 �C
for 1 h prior to lyophilizing overnight (Fig. SI3†).

2.4.3 Preparation of strips. We assembled the nitrocellulose
pads and absorbent pads on a backing card (Kenosha,
Amstelveen, the Netherlands) in such a way that absorbent pad
overlaps 1 mm on the next nitrocellulose pad to assure the ow
from the nitrocellulose to the absorbent pad. We cut the resulting
assemblies into 3 mm wide strips. To create the detection region,
we drop cast 1 mL of a mixture of 55 mM of streptavidin and 350
mM of biotinylated NGAL aptamer (26-base) in 10 mM pH 7.4
phosphate buffer (previously incubated for 30 min at room
temperature and 550 rpm in a thermoshaker) 1.5 cm from the
bottom end of the nitrocellulose. To create the control region, we
drop cast 1 mL of polyclonal anti-mouse IgG at 500 mg mL−1,
0.5 cm away of the detection spot along the direction of ow. We
then dried the strips for 1 h at 37 �C.

2.4.4 The dipstick assay. With the aim to ensure a homo-
geneous starting mix of target, depletant30,50,51 and Ab-NPs, we
12222 | Chem. Sci., 2022, 13, 12219–12228
lyophilized Ab-NPs at the bottom of an Eppendorf tube instead
of preabsorbing the Ab-NPs in glass bre pad. The Ab-NPS were
thus resolubilized in the sample in the presence of the deple-
tant, ensuring we achieve a homogeneous solution prior to
staring the assay.

For the assay we mixed a volume of 60 mL of NGAL in synthetic
urine with the appropriate amount of depletant and then added
to a tube containing the lyophilized Ab-AuNPs with 5 min gentle
stirring. We then inserted the dipstick strips into this tube. Aer
the strip absorbed the sample, we added an additional 30 mL of
buffer to wash the excess of reagents in the nitrocellulose pad.
When necessary, we replaced the absorbent pads to ensure
complete ow. Once the 30 mL of washing buffer had been
absorbed into the strip we imaged the strips by scanning them in
a Chemidoc, MP Imaging system (Bio-Rad technologies), deter-
mined the intensity of the relevant spots using the soware Image
J, and normalized against the background signal and correcting
by the pixel size of the area measured. The integrated density of
the pixels corresponding to the detection dot were subtracted the
integrated density of a section of plain nitrocellulose with the
same area size as the detection dot. The resulting value is divided
by the size of the area used:

Detection dot Int: ¼ Int DenNitrocellulose � Int DenDetection dot

Area measured

(2)
2.5. ELISA plate preparation and assays

We deposited 100 mL of 0.5 mM biotinylated truncated aptamer
in pH 7.4 PBS in the wells of streptavidin coated plates and
incubated at room temperature for 1 h. We washed the plates 3
times using 200 mL of 0.05% (v/v) Tween 20 in pH 7.4 PBS per
well. Since the streptavidin coated plates are already pre-
blocked, and no other components in the assay contain
biotin, further blocking was unnecessary. We titrated NGAL in
articial urine containing the corresponding concentration of
depletant, using a mouse monoclonal antibody against NGAL
(GenScript, Piscataway, New Jersey) at 5 mg mL−1, a total volume
of 100 mL per well. Aer 1 hour incubation at room temperature,
the plates were washed 3 times using 200 mL per well of 0.05%
(v/v) Tween 20 pH 7.4 PBS. Next, we added chicken anti-mouse
IgG HRP-conjugated at 200 ng mL−1 in 0.5% (w/v) BSA 0.05% (v/
v) pH 7.4 PBS. Following, we performed 3 washings cycles by
adding 200 mL per well of 0.05% (v/v) Tween 20 pH 7.4 before
performing a last washing step using pH 7.4 PBS. To generate
the color in response to target we added 100 mL per well of
3,3′,5,5′-tetramethylbenzidine (TMB) reagent. Aer 3 min we
stopped the reaction by adding 50 mL of a 0.25 M H2SO4 per well
and aer 15 min we measured absorbance at 450 nm.
3. Results

Sequestration relies on the use of two biorecognition elements:
a higher affinity, non-signaling “depletant,” which binds the
target but does not produce any output signal, and a lower
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Our neutrophil gelatinase associated lipocalin (NGAL)-
detecting EAB sensor consists of a redox-reporter-modified, NGAL-
binding aptamer attached to an interrogating electrode. Target binding
induces a conformational change in this aptamer, which alters the
electron transfer kinetics of its attached redox reporter, methylene
blue (MB), thus producing (B) an easily detected change in square wave
voltametric signal. (C) Here we have used sequestration to improve the
sensitivity (change in signal for a given change in relative target
concentration) of this EAB sensor in synthetic urine samples. To do so
we added a high affinity NGAL-binding aptamer as a depletant to the
sample. By thus introducing sequestration, we narrow the sensor's
useful dynamic range, steepening its binding curve and improving
sensitivity. For example, the sensor's pseudo-Hill (nH) coefficient,
a measure of binding curve steepness, shifts from 1.6 at 0 nM depletant
to 2.9 at 1.2 mM depletant, narrowing the concentration change
required to transition from 10% occupied to 90% occupied from 15.6-
fold to just 4.5-fold. Note: error bars in this figure reflect the standard
deviation of 4 replicate measurements using independent sensors. The
solid curves are fits to the Hill equation (eqn (3)); the Chi-square values
are, for the curves from low to high depletant, 0.004, 0.006, 0.008,
0.007, 0.009 and 0.003.
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affinity, signal-generating “receptor,” which alters its output
signal upon target binding (Fig. 1, le). At target concentrations
above the dissociation constant of the depletant, but below the
dissociation constant of the receptor, near stoichiometric
binding to the depletant ensures the low concentration of the
free target. Aer this “sink” is saturated, however, further
increases in total target concentration produce a concomitantly
large increase in the relative concentration of free target. This,
in turn, causes occupancy of the receptor to rise rapidly with any
increase in total target concentration, generating an output
signal that is a steeper function of that concentration (Fig. 1,
right). The resulting enhancement in responsiveness improves
our ability to measure small relative changes in target concen-
tration (i.e., improves relative precision). It does so, however, at
the cost of reducing sensitivity at lower target concentrations.

Here we have applied sequestration to improve the sensi-
tivity of one biosensor and two bioassays all targeting the
protein neutrophil gelatinase-associated lipocalin52,53 (NGAL):
an EAB sensor, a paper-based dipstick assay, and an ELISA.
Plasma and urine NGAL levels above various threshold values
are indicative of acute kidney damage,54–56 with the relevant
reported cut-offs in urine of 2 nM for patients with IgA
nephropathy,57 5 nM for patients with chronic heart failure,56

6 nM infants aer cardiac surgery,55 and 85 nM for acute kidney
damage (AKI) in adults.58 As a consequence, a range of assays
and sensors have been reported for the measurement of NGAL,
including ELISAs,59 nanoparticle aggregation tests,60 lateral ow
assays61 and electrochemical biosensors.45,62,63 Given that the
clinical indicators here are specic threshold concentration
values, the availability of higher sensitivity, more all-or-none
detection systems would be of value in these applications,
thus motivating our use of this biomarker as our test bed for
studies of the adaptation of sequestration strategies in biosen-
sors and bioassays in complex samples.

We have employed two variants of a previously reported,
NGAL-binding, DNA aptamer45,64 as the depletant and receptor
in our studies. Specically, our depletant is the full-length, 80-
base “parent” aptamer, which has a reported dissociation
constant (KD) of 0.92 nM.64 For the lower-affinity, signaling
receptor we employed a 26-base long truncation of this parent
sequence, which is destabilized enough that it is unfolded in
the absence of target and presents a reported KD of 58 nM.45,65

Target binding must thus overcome the truncated aptamer's
unfavourable folding free energy, reducing its affinity (relative
to that of the parent sequence) by a factor of 38 (Fig. SI1†).
Conveniently, the binding-induced folding of the truncated
aptamer also provides the conformational change necessary to
support EAB signaling.66

As our rst demonstration of the utility of sequestration we
employed our receptor/depletant pair in an NGAL-detecting EAB
sensor (Fig. 2A). The conformation-linked signalingmechanism
of EAB sensors renders them both convenient (reagentless and
single step) and, because it mimics the signal transduction
employed by chemoperception systems in nature, selective
enough to deploy directly in complex clinical samples.45 For
example, EAB sensors have been shown to work well when
challenged in complex media such as blood serum,67,68
© 2022 The Author(s). Published by the Royal Society of Chemistry
undiluted blood,69,70 and even circulating blood in a live
animal.10,11,71

We fabricated an NGAL-detecting EAB sensor by linking
a redox-reporter-modied version of the signalling receptor via
Chem. Sci., 2022, 13, 12219–12228 | 12223
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its 5′ terminus to the surface of a gold electrode using thiol-on-
gold self-assembled monolayer chemistry.7,46,72 Binding induced
folding of this receptor alters the rate of electron transfer from
the reporter (here methylene blue), producing an easily
measurable change when the sensor is interrogated using
square wave voltammetry.8,73 To introduce sequestration to this
sensor we added depletant to the NGAL-containing sample in
a complex matrix (synthetic urine) prior to measurement. Doing
so we nd that, as expected, the sensor's useful dynamic range
systematically narrows as the concentration of added depletant
is increased (Fig. 2B).

To quantify the extent to which sequestration improves
sensitivity we employ two equivalent approaches. The rst is to
denote the width of the useful dynamic range; any steepening of
the binding curve will concomitantly narrow the range of
concentration required to transition from 10% to 90% of the
signal change seen at saturating target. In parallel, we also t
the output of our sensors and assays to a cooperative binding
curve, the equation rst used by A.V. Hill in 1910 to describe the
cooperative binding74 of oxygen to haemoglobin:

q ¼ ½Target�nH
K1=2

nH þ ½Target�nH (3)

In this, the fraction of receptors occupied, q, is given as
a function of the free target concentration, the concentration at
which half of the receptors are occupied (K1/2, which in single
binding site receptors corresponds to KD), and the Hill coeffi-
cient (nH). The latter parameter reects the steepness of the
receptor transition from unbound to bound, with Hill coeffi-
cients greater than 1 associated with the steep transitions found
in systems with enhanced sensitivity. Here we use the resulting
pseudo-Hill coefficient (“pseudo” because, while our systems
mimic cooperativity, they are not actually cooperative) as
a convenient, empirical way to compare sensitivities.30 Applying
these metrics to the NGAL-detecting EAB sensor, we nd that,
even in the absence of depletant, the sensor achieves an nH of
1.60 � 0.08 (the reported condence intervals reect the 95%
condence intervals calculated from the ts) and a dynamic
range of just 16-fold (Fig. 2B, black line). Previously we have
shown that the higher-than-unity pseudo-Hill coefficient of the
NGAL-detecting EAB sensor is caused by inter-chain interac-
tions at the high density with which the aptamer receptor is
packed on the electrode surface; e.g., this effect is lost at lower
packing densities.45 Upon the addition of depletant, however,
the sensor's dynamic range narrows still more, reaching just
4.6-fold (with an nH of 2.90 � 0.10) when the depletant
concentration reaches 1.2 mM (Fig. 2B brown curve). As ex-
pected, this increasing steepness comes at the cost of higher
bindingmidpoints, which shis theminimum amount of target
required to achieve a statistically-signicant signal (we dene
this limit of detection as the concentration for which the signal
change reaches 3 times the standard deviation of a blank). In
the absence of depletant the EAB sensor's limit of detection is
12 nM, which rises to 198 nM at the highest depletant
concentration we have employed.
12224 | Chem. Sci., 2022, 13, 12219–12228
To explore the versatility of the sequestration mechanism we
next introduced it into an NGAL-detecting dipstick assay. This
commonly employed class of point-of-care assays detects an
analyte that has been driven through a membrane by capil-
larity.5 During this migration, the target binds to receptors
attached to the membrane at a specic “detection region”.
Detection typically relies on the formation of a sandwich in
which a second reporter-modied receptor binds to a second
epitope on the target, causing it to accumulate at the detection
region and create an output signal.75 Here we attached the lower
affinity, truncated aptamer to the detection region of the
membrane (Fig. 3A). As a control we also spotted a goat anti-
mouse IgG at a second site farther along the direction of ow
on the membrane. Finally, as our depletant we again employed
the full-length anti-NGAL aptamer, and as our reporter-
modied receptor we employed a commercial mouse mono-
clonal anti-NGAL antibody modied with 20 nm diameter gold
nanoparticles.

Sequestration increases the sensitivity of the dipstick assay
to small changes in target concentration. Specically, in the
absence of depletant (black line) we observed a dynamic range
of 23-fold and an nH of 1.4 � 0.1 (Fig. 3B, black curve). Upon
the addition of depletant to the sample prior to analysis,
however, the binding curve steepens, ultimately narrowing the
dynamic range to just 9-fold and producing a pseudo-Hill
coefficient of 2.0 � 0.1 at a depletant concentration of 1.2
mM (Fig. 3B, pink curve). Over this same change in depletant
concentration, the assay's limit of detection increased from
2.9 nM to 58 nM.

As our nal example we deployed the sequestration mecha-
nism in an NGAL-detecting ELISA (Fig. 4). The working prin-
ciple underlying this widely-used technique76,77 relies on the
attachment of the target to the surface of a plastic well. In the
type of ELISA we explored, a sandwich ELISA, this attachment is
mediated by a “capture reagent” (here our truncated aptamer)
immobilized on the well surface (here using a biotinylated
aptamer and streptavidin coated wells). We incubated the
samples containing the target and the corresponding concen-
tration of depletant (again, the full-length aptamer) in the wells,
where the target binds the capture reagent. Detection takes
place via a second receptor, here an anti-NGAL mouse mono-
clonal antibody, that binds the target at a second epitope. To
generate a signal, we used a horseradish peroxidase-modied
anti-mouse IgG that binds to the mouse anti-NGAL antibody
and, upon reaction with tetramethylbenzidine, produces
a colorimetric output.

As we observed for our EAB sensor and lateral ow examples,
sequestration increases the sensitivity of the NGAL-detecting
ELISA. Specically, whereas in the absence of depletant, the
useful dynamic range of the assay is of 22.5-fold, corresponding
to an nH of 1.41 � 0.06 (Fig. 4B, black line), the addition of
depletant steepens this binding curve, narrowing the dynamic
range to 9-fold and producing a pseudo-Hill coefficient of 1.95
� 0.05 at a depletant concentration of 1.2 mM (Fig. 4B, pink
line). Conversely, over this same range of depletant concentra-
tions the limit of detection increased from 1.5 nM to 9.2 nM.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) A NGAL-detecting dipstick (lateral flow-like) assay. In this,
a gold-nanoparticle-modified anti-NGAL antibody binds to any NGAL
in the sample before the resulting complex is driven through a paper
strip by capillarity. An NGAL aptamer attached to the membrane at the
detection region binds a second epitope on NGAL, creating an
aptamer-NGAL-antibody “sandwich”. This causes gold nanoparticles
to accumulate at the detection region, generating a characteristic red/
pink color. Any antibody not bound to NGAL flows past the detection
region, ultimately binding an anti-IgG antibody placed at the control
region. (B) Using the sequestration mechanism, we have improved the
sensitivity of an NGAL-detecting dipstick assay to small changes in
target concentration. To do so we fabricated dipstick assays that
included varying amounts of depletant (the full-length anti-NGAL
aptamer) in the sample/antibody mixture. This results in a steeper
binding curve and a narrower dynamic range. Shown are NGAL
dipstick assays achieving pseudo-Hill coefficients ranging from 1.4 at
0 nM depletant to 2.0 at 1.2 mM depletant, in synthetic urine samples.
Note: error bars in this figure reflect the standard deviation of 4
replicate measurements using independent devices. The solid curves
are fits to the Hill equation (eqn (3)); the Chi-square values are, for the
curves from low to high depletant, 0.011, 0.010, 0.008, 0.006, 0.005
and 0.002.

Fig. 4 (A) A NGAL-detecting enzyme linked immunosorbent assay
(ELISA). The target, NGAL, binds a low affinity receptor attached to the
bottom of a well. The subsequent addition of an anti-NGAL antibody
and horse-radish-peroxidase-modified secondary antibody produces
an enzymatic signal, allowing the detection and quantification of
NGAL. (B) ELISA assays that included varying amounts of depletant in
the sample result in steeper binding curves and narrower dynamic
ranges. Shown are NGAL-detecting ELISA assays achieving pseudo-
Hill coefficients ranging from 1.41 � 0.06 at 0 nM depletant to 1.95 �
0.05 at 1.2 mM depletant. Note: error bars in this figure reflect the
standard deviation of 4 replicate measurements using independent
wells. The solid curves are fits to the Hill equation (eqn (3)); The Chi-
square values are, for the curves from low to high depletant, 0.005,
0.001, 0.001, 0.004, 0.002 and 0.001.
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4. Discussion

Here we have used sequestration, a mechanism previously used
to tune the binding properties of DNA receptors30,50,78 and
enzymatic79 and protein80 networks, to improve the sensitivity in
three different detection techniques: an EAB sensor,45 a dipstick
assay, and an ELISA. Doing so we nd that, for the EAB sensor,
the effective dynamic range of the sensor narrowed from 15.6-
fold to just 4.5-fold. In the dipstick assay, the binding curve
contracted from 23 to 9-fold. And for the ELISA, the useful
© 2022 The Author(s). Published by the Royal Society of Chemistry
dynamic range contracted from 22.5 to 9.5-fold. With this, the
sensitivity of these sensors and assays to small changes in target
concentration is improved. For example, for a receptor with
useful dynamic range of just 4.5-fold (nH ¼ 2.9), a change in
target concentration from 5% below the midpoint of the
binding curve to 5% above it changes the occupancy of the
receptor –and the resulting output signal – by 7.2%, which is
nearly three times greater than the 2.5% change that would be
produced by a receptor that follows Langmuir isotherm binding
(nH ¼ 1, Fig. SI4†).

The sensitivity enhancements we observe are less than would
be expected from theory or previously reported model
systems30,31 (Fig. SI5†). For example, at the highest depletant
concentration we have employed (1.2 mM) theory predicts
a pseudo-Hill coefficient of > 10 rather than the values of 2 to 2.9
that we observe. We suspect that this is due to the complexity of
Chem. Sci., 2022, 13, 12219–12228 | 12225
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our systems, all of which entail surface-attached receptors
(which, as previously reported, affects the binding properties of
our receptor45) and two of which (the dipstick and ELISA) are
complex, multistep assays. Irrespective, however, of how close
to (or far from) ideal behaviour our systems are, the improved
sensitivity we achieve will nevertheless prove of value in
enhancing the precision of the bioanalytical techniques.

5. Conclusions

Many approaches for improving sensitivity of biomolecular
receptors are complex. The rational introduction of coopera-
tivity, for example, requires the design of coupled, binding-
induced conformational changes to achieve the steepening of
binding curves,81–84 and the nal shape of the response curve
will depend on the binding free energy landscape that such
coupling produces.85 Sequestration, in contrast, appears easy to
engineer into existing sensing platforms and assays as it only
requires the addition of a high-affinity depletant. Moreover, the
sensitivity associated with sequestration can be ne-tuned via
the simple expedient of altering the concentration of the
depletant. Given this relative simplicity, we believe that
sequestration can be quickly and easily adapted in a diversity of
scenarios to tune binding properties of detection assays.
Consistent with this, here we have demonstrated the successful
application of sequestration as a mechanism to induce steeper
transitions in dose response curves for three different sensing
techniques.
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