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Abstract

The ability to monitor protein biomarkers continuously and in real-time would significantly
advance the precision of medicine. Current protein-detection techniques, however, including
ELISA and lateral flow assays, provide only time-delayed, single-time-point measurements,
limiting their ability to guide prompt responses to rapidly evolving, life-threatening conditions. In
response, here we present an electrochemical aptamer-based sensor (EAB) that supports high-
frequency, real-time biomarker measurements. Specifically, we have developed an
electrochemical, aptamer-based (EAB) sensor against Neutrophil Gelatinase-Associated Lipocalin
(NGAL), a protein that, if present in urine at levels above a threshold value, is indicative of acute
renal/kidney injury (AKI). When deployed inside a urinary catheter, the resulting reagentless,
wash-free sensor supports real-time, high-frequency monitoring of clinically relevant NGAL
concentrations over the course of hours. By providing an “early warning system”, the ability to
measure levels of diagnostically relevant proteins such as NGAL in real-time could fundamentally
change how we detect, monitor, and treat many important diseases.
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The ability to measure biomarkers at clinically relevant concentrations and in real-time
would create a potentially powerful new approach to monitor health status.# Such a
technology, for example, could change the way we diagnose (e.g., monitoring of cardiac
troponin to warn of an incipient heart attack)® and treat (e.g., monitoring the levels of
cytokines to optimize the antibiotic treatment of sepsis)® diseases. All current methods for
measuring protein biomarkers in clinical samples, however, either are batch processes ill-
suited for high-frequency, real-time monitoring or are unable to cope with complex clinical
samples. ELISAs, for example, are batch processes that typically take hours to return an
answer and require specialized personnel running bulky, expensive equipment in a dedicated
laboratory, precluding real-time monitoring.”-9 Lateral flow assays, in contrast, provide
results in 10 to 15 min, but they also require multiple sampling/sensing steps and provide
merely semiquantitative results, characteristics that preclude frequent, quantitative
monitoring.1%11 In contrast, multiple biosensor approaches have been described (including
surface plasmon resonance,12 biolayer interferometry,13 electrical impedance spectroscopy,
14 field effect transistors1®) that support the continuous, real-time measurement of specific
proteins. However, because their signaling mechanisms are all predicated on monitoring
adsorption (e.g., changes in the mass, charge, or optical properties of the material adsorbed
to the sensor surface), none survive deployment in authentic, unmodified clinical samples.

The absence of a technology that supports high-frequency, real-time measurement of protein
concentrations remains a critical void in our healthcare.16 Methods for the continuous, real-
time measurement of small molecules, in contrast, are better established. The continuous
glucose monitor, for example, has vastly improved the management of diabetes,1’ but
because it relies critically on the specific chemical reactivity of its target, this technology is
not generalizable to the measurement of other molecules.1819 In response, we have been
developing electrochemical aptamer-based (EAB) sensors, a platform technology supporting
continuous, high-frequency molecular monitoring irrespective of the chemical or enzymatic
reactivity of the target. Specifically, we have demonstrated sensors in this class supporting
the real-time measurement2? of multiple low-molecular-weight drugs?1-22 and toxins?324 in
situ in the circulatory system and in situ in flowing streams of foodstuffs, respectively.

While the monitoring of small molecules using EAB sensors is established, the technology
had not previously been adapted to the continuous, real-time measurement of protein
biomarkers. Here, we explore this idea using the high-frequency, real-time monitoring of
Neutrophil Gelatinase-Associated Lipocalin (NGAL), a protein that appears in urine upon
acute renal injury (also referred to as acute kidney injury, or AKI).2526

AKI is a life-threatening complication observed after major surgeries and even some minor
procedures (e.g., contrast-induced nephropathy).2” The current gold standard for diagnosing
AKI is the measurement of serum creatinine, whose level rises several hours after the onset
of the renal failure. The slow time scale of this diagnostic, however, greatly reduces its
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value. Urinary NGAL, in contrast, rises quite rapidly after the onset of AKI,28 which would
allow for diagnosis—and intervention—far earlier in the disease process. Unfortunately,
however, NGAL is currently detected using ELISAS, which are slow and do not support real-
time monitoring.29 It thus appears that, by supporting the prompt deployment of additional
treatment before irreversible kidney damage occurs,3° the ability to monitor clinically
relevant concentrations of NGAL (i.e., excursions above reported cutoffs lying between 2
and 32 nM) in real-time could significantly improve outcomes for patients suffering from
acute renal injury.

EAB sensors employ electrochemistry to interrogate a binding-induced conformational
change in an electrode-bound aptamer (Figure 1). In order to achieve this, we modify one
end of the aptamer with the redox reporter methylene blue (to generate a signal) and the
other with a thiol (for attachment to a gold electrode). Any binding-induced change in the
conformation of the aptamer thus changes in turn the rate of electron transfer from the
methylene blue, generating a measurable electrochemical signal that monotonically
increases with target concentration. Here, we have used an NGAL-binding aptamer
previously shown to support optical detection of this biomarker.3! To introduce the
necessary binding-induced conformational change, we truncated the parent sequence, thus
destabilizing it, under the argument that aptamer folding is sufficiently cooperative,32 that
such destabilization produces binding-induced folding.33 This couples recognition with
folding, i.e., with the largest possible conformational change. Specifically, we created seven
sequential truncation variants (details in Figure 1S in Supporting Information) from which
we selected a 26-base variant as representing the optimal trade-off between high signal gain
and high affinity.34

The NGAL-detecting EAB sensor provides the sensitivity and specificity necessary to
achieve clinically relevant monitoring for potential kidney injury. To demonstrate this, we
first challenged the sensor against its target spiked into either artificial or authentic urine (the
picomolar basal level of the target in urine of healthy subjects does not interfere; Figure 2S
of Supporting Information) seeing in both scenarios ~20% signal change at 32 nM NGAL
(Figure 2A; and see Figure 1S and 4S for full calibration curves). As indicated by the near-
identical sensor performance in synthetic (i.e., protein-free) and authentic urine, the sensor
does not detectably respond to any of the 1500 proteins in urine at their endogenous levels.35
Likewise, it does not respond any of three other model proteins tested even at much higher
concentration (Figure 3S). Based on these in vitro titrations, we estimate detection limits (at
the 3o confidence level) of 2 and 3.5 nM, respectively, in artificial and authentic urine.
Given the 2 to 32 nM thresholds for NGAL indicative of kidney damage reported in the prior
literature,30 these limits of detection appear sufficient to support clinically relevant
monitoring.

To perform continuous clinical monitoring, a sensor must equilibrate rapidly relative to the
time course of the disease being monitored and remain stable relative to its duration. In
addition, while the rate with which NGAL levels change in clinical scenarios is not yet
known (precisely because of the inadequacy of current techniques), it is clear that minutes of
time resolution over the course of a few hours during and immediately after surgery is more
than adequate for clinical needs.28 The optimized EAB sensor achieves these attributes. For
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example, upon a challenge with 32 nM NGAL, the sensor equilibration time constant is on
the order of 1 min (Figure 2B), which provides the time resolution necessary to support
prompt intervention by healthcare personnel. Likewise, the removal of NGAL from the
solution induces the recovery of the baseline value also on the order of 1 min. To model a
more realistic clinical scenario, we challenged our sensor by steadily adding NGAL to a
urine stream over the course of 1 h to a final concentration of 32 nM, the highest clinically
indicative threshold reported in the literature. As expected, the electrochemical signal rose
with the start and stopped rising with the termination of this continuous injection (Figure
2C).

To perform the real-time monitoring of kidney health in patients suffering from acute kidney
damage, the sensing platform must access urinary NGAL without the intervention of
healthcare personnel. To model this, we fabricated sensors on microelectrodes (the
calibration curve we obtained using these is available in Figure 4S of Supporting
Information),3® two of which we then placed into a 14fr Foley (i.e., urinary) catheter via an
IV needle. We simulated a clinical scenario by inserting the modified catheter into an IV bag
(representing the bladder) and using two pumps: one for recirculating the urine and one for
injecting NGAL (Figure 3A). We then monitored NGAL concentrations over 3 h, during
which we added NGAL (from 0 to 32 nM) to the urine sample stream over the course of 1 h
(Figure 3B). As expected, the sensor again responded quantitatively to the increasing NGAL
concentration.

Here, we have achieved the first high-frequency, real-time monitoring of a protein biomarker
in a simulated clinical scenario via an approach that does not require any sample processing
or any other active intervention from healthcare personnel. Specifically, we have
demonstrated the ability of an EAB sensor to monitor urinary NGAL in authentic urine
samples and inside a urinary catheter with subminute time resolution and at concentrations
corresponding to the threshold levels indicative of acute renal injury. At the immediate level,
the work presented here illustrates a potentially powerful new tool to monitoring the
occurrence of surgery-related acute renal injury, providing an opportunity for clinicians to
intervene before permanent kidney damage occurs. More broadly, when taken with the
modular architecture of the platform, and its good shelf (currently over 1 month)37 and
operational (up to 12 h in blood)38 lifetimes, the work presented here suggests that EAB
sensors may prove a powerful means of monitoring protein biomarkers in general, an
advance that would enable many early warning systems in health care.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
EAB sensors employ the binding-induced folding of a redox-reporter-modified aptamer to

generate an easily measurable, rapidly reversible electrochemical signal (the changes in
conformation affects the rate of electron transfer thus changing the intensity of the
electrochemical signal) without the need for exogenous reagents or wash steps, thus
enabling continuous, real-time molecular monitoring. The platform’s binding-induced
folding signal transduction mechanism is highly selective, allowing EAB sensors to perform
even when challenged in complex sample streams.
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Figure2.
Real-time monitoring of clinically relevant threshold levels of NGAL in urine. (A)

Threshold NGAL level indicative of diseases has variously been reported3C to be from 2 to
32 nM. The useful dynamic range of our sensor spans these concentrations in both artificial
urine and authentic human urine. The data represent the average signals and the standard
deviations of at least three independently fabricated sensors, illustrating the excellent sensor-
to-sensor reproducibility we achieve even with these hand-held devices. (B) The sensor
responds promptly to the addition (blue arrows) and removal (red arrows) of NGAL. Shown
are three cycles of addition (32 nM) and removal of NGAL over 2 h. (C) The sensor easily
monitors a continuous rise in (spiked) NGAL that mimics the profile expected for acute
renal injury.
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EAB sensors can be used to monitor NGAL levels in situ in a urinary catheter. (A) In order
to mimic a real-life situation, we created a system that passes artificial urine through a 14fr
Foley catheter that contains two micron-scale EAB sensors. In particular, using a pump we
increased the level of NGAL in the reservoir at the bottom (yellow lines), while a second
pump circulates the artificial urine through an 1V bag (representing an artificial bladder) and
then through the catheter (blue lines). Using this, we monitored NGAL concentrations with
3 min resolution over the course of 3 h. (B) At 1 h, we started introducing NGAL, linearly

increasing its concentration over the course of 1 h to 32 nM. As shown, both sensors

responded to the addition in real-time and with closely similar responses. The few minutes
of lag time between the addition of NGAL and the first sensor response is associated with

the time required for NGAL to pass through the pump and the artificial bladder before

reaching the sensors.

ACS Sens. Author manuscript; available in PMC 2021 May 01.



	Abstract
	Graphical Abstract
	References
	Figure 1.
	Figure 2.
	Figure 3.



