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Abstract

The real-time monitoring of specific analytes in situ in the living body would greatly advance our
understanding of physiology and the development of personalized medicine. Because they are
continuous (wash-free and reagentless) and are able to work in complex media (e.g., undiluted
serum), electrochemical aptamer-based (E-AB) sensors are promising candidates to fill this role.
E-AB sensors suffer, however, from often-severe baseline drift when deployed in undiluted whole
blood either in vitro or in vivo. We demonstrate that cell-membrane-mimicking
phosphatidylcholine (PC)-terminated monolayers improve the performance of E-AB sensors,
reducing the baseline drift from around 70% to just a few percent after several hours in flowing
whole blood in vitro. With this improvement comes the ability to deploy E-AB sensors directly in
situ in the veins of live animals, achieving micromolar precision over many hours without the use
of physical barriers or active drift-correction algorithms.

Broadcast live

A biomimetic surface employing phosphatidylcholine head groups (red spheres) greatly improves
the baseline stability of electrochemical aptamer-based (E-AB) sensors in whole blood and in live
rats, reducing the baseline drift from 70% to less than 10% under these challenging conditions.
MB=methylene blue, T=target, dark blue ribbon=aptamer, yellow strip= electrode, eT=electron
transfer.

Keywords

aptamers; biomimetic surfaces; electrochemical sensors; in vivo measurements; membrane
monolayers
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The ability to monitor specific molecules in real time in the living body would vastly
improve our understanding of and ability to detect, monitor, and treat disease. Such a
technology, for example, could provide the high-precision, patient-specific pharmacokinetic
information needed to guide the delivery of “the right drug, at the right dose, and at the right
time,” and thus help to achieve the promise of personalized medicine.[*] The development of
sensors supporting such measurements, however, remains challenging. First, of course, to
support this goal, sensors must achieve clinically relevant specificity, precision, and
detection limits. Second, they must also operate continuously without requiring sample
preparation, batch processing (such as washing steps), or the addition of exogenous reagents.
Finally, they must resist or be insensitive to biofouling, that is, the harmful accumulation of
proteins and blood cells on the sensor surface.

Towards the goal of real-time measurements in complex sample matrices, wel?l and others!3]
have developed electrochemical aptamer-based (E-AB) biosensors (Figure 1), a versatile
sensing platform that supports the continuous, real-time measurement of specific molecular
analytes.[*] E-AB sensors comprise an aptamer “probe” that is attached at one end to an
interrogating electrode using a self-assembled monolayer (SAM), and modified at the other
end with a redox-active “reporter”. The binding of an analyte to the aptamer alters the
efficiency with which the reporter approaches the electrode (as a result of either binding-
induced conformational change or the steric bulk of the target),[>] thereby producing an
easily measured change in current when the sensor is interrogated using square wave
voltammetry.

As is needed to support continuous, real-time measurements, E-AB sensing is a reagentless
and single-step process. Because their signaling mechanism recapitulates the conformation-
linked signaling employed by naturally occurring chemo-perception systems, E-AB sensors
are also highly selective and thus E-AB sensors perform well even in flowing, undiluted
blood serum.[6-8] They suffer, however, from often severe drift when challenged in flowing
whole blood.[9:10]

We have previously overcome the problem of drift in whole blood through a combination of
physical barriers (membranes or fluid sheaths to prevent cells from approaching the sensor
surface) and drift-correction algorithms.[>-11]1 Membranes, however, increase the sensor bulk
and slow sensor response times. And drift-correction algorithms require the collection of
additional data at each time point, thereby degrading the time resolution. Motivated by these
concerns, we have developed a biomimetic surface treatment that largely eliminates the drift
seen in whole blood without invoking physical barriers or drift-correction algorithms,
resulting in stable sensor performance even after hours of continuous operation directly in
the living body.

A number of monolayer surfaces have been reported to date that resist biofouling,[12-191 one
of which, phosphatidylcholine (PC)-terminated SAMs, we have explored here. Our selection
of this passivation chemistry was driven by several considerations: 1) PC head-groups are
thought to mimic the fouling resistance of eukaryotic cellular membranes by strongly
binding water to produce a hydration layer that forms a barrier against protein or cell non-
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specific adsorption.[20-22] 2) PC-incorporated monolayers can be relatively short, thus
rendering them likely to support rapid electron transfer. 3) Consistent with reported claims,
we find that a gold surface coated with such a monolayer appears in micrographs to resist
bulk fouling by blood cells (Figure S1 in the Supporting Information).

As our first test case, we employed a 28-base DNA aptamer that recognizes the cancer
chemotherapeutic agent doxorubicin. We modified this aptamer with a methylene blue (MB)
redox reporter on its 3" end and a six-carbon thiol linker on its 5" end. We then co-
deposited the modified aptamer onto a gold electrode with either the 6-mercapto-1-hexanol
(MCH) dilutant, as traditionally employed, 23] or with a phosphatidylcholine alkanethiolate
derivative from 2-methacryloyloxyethyl phosphorylcholine (Figure 1) to produce the desired
PC-terminated monolayer.

Whereas the MCH- and PC-based sensors both respond robustly when challenged with their
target in simple buffers, only the latter perform well in whole blood. For example, the peak
currents of both the PC- and MCH-based sensors increase in response to the addition of 10
um doxorubicin in phosphate-buffered saline (PBS), with a somewhat higher gain for the
former (Figure 2A,B), presumably owing to the effects of charged monolayers on the
performance of such sensors.[24] In contrast, when challenged in flowing whole blood, the
performance of the PC-based sensor is vastly improved relative to that of the MCH-based
sensor. For example, whereas the PC-based sensors exhibit a less than 10% loss in peak
current over the course of 12 h in flowing whole blood, the signal from MCH-based sensors
falls by 70% (Figure 2C, Figure S2). Under these same conditions, the PC-based sensors
respond quantitatively to their target in flowing whole blood and return quantitatively (less
than 5% baseline drift over 12 h) to their original baseline when the drug is removed (Figure
2D, Figure S3), while the MCH-based sensors exhibit significant drift in both the presence
and absence of target.

The improved performance of PC-monolayer-based sensors also holds for sensors
employing aptamers recognizing other targets. To show this, we fabricated sensors
employing an aminoglycoside-binding aptamer attached to the electrode via a six-carbon
thiol linker. In contrast to the case with the doxorubicin-binding aptamer, we found that the
binding constant of the PC-based sensor is poorer than that of the equivalent MCH-based
sensor (Figure S4), presumably due to steric blocking caused by the thicker PC monolayer
(ca. 17 A versus ca. 9 A).[25] To circumvent this problem, we re-fabricated the sensor using
an 11-carbon linker (ca. 17 A in length) on the aptamer and the same PC monolayer. For
comparison, we employed an 11-mercapto-1-undecanol (MCU) monolayer in the
corresponding “control” sensor. When interrogated using square wave voltammetry in
buffer, both sensors exhibit a current increase in response to the addition of the
aminoglycoside kanamycin, with the PC-based sensors again exhibiting greater gain (Figure
3A and B).

As for the doxorubicin sensor, the performance of the PC-based kanamycin sensor is greatly
improved over the MCU-based sensor when challenged in flowing whole blood. For
example, whereas the PC-based sensor exhibits less than 10% signal drift over 12 h under
these conditions (Figure 3C), the signal from the MCU-based sensors falls by nearly half
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despite the generally improved stability of this monolayer relative to shorter-chain
monolayers.[28] This improved performance likewise holds when the sensors are challenged
with their target, with the PC-based sensors responding quantitatively to their target (Figure
3D and Figure S5) and returning to baseline quantitatively upon removal of the target.

Given the improved performance of the PC-based sensors in whole blood in vitro, we were
motivated to test their ability to support continuous real-time measurements in vivo in the
blood of a living animal. To do so we emplaced the sensors for the detection of doxorubicin
in the external jugular vein of an anesthetized Sprague-Dawley rat and injected doxorubicin
into the opposite external jugular vein. We have previously found that, under these
conditions, even membrane-protected MCH-based sensors suffer from significant drift,
exhibiting signal loss on the order of 50% over the course of 3 h (Figure 4A). Historically,
we have corrected for this using protective membranes and drift-correction algorithms,[10]
which reduces the time resolution (due to reduced diffusion rates through the membrane and
the need to collect additional voltammetric data to perform drift correction). The PC-based
sensor, however, exhibits excellent in vivo baseline stability without the need for either
membranes or drift-correction algorithms (Figure 4B), achieving micromolar precision in
the measurement of clinically relevant levels of the drug. Specifically, following three
sequential injections, the resulting plot of concentration versus time presents consecutive
spikes corresponding to each injection, with maximum doxorubicin concentrations (Cnax) Of
approximately 30 um and an effective clearance of 90% of the drug from the circulatory
system within 50 min, values that are consistent with our previous studies and other prior
reports.[10.27]

Herein, we have shown that a PC-terminated SAM that mimics the surface of cell
membranes improves the performance of E-AB sensors deployed in flowing whole blood
both in vitro and in vivo in our live animal model. Given these results, we believe that the
biomimetic approach proposed here will benefit a wide variety of electrochemical sensor
architectures with the objective of achieving real-time continuous monitoring of
pharmacokinetics to provide patients with personalized medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
E-AB sensors comprise an electrode-bound, redox-reporter-modified aptamer (dark blue

ribbon) that undergoes a binding-induced conformational change on binding to the target
(purple sphere). This conformational change alters the positioning of the reporter (methylene
blue, MB) relative to the electrode (yellow strip), thereby producing a target-dependent
change in current when the sensor is interrogated by square wave voltammetry. Biomimetic
monolayers incorporating phosphatidylcholine head-groups (orange spheres) can be used to
largely eliminate the signal drift that appears when using these sensors in whole blood.
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Figure 2.

Dgxorubicin-detecting E-AB sensors. A) Voltammograms recorded from MCH-based
sensors in the absence and presence of target in PBS buffer. The signaling current increases
by ca. 35% when the sample is spiked with 10 pm target. B) Under the same conditions a
PC-based sensor exhibits higher signal gain, with the current increasing by ca. 65%. C)
When challenged in flowing whole blood (no doxorubicin), PC-based sensors (blue) exhibit
less than 10% current drift over 12 h, whereas MCH-based sensors (black) lose around two
thirds of their original signal. D) The improved drift performance of the PC-based sensors
allows real-time measurements in whole blood. Shown are data collected in flowing whole
blood samples in vitro spiked at different time points with varying concentrations of
doxorubicin. Error bars show the standard deviation of at least three independently
fabricated sensors.
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Figure 3.
Kanamycin-detecting E-AB sensors. A, B) Higher gain is again obtained for PC-based

sensors relative to MCU-based sensors (here both are challenged with 1 mM Kanamycin).
C) When challenged in flowing whole blood (no kanamycin), PC-based sensors exhibit less
than 10% current drift over 12 h, whereas MCU-based sensors lose half of their original
signal. D) Data collected in vitro in flowing blood spiked at different time points with

varying concentrations of kanamycin. Error bars show the standard deviation of at least three

independently fabricated sensors.
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Figure 4.
Real-time continuous measurement of doxorubicin (Dox) in living animals. A) When

deployed in vivo, conventional MCH-based sensors exhibit significant drift; the sensor
shown loses nearly half of its signaling current over a few hours even though it is protected
with a microporous membranel2% (each Dox dose is 2 mg m~2). B) Replacing the MCH
monolayer with a PC monolayer largely eliminates this drift; the resulting sensor exhibits
less than 5% drift after the same duration in vivo (each Dox dose is 40 mg m=2).

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 June 19.



	Abstract
	Broadcast live
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4



