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General approach to achieving
electrochemical aptamer-based sensor
sensitivity of buffer in blood plasma

Check for updates
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Electrochemical aptamer-based (E-AB) sensors enable the accurate measurement of target
concentrations in complexmatrices suchasplasmaor serum.However, to functioneffectively in these
environments, the aptamers must resist nonspecific binding to proteins and other interferants. Many
research literature and commercially available (“off-the-shelf”) aptamers, originally selected without
consideration for biofluid compatibility, are prone to such nonspecific interactions, which diminish
sensor output and compromise sensitivity. To address this challenge and expand the utility of existing
aptamer sequences, we present a tunable, generalizable method to restore the EC50 of E-AB sensors
in plasma to levels comparable to those in buffer.We validate this approach using three therapeutically
relevant small molecules: the antiretroviral emtricitabine (FTC), the antibiotic tobramycin, and the
antimalarial hydroxyquinoline. Applying our method, we recovered EC50 values of 11 ± 3 µM for FTC
(buffer: 10.4 ± 0.6 µM), 281 ± 91 µM for tobramycin (buffer: 190 ± 16 µM), and 1.1 ± 0.6 µM for
hydroxyquinoline (buffer: 900 ± 95 µM). This strategy should enable the broader application of
published small-molecule-binding aptamers for biofluid measurements, regardless of their original
selection conditions.

Electrochemical aptamer-based (E-AB) sensors1 are a biosensing platform
that employs dynamic nucleic acid oligonucleotides (oligos) called aptamers,
which are engineered to bind specific molecular targets with high affinity
(Fig. 1a, left). These interactions are transduced into quantifiable signals
through electrochemicalmeasurements (Fig. 1b), typicallyusing anaptamer-
linked redox reporter such as methylene blue (MB)1. The reagentless and
reversible nature of E-AB sensors makes them particularly well-suited for
continuous, real-timemonitoringof biomolecules in complex environments.
Unlike antibodies, aptamers are short oligos with much faster dissociation
rates (kOFF = milliseconds2 vs. minutes to hours or days for antibodies3),
rapidly achieving steady-state interactions with target concentration, and
thus support continuous sensing. Modulation of the sensor potential drives
the electrochemical reduction of the methylene blue reporter, producing
currents that correlate with target concentration1. While E-AB sensors are
designed to meet the demands of in vivo and real-time sensing, significant
challenges remainwhen they are deployed in biologicalfluids such as plasma
or serum for point-of-caremeasurements. These challenges often stem from
interactions with biomolecular components (Fig. 1a, right) in these complex
matrices that were not present during aptamer selection4,5.

Aptamers are typically generated using the Systematic Evolution of
Ligands by Exponential Enrichment (SELEX)6,7, a highly customizable
process that allows for selection under specific conditions tailored to the
desired application. However, the environment in which an aptamer is
selected strongly influences its performance4. Aptamers selected in buffers
lacking serum proteins or other biomimetic components often perform
poorly in biofluids, exhibiting nonspecific binding and signal dampening
(see, for example, blue trace in Fig. 1b). We have consistently observed that
“off-the-shelf” aptamers suffer from decreased sensitivity and unreliable
quantification when used in biological media, primarily due to interference
from proteins and other biomolecules not accounted for during selection4,8.
To overcome this issue and allow single point measurements we present a
simple, generalizable method to remove proteins and other serum com-
ponents that interfere with E-AB sensing in undiluted plasma, thereby
restoring sensor sensitivity measurements taken in buffered saline. Our
approach employs thrombin tocoagulate serumproteins9 (Fig. 1c), followed
by filtration to remove the coagulated material. This method can be easily
tuned by adjusting filter pore size, incubation time, and temperature to
accommodate different target molecules, whichmay vary in size, charge, or
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other physicochemical properties.We demonstrate this strategy using three
aptamers that have been previously adapted for E-AB sensing and are
known to exhibit signal dampening in biological media. In each case, our
method successfully recovered their effective concentration at 50% sensor
signal output (EC50) to within experimental error of that obtained in buffer
(Fig. 1d) or even improved it. Finally, we raise awareness that the chemical
nature of the target can directly affect how it interacts with naturally
occurring proteins, requiring subtle adaptations of the method for effective
signal recovery.

Results and discussion
Proteins in biological fluids can dampen E-AB signal and sensitivity. We
first illustrate these effects using an emtricitabine (also known as FTC)
binding aptamer5,whichwas selectedwith the express purposeofmeasuring
FTC in clinical samples via electrochemical measurements. The E-AB
sensor achieved an EC50 in PBS of 10.4 ± 0.6 µM, which is on par with the
expected clinical range for FTC inpatients10 (Fig. 2a).However, as the sensor
is moved into serum or plasma, the EC50 decreased to 89 ± 19 µM and
78 ± 16 µM, respectively, moving out of the desired sensing range. Addi-
tionally, themaximum signal output decreased from350% in PBS to 89% in
plasma (Fig. 2a, red trace vs. black), while staying at ~350% in serum. Note
that FTC’s extent of protein binding is known to be less than 4%11, thus the
effects seenhere are likely related to protein interactionswith the aptamer or
sensor surface.

To investigate the source of the decreased E-AB sensitivity and signal,
we interrogated FTC sensors in either PBS alone or PBS containing 600 µM
bovine serum albumin (BSA) to emulate physiological concentrations of
circulating serumalbumin (human albumin is cost-prohibitive). Then, FTC
was spiked to a final concentration of 10 µM. Sensors that were exposed to
physiological levels of albumin responded to the FTC spike with a 24 ± 1%
increase in signal relative to baseline, while sensors in PBS alone showed
53 ± 1% signal increase at the squarewave frequencies considered5 (Fig. 2b).
These results confirmed our hypothesis that proteins in the biofluids—
presumably albumin—play a role in decreasing sensor sensitivity and signal.
We note that in the original paper reporting the FTC aptamer, albumin or
other proteins were not included in the aptamer selection rounds, thus not
controlling against nonspecific protein binding5.

To further characterize the effect of albumin on the FTC sensor, BSA
was titrated into PBS spanning a range from50 nM to 1mMBSA, including

the physiological range of 500–800 µM12, and measured at the specified
frequencies of the FTC sensor (8 and 600Hz)5. Due to the difference in
expense and their close sequence homology13, we used BSA instead of
human serum albumin in these characterization experiments. With
increasing additions of BSA, the FTC sensor responded with a sensor signal
output of up to 63 ± 13% in the physiological range, close to the 89% signal
output seen in the full plasma titration of FTC (Fig. 2c vs. black trace in
Fig. 2a).

Based on the confirmation of our previous hypothesis that serum or
plasma proteins play a role in the dampening of both signal and sensitivity,
we further hypothesized that digestion of serum or plasma proteins would
reverse some of the dampening observed. To test this, we spiked samples of
plasma containing specified amounts of FTC with 1mg/mL proteinase K
and incubated them for 5min at 55 °C to allow digestion of the proteins.
Proteinase K treatment led to an increase in signal output from 89% seen in
the plasma FTC curve, to about 550% (Fig. 2d). The digested proteins were
not filtered out of the plasma, leaving behind small peptides. Because this
total signal output is higher than that of the FTC sensor in buffer, we
speculate the additional signal is likely due to a time-dependent increase in
the extent of nonspecific electrostatic interaction between the peptides
generated by the digestion and the negatively charged DNA backbone,
driving the sensor equilibriumtoan “on” state.Thedigestionof proteinswas
carried out on separate sample vials.After each individualmeasurement, the
sensors were washed with PBS and migrated to the next sample with a
higher concentration of FTC.While protein levels were constant (all serum
came from the same batch), the cumulative time of exposure to the post-
digestion peptides increase throughout the experiment. Thus, the overall
gain at the last point may be a combination of FTC binding and non-
specifically bound peptides to the sensor surface.

Coagulation and removal of serum or plasma proteins allows regen-
eration of FTC sensor sensitivity (Fig. 3a). To illustrate this, we coagulated
the proteins in plasma using 2mU/mL of thrombin, which cleaves fibri-
nogen to fibrin to activate clotting9. We pelleted the coagulated proteins via
centrifugation and passed the supernatant first through a 100 kDa mole-
cular weight cut-off filter, then through a 50 kDa filter to remove smaller
proteins and digested peptides. These sizes were chosen to capture the three
major serum protein classes, serum albumin (66.5 kDa14), human gamma-
globulin (~160 kDa15), and fibrinogen ( ~300kDa16). Recently, it has been
reported that 100 kDa filters are effective at preventing signal drift in E-AB

Fig. 1 | Protein binding can affect the signal of
electrochemical, aptamer-based sensors (E-ABs).
aWhile E-ABs functionalized with off-the-shelf
aptamers may present strong sensor signals in buf-
fered solutions (keT,2 >> keT,1), this behavior may be
significantly affected in plasma (keT,3 < keT,2) due to
nonspecific protein binding if the original aptamer
selection was not correctly carried out against pro-
tein counter selections. In plasma, proteins (shown
as green and blue elements with various shapes)may
interfere with electron transfer between the reporter
methylene blue (MB) and the electrode, causing a
smaller ΔkeT. b Square wave voltammograms illus-
trating a smallerΔkeT in plasma (blue trace vs. black)
relative to buffered saline (red trace vs. black).
cMethod proposed in this study to recover sensor
sensitivity of buffered saline in plasma: in a first step,
thrombin is added to the plasma to induce coagu-
lation and clotting. Second, the protein clots are
filtered out. Finally, the filtrate is used to measure
target concentrations. dThe use of thismethod leads
to the recovery of the EC50 normally seen in buffered
saline from plasma samples. Figure Fig 1a, c Created
in BioRender. Demek, E. (2025) https://BioRender.
com/uqgdnvw.
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sensors8. Finally, we used the filtrate tomeasure the concentration of FTC in
the sample. The goal of this process is to clot the plasma proteins to make a
fluid similar to serum, then filter that further to bring the complexity of the
samples similar to that of FTC in PBS. This process offers a general strategy
that can be adapted to the recovery of sensor sensitivity for various E-AB
sensors developed using off-the-shelf aptamer sequences that were not
specifically selected in the presence of biofluid proteins.

Using our protein separation method for FTC quantification, the total
sensor signal output achieved in filtrate was two-fold larger than that of the
original plasma titration curve (Fig. 3b). As seen in Fig. 2a (red trace), the
EC50 in PBS was 10.4 ± 0.6 µM, while the EC50 in plasma shifted to
78 ± 16 µM. Using our protein filtration method, the EC50 obtained in the
filtrate shifted back to 11 ± 3 µM (Fig. 3b). Given this positive result, we
decided to move the protocol forward for the quantification of FTC in
randomized plasma samples. As a first test, we asked an independent
laboratory to make randomized, blinded plasma samples covering the
clinical range of FTC. Then, we implemented our protein filtration protocol
and conductedE-ABmeasurements to quantify FTC in the resultingfiltrate.
Doing so we observed a positive percent agreement of 97% between the
actual, real concentrations spiked into each randomized sample, and our
experimentally measured concentrations (Fig. 3c). Through a Chi-squared
goodness-of-fit test with sample and expected distributions, the random
sample experimental and real values had a chi-squared value of 2.59 for 7
degrees of freedom, resulting in a p-value of 0.92. This p-value indicates that
the data sets are not significantly different.

Real-world, patient-to-patient variability in composition interferes
with clinical measurements. To illustrate this and as a final validation
experiment, we challenged our signal recovery method against real-world
clinical samples collected by the Centers for Disease Control (CDC) from
consented individuals participating in a study of antiretroviral drug
pharmacokinetics5. First, we implemented our protocol on n = 28 samples,

which were deidentified, randomized, and measured for FTC levels via
liquid chromatography –mass spectrometry (LC-MS) at the CDC labs. The
LC-MSmeasured concentrations were blinded for us. In our first attempt to
quantify FTC, we tested the thrombin-treated filtrate post-pellet formation
that had been centrifuged at 23 °C. Unfortunately, after unblinding and
cross-comparing results, our E-AB-measured FTC concentrations did not
match the concentrations determined by LC-MS, and we observed a high
rate of false-positive outcomes in samples confirmed to be FTC negative
(Fig. S1). Through a Chi-squared goodness-of-fit test with sample and
expected distributions, the electrochemical and validated LC-MS values had
a chi-squared value of 248 for 19 degrees of freedom, the resulting p-value
was 0, meaning that the populations were significantly different and could
not be related. We speculated that given the samples were collected at
various times of the day, fat content in the plasma may vary drastically
depending on subject lifestyle and time of donation (i.e., post meals vs.
fasting). These effects of individual differences in cholesterol and fat content
seen in clinical samples likely were not observed in the calibration experi-
ments due to the pooling of plasma evening out the cholesterol and fat levels
across all samples. While FTC has an octanol/water partition coefficient of
log P =−0.4311, and is generally considered a hydrophilic drug with low
probability of bioaccumulation in fat, we hypothesized the fat content may
be interacting directly with the sensor and affecting our measurements. In
an effort to confirm our hypothesis, we titrated cholesterol into PBS,
mimicking the titrationwithBSA (Fig. 2c).Cholesterol produced 15%signal
gain at 1mM,much lower than that of BSA at the same concentration (Fig.
S2). The smaller signal gain produced by cholesterol agrees with our
assessment that themajor interferents are serum proteins, while cholesterol
and other fats play a smaller interference role.

To address the potential effect of plasma fat levels on our measure-
ments, we changed the temperature of our centrifugation protocol to 4 °C17,
which should cause fatty components in the plasma to pellet with the
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Fig. 2 | Plasma proteins interact with emtricitabine E-ABs. a Dose-response
curves of E-ABs functionalized with the emtricitabine (FTC) aptamer against var-
ious FTC concentrations, measured in phosphate-buffered saline (PBS, red data),
human serum (blue), and human plasma (black). In these measurements, the sen-
sors’ signal output and EC50 decrease with increasing medium complexity; with
sensor signal output going from 350% in PBS down to 89% in plasma, and the EC50

decreasing from 10 µM in PBS to 80 µM in plasma. b Single point injection of 10 µM
FTC into PBS (red bar) or into a solution of 600 µM (physiological) serum albumin
(BSA, black) in buffered saline. The experiment of FTC into PBS addition resulted in
a 53 ± 1% signal change, while the equivalent experiment in BSA solution only
generated 24 ± 1%. cExperiment showing the response of FTC-binding E-ABs in the

face of increasing BSA concentrations until above physiological levels (i.e., 1 mM). In
the physiological range, 500–800 µM, the FTC sensor is responding to BSA with a
sensor signal output = 62 ± 12%. d Plasma samples treated with 1 mg/mL proteinase
K to hydrolyze albumin showed signal recovery relative to untreated plasma. In
panels A and D, solid lines represent a nonlinear fit to the Hill isotherm. For all
panels n = 8 sensors, and the error bars represent the standard deviation of themean.
All measurements were conducted using square wave voltammetry. % Signal is
plotted as the difference between normalized measurements performed at 600 Hz
and measurements performed at 8 Hz (also known as KDM), using a 25 mV square
wave amplitude.
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proteins. Implementing this “delipidation” step, we were able to regain the
signal and measure samples, as well as achieve 100% agreement in con-
firmednegative samples (i.e., theE-ABmeasurements generated zero sensor
signal output).We once again performed the plasma recoverymethod, with
the addeddelipidation step, for ann = 20, andhadanagreementof 74%(Fig.
4a). Chi-squared squared goodness-of-fit test with sample and expected
distributions was performed, the random sample experimental and real
values had a chi-squared value of 11 for 8 degrees of freedom, and the
resulting p-value of 0.57 indicated that there was no evidence that the
electrochemically measured samples were different than the LC-MS vali-
dated concentrations. Direct concentrations of the experimentally deter-
mined and LC-MS validated concentrations are shown in Table S1. One
sample, denoted by the dashed circle in Fig. 4a, had a confirmed con-
centration of 10.4 µM by LC-MS measurement, but 1.7 µM by electro-
chemical measurement (ID = 2 in Table S1). However, this sample was
outside of the expected clinical range, 100 nm to 10 µM, so it was not
included in theChi-squaredanalysis or linear correlation5.Additionally, this
particular sample was investigated and found to have a higher degree of
hemolysis than the other samples by the CDC hemolysis reference palette18

(Fig. S3).We speculate the increased presence of red blood cell components
led to the filters clogging and preventing FTC from flowing through, arti-
ficially lowering the concentration in the filtrate.

When we stratified the analyzed samples into confirmed positive/
negative distinctions, the plasma recovery method with delipidation
achieved 100% agreement in confirmed negative samples, meaning the
method produced no false-positive results (Fig. 4b). Of the 9 samples that
were confirmed positive, twowere false negatives; however, we note that the
concentrations in these samples (IDs = 9 and 19 in Table S1) were lower
than the E-AB limit of quantification (LOQ) of 1.1 µM (Fig. 4b). Thus, the
plasma recovery method is unable to quantify at the lower limits of the LC-
MS method, but it is able to produce similar results above the LOQ and
report with 100% accuracy on confirmed negative samples.

The dampening of signal and sensitivity in biofluids seenwith the FTC
sensor can be seenwith other E-AB sensors, so we hypothesized the plasma
recovery method can be modified and applied to other E-ABs. We chose
tobramycin19 and hydroxyquinoline20 E-AB sensors to demonstrate the
generalizability of our method. Both sensors show the same pattern of
dampening from buffer to plasma21–23 that FTC displayed as shown in Fig.
5a, b. The tobramycin sensor has an EC50 in PBS of 190 ± 16 µM, but
996 ± 56 µM in plasma (Fig. 5a). The hydroxyquinoline sensor has an EC50

in PBS of 900 ± 95 µM, but 4.5 ± 1.2 mM in plasma (Fig. 5b). The delipi-
dationmodification to the plasma recoverymethodwas utilized for both the
tobramycin andhydroxyquinoline sensors,with the goal of showing that the

method is consistent and ready to be translated from pooled plasma (i.e.,
during calibration) to individual samples with inconsistent cholesterol and
fat levels. Using the plasma recovery method with delipidation, the tobra-
mycin sensor gave low and inconsistent signal output, even at high con-
centrations (i.e. 1 mM). We hypothesized that the aminoglycoside was
electrostatically attracted to the protein pellet. To test this hypothesis, we
added Proteinase K at a dose of 1mg/mL prior to the addition of thrombin.
The addition of this proteinase allowed the recovery of the EC50 from
996 ± 56 µM in plasma to 281 ± 91 µM (Fig. 5c). Hydroxyquinoline did not
need the same treatment with proteinase K but, in sharp contrast, the
normal delipidation step recovered the sensors’ Ec50 to 1.08 ± 0.59 µM (Fig.
5d). This EC50 is comparable to the dissociation constant, KD, previously
reported for the quinine-aptamer pair via isothermal titration calorimetry24.
Both FTC and hydroxyquinoline samples did not require additional treat-
ment with Proteinase K, while tobramycin samples did. This difference is
likely caused by differences in electrostatic charges between the targets. Both
FTC and hydroxyquinoline are neutral at physiological pH, while tobra-
mycin is positively charged.Thepositive charge of tobramycin likely leads to
electrostatic attraction between the target and the protein pellet, thus
requiring the addition of Proteinase K to further break up the proteins.
Other future charged targets likely need Proteinase K addition to prevent
losing target through electrostatic attraction during clotting.

While we observed improvements in the EC50 of both tobramycin and
hydroxyquinoline sensors with our protocol, we also observed a significant
dampening in sensor gain, in both cases from ~250%, down to 40% and
30%, respectively. At this stage we are not sure why this is the case; we
speculate nonspecific interactions with the protein pellet prior to filtration
may be conducive to more retention of the molecules, decreasing the
effective concentration in the filtrate. Further method development may be
necessary for these two targets to improve their retention in solution post
filtration. Nevertheless, recovery of the EC50 for the tobramycin and
hydroxyquinoline sensors demonstrates the generalizability of our method
to other E-ABs.

Our results also indicate that the method can be easily adapted, via
delipidation or the addition of proteinases, to address target-specific issues
such as lipid interference or protein-bound drug.

To summarize, in this work, we sought to quantify the antiretroviral
drug emtricitabine (FTC) directly in plasma using E-AB sensors. However,
we observed significant dampening of both sensor sensitivity and signal
output relative to analogous measurements conducted in buffered saline.
This loss of performance is not unique to the FTC sensor but is a common
limitation for “off-the-shelf” aptamers often used in E-AB platforms.

Fig. 3 | Protocol for emtricitabine E-AB signal
recovery from plasma samples. a Plasma samples
are spiked with thrombin (final concentration of
2 mU/µL) and incubated, first for 10 min at 37 °C,
then for 60 min at room temperature to allow coa-
gulation. Then, the proteins are pelleted down via
centrifugation at 16k × g for 45 min. The super-
natant is then filtered using Amicon centrifugal fil-
ters as explained in themethods, to produce a filtrate
containing the small-molecule target, which is
quantified via E-AB measurements. b For FTC-
binding E-ABs, the protocol leads to an increase in
sensor signal output and sensitivity, with improve-
ment of the EC50 from 80 µM in the original plasma
to 11 µM in the filtrate. c Blinded, randomized FTC-
containing plasma samples were interrogated via
this protocol, resulting in a linear correlation with
97% agreement. Figure 3a Created in BioRender.
Demek, E. (2025) https://BioRender.com/bpx5unm.
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Through systematic investigation, we identified serum proteins as the pri-
mary contributor to signal dampening, with plasma lipids playing a sec-
ondary role. Initial titrations of FTC in plasma revealed a substantial
decrease in sensitivity, with the EC50 shifting from 10 µM (buffer) to 80 µM
(plasma), accompanied by amarked reduction in sensor signal output from
approximately 370% to 90% (Fig. 2a). These observations pointed to serum
proteins as the likely source of interference. Subsequent experiments con-
firmed thatprotein removal couldpartially restore sensorperformance.This
insight motivated the development of a protein-removal strategy to enable
accurate quantification of FTC in patient plasma samples (Fig. 2b–d).

Through extensive optimization, we determined that initiating coa-
gulation via thrombin addition9, followed by centrifugation and filtration to
remove precipitated proteins, was the most effective approach to mitigate
protein-induced dampening without introducing additional interference.
Applying this protocol to the FTC sensor more than doubled the sensor
signal output, restoring the EC50 to values statistically indistinguishable
from those obtained in PBS (Fig. 3b). Variability in lipid content across
individual samples posed an additional challenge; however, adjusting the
centrifugation temperature from 23 °C to 4 °C enabled effective lipid
removal without compromising protein clearance (Fig. S1, Fig. 4a, b).17
This refinement allowed for successful quantification of FTC in patient
plasma, achieving 100%accuracy in identifying confirmednegative samples
(Fig. 4b). Recognizing that such dampening is not unique to the FTC sensor,
we extended the approach to additional E-AB systems. We tested two
aptamers previously shown to experience significant signal dampening in
plasma: those targeting tobramycin and hydroxyquinoline. Both displayed
an order-of-magnitude decrease in EC50 and sensor signal output when
transitioned from PBS to plasma (Fig. 5a, b). Application of the plasma
recovery method successfully restored EC50 values to within error of their
PBS counterparts, or better (Fig. 5c, d).

We identified serum proteins and lipids as key contributors to signal
dampening in electrochemical aptamer-based (E-AB) sensors used in bio-
fluids. We developed a simple, generalizable signal recovery method that
restores the sensor sensitivity from buffered solutions in plasma by coagu-
lating and removing proteins via thrombin addition and low-temperature
centrifugation to additionally remove lipids. Applied to both pooled plasma
and individual patient specimens, this approach recovered sensitivity and
improved signal consistency, allowing accurate quantification of FTC and
other targets, even with “off-the-shelf” aptamers not originally selected for
biofluid compatibility.

While our method enables existing aptamers to function more effec-
tively in complex biological matrices, it does not overcome the fundamental
limitations of aptamer selection in simple buffers, nor is it compatible with
wearable or continuous molecular monitoring due to the required sample
processing steps. Specifically, the need for centrifugation and filtration

renders the method unsuitable for real-time or in vivo applications. Future
aptamer development must incorporate biofluid-mimicking conditions,
including serum proteins and lipids, during selection to yield sequences
inherently suited for direct sensing in biological environments. As the field
advances toward wearable sensors, our method remains limited to in vitro
applications. Nonetheless, the plasma recovery strategy presented here
offers a practical andflexible solution to improve theperformanceof sensors
made with already reported aptamer sequences for analytical, diagnostic
and preclinical applications.

We also note that in the course of this study, we explored heat pre-
cipitation as a standalonemethod for protein removal.While this approach
did result in partial recovery of signal and sensitivity, the improvement was
insufficient, falling short of the performance observed in buffer conditions.
These findings led us to pursue the enzymatic method presented in this
study. We also note that we elected not to pursue acid precipitation-based
strategies due to concerns about altering the pH,whichwould interfere with
aptamer folding and sensor performance. While pH changes could be
neutralized post-treatment using alkaline solutions, we aimed to minimize
sample manipulation to avoid excessive dilution. This was particularly
important given the expected FTC concentrations (1–10 µM), where
maintaining sample concentration was critical for accurate quantification.

Overall, the enzymatic approach reported in this study provided a
more effective and tunable method for protein removal while preserving
sensor performance and sample integrity.

Methods
Chemicals and materials
6-Mercapto-1-hexanol (MCH, 451088), Human Thrombin (T6884),
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, C4706), Calcium
ChlorideDihydrate (CaCl2,C5080), andMagnesiumChlorideHexahydrate
(MgCl2, BP214) were purchased from Sigma-Aldrich (St. Louis, MO).
Phosphate-buffered saline (1X PBS, 11.9 mM HPO3

2−; 137mM NaCl;
2.7mMKCl; pH = 7.4), sulfuric acid (H2SO4), sodium hydroxide (NaOH),
and Recombinant Proteinase K (EO0491) were purchased from Fisher-
Scientific (Waltham, MA). Albumin, Bovine, Fraction V (J64655) was
purchased from Alfa Aesar (Ward Hill, MA). Cholesteryl Hemisuccinate
Tris Salt (CH210) was purchased from Anatrace (Maumee, OH). All aqu-
eous solutions were prepared using deionized water from a Milli-Q Direct
purification system, with a resistivity of 18 MΩ. Gold disk electrodes (PN
002314, diameter 1.6 mm), and coiled platinum wire counter electrodes
(012961) were purchased from ALS Inc. (Tokyo, Japan). Silver/silver
chloride reference electrodes (CHI111) were purchased from CH instru-
ments (Austin, TX). For polishing electrodes, 0.1 µM diamond slurry was
purchased from Buehler (Lake Bluff, IL) and cloth pads (MF-1040) were
purchased from BASi (West Lafayette, IN). Pooled, deidentified, unfiltered,
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Fig. 4 | Implementation of signal recovery protocol in clinical samples. a Blinded
plasma samples (N = 21) from consented individuals undergoing antiretroviral
therapy were shipped to the Arroyo laboratory from the Centers for Disease Control
(CDC). The samples were deidentified at the CDC, and FTC levels were quantified
via benchmark LC-MS methods. Then, the samples were reanalyzed in the Arroyo

laboratory via E-AB measurements, using the signal recovery protocol. Utilizing a
modified “delipidation” step, we were able to measure the clinical samples, with an
agreement of 74%.b Stratification of samples (N = 21) between presence and absence
of FTC based on the LC–MS standard. Error bars represent the standard deviation of
the mean. No false-positive measurements resulted from the E-AB measurements.
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3.2% sodium citrate human plasma and serum were purchased from
BioIVT (Westbury, NY). Emtricitabine (FTC, TRC-E525000) was pur-
chased from Toronto Research Chemicals, Inc (Toronto, Canada). Tobra-
mycin sulfate (tobramycin,T1598)waspurchased fromSpectrumChemical
Manufacturing Group (Gardena, CA). Finally, 6-hydroxyquinoline (PN
304484) was purchased from Sigma-Aldrich (St. Louis, MO).

DNA preparation
For the functionalization of gold electrodes, 1 µL ssDNA (100 µM in water)
was incubated with 2 µL TCEP solution (10mM in water) for 1 h to reduce
disulfide bonds. Once reduced, the DNA was diluted in PBS to a final
concentration of 200 nM (FTC) or 500 nM (tobramycin, hydroxyquino-
line). DNA concentration was determined via absorbance at 260 nm using
an ImplenNanphotometerNP80.All oligonucleotide sequencesused in this
study are listed in Table 1.

Sensor preparation
Gold electrodes were polished for ~2min using a cloth pad with 1 µm
diameter alumina slurry. After polishing, the electrodes were cleaned elec-
trochemically via cyclic voltammetryfirst from−0.3 to−1.6 V(vsAg|AgCl)
in 0.5M NaOH at a scan rate of 0.5 V/s, and then from 0 to 1.55 V (vs Ag|
AgCl) in0.5MH2SO4, also at a scan rate of 0.5 V/s. Electrodes forFTCwere
not electrochemically roughened as they showed better performance under
these fabrication conditions. Electrodes prepared for the tobramycin and
hydroxyquinoline aptamers were then roughened in 0.5M H2SO4 via
chronoamperometry by pulsing from 0 to 2 V (vs Ag|AgCl) with 320 steps
and a pulse width of 0.02 s to increase surface area of the electrode. The
cleaned (FTC) and/or roughened (tobramycin/hydroxyquinoline)

electrodes were immediately placed in 200 nM or 500 nM solutions of the
aptamers, respectively, for 60minutes. Immediately following aptamer
incubation, the electrodes were placed in 1mM MCH solution in PBS
supplemented with 2mM MgCl2 for 12 h. The sensors were then “pre-
treated” by 50 consecutive square wave voltammograms at 80 Hz (hydro-
xyquinoline), 250Hz (tobramycin), or 600Hz (FTC), using a 50mV
amplitude and 2mV step size in all cases, to remove nonspecifically bound
aptamer from the electrode surface.

Sample preparation for signal recovery calibration
The target of interest (FTC, tobramycin, or hydroxyquinoline) was dis-
solved in 100% human plasma and diluted using 100% plasma to prepare
300 µL samples to construct an 8 pt calibration curve ranging from 10 nM
to 1mMtarget. The samples were there incubated at 37 °C for 30min in an
Eppendorf ThermoMixer F2.0. Thrombin then was added to a final con-
centration 2 mU/µL, and incubated at 37 °C for 10min before incubation
at 25 °C for 1 hr. In the case of the tobramycin samples, after 25min
incubation at 37 °C, proteinase K was added to a final concentration of
1mg/mL and incubated another 5 min at 37 °C prior to the thrombin
addition. Following incubation, the samples were centrifuged at 16k × g for
45min using the Eppendorf Centrifuge 5425 R to pellet the coagulated
proteins. The supernatant was decanted, excluding the pelleted proteins,
and transferred to an Amicon Ultra centrifugal filters (0.5 mL 100 kDa
MWCO) and centrifuged at 13.5k × g for 20min. The filtrate was then
transferred to Amicon Ultra centrifugal filters (0.5mL 50 kDa MWCO)
and centrifuged at 13.5k × g for 20min. The filtrate was then recovered for
measurement. Blank samples were prepared with identical protocol in the
absence of target.

Fig. 5 | Implementation of signal recovery proto-
col on E-AB sensors against other targets. We
showdata for two additional E-AB sensors using off-
the-shelf aptamers against tobramycin (a, b)
hydroxyquinoline. In both cases the sensors EC50

appeared better in buffered saline relative to plasma,
with EC50 values of 190 µM vs. 996 µM for tobra-
mycin, respectively, and EC50 values of 900 µM vs.
4.5 mM for hydroxyquinoline. The hill equation is
fit to n = 8 measurements for each concentration
point, with error bars denoting the standard devia-
tion. The implementation of the protein precipita-
tion and filtration protocol achieves either equal or
an improvement of EC50 in both cases. c The filtrate
curve for tobramycin shows an EC50 of 281 µM.
d The filtrate curve for hydroxyquinoline shows an
EC50 of 1.08 µM. The hill equation is fit to n = 15
measurements for each concentration point, with
error bars denoting the standard deviation for
both c, d.
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Table 1 | DNA sequences used.

Name Sequence Manufacturer

Emtricitabine (FTC) 5′ - CTG AGT CGT TGG CAA GGT ATT GAG AGA G - 3′ Sigma-Aldrich (St. Louis, MO, USA)

Tobramycin 5’ - GGG ACT TGG TTT AGG TAA TGA GTC CC - 3’ Sigma-Aldrich (St. Louis, MO, USA)

Hydroxyquinoline 5’ - GAC AAG GAA AAT CCT TCA ACG AAG TGG GTC - 3’ Sigma-Aldrich (St. Louis, MO, USA)

The sequences were modified with a hexane thiol at the 5’ end and a methylene blue at the 3’.
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Random sample preparation
Eight concentrations between 100 nM and 100 µM FTC were generated
randomly and prepared using the above method. The samples were then
givena letter label toblind the study.Theblinded sampleswere treated in the
manner described above.

Electrochemical measurement of signal recovery calibration
CH Instruments Electrochemical Analyzer (CHI 1040 C, Austin, TX)
multichannel potentiostats and associated software were used for all elec-
trochemical measurements. A three-electrode cell configuration consisting
of goldworking electrodes, a coiled platinumwire counter electrode, and an
Ag|AgCl reference electrode was used. All square wave voltammetry mea-
surements used a voltage window from −0.1 to −0.5 V, an amplitude of
25mV, and a step of 1mVwith quiet time of 1 s. Each sample was scanned
at the lower “off” frequency, and the higher “on” frequency to measure
change in both signals in accordance with the change in concentration. The
frequencies chosen for each aptamer were based off the frequencies on the
frequency map where in the presence, or absence, of target there is no
overlap between the two currents, and there is increased current above the
other. The FTC aptamer was scanned at 8 and 600 Hz5 (Fig. S5); the
tobramycin aptamer was scanned at 80 and 250Hz (Fig. S6); the hydro-
xyquinoline aptamer was scanned at 5 and 80Hz (Fig. S7), respectively.

The sensors were scanned once using cyclic voltammetry prior to all
measurements, and the electrodeswere pretreated 5 times in blank filtrate at
the “on” frequency to establish a stable background. Each sample was
measuredfirst by scanning 200 µLblankfiltrate to establish the background,
then 150 µL of blank was removed and replaced with 150 µL sample filtrate
and scanned four more times. Thus, the concentration of target was diluted
1/4, but there was no plasma dilution throughout.

Clinical samples
Peripheral blood was collected fromHIV-negative male participants in two
clinical studies registered at clinicaltrials.gov and conducted at the Emory
Hope Clinic in Atlanta, Georgia25,26. (Both trials were funded by the US
Centers forDiseaseControl andPrevention (CDC) and approved byEmory
University and CDC Institutional Review Boards. All study participants
gave written informed consent, and the trials conform to the US Federal
Policy for the Protection of Human Subjects. In one study, 40 male parti-
cipants provided 108 blood specimens after receiving a single oral dose
formulation containing 200mg emtricitabine (FTC), 10mg tenofovir ala-
fenamide (TAF), 150mg elvitegravir (EVG) and 150mg cobicistat (COBI)
as well as a single 800mg dose of darunavir (DRV) (NCT03472963). In the
second study, 31 male participants provided 54 blood specimens after
receiving two doses of a single formulation containing 200mg FTC, 10mg
TAF, 150mg EVG and 150mg COBI given 24 h apart (NCT03976752).
Peripheral blood specimenswere collected in sodiumcitrate cell preparation
tubes (CPT) (Becton Dickinson, Franklin Lakes, New Jersey, USA). Plasma
aliquots were collected from CPT following centrifugation. Concentrations
of FTCweremeasured in plasma specimens using high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) (Sciex, Fos-
ter City, CA, Shimadzu Scientific Instruments, Durham, NC) as previously
described25,26.

Data analysis
To process the files generated during the continuous voltametric inter-
rogation, we used a Python-based custom script previously reported by our
group (SACMES)27. SACMES allows for the rapid extraction of capacitive
currents from voltammograms, thus enabling batch analysis of the thou-
sands of files generated during measurements. Through nonlinear regres-

sion analysis, generation of Hill equations y ¼ baseþ max�base

ð1þ xhalf
x

� �rate
Þ

 !

to fit

data was performed using Igor Pro 8 (WaveMetrics, Inc). Because the
tobramycin curve in plasma and the tobramycin and hydroxyquinoline
recovery method curves do not display asymptotic behavior on the upper

end, themaximumsignalwas held to below that of the PBS curve in order to
fit the data with the Hill equation.

Data availability
All raw and processed data included in this manuscript is freely accessible
via the Johns Hopkins Research Data Repository (https://archive.data.jhu.
edu). The data can be located by searching for themanuscript title or via the
DOI address: https://doi.org/10.7281/T1SWD6OL.
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