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Abstract

By analogy to the revolution the “home glucose monitor” created in the treatment of diabetes, the
availability of a modular, “platform” technology able to measure nearly any metabolite, biomarker,
or drug “at-home” in unprocessed, finger-prick volumes of whole blood could revolutionize the
monitoring and treatment of disease. Thus motivated, we have adapted here the electrochemical
aptamer-based sensing platform to the problem of rapidly and conveniently measuring the level of
phenylalanine in the blood, an ability that would aid the monitoring and management of
phenylketonuria (PKU). To achieve this, we exploited a previously reported DNA aptamer that
recognizes phenylalanine in complex with a rhodium-based “receptor” that improves affinity. We
re-engineered this to undergo a large-scale, binding-induced conformational change before
modifying it with a methylene blue redox reporter and attaching it to a gold electrode that supports
the appropriate electrochemical interrogation. The resultant sensor achieves a useful dynamic
range of 90 nM to 7 ;M. When challenged with finger-prick-scale sample volumes of the whole
blood (diluted 1000-fold to match the sensor’s dynamic range), the device achieves the accurate
(x20%), calibration-free measurement of blood phenylalanine levels in minutes.
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INTRODUCTION

As thehome glucose monitor revolutionized the treatment of diabetes, 12 the availability of a
general platform able to measure drugs, metabolites, and biomarkers indicative of a disease
“at-home” in unprocessed, easily collected clinical samples could revolutionize personalized
medicine by enhancing the ease and frequency with which we can monitor health and
treatment status.34 Other than for glucose, however, such point-of-care (PoC) molecular
testing is largely restricted to lateral-flow dipstick tests,® an approach that has proven
difficult to adapt to quantitative measurements.5.7 Specifically, despite a long history of
academic efforts to develop quantitative PoC devices, no commercially viable lateral flow
has yet been achieved for the quantitative measurement of drug or metabolite levels in whole
blood.8

In response to the potentially great promise of rapid, convenient, quantitative molecular
testing, we have been developing electrochemical aptamer-based (E-AB) sensors,210 a
platform technology that employs aptamers as its recognition elements, rendering the
approach generalizable to any of a wide range of targets.!! In an E-AB sensor, the target-
recognizing aptamer is attached via one end to a gold electrode and modified on the other
with a redox reporter [here methylene blue (MB)] (Figure 1A).11 A binding-induced change
in the aptamer’s conformation alters, in turn, the efficiency with which the redox reporter
transfers electrons to the electrode, producing an easily measured signal when the sensor is
interrogated electrochemically. This conformation-linked signal transduction mechanism
renders the platform quite insensitive to nonspecific adsorption; enough so that E-AB
sensors can even be deployed directly in biological fluids (either in vitro or in vivo) for
many hours.12-16 Further speaking to their convenience, E-AB sensors are rapid (often
reaching effective equilibrium in seconds) and can be made calibration-free.1”

Given the above attributes, we were motivated to adopt the E-AB platform to the clinical
need for convenient, at-home measurement of phenylalanine in the blood for use in
monitoring and managing phenylketonuria (PKU), a relatively common (1 in 10 000 live
births in Europe and 1 in 15.000 in the U.S.) inborn error of metabolism.1® The treatment of
PKU requires a tailored nutritional regime, the goal of which is to maintain phenylalanine
levels below certain threshold values via the restriction of dietary intake of the amino acid.
19,18,20,21 The ability to measure such phenylalanine levels rapidly and conveniently would
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provide a direct means of monitoring the effectiveness of such treatment, improving both
efficacy and patient quality of life.20-22 Specifically, a phenylalanine-measuring technology
analogous to the home glucose monitor could prove a valuable adjunct in efforts to keep
phenylalanine levels within the three critical clinical windows: (1) the 120-360 M ideal
range for children, which ensures sufficient biosynthesis of neurotransmitters while
preventing the mental retardation associated with hyperphenylalaninemia; (2) a 360 1M
maximum threshold for pregnant women to prevent fetal injury; and (3) a 600 M maximum
threshold that adults should remain below.8:19.18 Unlike the situation for diabetics, however,
there is no analogous approach by which PKU patients can measure their own phenylalanine
levels.818 In response, we describe here the fabrication and characterization of an E-AB
sensor (Figure 1A) supporting the rapid (minutes), two-step (dilute-and-measure;
calibration-free), and cost-effective (e.g., using screen-printed electrodes) measurement of
clinically relevant phenylalanine levels in finger-prick-scale volumes of the diluted but
otherwise unprocessed blood.

EXPERIMENTAL SECTION

Materials.

Reagent-grade chemicals, including sodium hydroxide, sulfuric acid, 6-mercapto-1-hexanol,
sodium chloride, ethanol, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
tris(2-carboxyethyl)-phosphine (TCEP), tris[hydroxymethyl]-aminomethane hydrochloride,
magnesium chloride, ethylenediaminetetraacetic acid (EDTA), potassium chloride,
pentamethylcyclopentadienyl rhodium-(I11) chloride dimer, L-phenylalanine, L-tryptophan, L-
tyrosine, L-glutamine, L-histidine, L-arginine, L-alanine, and sodium phosphate monobasic
(all from Sigma-Aldrich, St. Louis, Missouri) were used as received. Human blood was
purchased from BiolVT (San Francisco, California). Gold screen-printed electrodes (ref
PW-AU10) were purchased from DropSens (Llanera, Spain).

High-performance liquid chromatography (HPLC)-purified oligonucleotides were purchased
from Biosearch Technologies (Novato, CA). The aptamer variants were modified with a
thiol-Cg-SS-Cg group at its 5" end and a methylene blue attached by a six-carbon linker to
an amine at its 3" end. The oligonucleotides were dissolved in buffer (100 mM Tris buffer,
10 mM MgCl,, pH 7.8) at a concentration of 100 /M and then aliquot and stored at =20 °C.
The final concentration of the oligonucleotides was confirmed using a Beckman Coulter DU
800 UV-vis spectrophotometer (Méannedorf, Switzerland) using a 100 zL quartz cuvette and
measuring the relative absorbance at 260 nm.

The aptamer sequences we employed were a truncated version of a previously reported
aptamer against this target:18

Trunc 1: 5"-GACGA CGGAC GCTAAT CTTAC AAGGG CGTAG TGTAT GTCGT
c-3’

Trunc 2: 5"-GACGG ACGCT AATCT TACAA GGGCG TAGTG TATGT C-3’
Trunc 3: 5'-GGACG CTAAT CTTAC AAGGG CGTAG TGTAT -3’
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NUPACK Simulations.

We used NUPACK (www.nupack.org/)%3 to predict the folding free energies of the stem
portion for the original aptamer and the truncated variants (Figure S1). The aptamer
sequences were analyzed by the software using the following parameters: (a) temperature:
25 °C; (b) number of strand species: 1; (¢) maximum complex size: 4; (d) oligo
concentration = 500 nM:; in advanced options; () [Na*] = 1 M, [Mg?*] = 0.01 M; and (f)
dangle treatment: some.

Sensor Fabrication on Gold-Disk Electrodes.

The E-AB sensors were fabricated using an established approach (Figures 2-4, S2, S5, S7,
and S9).24 Briefly, E-AB sensors were fabricated on gold-disk electrodes (3.0 mm diameter,
BAS, West Lafayette, IN). These were prepared by polishing on a micro cloth pad soaked
before with a 1 4m diamond suspension slurry (MetaDi, Buehler, Lake Bluff, IL) and then
with a 0.05 gm alumina powder aqueous suspension. Each polishing step is followed by
sonication of the electrodes in a solution 1:1 water/ethanol for 5 min. The electrodes were
then electrochemically cleaned using the following procedure: (a) The electrodes are placed
ina 0.5 M NaOH solution and through cyclic voltammetry 1000-2000 scans are performed
using a potential between —0.4 and —1.35 V versus Ag/AgCl at a scan rate of 2 V s71; (b)
The electrodes were moved to a 0.5 M H,SO4 solution, and, using chronocoulometry, an
oxidizing potential of 2 VV was applied for 5 s, followed by a reducing potential of —0.35 V
for 10 s; (c) Using cyclic voltammetry, we cycled the electrodes rapidly (4 V s71) in the
same solution between —0.35 and 1.5 V for 10 scans followed by two cycles recorded at 0.1
V s71 using the same potential window.

We first reduced the probe DNA (100 M) by treating it for 1 h in a solution of 10 mM
tris(2-carboxyethyl)-phosphine hydrochloride in the dark. This was then dissolved in
“assembly buffer” (10 mM NayHPO4 with 1 M NaCl and 1 mM MgCl, at pH 7.3) at a final
concentration of 500 nM. The electrochemically cleaned gold electrodes were then
immersed in 200 z4L of this solution for 1 h in the dark. Following this, the electrode surface
was rinsed with distilled water and incubated overnight at 4 °C in assembly buffer
containing 5 mM 6-mercaptohexanol, followed by a further rinse with distilled water before
use.

Sensor Fabrication on Screen-Printed Gold Electrodes.

The gold screen-printed electrodes are emplaced on a flexible plastic substrate of dimensions
33 x 10 x 0.175 mm3. The working (4 mm diameter) electrode is made of gold, the counter
electrode is made of carbon, and the reference electrode and the electric contacts are made
of silver. We limited the cleaning of screen-printed gold electrodes to electrochemical
cleaning (Figure 5). For this, we first performed a series of cyclic voltammetry in 0.5 M
H,S0, scanning from 0 to +1.5 V (scanning every 1 mV with a scan rate of 1 V s~1) until
the gold peak was stable (approximately 20 scans). Then, after carefully rinsing with
deionized (DI) water, we dried them without touching the gold surface. We then deposited a
100 L drop of the 500 nM DNA probe (previously reduced with TCEP using the same
procedure described for gold-disk electrodes) onto the dry electrodes and incubated for 2 h
at room temperature. To prevent the evaporation of the solution, we placed the electrodes
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inside a Petri dish with a wet piece of paper to maintain humidity. After a final rinse with DI
water (to remove the loosely adsorbed DNA), we incubated the electrodes in the assembly
buffer with 5 mM 6-mercaptohexanol overnight at 4 °C.

Sensor Testing.

We performed our electrochemical measurements at room temperature using a CHI660D
potentiostat with a CHI684 Multiplexer (CH Instruments, Austin, TX) and a standard three-
electrode cell containing a platinum counter electrode and a Ag/AgCl (3 M KClI) reference
electrode. Square wave voltammetry (SWV) was performed using a potential window of
-0.1to -0.45 V, using an amplitude of 50 mV and a potential step of 1 mV for frequencies
above 50 Hz and a potential step of 3 mV for frequencies below 50 Hz.

Experimental titration curves (Figures 2B, 3, and 4, S5 and S7) were performed in 10 mL of
the working buffer (20 mM HEPES, 1 M NaCl, 10 mM MgCl,, 5 mM KCI, pH 7.5) using
three or six E-AB sensors modified with the oligonucleotide probe and using responsive
SWV frequencies of 10 and 400 Hz and nonresponsive frequencies of 50 and 120 Hz.
Initially, in the absence of target and rhodium-based receptors, we performed a preliminary
treatment by interrogating the electrodes with 40-80 scans until stable current peaks were
obtained. Once the sensor’s signal was stable, the desired rhodium-based receptor
concentration was added to the solution to reach the final concentration of 100 zM.18 The
rhodium-based receptor was dissolved in DI water at a concentration of 6 mM. Then,
increasing concentrations of the target were added, and the sensors were interrogated after
10 min. The titration curves in Figures 4 and S7 were performed using the same
experimental approach but adding the appropriate volume of human blood (10 /L) to
achieve the desired 1:1000 dilution factor.

Experimental titration curves using gold screen-printed electrodes (Figure 5) were
performed in a final volume of 100 £L, containing the human blood diluted 1000x in the
working buffer (20 mM HEPES, 1 M NacCl, 10 mM MgCl,, 5 mM KCI, pH 7.5) and using
three E-AB sensors modified with the oligonucleotide probe and a responsive SWV
frequency of 15 Hz. Initially, in the absence of target and rhodium-based receptors, we
performed a preliminary treatment by interrogating the electrodes with 20-40 scans until
stable peaks were obtained. Once the signal was stable, the solution was removed, and the
working buffer with the blood and the desired rhodium-based receptor concentration (100
1M) were added.18 We then added increasing concentrations of the target and interrogated
the sensor after 10 min.

The peak current for each sensor at each concentration of the target was extracted by
subtracting the baseline current from the peak maxima (/rarget). The resultant data were
fitted using a Langmuir equation (single-site binding)2” in KaleidaGraph (Synergy Software)

[Phe](Ivax — 1o)

Iryrger = Io + ([Phe]—+KD (oY)

Here, [Phe] is the target concentration, Frget is the raw signal current in the presence of the
target, /f is the background raw current seen in the absence of the target, /ax is the raw
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current signal change seen at the saturating target, and Kp is the dissociation constant of the
surface-bound aptamer.

Using the / estimated from the fit, we converted the raw signaling current of each sensor
into relative signal change (/) using the following equation

Iy = (—IT"“ge‘ - IO) X 100 @
Iy
We determined the frequency dependence of the sensor’s signal gain (relative signal change
upon challenge with the saturating target; Figure S2) by interrogating three sensors in the
presence (100 4M) of the rhodium-based receptor and either no target or saturating
phenylalanine (100 x#M). The collected peak currents were converted in signal gain using eq
2, where / corresponds to the current in the absence of the target.2526 Using the same data
set, we estimated the electron-transfer rate associated with all three variants in the absence
and in the presence of phenylalanine (Figure S4).226 Finally, we selected the aptamer
constructs and frequencies that produced a better combination of signal gain and affinity.

Control experiments indicate that the rhodium receptor does not produce any measurable
interference over the potential window employed (Figure S3). To show this, we employed
gold-disk electrodes in 10 mL of the working buffer (20 mM HEPES, 1 M NaCl, 10 mM
MgCl,, 5 mM KClI, pH 7.5), and we selected responsive SWV frequencies of 10 and 400
Hz. We cleaned the electrodes following the previously described approach, and then we
immersed them in 200 L of 5 mM 6-mercaptohexanol and incubated overnight at 4 °C,
followed by a further rinse with distilled water before use. We interrogated the electrodes in
the presence (100 4M) and in the absence of the rhodium receptor using a potential window
of —0.1 to —0.45 V and detected no relevant signal from the rhodium receptor (Figure S3).

We determined the sensor’s equilibration time (Figure 3A) using the above experimental
approach and interrogating the sensor every 10 s in the working buffer using 400 Hz as the
responsive square-wave frequency. After we achieved a stable current baseline in the
presence (100 M) or in the absence of the rhodium-based receptor, we added the target to
the solution and then we monitored the voltammetric signal for over 15 min. The observed
signal change was fitted to a single exponential decay in KaleidaGraph (Synergy Software)
to obtain the equilibration time constant of the sensor.

To determine the sensor parameters supporting calibration-free measurements, we performed
data analysis using in-house built Matlab Scripts to simultaneously fit data from all of the
electrodes in a given training set to eq 3 to obtain the optimized parameters a, ¥, and Kp
(Figures S5 and S7).17 The least-square errors in the fittings were propagated by Monte
Carlo analysis (10 000 steps) to provide a distribution of the variability in the calculated
parameters a, y, and Kp (Figures S6 and S8), which we then applied to a separate test set of
electrodes.’
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RESULTS AND DISCUSSION

As the aptamer in our phenylalanine-detecting E-AB sensor, we employed a previously
reported’8 DNA sequence that recognizes a supramolecular complex between phenylalanine
and a rhodium-based receptor, pentamethylcyclopentadienyl rhodium(l11). The latter, which
binds all amino acids, is used to enhance their “epitope” complexity, thus improving affinity
(Figure 1B). We re-engineered this aptamer to undergo a large-scale conformational change
via truncation of its double-stranded terminal stem (Figure 2A), with the expectation that the
resultant destabilization would lead to binding-induced folding.28:2% Using the nucleic acid
folding predictor NUPACK?23 to estimate their folding thermodynamics, we designed three
truncates (trunc 1, trunc 2, and trunc 3) that are expected to decrease the stability of the
aptamer from the —15.5 kJ/mol of the parent sequence to as low as —4.6 kJ/mol for trunc 3
(Figure S1). To support their incorporation into E-AB sensors, we modified each variant
with a thiol group on its 5" end (to anchor it to the gold electrode) and a methylene blue
redox reporter on its 3" end (Figure 2A).

E-AB sensors fabricated from all three aptamer variants respond to the target phenylalanine—
Rh complex when interrogated using square-wave voltammetry (SWV) (Figure S2).
Previous studies have indicated that the frequency of the interrogating SWV potential pulse
alters both (1) the magnitude of the signal change observed upon target binding (signal gain)
and (2) its sign (i.e., producing either signal-on or signal-off behavior).2526 Testing our
sensors in the presence of saturating (100 £M)8 phenylalanine-Rh complex and
characterizing the sensors’ frequency response over square-wave frequencies ranging from 5
to 4000 Hz (Figure S2), we find that trunc 3 produces the highest gain of the three sequences
(Figure S2).

To explore why this is true, we characterized the electron-transfer rate associated with all
three variants in the absence or presence of Phe.25:26 |n the absence of the target, the transfer
rate of trunc 3 is slower than those of the other two variants (Figure S4) presumably because
it is less stable and, thus, better populates the expanded, unfolded state, pushing the redox
reporter farther from the electrode surface.30 In the presence of the target (100 M), in
contrast, all three variants display the same electron-transfer rate presumably because they
all adopt the same conformation when target-bound (Figure S4). Moving forward, we thus
focused our efforts on sensors employing the trunc 3 variant.

The trunc 3 E-AB sensor provides a convenient tool for measuring phenylalanine. For
example, observing the voltammetric signal of the E-AB sensor in the presence of increasing
concentrations of phenylalanine and a fixed (100 zM) concentration of the rhodium receptor,
we observe Langmuir isotherm binding curves at all square-wave frequencies tested (Figure
2B). At 10 Hz, for example, the sensor displays signal-off behavior with a maximum signal
gain of —47.3 £ 1.2% and an estimated dissociation constant (Kp) of 750 + 90 nM (unless
otherwise noted, the confidence intervals reported here and elsewhere in this paper reflect
standard deviations, to illustrate sensor-to-sensor variability, derived using at least three
independently fabricated sensors). From this titration, we see that the sensor’s useful
dynamic range (defined here as the range from 10 to 90% of the maximum signal change) is
from 90 nM to 7 /M. In the absence of the rhodium receptor, in contrast, the sensor does not
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measurably respond to phenylalanine even at the highest concentrations we have employed
(Figure 2B, black curves).

The phenylalanine-detecting E-AB sensor is rapid and specific enough to support at-home
measurements of phenylalanine levels in diluted blood samples. The sensor’s equilibration
time constant, for example, is 1.7 + 0.1 min when challenged with 1 £M phenylalanine
(Figure 3A, yellow curve), a value easily rapid enough to support self-testing by patients.
The sensor is also sufficiently specific to support clinically relevant phenylalanine
measurements. It does not, for example, respond significantly when challenged with either
10 M tyrosine or a mixture of 10 £M glutamine, histidine, proline, arginine, and alanine
(Figure 3B, blue and black curves). The only amino acid for which we observed a similar
response was tryptophan. The sensor’s limit of detection for tryptophan, however, is
sufficiently high that no significant cross-reactivity is observed at physiological tryptophan
levels. Specifically, the level of tryptophan in the blood does not exceed 90 4M in either
healthy individuals or PKU patients.18:31 Given the 1:1000 dilution employed in our assay,
the resultant 0.09 M tryptophan concentration is far below the level at which this amino
acid produces a measurable signal change from this phenylalanine-detecting sensor.

Sensor calibration has proven a major hurdle limiting the transition of biosensors from the
laboratory to at-home use.32:33 Specifically, the need for the end-user to calibrate each
individual sensor increases the number of operations required, which decreases ease of use
and provides an additional opportunity for mistakes343° that can negatively affect outcomes.
36 Given this, elimination of the need to calibrate could significantly advance at-home use.3’
To achieve this, we have employed a previously described “dual-frequency” interrogation
approach!’ in which the parameters necessary to convert the sensor’s raw output into a
quantitative measurement of concentration are determined a single time for all sensors in the
class and then employed for all future sensors in that same class.

The dual-frequency calibration-free approach exploits the observation that as the sensor
transitions from signal-on behavior (at higher square-wave frequencies) to signal-off
behavior (at lower frequencies), it passes through a frequency at which its signal is entirely
independent of the presence or absence of the target (Figure 4A). The output at this
nonresponsive frequency, thus, provides a phenylalanine-concentration-independent
reference that we can use to correct for sensor-to-sensor variability (e.g., variability in the
absolute number of aptamers, and, thus, the current produced by the methylene blue
reporters). Specifically, the concentration of the target is given by the relationship

i
ﬁ -

i

aO— —
r INR

[T] = Kp ®

where 7is the peak current observed at a square-wave frequency at which the sensor
responds to its target (here 10 Hz), iyg is the peak current observed at the nonresponsive
frequency (50 or 120 Hz depending on the sample conditions), Kp is the aptamer’s
dissociation constant, y is the relative signal gain (the ratio of the signal seen in the presence
of the saturating target to that seen in the absence of the target), and a is the proportionality
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constant relating /yg to the signal that would be measured at the responsive frequency in the
absence of the target. Because Kp, y, and a are constants for all E-AB sensors of a given
class under a given set of measurement conditions (Figure 4B), these can be determined
once for sensors in the class and then applied to all new sensors, abrogating the need to
calibrate each individual device. The determination of target concentration, thus, depends
only on 7and /ygr, which can be measured in situ in the sample, obviating the need for
separate measurements employing calibration standards.

To perform calibration-free phenylalanine measurements in simple buffer solutions, we first
determined Kp, ¥, and a for sensors in this class using a nonresponsive frequency of 50 Hz
and a responsive frequency of 10 Hz (Figure 4B). To do so, we challenged a test set of six E-
AB sensors against increasing concentrations of phenylalanine (with 100 M of the rhodium
receptor) and globally fit the resulting data to eq 3 (Figures S5 and S6). Applying the
parameters derived from this set of sensors to sensors outside of the set, we were able to
estimate phenylalanine concentrations with an accuracy of better than £20% across the
concentration range 0.1-1 M (Figures 4C, S5, and S6).

While the above experiments were all performed in simple buffer solutions, the E-AB
platform is sufficiently selective to perform measurements in more complex sample matrices
(including even deployment directly in the living body213), thus suggesting that the
platform can easily measure phenylalanine levels in the diluted whole blood. Given,
however, that the useful dynamic range of the calibration-free sensor (0.1-1 xM) is far below
the concentration of phenylalanine in the blood, dilution is required to match the expected
and the measurable range. Conveniently, this dilution also provides an opportunity to
introduce the necessary rhodium receptor. Moving to the 1:1000-diluted whole blood, we
employed a new test set to redetermine Kp, ¥, and a (these are sensitive to sample
conditions, Figures S7 and S8) using a nonresponsive frequency of 120 Hz and a responsive
frequency of 10 Hz (Figure S9).17:25 Under these conditions, we obtained estimated
phenylalanine concentrations accurate to within £20% across a 0.1-10 #M (predilution)
concentration range (Figure 4D), which nicely spans the clinically relevant concentrations of
this amino acid.

All of the above experiments were conducted using 3 mm diameter gold-disk electrodes,
necessitating sample volumes of order 1 mL. Screen-printed electrodes, in contrast, would
be much better suited for at-home use as they are small and inexpensive.38:3% Thus
motivated, we also fabricated and characterized sensors employing such electrodes and
tested them with increasing concentrations of phenylalanine in a 100 gL volume of diluted
human blood (1000x dilution, Figure 5). As expected, the screen-printed sensors maintained
the analytical performance seen for disk electrodes, responding to their target (in the diluted
whole blood) with a maximum signal gain of =49.7 + 2.4% and a Kp 0of 0.4 £ 0.1 t/M
(Figure 5B).

CONCLUSIONS

To support at-home testing, a sensor must achieve clinically acceptable specificity and
accuracy and yet simultaneously be convenient, rapid, and inexpensive.34 Here, we
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demonstrate that an electrochemical E-AB sensor for the detection of phenylalanine can
meet these demanding requirements. Specifically, the sensor displays clinically relevant
accuracy (£20%) and specificity (nothing else in the blood interferes detectably) when
challenged in diluted human blood. It is also rapid (<10 min), convenient (requires only
finger-prick sample volumes diluted into a receptor-containing buffer), and calibration-free.
Finally, it can be deployed on inexpensive, screen-printed electrodes without significant loss
in performance. The ability to perform at-home measurements of this clinically important
metabolite, much less of many other metabolites, biomarkers, and drugs, could significantly
advance personalized medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Electrochemical aptamer-based (E-AB) sensor supporting the measurement of

phenylalanine. (A) E-AB sensors employ an electrode-bound (via an alkane-thiol self-
assembled monolayer), redox-reporter-modified aptamer that undergoes a conformational
change in the presence of its target. Specifically, binding to the phenylalanine-rhodium
complex alters the kinetics with which the reporter (here methylene blue, MB) exchanges
electrons with the electrode surface (4t). This produces a target-dependent change in current
that can be measured via different electrochemical methods, such as square-wave
voltammetry (SWV), that are sensitive to changes in electron-transfer kinetics. (B) Structure
of the rhodium-based receptor [(Cp*RhCl,),] (green) that in solution can interact with
phenylalanine (red) and other nucleophilic ligands present in solution (L) forming the
complex target recognized by the aptamer.18
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Figure2.

Re-engineered E-AB sensors promptly respond to phenylalanine. (A) To adapt the original
aptamer to the E-AB sensing platform, we re-engineered its sequence. We did so by
truncating its stem portion (black) to destabilize its structure. This destabilization induces
the aptamer to populate a more open or unfolded state in the absence of the complex target
producing a larger conformational change during the binding and, thus, a larger current
signal change. (B) Trunc 3 E-AB sensor displays the higher signal gain (Figure S2) and
responds to phenylalanine only in the presence (red curve) of the rhodium-based receptor.
When the sensor is interrogated at responsive square-wave frequencies (10 and 400 Hz) in
the presence of increasing concentrations of the target (at a fixed 100 £M concentration of
the rhodium receptor), it produces two well-defined Langmuir isotherms with identical
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(within experimental uncertainties) dissociation constants (Kp) of 745 + 94 nM (left) and
883 + 212 nM (right), respectively.
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10° 10® 10”7 10° 10 10*
[Amino Acid] (M)

Phenylalanine-detecting E-AB sensor is rapid, quantitative, and specific. (A) The sensor
responds with a time constant of less than 1 min at physiological (i.e., above 120 M)
concentrations. (B) The sensor achieves clinically relevant specificity. e.g., when it is tested

against either tyrosine or a mix of five amino acids (glutamine,

histidine, proline, arginine,

and alanine), it does not produce a detectable signal change until the concentration rises
above 10 /M. In contrast, the sensor does cross-react with tryptophan. Given, however, the
physiological levels of this amino acid and the 1:1000 dilution, we employ no interference

from tryptophan is expected.
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Figure 4.

E-AB sensors can support calibration-free measurements exploiting the voltammetric signal
from a “nonresponsive” square-wave frequency.1’ (A) The signal gain of our E-AB sensor is
dependent on the frequency of the interrogating SWV potential pulse (Figure S2).25:26 This
dependence is enough strong that there is a specific frequency (50 Hz) at which the sensor
does not respond to phenylalanine. (B) We choose this frequency (50 Hz) as non-responsive,
and as expected, the voltammetric signal, /\R, is constant irrespective of the target
concentration. Instead, as the responsive frequency, we choose 10 Hz, at which the
voltammetric signal, / is strongly dependent on the concentration of phenylalanine. Using
these two voltammetric signals, we can estimate the dissociation constant (Kp), the relative
signal gain (), and the proportionality constant (&) that relates jyg to the current /that
would be measured in the absence of the target at the responsive frequency. These three
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parameters are constant for all sensors in the same class. (C, D) Shown are phenylalanine-
detecting sensors interrogated in the buffer and diluted (1:1000) whole blood, respectively.
Under the former conditions, we achieved excellent accuracy within £20% over the range of
0.1-1 ¢M (blue dashed line). Under the latter conditions, these sensors display high
accuracy, achieving accuracy within +20% (red dashed line) over the range of 0.1-10 /M,
which (when accounting for the dilution factor) covers the entire clinical range from 100 M
to 10 mM.
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Figureb5.
E-AB sensors can fully support the strip-based technology demonstrating all of their

potentials to perform at-home measurements. (A) We used screen-printed electrodes to
fabricate our sensors. Specifically, the working (4 mm diameter) electrode is made of gold,
the counter electrode is made of carbon, and the reference electrode is made of silver. The
small dimensions of these sensors allow us to measure phenylalanine concentrations using a
total volume of 100 L and only 0.1 zL of the blood sample (less of a blood finger prick).
(B) Testing our sensor in diluted human blood (1:1000), we can detect phenylalanine in its
clinical range with a maximum signal gain of —49.7 + 2.4% and an estimated Kp of 0.4 £
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0.1 xM. Again, our E-AB sensors fabricated using screen-printed electrodes maintain a
nonresponsive frequency at 100 Hz.
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