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Abstract

Current knowledge of the disposition kinetics of endogenous metabolites is founded almost 

entirely on poorly-time-resolved experiments in which samples are removed from the body for 

later, bench-top analysis. Here, in contrast, we describe real-time, seconds-resolved measurements 

of plasma phenylalanine collected in-situ in the body via electrochemical aptamer-based (EAB) 

sensors, a platform technology that is independent of the reactivity of its targets and thus is 

generalizable to many. Specifically, using indwelling EAB sensors we have monitored plasma 

phenylalanine in live rats with few micromolar precision and 12 s temporal resolution, identifying 

a large-amplitude, few-seconds phase in the animals’ metabolic response that had not previously 

been reported. Using the hundreds of individual measurements that the approach provides from 

each animal, we also identify inter-subject variability, including statistically significant differences 

associated with feeding status. These results highlight the power of in vivo EAB measurements, 

an advance that could dramatically impact our understanding of physiology and provide a valuable 

new tool for the monitoring and treatment of metabolic disorders.
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The development of a platform technology supporting the seconds-resolved, real-time 

measurement of small molecules in the body would significantly advance our understanding 

of metabolism as well as our clinical ability to track it, and when necessary, intervene 

to alter it. As a research tool, for example, such a technology would vastly improve 

the precision with which we can measure metabolic fluxes and their regulation.1,2 By 

providing real-time information regarding therapeutic efficacy, such a technology could, by 

analogy to how the continuous glucose monitor has impacted the treatment of diabetes,3 

revolutionize how we monitor and treat a wide range of inborn errors of metabolism.4–6 To 

date, however, all prior methods of measuring specific metabolites in situ the body, including 

current electrochemical approaches for the measurement of glucose, lactate, pyruvate and 

glutamate,7–11 are “one-offs.” That is, each relies critically on the availability of a highly-

selective oxidase enzyme able to convert the target molecule into an electrochemically-

detectable product (typically hydrogen peroxide), and thus this approach is not generalizable 

to the many important targets for which suitable enzymes are not available.

In response to the need for an in-vivo molecular measurement technology that, in contrast to 

prior approaches, is independent of the enzymatic reactivity of its targets we are developing 

electrochemical aptamer-based (EAB) sensors.12–17 This reagentless, reversible sensor 

architecture exploits an electrode-bound, redox-reporter-modified aptamer as its recogni-tion 

element (Figure 1A). The presence of the specific target induces a conformational change 

in the aptamer. This, in turn, produces an easily measurable electrochemical output that can 

be used to measure molecular concentrations with high frequency and in real time (Figure 

1B). And because this binding-induced conformational change mechanism is analogous to 

the conformation-linked signaling employed by nature,18 EAB sensors are selective enough 

to work in situ in the living body. For example, using indwelling EAB sensors (Figure 1C, 

left) we have previously performed the real-time, seconds (and even sub-second) resolved 

measurement of multiple drugs in situ in the veins of live rats (Figure 1C, right).19–22 
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Expanding on this, here we describe the development and implementation of the first 

indwelling EAB sensor directed against an endogenous target, the aromatic amino acid 

phenylalanine. To the best of our knowledge, this is the first electrochemical sensor able to 

measure this or any metabolite in real time in the living body without relying on the target’s 

redox chemistry, spectroscopic properties, or enzymatic reactivity.

RESULTS AND DISCUSSION

EAB sensor development requires an aptamer that: (1) binds the desired target with relevant 

affinity and specificity and (2) undergoes the binding-induced conformational change 

required to generate an EAB signal (see e.g., refs 19,21,22). In this work we have employed 

a phenylalanine-binding aptamer recently reported by Cheung et al.,23 which is thought 

to transition from a partially unfolded conformation to a folded stemloop structure upon 

target binding. To adapt this aptamer into the EAB platform we modified its 3′ end with a 

methylene blue redox reporter and its 5’ end with a six-carbon thiol for attachment to an 

interrogating gold electrode.

The resulting sensor supports the measurement of phenylalanine over the 30 μM to 1 mM 

physiologically relevant range seen across both healthy humans and those who suffer from 

phenylketonuria (PKU), an inborn metabolic disorder that leads to excessively high plasma 

phenylalanine levels24–26. Specifically, the sensor exhibits both “signal-on” (target binding 

increases signal) and “signal-off” (binding decreases signal) behavior at higher and lower 

square wave frequencies (Figures 2a and S1), respectively, with signal gain (relative change 

in signal upon the addition of saturating target) of +46 ± 1% at 300 Hz and −40 ± 1% at 

10 Hz (the “error bars” we report for descriptions of sensor performance reflect standard 

deviations derived using at least three independently fabricated sensors).

The phenylalanine-detecting sensor achieves clinically relevant specificity and speed. For 

example, even at the upper ends of their physiologically-relevant concentration ranges the 

sensor does not detectably respond to the aromatic amino acids tryptophan or tyrosine, or 

the phenylalanine metabolites phenylpyruvate or phenylacetate (Figure 2B). The sensor is 

likewise quite rapid; at the few tens of micromolar phenylalanine concentrations seen in the 

body the sensor equilibrates to bidirectional concentration changes within the 5 s required to 

collect a single square wave voltammogram (Figure 2C). This is orders of magnitude faster 

than the time resolution typically associated with measurement approaches that require 

blood draws, and thus is far faster than any timescales previously reported for phenylalanine 

metabolism.26,27

As is generally true for EAB sensors,19,21,22 the phenylalanine-detecting sensor is stable 

and accurate when deployed in undiluted whole blood. A complication in such deployment, 

however, is that endogenous plasma phenylalanine complicates calibration in this sample 

matrix. Specifically, because the endogenous concentration of the target (which are generally 

between 35 and 85 μM)26,27 falls within the sensor’s useful dynamic range a complete 

Langmuir calibration curve cannot be obtained using only blood (Figure S2), which was 

our prior approach to EAB calibration.19,21,22 To circumvent this, here we demonstrate the 

use of a simple, buffered calibration solution that mimics the pH, ionic strength, protein 

Idili et al. Page 3

Anal Chem. Author manuscript; available in PMC 2023 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and sugar content of whole blood as a blood dilutant and proxy. That is, we determined 

the lower-concentration portion of the calibration curve by placing sensors in this buffer 

and then titrated in whole bovine blood of known (80 μM) phenylalanine concentration 

until we reached 70% (v/v) blood (corresponding to 56 μM phenylalanine). To determine 

the higher-concentration portion of the calibration curve we then transferred the sensor into 

undiluted whole blood (i.e., at 80 μM phenylalanine) and titrated additional phenylalanine 

until we reached a final concentration of 1 mM. Combining the two data sets we obtain 

the entire Langmuir isotherm for the sensor, producing affinity and signal gain similar 

those seen in buffered saline (Figures 3A; see also Figure S3). To determine the device-to-

device reproducibility of this calibration approach we used it to calibrate four independently 

fabricated sensors, obtaining a standard deviation of 8 μM at a target concentration of 45 μM 

(Figure 3B).

To adapt the phenylalanine-detecting sensor to placement in the living body we fabricated 

indwelling sensors using 75 μm diameter by 3 mm long gold wire electrodes. We matched 

these with equal diameter platinum counter and chloride-anodized silver reference electrodes 

(Figure 1C, left) and encased the bundle in a 22-gauge catheter in which slots were cut 

to provide blood access.28 The resulting devices are small enough to be inserted into the 

jugular veins of anesthetized Sprague-Dawley (Figure 1C, right). Because rats have four 

jugular veins (left and right interior and exterior pairs), such placements cause only minor 

changes to blood flow and likely no changes to molecular physiology. When so deployed, 

EAB sensors often they exhibit significant baseline drift (see e.g., refs19,21,22). This is due to 

the chemical degradation of the aptamer and the self-assembled alkanethiol monolayer over 

the course of electrochemical interrogation.31 To correct this, here we employed “Kinetic 

Differential Measurements” (KDM), an approach that exploits the fact that the signal-on and 

signal-off responses of EAB sensors drift in concert (Figure 4A; see also Figures 3A and 

S2), such that taking the difference between signals measured at 10 and 300 Hz removes this 

drift and allows for the accurate determination of target concentration.19,29 These differential 

measurements, which require performing two sequential square wave scans, can be collected 

every 12 s, providing effectively continuous, real-time information on plasma target levels.

Indwelling EAB sensors support multi-hour measurement of plasma phenylalanine levels. 

For example, following a series of increasing intravenous phenylalanine challenges we see 

concomitantly varying peaks in plasma concentration for which we collect hundreds of 

measurements during the “decay” phase (Figure 4B). As defined by the standard deviations 

seen for baseline measurements performed prior to dosing the precision of these in-vivo 

measurements is between 7 and 15 μM across multiple animals.

While these values include true measurement precision (which, as noted above, we estimate 

to be ~8 μM at these target concentrations), it also includes any physiologically driven 

fluctuations in phenylalanine levels that may have occurred during the measurements. The 

specificity of the in-vivo EAB sensor likewise remains excellent: control injections of either 

saline blanks or doses of the aromatic amino acids tyrosine or tryptophan produce no 

significant response (Figure 4C).
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The few-seconds time resolution of the EAB sensor renders it a novel and powerful tool 

for the study the disposition kinetics of phenylalanine. To illustrate this, we first measured 

basal phenylalanine levels in two fasted rats (12 h) for 20 min (see Table 1), obtaining 

values of 27.9 ± 0.6 and 37.0 ± 1.4 μM (the confidence intervals we report for estimates 

of phenylalanine concentrations and their kinetic parameters are at the 95% confidence 

level), values consistent with the results of prior, much more poorly time resolved studies 

employing ex-vivo measurements23,30–33 (Figure S4). We next challenged the rats with 100 

mg/kg intravenous boluses of phenylalanine over the course of ~1 min (Figure 5A-B). In 

response, peak plasma concentrations rapidly reached 87 μM and 131 μM in the two, which 

was followed by a monotonic return to within 20% of the pre-dosing baseline over the 

course of approximately 20 min (Table 1).

Although the kinetics of phenylalanine metabolism are modestly complex,34,35 they are 

often described using a simple two-compartment model:36,37

in which k12 and k21 are the rate constants associated with the transport of phenylalanine 

into and out of tissue stores and kel is the rate constant for its metabolic degradation. In this 

model, the time-varying phenylalanine concentration given by the sum of two exponentials:

Phe Blood = Ae− ln(2)t
α + Be− ln(2)t

β + C

where A and B are the amplitudes of the two phases, α and β are the half-lives 

for phenylalanine distribution and elimination, respectively, and C is the basal plasma 

phenylalanine concentration reached after re-equilibration. Fitting our concentration-time 

profiles to this model, we find that α is 0.4±0.1 min and 0.5±0.2 min and β is 8.9±1.8 min 

and 2.7±0.6 min for the two fasted animals shown (Figure S5; see also Table 1).

The precision with which the large number of measurements we can collect over 

physiologically relevant timescales in a single animal provides an unprecedentedly high-

precision window into phenylalanine metabolism. For example, the only prior time-resolved 

study of phenylalanine disposition kinetics in fasted rats we are aware of collected just 9 

samples (for later, ex-vivo analysis) per animal over the course of 2.5 h and then averaged 

these over multiple animals (Figure S6).31 This was a direct consequence of the study’s 

reliance on blood-draw sampling: the limited blood volume of rats (from 8 to 24 ml)43 

restricts the total number of measurements that can be made without unacceptable loss of 

blood.44 With so few measurements, this data set cannot meaningfully be fit to the expected 

two-exponential model (e.g., doing so produces estimates for four of the five parameters 
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that, at the 95% confidence level, overlap with zero). If we instead fit this prior data to a 

single exponential, which captures only the slower of the two phases, we obtain a half-life of 

14±15 min. While the data provided only poorly constrain this value, it is consistent with the 

slower-phase half-lives we have observed.

The poor fit of the limited prior rat data31 to the two-compartment (dual-exponential) model 

and its poor ability to constrain even a single-compartment (single-exponential) model 

stems from three issues that have systematically plagued all prior studies of amino acid 

disposition kinetics (see e.g., refs36,38–42 for studies of phenylalanine disposition kinetics 

in humans). The first is time resolution that is typically poor relative to the timescales 

of metabolite disposition. The earliest samples in the prior rat study,31 for example, were 

collected 6 min after the completion of infusion. This is an order of magnitude slower than 

the phenylalanine distribution phase we have identified here. A related issue is that, given 

the noise invariably present in such measurements, dozens or hundreds of measurements 

are required to constrain multi-exponential models with good statistical significance, and 

yet prior studies could collect only on the order of a half dozen measurements per 

subject.31,36,38,40 Finally, inter-subject differences in physiology likely also contribute to 

the inability of prior data sets to constrain a two-compartment model. For example, the 

one prior study of phenylalanine disposition kinetics in the rat31 pooled samples collected 

from multiple subjects, reducing the validity of disposition/metabolic models. Specifically, 

the differing half-lives of the same process in different individuals will confound efforts to 

delineate between the kinetics of two different processes in data that have been averaged 

over multiple animals.

The hundreds of metabolite level measurements that EAB sensors can provide each for 

individual animal also provides an unprecedented ability to observe physiological variability 

between individuals. To illustrate this, we performed phenylalanine challenge experiments 

on two rats that, in contrast to those employed in the above study, were not food restricted, 

likely causing their metabolic status to differ.46,46 Upon intravenous injection of a bolus 

100 mg/kg of phenylalanine, the peak plasma concentrations, distribution half-lives and 

elimination half-lives we determined are similar to those we observed for fasted animals 

(Figure 5; see also Table 1). Given that short-term food restriction is not thought to alter the 

activity or level of phenylalanine hydroylase,47 this is perhaps to be expected. While plasma 

phenylalanine levels in fasted animals return to close to their pre-challenge baseline values, 

however, the post-challenge baseline levels seen in freely-fed animals remain elevated by 

~50% over the course of our several-hour experiments (Figure 5; see also Table 1). And 

though it is premature to speculate deeply based on studies performed with just four animals, 

given the strong statistical significance we observe for these effects in each animal we 

suspect that this difference is real and arises due to physiological differences between the 

two sets of animals.

CONCLUSION

In what we believe is the first seconds-resolved measurements of any endogenous metabolite 

in vivo using an enzyme-free biosensor, we describe here the real-time monitoring of plasma 

phenylalanine levels in situ in the veins of live rats with few-micromolar concentration 
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resolution and 12 s temporal resolution. This orders-of-magnitude improved time resolution 

enables the high-precision determination of physiological phases that are too rapid to 

capture using traditional approaches. It also produces sufficient numbers and quality of 

data to characterize the kinetics of individual animals with good statistical significance, 

thus providing an unprecedented tool with which to study inter-subject disposition kinetics 

variability.

EAB sensors could also prove valuable in support of personalized medicine. The real-

time measurement of phenylalanine, for example, could impact the treatment of PKU, 

an important (frequency 1 in 10,000 live births in Europe and 1 in 15,000 in the US)25 

inborn metabolic disorder of phenylalanine that is managed via personalized nutritional 

regimes aimed at maintaining phenylalanine levels above the minimum needed for healthy 

protein production but below threshold levels that lead to neurotoxicity and mental 

retardation. Specifically, as a first step EAB sensors would render it possible to estimate 

the phenylalanine disposition kinetics of individual patients conveniently and with precision. 

This, in turn, would improve clinical predictions of patient-specific bioavailability and 

clearance rates of free phenylalanine, improving both diagnosis and treatment.34,48,49 

Looking further forward, the real-time plasma phenylalanine measurements provided by 

EAB could be used by patients to guide their phenylalanine intake.50 This might prove 

of especially significant value in the context of enzyme replacement therapy (Pegvaliase 

treatment), during which it is currently difficult to ensure that sufficient levels of this critical 

amino acid are maintained.5,6,25 Together, these opportunities suggest that EAB-based 

metabolic monitoring could significantly impact the quality of life of patients with this 

common inborn metabolic disorder.4–6

Looking beyond phenylalanine and PKU, EAB sensors can be adapted to new targets via 

the simple expedient of changing their aptamer receptor (see e.g., refs 12–17). Given this, 

we believe the approach may prove of value in the ultra-high-precision determination of 

disposition kinetics and the real-time monitoring of a wide range of clinically important 

metabolites that, currently, can only be measured using blood draws and laboratory analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Electrochemical aptamer-based (EAB) sensors exploit the binding-induced folding of 

a redox-reporter-modified aptamer that is covalently attached to an interrogating electrode 

via a self-assembled monolayer. (B) Target binding alters the efficiency with which the 

redox reporter (here methylene blue) approaches the electrode, producing an electrochemical 

signal easily measured using square wave voltammetry. (C) We fabricate indwelling EAB 

sensors using a 75 μm-diameter, 3 mm-long goldwire working electrode bundled with same-

diameter platinum counter and silver/silver-chloride reference electrodes. (D) The completed 

sensor is small enough to be emplaced in the external jugular vein of a rat via a 22-gauge 

guide catheter.
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Figure 2. 
(A) The EAB sensor response to increasing concentrations of phenylalanine produces the 

expected Langmuir binding curve. As is common for sensors in this class, the device’s 

response is signal on at higher square wave frequencies and signal-off at lower frequencies. 

The physiologically relevant range of plasma phenylalanine levels in healthy individuals 

and individuals suffering from PKU is shown in blue.24–26 (B) To show that the sensor 

achieves clinically relevant specificity we challenged it with tryptophan (trp), tyrosine (tyr), 

a mixture of the amino acids glutamine, histidine, proline, arginine, and alanine (AA mix), 
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and the phenylalanine metabolites phenylpyruvate (Pyr) and phenylacetate (Ace). Using the 

same frequencies as in (A), the sensor does not measurably respond to any of these at 

concentrations below 300 μM, a level far above those seen physiologically. (C) Finally, the 

sensor is rapid, responding in just a few seconds to the addition of physiologically relevant 

target concentrations.
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Figure 3. 
The adaptation of EAB sensors to the measurement of an endogenous component of 

blood required the development of a new calibration approach suitable for use with 

endogenous targets (i.e., for which target-free blood is not available). (A) For this we 

employed a calibration buffer comprised of Ringer’s solution and bovine serum albumin 

(35 mg/mL) that mimics the pH, ionic strength, protein, and sugar content of whole blood. 

We determined the lower portion of the calibration curve by titrating whole bovine blood 

of known phenylalanine concentration (80 μM) into this buffer to a final concentration 
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of 70% blood (56 μM). To determine the upper portion of the curve we then moved 

the sensor into undiluted whole blood (at 80 μM phenylalanine) and adding exogenous 

phenylalanine until we reached a final concentration of 1 mM. Merging the data sets we 

can obtain the entire Langmuir isotherm, which produces dissociation constants and signal 

gains similar those seen in phosphate buffered saline (Figures 3A; see also Figure S3). (B) 

Using this approach to calibrate EAB sensors prior to deployment in vivo we observe good 

reproducibility between individually fabricated devices. The mean and standard deviation of 

the concentration estimates associated with a signal increase of 30% are 45.1 μM and 7.8 

μM, respectively.
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Figure 4. 
When placed in situ in the body EAB sensors drift.19,21,22 To correct this, we employed 

kinetic differential measurements (KDM).19,29 (A) Normalized signals collected at 300 Hz 

(black) and 10 Hz (red) square-wave frequencies drift in concert, such that taking their 

difference via KDM eliminates the drift. (B) Using KDM we can easily see the results of 

serial increasing intravenous injections of phenylalanine in an anesthetized rat. The 12 s time 

resolution achieved in these measurements is sufficient to monitor both the injection itself 

and the subsequent distribution of the metabolite within the body. This reflects a 30-fold 
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improvement over the time resolution of the best prior studies of phenylalanine metabolism 

kinetics in either rats or humans.31,36,38–42 (C) As expected, the in-vivo sensor does not 

respond to intravenous injections of either a saline “blank” or the aromatic amino acids 

tyrosine or tryptophan at the indicated dosages.
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Figure 5. 
EAB sensors provide an unprecedentedly high-precision view into metabolism and inter-

subject metabolic variability. Shown, for example, are plasma phenylalanine levels after 

a single, 100 mg/kg intravenous injections into four live rats, two of which were fasted 

for 12 h (A, B) and two of which had free access to food (C, D). These high-precision 

measurements reveal similar peak concentrations, distribution rates, and elimination rates 

for all four animals. For the two fasted animals, plasma phenylalanine levels returned to 

within 20% of the pre-dosing baseline over the course of approximately 20 min. In contrast 

to the situation with fasted animals, however, the plasma phenylalanine levels in these 

animals remain elevated by ~50% above pre-challenge baseline levels over the course of our 

experiments. The black lines represent the fit of each injection dataset to a two-compartment 

pharmacokinetic model (Eq. 1).
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