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ABSTRACT: We report an amperometric biosensor for the urinary disease biomarker para-hydroxyphenylacetate (p-HPA) in
which the allosteric reductase component of a bacterial hydroxylase, C1-hpabh, is electrically wired to glassy carbon electrodes
through incorporation into a low-potential Os-complex modified redox polymer. The proposed biosensing strategy depends on
allosteric modulation of Cl-hpah by the binding of the enzyme activator and analyte p-HPA, stimulating oxidation of the
cofactor NADH. The pronounced concentration-dependence of allosteric C1-hpah modulation in the presence of a constant
concentration of NADH allowed sensitive quantification of the target, p-HPA. The specific design of the immobilizing redox
polymer with suitably low working potential allowed biosensor operation without the risk of co-oxidation of potentially
interfering substances, such as uric acid or ascorbic acid. Optimized sensors were successfully applied for p-HPA determination
in artificial urine, with good recovery rates and reproducibility and sub-micromolar detection limits. The proposed application
of the allosteric enzyme Cl-hpah for p-HPA trace electroanalysis is the first successful example of simple amperometric redox
enzyme/redox polymer biosensing in which the analyte acts as an effector, modulating the activity of an immobilized biocatalyst.
A general advantage of the concept of allosterically modulated biosensing is its ability to broaden the range of approachable
analytes, through the move from substrate to effector detection.

KEYWORDS: amperometric biosensing, allosteric modulation, urinary disease biomarker, redox polymers, enzyme electrodes,
mediated electron transfer, NADH owxidation, para-hydroxyphenylacetate

In the human body, para-hydroxyphenylacetate (p-HPA) is a
product of endogenous cellular and opportunistic microbial
metabolism of aromatic amino acids. The level of metabolic p-
HPA formation and the related concentration of this analyte in
urine was identified as a reliable indicator for various diseases,
ranging from gastrointestinal' and toxicological symptoms”
and intestinal bacterial cell overgrowth (dysbiosis)3 to
neurodegenerative diseases,” diabetic nephropathy” and gastric
cancer.’ Accordingly, the quantification of this compound and
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to some extent also its isomers (the meta- and ortho-
compounds) is of particular importance for medical analysis,
and straightforward detection schemes for simple on-site

monitoring and clinical diagnostics of urinary samples are
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Scheme 1. Schematic of the Proposed Strategy of Allosteric p-HPA Biosensing and Molecular Structures of Analyte (p-HPA)

and the Redox Polymer P(SS-GMA-BA)-Os
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highly desirable. The standard protocols for urinary p-HPA
identification and quantification include the use of gas
chromatography (GC)”* and, more recently, applications of
combined techniques such as chromatographic separation
(e.g., among others ultrahigh performance liquid chromatog-
raphy, UHPLC) coupled to mass spectrometry (GC-MS,
UHPLC-MS) or electrochemical detection, 'H and *C nuclear
magnetic resonance (NMR) experiments and capillary electro-
phoresis. In particular, GC-MS was successfully employed as a
screening method for varying urinary p-HPA in small-bowel
disease and bacterial overgrowth syndrome™” and even for the
analysis of neonatal urine samples.” Complex UHPLC
techniques coupled to MS/MS-detection were used to analyze
p-HPA formation from kaempferol in the investigation of
transport mechanisms of metabolites at the intestinal and
blood-brain barriers.'® Furthermore, high resolution '"H NMR
analysis was used for quantification of p-HPA changes in
urinary metabolite profiles'' and chemical p-HPA derivatiza-
tion allowed the detection of the biomarker by *C NMR
spectroscopy.'” Finally, high performance liquid chromatog-
raphy with voltammetric detection in the column eluate was
used to assay p-HPA in cerebrospinal fluid."> All these
analytical approaches work well for the quantification of p-
HPA, but the requirement for time-consuming pretreatment of
samples (e.g., derivatization of p—HPA3’14’15) and the need for
rather complex analytical setups are drawbacks to the
implementation of easily established and applied (point-of-
care) clinical diagnostics.

Purely electrochemical approaches for the detection of p-
HPA or its derivatives were also considered since these
compounds are electroactive and they can be oxidized at
suitable anodic potentials. Fast-scan cyclic voltammetry with
scan rates of up to 600 V s™' was, for instance, employed to
detect p-HPA with a carbon fiber microelectrode in tissue
samples after stimulation with dopamine.'® However, the
oxidation potential of p-HPA is rather high (~ + 1.0 V vs a
pseudoreference Ag/AgCl wire'®) which might cause interfer-
ence through electrochemical reactions of other urinary
components (e.g., ascorbic acid, paracetamol, or uric acid).
Moreover, fast-scan cyclic voltammetry requires special
potentiostats, low-noise electrochemical setups and micro-
electrodes and a high level of operator expertise, rendering
such applications unpractical for clinical diagnostics. A recent
whole-cell biochemical assay with electrochemical readout
involved the voltammetric detection of redox-active pyocya-
nine, the cellular production rate of which is controlled by p-
HPA, enabling indirect determination of the target biomarker
but with rather low sensitivity and selectivity.'”
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Existing literature examples and successful commercial
applications are good evidence that amperometric biosensors
with enzymes embedded in polymer layers offer promising
selectivity and sensitivity.'” In the case of biocompatible
protein immobilization in adapted hydrophilic redox polymers,
biosensors are known to be stable during storage and they can
be operated entirely without reagents, which are important
characteristics for the construction of a miniaturized device for
easy point-of-care biosensing. Recently, we showed that the
immobilization of the C1 reductase unit (C1-hpah) of the two-
component bacterial p—hydroxyphenylacetate 3-hydroxylase
(hpah) from Acetobacter baumannii'”*° into an Os-complex-
modified polymer was the basis of a NADH biosensor with a
sensitivity that could be 1.5-fold enhanced by p-HPA, which
acts as a molecular effector of Cl-hpah that allosterically
stimulates the enzymic rate of oxidation of NADH to NAD".*'
Moreover, preincubation of the polymer/enzyme-modified
electrodes in p-HPA solution allowed the fabrication of a
reagentless sensor device with enhanced NADH detection
sensitivity. The observation of allosteric enhancement of the
responsiveness of Cl-hpah/redox polymer biosensors to
NADH was useful for NADH analysis, but since the specific
C1-hpah effector p-HPA is a urinary disease biomarker and its
allosteric effect on NADH oxidation by Cl-hpah is highly
concentration-dependent, the utilization of Cl-hpah/redox
polymer biosensors for p-HPA analysis is a more important
issue from the health care point of view. Thus, proceeding
from our previous findings, we adapted here the Cl-hpah
biosensing scheme for sensitive p-HPA determination. In the
developed configuration, the current measured with the C1-
hpah/redox polymer biosensor reflects the solution concen-
tration of p-HPA in the presence of a constant supply of the
Cl-hpah substrate NADH and is hence suitable for p-HPA
quantification.

C1-hpah/redox polymer biosensor calibrations and perform-
ance tests confirmed that the proposed amperometric
biosensor is suitable for the determination of p-HPA in
samples of known concentration as well as in spiked artificial
urine with good recovery rates.

B RESULTS AND DISCUSSION

Sensor Concept and Amperometric p-HPA Detection.
In our initial work, the optimal current response for NADH
detection was achieved with enzyme electrodes that made use
of the positively charged polymerPVP-Os (= poly-
(vinylpyridine)-[ Os(BilmMe, ), (BilmNH,)]** where BilmMe,
is N,N’-dimethyl-2,2'-bi-imidazole and BilmNH, is N-(6-
aminohexyl)-N’-methyl-2,2"-biimidazole), as a low-potential
redox polymer matrix for Cl-hpah immobilization (redox
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Figure 1. (a) Cyclic voltammetric characterization of a P(SS-GMA-BA)-Os/EDEA/C1-hpah modified glassy carbon electrode (GCE) in 50 mM
phosphate buffer, pH 7 with a scan rate of 2 mV s™'. Red trace, ¢((NADH) = 0; blue trace, c((NADH) = 500 uM; and black trace, background
current of an unmodified GCE, measured under identical conditions. (b) Representative chronoamperometric data for a P(SS-GMA-BA)-Os/
EDEA/C1-hpah modified GCE, polarized at —100 mV vs Ag/AgCl/3 M KCI; the concentration of p-HPA was increased in the presence of 500
#M NADH in incremental steps of 0.25 uM (gray arrows), 0.5 M (red arrows), and 1 uM (blue arrows) to reach a final value of 10 uM; inset
shows a magnification of the first nine additions. (c, d) I—c curves for averaged data from triplicate independent repetitions of chronoamperometric
trials as in (b) over the c(p-HPA) concentration ranges 0.25—10 uM (c) and 0.25—1.5 uM (d). The red line in (c) corresponds to a curve fit (R* =
0.98921) using a Michaels—Menten model for effector binding to the enzyme. The red line in (d) shows the linear fit through the data points in the
initial part of the binding curve, where the biosensor response is linear.

potential E of the polymer: E(PVP-Os) = —0.19 V vs Ag/
AgCl/3 M KCI).!

Although the allosteric effect was less pronounced (1.5-fold
increase) compared to solution experiments (20-fold in-
crease””), most likely due to steric constraints within the
polymer matrix, stable (within the time scale of the
experiment) and allosterically responsive polymer/enzyme
layers on the surface of graphite electrodes could be formed.
For the present application of quantitative p-HPA biosensor
amperometry, the functional redox polymer was changed to
one with an anionic backbone, i, P(SS-GMA-BA)-Os
(poly(styrenesulfonate-co-glycidyl methacrylate-co-butyl acryl-
ate)-[Os(BilmMe, ),(BiImNH,)]**, Scheme 1) with E(P(SS-
GMA-BA)-Os) = —0.22 V vs Ag/AgCl/3 M KCl. For details of
the synthesis and characteristics of the chosen polymer, see ref
21 and the associated Supporting Information. The formal
potentials of PVP-Os and P(SS-GMA-BA)-Os are similar
(note that the same Os-complex, red part in the molecular
structure of the redox polymer shown in Scheme 1, was used
for both polymers) and were equally suitable for the required
interference-free low potential measurement of enzymic
substrate conversion rates.”' However, compared to previously
used PVP-Os, the polymer P(SS-GMA-BA)-Os shows
improved stability on glassy carbon electrodes (GCEs) which
show low background currents compared to graphite electro-
des and were thus employed for all biosensors reported in this
contribution.
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Moreover, the choice of the P(SS-GMA-BA)-Os matrix that
is equipped with an anionic backbone (note that the overall
charge of the polymer is positive assuming a triply positively
charged Os(III)-complex attached to the GMA monomer, 30
mol %, and single charged sulfonate group in the SS monomer
50 mol %) permitted the use of a high constant NADH
concentration at optimal conditions for p-HPA detection,
resulting in a sustained current and superior sensor stability
exhibiting improved allosteric dependence of C1-hpah-driven
NADH oxidation on p-HPA concentration. We want to
emphasize that not only the negative charge at the backbone
might influence the film stability in this configuration but also
the other comonomers in P(SS-GMA-BA), that is, GMA and
BA, which exhibit a rather hydrophobic character that may also
contribute to a lower dissolution rate of the polymer/enzyme
layers. Moreover, to enhance film stability nucleophilic
bifunctional EDEA (= 2,2’-(ethylenedioxy)bis(ethylamine))
was introduced as cross-linker that can react at room
temperature with residual electrophilic epoxide groups within
the P(SS-GMA-BA) backbone (Scheme 1, blue parts in the
molecular structure of the redox polymer; note that this cross-
linker was used earlier for the stabilization of polymer/enzyme
layers based on the identical polymer backbone™).

Figure la provides voltammetric proof of P(SS-GMA-BA)-
Os/EDEA/C1-hpah redox interaction, while Figure Sla
confirms that a significant direct oxidation of NADH did not
occur. The contribution of direct electron transfer between the
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Figure 2. Quantification of p-HPA with a P(SS-GMA-BA)-Os/EDEA/C1-hpah modified glassy carbon electrode in S0 mM phosphate, pH 7 (a—
d) or artificial urine, pH 7 (e,f) by means of the standard addition method. The NADH concentration was always S00 uM. (a, c, e) Representative
chronoamperometric responses of the sensor to addition of the sample and three p-HPA standards in incremental steps of 0.25 uM p-HPA; (a)
sample and p-HPA standards are dissolved in phosphate buffer, (¢, e) sample and p-HPA are dissolved in artificial urine; applied potential —100 mV
vs Ag/AgCl/3 M KCL. (b, d, f) Standard addition plots of data extracted from (a, ¢, e), respectively; the concentrations of the samples were
estimated to be 0.236 uM (b), 0.266 uM (d), and 0.266 uM (f), corresponding to recovery rates of 94.4% (b), 106.4% (d), and 106.4% (f). For the
linear regressions, R* = 0.9981 (b), R* = 0.9963 (d), and R* = 0.9993 (f).

enzyme and the electrode surface to the oxidative current
under NADH turnover conditions was only marginal (Figure
S1b).

As shown in Scheme 1, the adaption of the C1-hpah-based
NADH biosensor’' for use in p-HPA detection involved
quantification of the allosteric modulation of the current
induced in a three-electrode biosensor cell with a constant
supply of NADH, as a function of analyte (p-HPA)
concentration. This was achieved by low-noise recording of
the amperometric current generated by redox interaction
between the NADH-oxidizing enzyme and randomly spread
Os-complexes in the polymer network. Accurate p-HPA
quantification then depends on reliable scaling of the biosensor
current with increasing p-HPA concentration, either in
electrolytes supplemented with known concentrations of the
compound or for samples using the standard addition method,
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with aliquots of sample solution and a series of p-HPA
standards added.

To test the feasibility of the approach as shown in Scheme 1,
chronoamperometric measurements were conducted with
triplicates of P(SS-GMA-BA)-Os/EDEA/C1-hpah-modified
GCEs at —100 mV vs Ag/AgCl/3 M KCl in phosphate-buffer
(50 mM, pH 7) supplemented with 500 uM NADH and with
different levels of added p-HPA. As shown in the representative
current trace (Figure 1b), the NADH oxidation current is
enhanced upon addition of p-HPA, reflecting allosteric
modulation of Cl-hpah. Individual current elevations above
the nonstimulated baseline level in response to five 0.25 M
(gray arrows), eight 0.50 #M (red arrows), and five 1.00 uM
(blue arrows) activator increments were derived from the three
identically prepared P(SS-GMA-BA)-Os/EDEA/C1-hpah bio-
sensors from the same batch, averaged and then plotted as a
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Table 1. Detection of p-HPA in 50 mM Phosphate Buffer (PB, pH 7) or Artificial Urine (AU, pH 7 and 8)“

<(p-HPA)/uM

entry working electrolyte p-HPA in adjusted
1 PB, pH 7 PB, pH 7 025
2 PB, pH 7 AU, pH 7 025
3 AU, pH 7 AU, pH 7 025
4 AU, pH 8 AU, pH 8 025

found recovery rate/% sensitivity/nA ,uM’1
(0.24 + 0.01) (95 +4) (26 + 5)
(025 £ 0.01) (101 + S) (24 +7)
(0.26 + 0.02) (103 + 7) (20 + 5)
(0.26 + 0.01) (106 + 2) (20 £7)

“The solution concentration of p-HPA was adjusted to a nominal 0.250 yM, with three subsequent standard additions. The initial adjusted sample
concentration was estimated from the I—c plots of measurements with the standard addition method at I = 0 A by linear regression through the
individual data points. Sensitivities were derived from the slope of the I—c plots. Note that the concentrations were adjusted to be within the linear
detection range of the sensor. Applied potential for all experiments was —100 mV vs Ag/AgCl/3 M KClL

function of the concentration of the allosteric effector (Figure
lc).

At low p-HPA concentrations current values increased
rapidly and linearly with the effector concentration but reached
a plateau at high effector level. This curve shape was
predictable since allosteric Cl-hpah modulation occurs by
binding of p-HPA to a limited number of sites on the enzyme
surface, which becomes saturated as the p-HPA concentration
increases. Fitting the I-c data from Figure 1c with the function
for Michaels Menten-type binding to a single type of binding-
site (red line in Figure 1c) yielded an apparent K, value of (1.6
+ 0.1) M. Saturation occurred at p-HPA concentrations >$
#M, while the linear range of the current response for p-HPA
detection extended to about 1.5 M (Figure 1d) and the
average sensitivity of the tested sensor electrodes was (27 + 2)
nA uM™' p-HPA. These characteristics were valuable first
indications of the suitability of allosteric enzyme/redox
polymer biosensor arrangements for the analysis of particular
enzyme effector concentrations.

It is worth mentioning here that using NADH concen-
trations lower than 500 M produced a current response that
declined over time and was therefore unsuitable for proper p-
HPA quantification (Figure S2). We should also emphasize
that, in p-HPA detection mode (constant NADH concen-
tration, varying p-HPA concentration), Cl-hpah immobiliza-
tion layers prepared with PVP-Os did not show a stable current
response over the time scale of the experiment (Figure S3).
With low NADH concentrations the sensor current was
reasonably stable in the absence of p-HPA but decreased upon
addition of the allosteric effector (Figure S3a and b). With
higher NADH concentrations, the decrease in current was
observed even in the absence of p-HPA (Figure S3c).
Apparently, exposure to high concentrations of NADH
destabilizes the polymer/enzyme film and induces desorption
during amperometric detection (note that in our previous work
only NADH concentrations < 500 4#M were employed”"). For
lower NADH concentrations, accumulation of the substrate
leading to desorption of the film upon p-HPA addition might
occur. However, with p-HPA present and subsequent addition
of NADH to the solution (NADH detection mode), this effect
is absent. We conclude that the sequence of reagent addition
for operating the sensor either in NADH or p-HPA detection
mode is of particular importance. Cofactor degradation, which
is known to occur in phosphate containing media**** does not
seem to be an issue within the time scale of experiments that
were performed under optimized conditions. A disturbing
current decrease in typical chronoamperometric trials was not
observed.

To evaluate their performance in quantitative p-HPA
analysis, P(SS-GMA-BA)-Os-modified GCEs were used in a
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series of analytical trials, with the target analyte dissolved either
in phosphate buffer or in artificial urine and measurements by
the standard addition method in either phosphate buffer or
artificial urine of various pH as supporting electrolyte. Figure
2a shows a representative chronoamperometric response for a
sample in phosphate buffer measured with the standard
addition method with a P(SS-GMA-BA)-Os-modified GCE at
a constant NADH concentration of 500 uM. From the
corresponding standard addition plot (Figure 2b) the p-HPA
concentration was determined to be 0.236 uM, which
corresponds to a recovery rate of 94.4% for the 0.25 uM
sample. The standard addition method was selected for
quantitative p-HPA analysis since its inherent internal
calibration minimizes/fully excludes within individual sample
runs the errors that might originate from sample matrix effects
and/or slight variations in sensor performance. The mean
values for the estimated concentrations and recoveries,
calculated for seven independent p-HPA quantifications
(Table S1), were estimated to be (0.24 + 0.01) uM and (95
+ 4)% (Table 1, entry 1).

The observed small standard deviations confirmed the
satisfactory reproducibility of the electrode construction.
Moreover, the results obtained with the standard addition
method and the test runs shown in Figure 1 were conducted
with sensors containing redox polymers from different batches;
however, the average sensitivity determined from the seven
independent experiments (note that the standard addition
experiments were conducted within the linear response of the
sensors) was (26 + 5) nA uM™' which is statistically
indistinguishable from the value measured with the first
polymer batch ((27 + 2) nA uM™"). The limit of detection for
samples prepared and measured in phosphate buffer was
derived to be 0.038 uM from the standard deviation of the
background current response (in the absence of NADH and p-
HPA) and the average sensitivity. This is in the same range as
the value reported for the direct electrochemical detection of p-
HPA by fast scan cyclic voltammetry (0.1 uM).'° Ampero-
metric biosensor detection of p-HPA with a signal dependent
on the allosteric effect of the analyte on redox polymer-
embedded C1 reductase is both reproducible and reliable.

Detection of p-HPA in Artificial Urine Samples. Since
p-HPA is an important urinary disease biomarker we evaluated
the suitability of the proposed sensor scheme for quantification
of the target analyte in artificial urine samples using the
standard addition method (for the composition of the artificial
urine see Table S2 and/or ref 26). Figure 2c¢ shows the
chronoamperometric response with a P(SS-GMA-BA)-Os/
EDEA/C1-hpah-modified electrode in deaerated phosphate
buffer (S0 mM, pH 7) to which first an aliquot of an artificial
urine solution (pH 7) containing 0.25 uM p-HPA (the
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Figure 3. Quantification of p-HPA with a P(SS-GMA-BA)-Os/EDEA/C1-hpah-modified glassy carbon electrode in artificial urine with an adjusted
pH value of 8 and containing S00 uM NADH by means of the standard addition method. (a) Representative chronoamperometric response of the
sensor to addition of the sample (nominal concentration of 0.25 #M) and the three p-HPA standards in incremental steps of 0.25 uM p-HPA;
sample and p-HPA standards were dissolved in artificial urine (pH 8); the applied potential was —100 mV vs Ag/AgCl/3 M KCL. (b) Standard
addition plot obtained for data extracted from (a); the concentration of the samples was estimated to be 0.262 uM, corresponding to a recovery of

104.8%, from the intercept of the linear regression, R* = 0.9999.

sample) and subsequently three aliquots of standard p-HPA
solution were added. From the linear regression of the I—c plot
(Figure 2d) the concentration of the sample was determined to
be 0.266 uM, corresponding to a recovery of 106.4% of the
nominal sample concentration, 0.25 M. The mean value of
the determined concentration and the recovery rate over eight
independent measurements (Table S3) were calculated to be
(025 + 0.01) M and (101 + 5)%, respectively (Table I,
entry 2).

The mean sensitivity derived from the three independent
experiments was (24 + 7) nA uM™', which is in good
agreement with that in pure phosphate buffer. We conclude
that addition of artificial urine (pH 7) samples has no effects
on the performance of the biosensor. This is supported by the
fact that addition of artificial urine at the end of a standard
addition experiment had no effect on the steady state current
(Figure S4).

With this result and aiming for a clinical device that could be
used directly for measurements in the sample matrix, ie., in
urine, we examined the applicability of the developed sensor to
direct quantification of p-HPA in artificial urine, without using
any background electrolyte or buffer system for dilution.
Artificial urine contains salts such as NaCl (90 mM) and
NH,CI (25 mM) in rather high concentrations (Table S2),
and consequently the addition of an external supporting
electrolyte is unnecessary. Moreover, the low-potential
polymer-bound Os-complex that ensures an operational
potential of —100 mV vs Ag/AgCl/3 M KCI should exclude
unwanted side-reactions such as the co-oxidation of uric acid
(0.4 mM) or other redox-active components of the sample
solution.

Figure 2e depicts the chronoamperometric response during
a standard addition measurement conducted in artificial urine
(pH 7) as supporting electrolyte. The analyte sample (nominal
concentration = 0.25 uM) was first added to the solution,
followed by three standard additions that increased the p-HPA
concentration in steps of 0.25 uM. Quantitative analysis
(Figure 2f) yielded a sample concentration of 0.266 uM,
corresponding to a recovery rate of 106.40%. Mean values for
the concentration, recovery and sensitivity over four
independent standard additions (Table S4) were (0.26 +
0.02) uM, (103 + 7)%, and (20 + 5) nA uM™", respectively
(Table 1, entry 3). The slightly lower sensitivity might be due

1275

to the impact of the artificial urine on the polymer matrix. The
limit of detection in artificial urine was calculated to be 0.164
uM, which is slightly higher than in pure phosphate buffer,
indicating the matrix effect. However, our results unambigu-
ously demonstrate that quantification of p-HPA in artificial
urine with the proposed sensor scheme is possible in a
reproducible and reliable manner.

Evidently, the high selectivity of the Cl-hpah reductase
component of p-HPA hydroxylase ensures a straightforward
measurement protocol for the quantification of the urinary
disease biomarker p-HPA that circumvents complex sample
pretreatments such as derivatization (NMR) or separation
(HPLC).

In the medical diagnostic literature the p-HPA content of
urine is generally reported relative to the creatinine content, as
micrograms of p-HPA per gram of creatinine, since creatinine
excretion is relatively constant and unaffected by changes in
metabolism.'"*” The detection limit in artificial urine (0.164
UM or 25 ug L™ with a molecular weight of p-HPA of 152.15 g
mol™"), referenced to the adjusted model creatinine level (7
mM or 0.8 g L™!, Table S2), was estimated to be 31 ug (g
creatinine) !, which is within the reported range of the p-HPA
content of normal urine (21—52 ug (g creatinine)™, as
measured by GC-MS®) and comparable to detection ranges
with other more complex techniques such as NMR.""

Effect of the pH Value on Biosensor Performance.
Since the pH value of urine may vary, depending on the human
subject’s state of health, nutrition, fluid uptake, or ingestion of
drugs,26 and the Cl-component shows a rather constant
activity within a pH range of 6.0—8.0 (see Experimental
Section), we further evaluated the operational pH-window of
the proposed sensor by carrying out p-HPA quantification at
various pH values, i.e., under slightly basic (pH 8) and acidic
conditions (pH 6.6). As can be seen in Figure 3a,
chronoamperometric p-HPA measurements in artificial urine
at pH 8 (adjusted by adding appropriate amounts of 6 M
NaOH) show a reasonably stable current output in the absence
and presence of the analyte p-HPA (note that measurements at
pH 8 in 50 mM phosphate buffer show the same trend, Figure
S5a).

Mean values from four independent standard addition
experiments (Table SS) determined from the corresponding
I—c plots (Figure 3b) were (0.26 + 0.01) M and (106 + 2)%,
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for the concentration and the corresponding recovery,
respectively. The sensitivity for the biosensor operation at
pH 8 was estimated to be (20 = 7) nA uM™". Apparently, both
values are slightly smaller than the values obtained in
phosphate buffer of the same pH, indicating a small influence
of the measuring environment on sensor performance.
However, since the standard deviations for the different
conditions are overlapping, the effect is insignificant.

In contrast, standard addition measurements in artificial
urine at pH 6.6 (adjusted by adding appropriate aliquots of 6
M aqueous HCI) were unsuccessful, as a continuous decrease
of the current response was observed even before electrolyte
supplementation with the analyte (Figure SSb). Thus,
quantification in urine of this acidity was not possible with
the proposed detection scheme. Moreover, biosensor oper-
ation in 50 mM phosphate buffer of pH 6.6 did not show any
significant current response. Loss of function at the lower pH
value is likely to be due to a decrease of C1-hpah activity in the
immobilized/polymer-embedded state (note that the decrease
in solution is only little, see Experimental Section) and, though
to lesser extent, to a reduced hydrophilicity of the polymer film
due to partial protonation of the sulfonate groups. However, in
this electrolyte the initial current is significantly lower than that
obtained in artificial urine. We therefore conclude that not only
effects on the polymer matrix are responsible for the poor
current response at this pH value, but that the low pH value
itself causes this effect.

B CONCLUSION

We present, for the first time, an amperometric biosensor for
the urinary disease biomarker p-HPA based on allosteric
modulation of the bacterial reductase Cl1 embedded and
electrically wired to the electrode surface in a redox hydrogel.
Modulation by the analyte p-HPA of the sensor current
observed at a constant NADH supply allowed quantification of
the biomarker. Cl-hpah/redox polymer biosensors showed
reproducible analytical performance and offered a linear
detection range of 0.25—1.5 uM.

Moreover, the benefits that were gained from combining the
selective allosteric biorecognition element with a low potential
redox polymer enabled reliable detection of p-HPA in artificial
urine and was not hampered by effects on the polymer matrix
or adverse signal disturbance due to the electrochemical co-
oxidation of potentially interfering substances such as uric acid,
under neutral and slightly basic conditions. However, at weakly
acidic conditions commonly found in the urine of a healthy
humans (=6), the detection of p-HPA was hindered due to
instability of the biosensor current, even in the absence of the
analyte.

Our results clearly demonstrate that the detection of the
urinary disease biomarker p-HPA directly in urine is possible
under appropriate conditions of pH, which can easily be
arranged by pH-adjustment before analysis. Thus, our
proposed sensor concept is promising for the fabrication of
straightforward diagnostics devices for the detection of the
urinary disease biomarker p-HPA, and, with a change in the
entrapped allosteric enzyme, for other relevant biomarkers,
too.

Operation of the methodology on mass-fabricated screen
printed electrode platforms together with the establishment of
a glucose meter-like signal readout via hand-held electronic
devices and the realization of success with use of the
precalibration instead of standard addition method may
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ultimately allow even the accomplishment of tools for point-
of-care p-HPA testing in hospitals and rapid p-HPA screens at
the doctor’s office or at home.

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals and materials were
purchased from Sigma-Aldrich, VWR, Alfa-Aesar or Acros Organics
and were of reagent or higher grade. All aqueous buffer and stock
solutions were prepared with ultrapure deionized water from a Milli-Q_
water purification system. Synthesis of the redox polymer poly(4-
styrenesulfonate-co-glycidyl methacrylate-cobutyl acrylate)-[Os-
(BilmMe, ),(BilmNH,)]** (P(SS-GMA-BA)-Os, with BilmMe, =
N,N'-dimethyl-2,2'-biimidazole and BilmNH, = N-(6-aminohexyl)-
N’-methyl-2,2'-biimidazole) was described previously.”' However, for
BilmMe, and [Os(BilmMe,)Cl,]PF, involved in the preparation of
the Os-complex [Os(BilmMe,),(BilmNH,)](PF);, optimized syn-
thesis procedures were used, which shortened the reaction time
significantly (see Supporting Information for details). The optimized
preparation protocol of the bidentate ligand BilmMe, was adapted
from a reported procedure for the alkylation of imidazole
derivatives.”® The Os-complex precursor [Os(BilmMe,)Cl,]PF was
prepared following procedures reported in ref 29, All other reactions
were conducted as described previously.”' The polymer has a redox
potential of —220 mV and a nominal composition of SS = 50 mol %,
GMA = 30 mol % and BA = 20 mol %. P(SS-GMA-BA)-Os was used
as an aqueous solution with a concentration of 9.75 mg mL™". The
bifunctional diamine 2,2'-(ethylenedioxy)bis(ethylamine) (EDEA)
was used as a cross-linker for polymer film formation, as an aqueous
solution of concentration 40.8 mg mL™'. The coenzyme /-
nicotinamide adenine dinucleotide (NADH, reduced form, disodium
salt hydrate) and the allosteric effector para-hydroxyphenylacetate (p-
HPA) were purchased from Acros Organics. Stock solutions of
NADH (50 mM) were made in Tris-Cl buffer (10 mM, pH 10) and
stored at 4 °C. Stock solutions of p-HPA (S0 uM) were made in
sodium phosphate buffer (S0 mM, pH 7) or artificial urine (pH 6.6, 7
or 8). Artificial urine was prepared following the formulation of
Brooks et al,;*° for the exact composition, refer to Table S2.

Enzyme. The Cl reductase (Cl-hpah) component of p-
hydroxyphenlyacetate hydroxylase from A. baumannii was expressed
and purified according to protocols described earlier in refs 19 and 20.
Stock solutions of C1-hpah were prepared in S0 mM phosphate buffer
(pH 7) at a concentration of 36.4 mg mL™" and stored at —20 °C.
The activity of Cl-hpah in solution at various pH values was
estimated in 50 mM sodium phosphate pH 6.0, 6.6, 7.0, and 8.0 at 25
°C and in the presence of 200 #uM NADH, 1 mM HPA and 0.1 uM of
the C1 reductase component to be 0.077 uM s™(pH 6.0), 0.084 uM
s™! (pH 6.6), 0.110 uM s~ (pH 7.0) and 0.082 uM s~' (pH 8.0).

Electrochemical Experiments. All electrochemical experiments
were conducted in a standard three-electrode electrochemical cell
(working volume, approximately 4 mL) with a Pt wire acting as
counter-electrode and a Ag/AgCl/3 M KCI reference electrode.
Polymer/enzyme modified glassy carbon electrodes (3 mm diameter,
sealed in PEEK or Teflon, BAS Instruments) were employed as
working electrodes. Before chemical modification, the glassy carbon
electrodes were polished with alumina of grain size 0.5 pm. All
experiments were conducted in S0 mM phosphate buffer solution or
artificial urine*® (for pH, see text), deaerated by Ar or N, bubbling for
30 min, under an argon or nitrogen atmosphere using a CHI 1030
multichannel potentiostat, a PalmSens3 potentiostat or a Gamry
Ref600 potentiostat. All chronoamperometric experiments were
performed with an applied potential of =100 mV vs Ag/AgCl/3 M
KCI. All data points in calibration graphs correspond to averaged
background-corrected currents measured in multiplicate trials with
the corresponding type of polymer/enzyme electrode. Limit of
detection (LOD) was calculated as LOD = (3 X standard deviation of
the background)/sensitivity. Analyte concentrations in artificial urine
were calculated with respect to the adjusted creatinine concentration
in this electrolyte, which was 7 mM, or expressed as mass
concentration, 0.8 g L™ '(see Table S2).
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Electrode Modification. All polymer/enzyme electrodes were
prepared by drop-casting using stock solutions of P(SS-GMA-BA)-Os
(9.75 mg mL™" in water), Cl-hpah (364 mg mL™' in 50 mM
phosphate, pH 7), and EDEA (40.8 mg mL™" in water). For electrode
surface modification, the enzyme, polymer, and cross-linker solution
were mixed in a mass ratio of 4.38:2.88:1 (the optimal condition,
obtained by testing several ratios, corresponds to the following
concentrations: P(SS-GMA-BA)-Os = 7.20 mg mL™"; Cl-hpah =
10.95 mg mL™"; EDEA = 2.5 mg mL ™" in the final solution) and S L
of this mixture was used for the modification of a single glassy carbon
electrode. The film was dried for 2 h at room temperature and then
stored at 4 °C until use.
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