Version of Record: https://www.sciencedirect.com/science/article/pii/S157266571930966X
Manuscript_ed285b25a132¢963bb6alede4086812b

JOURNAL OF ELECTROANALYTICAL CHEMISTRY 000 (2019) 000-000

Contents lists available at SceinceDirect

Journal of Electroanalytical Chemistry

journal homepage: www.elsevier.com/locate/jelechem

Engineering uranyl-chelating peptides from NikR for electrochemical
peptide-based sensing applications

Channing C. Stellato, Rebecca Y. Lai*

Department of Chemistry, University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0304, United States

ARTICLE INFO

Article history:

Received 00 December 00

Received in revised form 00 January 00
Accepted 00 February 00

ABSTRACT

Keywords:

Electrochemical metal ion sensor
Alternating current voltammetry
Methylene blue
Ni(II)-dependent transcriptional
repressor

Peptide design

Self-assembled monolayer

Uranium

We have, for the first time, designed three uranyl-chelating peptides by modeling after the uranyl binding
pocket found in a mutated Ni(I)-dependent transcriptional repressor (NikR). All three thiolated and
methylene blue (MB)-modified peptides, NikR-5, NikR-11, and NikR-15, contain the five core amino
acids responsible for target recognition, but the two longer peptides have either one or two additional
glycine residues in between the five amino acids. These three peptide probes were then used in the
fabrication of electrochemical peptide-based (E-PB) uranyl ion (U(VI)) sensors, with the goal of
elucidating the effects of the added glycine residues and probe flexibility on target recognition. The
sensing mechanism is similar to other “signal-off” E-PB sensors, in which binding of the target rigidifies
the probe, resulting in a decrease in the redox signal from the tethered MB label. Although all three
sensors responded to U(VI), the NikR-15 sensor’s behavior was irreproducible and thus precluded from
the rest of the study. The NikR-11 sensor showed the largest response to U(VI), whereas the NikR-5
sensor showed higher specificity for U(VI). The limit of detection was 50 nM for both sensors, which is
well below the U.S. Environmental Protection Agency maximum contaminant level for uranium. Both
sensors were further tested and proven functional in a 50% synthetic aquifer sample. Overall, the NikR-11
sensor, fabricated with the 11-amino acid probe, is deemed the optimal design. Incorporating glycine
residues is a strategic way to lengthen the peptide slightly to improve target binding. This simple yet
versatile approach to recreating binding pockets on electrode surfaces can potentially be employed in the
design of other E-PB and surface-based metal ion sensors.

exert radiological and chemical toxicity [3]. Uranium, even the depleted

1. Introduction

In the past fifty years, uranium has become one of the world's most
important energy minerals and has been widely used in both industrial and
military activities [1,2]. Despite its importance to worldwide energy
production, it is considered an emerging contaminant. When released into
the environment, it can contaminate air, soil, and water, and has shown to
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form, has a physical half-life that exceeds 4.49 x 10° years, thus its impact
on the environment could be extremely long-lasting unless properly
remediated [4]. Acute and chronic exposure to high levels of uranium has
been linked to several adverse health effects in both humans and animals,
including renal tubular necrosis and bone malignancies [5]. Uranium
contamination has also been correlated with the level of nitrate in a recent
study. Specifically, Nolan and Weber established a link between the

amount of uranium in groundwater and nitrate contamination in the High
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Plans and Central Valley aquifers [6]. Nitrate, which originates primarily
from chemical and animal waste fertilizers, can induce oxidation and
dissolution of insoluble uranium minerals such as uraninite. To address
the issue with uranium contamination in drinking water, the United States
Environmental Protection Agency (US EPA) has established a maximum
contaminant level (MCL) for uranium of 30 pg/L (~126 nM) in drinking
water in 2003 [7]. However, the maximum contaminant level goal
(MCLG) for uranium, similar to other toxic metal contaminants such as
lead and arsenic, is O pug/L.

Because of the adverse health effects associated with acute and
chronic exposure to uranium, it is advisable to assess and routinely
monitor the amount of uranium, specifically soluble hexavalent uranium
(U(VD), in environmental water sources. To address this concern,
researchers have developed a myriad of analytical techniques and
approaches for detection of U(VI) [8-11]. Among these techniques, ICP-
MS, spectrophotometry, and time-resolved fluorometry have
demonstrated success in sensitive and accurate determination of U(VI) [8-
11]. One of the challenges of these approaches is portability, given that
many of them are not suitable for real-time, on-site analysis.
Electrochemical methods, however, have demonstrated potential to
circumvent the current shortcomings of optical detection techniques
[12,13]. Tyszczuk-Rotko et al. recently reported a U(VI) sensor fabricated
on an integrated three-electrode screen-printed system with an in-situ
plated lead film working electrode [12]. In another study, a vibrating gold
microelectrode was used for sensitive detection of U(VI). The detection
was enhanced by vibrating the microwire gold electrode, which led to an
increase in the amount of U(VI) deposited onto the electrode [13]. Despite
the recent advances and accomplishments, there is still a need to develop
detection approaches that are reagentless, reusable, and require minimal
sample processing time.

In the past decade, a class of sensors, namely folding- and dynamics-
based electrochemical biosensors, has emerged to become one of the more
promising alternatives to conventional biosensors [14-18]. These sensors
have proven to be sensitive, specific, cost-effective, and user-friendly. In
addition, many of them are fully functional in complex samples such as
serum, saliva, food and aquifer water samples [18,19]. This sensing
platform is highly versatile and has been employed for detection of
difference classes of targets, including nucleic acids, proteins, small
molecules, and metal ions [14-19]. Although many electrochemical DNA-
based (E-DNA) metal ion sensors have been reported to date, there are
substantially fewer electrochemical peptide-based (E-PB) metal ion
sensors currently available [20,21]. We previously developed an E-PB for
detection of lead (Pb(Il)) using a peptide derived from the protein E-
cadherin [22]. While it is strategic to employ peptide originating from
metal ion-binding proteins, it is of fundamental interest to further engineer
the recognition peptides and assess the effects of the modification on
target binding.

Here we report, for the first time, the use of peptide sequences
derived from a Ni(II)-dependent transcriptional repressor (NikR) in the
design and fabrication of E-PB uranyl ion (U(VI)) sensors [23]. Instead
of employing the whole protein, we designed three short peptides that
contain the five known target-binding amino acids, with the goal of
recreating the uranyl binding pocket on an electrode surface. The use of
short peptides has various advantages, including the ease of synthesis and
better control when immobilized on a surface. The results from this study
are significant as they highlight both the promises and challenges in
designing peptide recognition probes compatible with the E-PB sensing
platform.

2. Experimental

2.1. Materials

Sodium sulfate, sodium bromide, sodium phosphate, 6-mercapto-1-
hexanol (C6-OH), zinc chloride, ferric chloride, hydrochloric acid,
sulfuric acid, sodium chloride (NaCl), cobalt acetate, sodium hydroxide
(NaOH), potassium chloride (KCl), calcium chloride, magnesium
chloride, sodium bicarbonate, sodium fluoride, guanidine hydrochloride
(GHCI), sodium dodecyl sulfate (SDS), Trizma-base, and Tris-HCI] were
used as received (Sigma-Aldrich, St. Louis, MO). Fluka TraceCERT
standards for copper(Il), zinc(Il), lead(Il), cadmium(Il), manganese(1),
arsenic(Ill), and selenium(IV) were purchased from Sigma-Aldrich (St.
Louis, MO). Uranium(VI) (UO»(NOs),) standard was purchased from
Ricca Chemical Company (Arlington, TX). Deionized (DI) water purified
through a Synergy Ultrapure Water System (18.2 MQ.-cm, Millipore,
Billerica, MA) was used to make all the solutions used in this study. The
hexa-histidine peptide (His6) was purchased from Abbiotec (Escondido,
CA). The three thiolated and methylene-blue (MB) modified peptide
probes, NikR-5, NikR-11, and NikR-15, are shown below (Xaia Peptides,
Inc., Gottenborg, Sweden) and in Fig. S1. The added glycine residues are
underlined.
NikR-5 probe: (n) HS-(CH,)¢-DDSHH-K-MB (c)

The peptides were reconstituted in DI water to produce solutions of
different concentrations (NikR-5: 0.5 mM; NikR-11: 0.1 mM; NikR-15:
0.1 mM). These solutions were further diluted with a buffer to achieve
concentrations needed for sensor fabrication. The sensor interrogation
buffer was a pH 7.3 Phys2 buffer consisted of 18.4 mM Tris-HCL, 1.6 mM
Trizma-base, 140 mM NaCl, and 5 mM KCIL. The synthetic aquifer
sample contained 127.0 mg L calcium, 32.0 mg L' magnesium, 521.0
mg L' sodium, 3.0 mg L' potassium, 252.0 mg L' bicarbonate, 257.0 mg
L-1 sulfate, 12.0 mg L-1 chloride, 0.5 mg L-1 fluoride, 0.3 mg L!
bromide, and 0.01 mg L™ iodide [24].

2.2. Electrochemical measurements

All electrochemical measurements were performed with a CH
Instruments 1040A potentiostat (Austin, TX). A conventional three-
electrode cell, consisting of a 2-mm polycrystalline gold working
electrode, a platinum wire counter electrode, and an Ag/AgCl (3 M KCl)
reference electrode (CH Instruments, Austin, TX), was used. Alternating
current voltammetry (ACV) was used to characterize sensor performance
at various frequencies (1-1000 Hz) with 100 Hz being the optimal
frequency. Cyclic voltammetry (CV) was used to determine probe
coverage and characterize sensor behavior at various scan rates (1 mV/s -
1000 V/s). Details of the electrochemical measurements and procedures
can be found in the previous literature [22].

2.3. Sensor fabrication and interrogation

Electrodes were polished and cleaned prior to sensor fabrication.
Electrodes were polished with 1.0 um diamond suspension on microcloth
pads (Buehler, Lake Bluff, IL), rinsed with DI water, and placed in an
ultrasonic bath for five min. Electrodes were then electrochemically
cleaned in 0.05 M H,SO, by cycling between -0.3 V to +1.5 V (vs.
Ag/AgCl) repeatedly. The NikR-5 sensor was prepared by dropcasting 10
uL of a 1 uM peptide probe solution directly onto the gold electrode for 1
hour at 4°C, then placed in a 2 mM C6-OH solution for 17-19 hours at
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4°C. The NikR-11 and NikR-15 sensors were fabricated using the same
method, by dropcasting 10 uL of a 10 uM peptide probe solution directly
onto the gold electrode for 17-19 hours at 4°C, then placed in a 2 mM C6-
OH solution for 3 hours at 4°C.

Electrochemical characterization of all three sensors consisted of
three steps: sensor equilibration, interrogation, and regeneration. All
measurements were made at room temperature (~22 °C) and without
mechanical stirring. The sensors were rinsed with DI water after the probe
and C6-OH immobilization steps, placed in an electrochemical cell with a
Phys2 buffer, and monitored at real-time with ACV and CV. The sensors
were considered properly equilibrated when a stable MB peak current was
obtained. The probe coverage was calculated using CVs recorded at 10,
20, and 50 mV/s, according to a previously reported protocol [25]. ACVs
and CVs were recorded in a Phys2 buffer or 50% aquifer sample both
before and after the addition of U(VI). The % signal suppression (%SS)
was determined using the following equation:

%SS = [(Io - D/1o]*100
where [ is the baseline-subtracted MB peak current in a buffer without
U(VI), and [ is the baseline-subtracted MB peak current after the addition
of U(VID).

The U(VI) concentrations used to generate the calibration curve for
the two sensor were 50, 100, 250, 500, 750, 1000, 1750, 2500, and 4000
nM. The sensors were allowed to equilibrate for 60 min between each
addition of the target. The limit of detection (LOD) is the lowest target
concentration capable of producing a signal that is three times larger the
background signal [22]. Sensor regeneration was achieved by placing the
sensors in a solution containing 100 mM NaCl and 10 mM NaOH for 4
min, followed by a DI water rinse. Other than the voltammograms, all
data presented in this study are the mean (+ standard deviation) of three

independent experiments (n =3).
3. Results and discussion

3.1. E-PB U(VI) Sensor Design and Sensing Mechanism

To assess the effects of peptide sequence and length on target
binding, we designed three different probes and used them in the
fabrication of E-PB U(VI) sensors (Fig. S1). The probe designs are based
on a previous study where the researchers engineered a version of NikR
that binds specifically to U(VI) (as in UO,*) via site-specific mutation
[23]. Wegner et al. mutated both H76 and C95 to D, and V72 to S to
create a binding site that can accommodate the oxo groups and thus favors
U(VI) coordination over Ni(II) and other metal ions [23]. The shortest
peptide probe (NikR-5) contains the five amino acids (DDSHH) specific
for U(VI) binding, whereas the second peptide probe (NikR-11) has a
glycine residue in between each of the five U(VI)-binding residues
(GDGDGSGHGHG) The third peptide probe (NikR-15) has 10

a linker or extender in these peptlde probes, providing the extra flexibility
and space necessary for proper coordination of the relatively large U(VI)
ion.
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Fig. 1. Schematic representations and sensing mechanisms of the (A)
NikR-5, (B) NikR-11, and (C) NikR-15 sensors. (D) Proposed

interactions between U(VI) and the five core amino acids, DDSHH.

Similar to other E-PB sensors, the current sensors are self-assembled
monolayer (SAM)-based sensors, and the peptide probes are modified
with a 6-cabron alkanethiol linker and a MB redox label (Fig. S1) [22]. As
shown in Fig. 1A-C, all three E-PB U(VI) sensors are ‘“signal-off”
sensors. In the absence of U(VI), the MB-modified peptide probe is highly
flexible and electron transfer between the MB redox label and the
electrode surface is efficient. Upon interacting with U(VI), the peptide
probe becomes more rigid, which leads to a reduction in the MB current.
The proposed binding motif between U(VI) and the five amino acids
derived from the mutated NikR protein is shown in Fig. 1D.

3.2. Sensor characterization
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Fig. 2. ACVs of the (A) NikR-5, (B) NikR-11, and (C) NikR-15 sensors
collected at 100 Hz in the absence and presence of 4 uM U(VI), and after
sensor regeneration. (D) AC frequency-dependent %SS plots for the
NikR-5 and NikR-11 sensors.

ACYV was first employed to assess the performance of the three E-PB
sensors. Fig. 2A-C show the ACVs of the NikR-5, NikR-11, and NikR-
15 sensors obtained in a buffer in the absence and presence of 4 uM
U(VI). All three sensors responded to U(VI), with the NikR-11 sensor
showing the largest %SS (~43%). The %SS for the NikR-5 and NikR-15
sensors were ~22% and ~29%, respectively. Over 90% of the total %SS
was observed within 20 min for the NikR-5 and NikR-11 sensors, and
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~30 min for the NikR-15 sensor. This binding kinetics is comparable to
previously reported folding- and dynamics-based metal ion sensors
[19,26]. The reduction in MB current was also accompanied by a shift in
the peak potential to a slightly more positive value, presumably due to a
minor change in the solution pH upon addition of the acidic U(VI)
standard solution [27]. However, this shift could also be attributed to a
change in the interfacial pH brought on by target binding [28]. The low
%SS seen with the NikR-5 sensor can be explained; the length of the
probe is too short to enable proper interactions between U(VI) and the
coordinating groups on the five core amino acids. Although the NikR-15
sensor also responded to U(VI), the %SS was more limited when
compared to the NikR-11 sensor. This difference in sensor performance
could be partially attributed to the difference in probe coverage. E-PB and
other sensors of this class are usually rather unstable if the probe coverage
is too low [19,22,25]. The optimal probe coverages for the NikR-5 and
NikR-11 sensors were 9.7 (#3.2) x 10" and 9.9(x0.9) x 10'" molecules
cm?, respectively. For the NikR-15 sensor, the obtainable probe coverage
was 2.3(x1.9) x 10! molecules cm™. Attempts to increase the probe
coverage by increasing the probe concentration and lengthening the probe
and highly
irreproducible probe coverage, as indicated by the large standard

immobilization time were unsuccessful. The low
deviation, is likely the reason behind the lower %SS and sensor instability
[19,22,25,29]. Clustering of the immobilized peptides could also affect the
ability of individual peptide probe to interact with U(VI).

All three sensors were further tested for their ability to be regenerated.
For the NikR-11 sensor, the % signal recovery was ~90%, similar to that
obtained for the NikR-5 sensor (~88%). The difference in signal recovery
between the two sensors could be related to monolayer quality and
stability, in which the NikR-11 sensor was found to be the more stable
sensor. The % signal recovery for the NikR-15 sensor was ~79%, the
lowest among the three sensors. It is worth noting that the NikR-15
monolayer was rather unstable; the MB signal was changing even in the
absence of U(VI), and in some cases, the change in the MB signal can
reach 23% within 2 hours (Fig. S2). Owing to the probe coverage
irreproducibility and insufficient SAM stability, no further experiments
were performed with the NikR-15 probe. Although we could not
thoroughly assess its binding affinity for U(VI), these results support our
claim that long and/or hydrophobic peptide sequences are not compatible
with the E-PB sensing platform. Based on the response to U(VI), the
NikR-11 sensor, fabricated with the 11-amino acid probe, is deemed the
optimal design. Incorporating a single glycine residue in between each of
the five U(VI)-binding amino acids has demonstrated to be a strategic way
to extend the peptide, providing adequate space for optimal coordination
with U(VD).

The rest of the study was focused on the two remaining functional
sensors: NikR-5 and NikR-11. It is known that the %SS observed with
this class of folding- and dynamics-based sensors is inherently dependent
on the applied AC frequency [29-31], thus it was necessary to optimize
the sensor performance by identifying the optimal frequency for each of
the sensors. Shown in Fig. S3 are the MB currents recorded in the absence
and presence of U(VI) for both sensors. For the NikR-5 sensor, in the
absence of U(VI), the MB current increased with increasing frequency
between 1 and 500 Hz, but decreased at frequencies higher than 750 Hz.
A similar trend was evident after the addition of U(VI), despite the lower
total current. For the NikR-11 sensor, the MB current increased with
frequency between 1 and 300 Hz and decreased at frequencies higher than
300 Hz in the absence of U(VI). A similar trend was also observed after

target binding, but the current plateaued at a slightly lower frequency

(~200 Hz), alluding to a change in the electron transfer kinetics [30,31].
The %SS can be determined from these currents, and the optimal
frequency range for each sensor can be easily identified (Fig. 2D). The
NikR-5 sensor responded optimally to U(VI) between 300 and 1000 Hz,
whereas the NikR-11 sensor showed the largest %SS between 200 and
750 Hz. Despite the larger obtainable %SS at higher frequencies, 100 Hz
was considered the optimal frequency for both sensors because of lower
baseline noise.

Both sensors were also characterized using CV, and the
corresponding voltammograms are shown in Fig. S4. Overall, the results
are consistent with those obtained in ACV, with the NikR-11 sensor
showing a larger %SS in the presence of U(VI). At a scan rate of 200 Vs
and by analyzing the change in the cathodic peak currents, the %SS were
found to be ~27% and ~35% for the NikR-5 and NikR-11 sensors,
respectively. The %SS were not significantly different if the anodic peak
currents were analyzed. The change in the MB current was also
accompanied by a shift in the peak potential. The scan rate-dependent MB
currents, both in the absence and presence of U(VI), were monitored to
determine the optimal scan rate for target detection (Fig. S5). For both
sensors, the MB current increased with increasing scan rate up to 1000 Vs
!, Higher scan rates were not used because of the large
capacitive/background current, which precludes accurate determination of
the peak current and %SS. Similar to other E-PB sensors, the response of
these sensors was dependent on the scan rate, with the NikR-5 sensor
showing higher %SS at scan rates between 50 and 200 Vs'. For the
NikR-11 sensor, the highest %SS was observed at 5 Vs'. However, 200
Vs was considered the optimal scan rate for both sensors, owing to the
better voltammetric wave shape that enables easy interpretation of the
change in the MB current. Although CV has demonstrated to be a good
technique for sensor interrogation, ACV peaks are more well-defined and
thus better suited for target quantification. ACV, instead of CV, was thus
used for the rest of the study.

3.3. Sensor sensitivity, limit of detection, and reusability
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Fig. 3. Calibration curves for the (A) NikR-5 and (B) NikR-11 sensors in
a Phys2 buffer. Shown in the insets are the ACVs recorded at 100 Hz in
the absence and presence of various concentrations of U(VI).

To determine both sensor sensitivity and LOD, we obtained
calibration curves for the NikR-5 and NikR-11 sensors in ACV. Both
sensors responded to U(VI) in a concentration-dependent manner, but the
NikR-11 sensor showed higher %SS at all target concentrations in
comparison to the NikR-5 sensor (Fig. 3). The extent of signal change
was also accompanied by a slight shift in the MB peak potential, as shown
in the ACVs in the insets of Fig. 3. Despite the differences in sensitivity
and %SS, the LOD for both sensors was 50 nM, more than two times
lower than the EPA MCL for U(VI) (126 nM). This LOD is clearly lower
than those obtained from several optical detection techniques [32-34]. The
dynamic range was the same for both sensors (50-4000 nM); however,
signal saturation could not be attained for the NikR-5 sensor within the
concentration range. Higher concentrations of U(VI) were not used
because of the buffer’s inability to handle a larger volume of the acidic
standard solution. The two calibration curves were also fitted to a one-site
binding model, and the dissociation constants (Kq) were estimated to be
986(£244) and 556(£82) nM for the NikR-5 and NikR-11 sensors,
respectively (Fig. S6). For the NikR-5 sensor, the larger error bar is likely
due to the less than optimal fit, which could be, in part, attributed to the
presence of different classes of binding sites on the sensor surface.

Although both NikR-5 and NikR-11 sensors were shown to be
regenerable (Fig. 1A,B), it was necessary to test if they can be reused.
Shown in Fig. 4 are the interrogation-regeneration plots for both sensors.
As can be seen, they can be reused for two more times, but with slightly
lower %SS in subsequent uses. It is also noticeable that the sensors cannot
be fully regenerated after every use. The loss of MB signal is, in part, due
to the inability to remove all the bound U(VI), but it could also be
attributed to the loss of MB-modified peptide probes during the sensor
regeneration process. However, the current sensor regeneration method is
considered superior since NaOH facilitates the precipitation of U(VI)
[35,36]. Other regeneration reagents such as 8 M GHCI and 10% SDS
were incapable of removing most of the bound target, in addition to
causing instability in the monolayer.
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Fig. 4. Sensor interrogation-regeneration plots for the (A) NikR-5 and
(B) NikR-11 sensors in a Phys2 buffer. The concentration of U(VI) was 4
uM.

3.4. Sensor specificity and selectivity
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Fig. 5. The NikR-5 and NikR-11 sensors’ responses to nine different
metal ions and U(VI). These results were obtained in ACV at 100 Hz, and

the concentration of each metal ion was 4 uM.

Both NikR-5 and NikR-11 sensors were tested against nine different
metal ions, including Mg(I), Ca(l), Mn(II), Pb(l), CddI), AsdII),
AI(III), Fe(III), and Se(IV). The sensors’ responses to these metal ions and
U(VI) are illustrated in Fig. 5, and the corresponding ACVs are included
in the Supporting Information section as Fig. S7 and S8. The NikR-5
sensor responded minimally to all nine metal ions, but its response to
UV) was also quite low, especially when compared to the NikR-11
sensor. In addition to the above nine metal ions, we tested the sensors with
several other divalent cations, namely Co(Il), Cu(Il), Zn(II), and Ni(II).
Both sensors did respond to all of them; however, their interferences were
significantly diminished in the presence of a binding ligand, His6 (Fig.
S9, S10) [39]. The cross-reactivity with Ni(Il) can be explained by the
similarity between the triple mutant peptide, DDSHH, and the original
Ni(Il) recognition sequence, HCVHH, that is found in the non-mutated
NikR [23]. The two histidine residues can interact with Ni(II), thereby
altering the flexibility of the peptide, albeit to a lesser degree when
compared to U(VI) [37,38]. Similar to Ni(II), Co(II), Cu(II), and Zn(II)
are also known to interact with histidine, but in this case, their effects
were lessened in the presence of His6. It is worth noting that the addition
of His6 had minimal effects on the interactions between U(VI) and the
peptides (Fig. S11). His6 is thus a suitable binding ligand for both NikR-5
and NikR-11 sensors. Overall, both sensors have demonstrated specificity
for U(VI), although a binding ligand might be needed under some
experimental conditions. The NikR-5 sensor appears to be more specific
for U(VI) when compared to the NikR-11 sensor. For this sensor, the
short peptide length not only hinders the binding of U(VI) but also other

metal ions.
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Fig. 6. ACVs of the (A) NikR-5 and (B) NikR-11 sensors in a 50%
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after sensor regeneration.
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To address whether these two sensors are suitable for real world
applications, we tested their responses to U(VI) in a complex
environmental sample where uranium is commonly found [6,40]. Shown
in Fig. 6 are the ACVs of the sensors recorded in a 50% synthetic aquifer
sample in the absence and presence of U(VI). The synthetic aquifer
sample was prepared based on the specific ions found in the South Dakota
Minnelusa aquifer [24]. The sample was further diluted with a Phys2
buffer in a 1:1 ratio prior to the analysis. In the 50% aquifer sample, the
%SS obtained for the NikR-5 and NikR-11 sensors were ~14 % and 34%,
respectively. These values are somewhat lower than those obtained in a
pure buffer. The recovery rate of the added U(VI) was ~82% for the
NikR-5 sensor and 79% for the NikR-11 sensor. The inability to achieve
a recovery rate of 100% could be due to the presence of bicarbonate that is
known to complex U(VI), thereby reducing the availability of
uncomplexed U(VI) in the solution that can interact with the peptide
probes [41,42]. Another possible reason behind this is the difference in
ionic strength and pH between the 50% aquifer sample and the Phys2
buffer. The ionic strength and pH of the buffer could affect the
interactions between the immobilized peptide probes and U(VI) [43].
Possible solutions to this issue include re-adjusting the pH and ionic
strength of the diluted sample. Previous research has shown that the
effects of bicarbonate can be minimized by adjusting the solution pH to
pH 5 [41]. These possibilities are currently being investigated in the lab.
Despite the more limited response to U(VI) in the diluted aquifer sample,
both sensors were regenerable, with MB signal recovery rates higher than
those achievable in a pure buffer. While further analysis is needed to fully
elucidate the reasons behind these results and optimize the sensors’
performance, we have clearly demonstrated the use of these two sensors in
a complex environmental sample. In terms of the overall performance,
both sensors fare well against other previously developed U(VI) sensors
and detection methods (Table S1).

4. Conclusions

We have successfully designed three peptide probes based on a
previously known U(VI) binding motif found in a mutated version of
NikR. All three sensors are capable of recognizing U(VI), with the NikR-
11 sensor showing the largest response to U(VI). The NikR-5 sensor,
while functional, is not an ideal design because of the short peptide probe
length, which fails to provide sufficient space for proper coordination
between the amino acids and U(VI). The NikR-15 sensor is not suitable
for use as an E-PB sensor because of probe coverage irreproducibility and
monolayer instability. Both NikR-5 and NikR-11 sensors have
demonstrated to be sensitive, with a LOD that is lower than the EPA MCL
for U(VI). Despite its limited response to U(VI), the NikR-5 sensor is the
more specific sensor when compared to the NikR-11 sensor. Both sensors
can be regenerated and employed directly in a 50% synthetic aquifer
sample. In summary, this study documents, for the first time, the
engineering of a metal ion binding pocket on an electrode surface using
specific amino acids found in a metal ion-binding protein. This approach
is versatile and can potentially be used in the design of new metal ion-
specific peptides from known metal ion-binding proteins, further
diversifying the types of peptides that can be employed with the E-PB

sensing platform.
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