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ABSTRACT: Unequivocally, Pb** as a harmful substance damaging Pb?*-selective NE NI-SEE
children’s brain and nerve systems, thereby causing behavior and learning L he f"’" S

disabilities, should be detected much lower than the elevated blood lead for N e < Q(C)
children, 240 nM, endorsed by US CDC considering the unknown i . & =
neurotoxic effects, yet the ultralow detection limit up to sub-ppb level 7B Pn= —-
remains a challenge due to the intrinsically insufficient sensitivity in the ChE,, = 3‘;’
current analytical techniques. Here, we present nanoemulsion (NE)- “ 2 \NI-SEE ‘ 4rrygF
integrated single-entity electrochemistry (NI-SEE) toward ultrasensitive T i
sensing of blood lead using Pb-ion-selective ionophores inside a NE, i.e., . 5 J
Pb**-selective NE. Through the high thermodynamic selectivity between g < o/
Pb** and Pb—ionophore IV, and the extremely large partition coefficient for Bioad 3 -

|

the Pb>*—Pb—ionophore complex inside NEs, we modulate the selectivity o
109Ceuz:, orm (M

and sensitivity of NI-SEE for Pb*>" sensing up to an unprecedentedly low
detection limit, 20 ppt in aqueous solutions, and lower limit of quantitation,
40 ppb in blood serums. This observation is supported by molecular dynamics simulations, which clearly corroborate intermolecular
interactions, e.g., H-bonding and 7*—n, between the aromatic rings of Pb—ionophore and lone pair electrons of oxygen in dioctyl
sebacate (DOS), plasticizers of NEs, subsequently enhancing the current intensity in NI-SEE. Moreover, the highly sensitive sensing
of Pb*" is enabled by the appropriate suppression of hydroxyl radical formation during NI-SEE under a cathodic potential applied to
a Pt electrode. Overall, the experimentally demonstrated NI-SEE approach and the results position our new sensing technology as
potential sensors for practical environmental and biomedical applications as well as a platform to interrogate the stoichiometry of
target ion—ionophore recognition inside a NE as nanoreactors.

H INTRODUCTION defined. A lower EBL, however, is anticipated, as no threshold
Sensing toxic small molecules at an ultralow limit of detection of blogd lead has been established considering the neurotoxic
(LOD) is of great importance, as their exposure under out-of- effect.

control conditions, even at a very low concentration, may lead Traditional approaches for blood lead sensing include
to extensive perils to human health. Especially, the urgent need electrochemical methods, e.g, anodic stripping voltammetry
for the ultrasensitive detection of blood lead is broadly (ASV);l atomic absorption spectroscopy (AAS),Q and
significant, since lead exposure to human is responsible for inductively coupled plasma mass spectrometry (ICP-MS)."’

143,000 annual deaths and 0.6% of the global burden of Despite the remarkable LODs of ICP-MS (0.5—2 ppb)'"'"
disease.'™ Childhood lead exposure under the age of S is and graphite furnace AAS (10 ppb),13 small sample size, and

particularly risky, since lead can adversely affect and slow down reasonable analysis time, the high cost of instrumentation and
the development of body, brain, and metabolism.* In fact, lead running as well as the high level of operator’s skill limits their
exposure in childhood causes annually c.a. 600,000 of new broad access and applicability. LeadCare II based on ASV has
cases for children with intellectual disabilities, thereby leading been commercially available at low cost and utilized to perform

to behavior and learning disabilities, hearing problems,
headaches, and delayed growth.* Emotional and anxiety
problems can signiﬁcantly rise even at a small increase in the
blood lead level.” Accordingly, the evaluation of elevated blood
lead (EBL) and the efforts to reduce children’s lead exposure )
have been a long-standing concern for public health. Recently, Revised:  January 17, 2024
the Centers for Disease Control and Prevention (CDC) has AccePted: January 17, 2024
lowered the definition of EBL from 60 to S ug/dL (i.e. SO Published: January 31, 2024
ppb),%” close to the LOD of 3.3 ug/dL of the clinically utilized

sensor, LeadCare II, whereas no safe level of lead has been

blood lead measurements in the range of 3.3—65 ug/dL at a
point of care with a rapid analysis time in less than 5 min." It,
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Figure 1. (A) Schematic illustrations of major components, surfactants (Pluronic F-127), cation exchanger (KTFPB), Pb** ionophore IV, and
dioctyl sebacate oil (DOS) for a Pb**-selective NE and the hypothesized structure of a NE. (B) Scheme of SEE measurements using Pb**-selective
NE:s to selectively separate/preconcentrate Pb>* from water (or aqueous sample solutions) to NEs with an exchange of K* and electrochemically
sense preconcentrated Pb*" by reduction (E,.q = —0.4 V vs Pt QRE) upon the collision of a NE onto a Pt UME.

however, is barely sensitive to detecting even lower EBL, thus
being limited for future applications. Another electrochemical
approach is potentiometric-ion-selective electrodes (ISEs)
utilizing a Plasticized polymer membrane doped with
ionophore.'*"® The analyte ion—ionophore complexation in
the membrane develops an equilibrium phase boundary
potential across the membrane/sample solution interface
showing the logarithmic dependence on analyte ion activity
or concentration. Highly sensitive ISEs with nano-picomolar
Pb>* LOD have been developed for drinking water, while
limitations have remained in response time and direct
measurements in blood.'*'” Seriously, slow and concentra-
tion-dependent response time varying 2—S50 min was exhibited
due to the slow and concentration-dependent ion-exchange
process at the macroscopic interface of membrane/water.'®
Unpredictable concentration of the unknown sample disables
the concentration-dependent adjustment of the response time.
Furthermore, the given membrane-sandwiched system cannot
reach true equilibrium, thus challenging the accuracy and
precision in measurements.

Recently, we have explored nanoemulsion (NE)-integrated
single-entity electrochemistry (NI-SEE) as sensors for ultra-
trace level analysis with sub ppb level of LOD as a result of
high sensitivity and fast response under true equilibrium owing
to the unprecedentedly high preconcentration factor and
effective mass transport, respectively.'””® The rapid mass
transport of analytes to NEs enabled fast and true equilibrium
in the NE system due to the small size of NEs, thereby leading
to high accuracy and precision as well as in situ real-time SEE
measurements.”” SEE is a modern electrochemical technique,
where a change in current or potential is measured upon an
individual collision of nanosized features onto a micro- or
nanosized electrode.”’ Broadly, SEE has been employed for
polydisperse nano—micro emulsions or nanoparticles to
discretely study variations in their size or electrocatalytic
activities, respectively.”’ Contrarily, we introduced highly
monodisperse NEs to SEE and opened up unique applications
of SEE to explore the fundamental understanding of the NE
system such as the NE interfacial structure®” and the in situ
determination of a partition coefficient at individual intact
NEs.”” Moreover, analytical processes using the SEE and
monodisperse NEs could be innovatively advanced with high
sensitivity, rapidity, miniaturization, and easy accessibility with
reasonable costs as well as high precision and accuracy.'”

Further, the modularity of the NE system by incorporating
chemical functionalities offers the ability to decorate the
selectivity of NEs, governing molecular-level interactions
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between the target analytes and a NE, affording selective
sensing toward certain analytes. Deliberately, it is straightfor-
ward to design and synthesize NEs for discerning the
recognition of leads in blood through interactions between
Pb** and Pb**-selective ionophores. Hence, we investigated
intriguing ion-selective NEs by combining SEE that offers a
highly discriminative sensing behavior for lead with an ultralow
LOD. The rugged NE system can afford direct measurements
of blood samples with negligible biofouling as well. Here, we
successfully demonstrated Pb**-selective NI-SEE for blood
lead sensing and quantification, where the ultralow LOD and
lower limit of quantitation (LOQ) could be achieved at 20 ppt
level in aqueous sample solutions and at sub-ppb level in the
blood serums, respectively. We synthesized highly mono-
disperse Pb*'-selective NEs by incorporating thioamide
derivative with the calixarene group of ionophore, ie., tert-
butylcalix[4]arene-tetrakis(N,N-dimethylthioacetamide)
(aka., Pb* ionophore IV), exhibiting both high affinity
toward lead(II) cations (log f, > 15.0)* and high selectivity

with no major interfering ions (logKIfbgi’ e < —3.0)24 (Figure

1A). The resulting NEs are used as Pb**-selective nano-
extractors and combined with SEE to effectively separate,
extract Pb** from aqueous sample solution, preconcentrate it
to NEs, and detect Pb>" in situ via electrochemical reduction
(Figure 1B). For sensitive and reproducible analysis, the
fundamental design of a sensing system needs to be optimized:
(1) In SEE measurements, electrochemical reduction of Pb**
in a NE should be efficiently facilitated inside a NE, (2) the
hydroxyl radical formation under a cathodic potential applied
to a Pt ultramicroelectrode (UME) should be suppressed
because hydroxyl radicals deteriorate/rupture NEs, induce a
leakage of Pb** from NEs, and subsequently disable Pb**
sensing during SEE, (3) a large partition coefficient of Pb**—
Pb** ionophore IV at an intact NE is required to accommodate
an extremely high preconcentration of Pb*" in a NE, thus
enabling a high sensitivity in SEE. Under the optimized system,
ultrasensitive Pb*>" detection with Pb**-selective NI-SEE could
be achieved in aqueous sample solutions containing Pb**
ranging from 100 pM to 10 uM in the presence of various
concentrations of NEs at 80 fM—8 pM. We constructed a
calibration curve by plotting charge densities at single NEs
determined from a series of SEE measured in standard aqueous
sample solutions versus total Pb** concentrations and validated
the analytical utility of Pb**-selective NI-SEE by accurately
determining Pb** in blood serums throughout spiked blood
sample tests. Markedly, the application of Pb**-selective NEs

https://doi.org/10.1021/acs.langmuir.3c03138
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Figure 2. (A) Schematic illustration of (left) the electron transfer reaction (i.e,, Pb** reduction) coupled with ion transfer reactions (i.e, TBA*
ingress) in NE during the SEE; (right) DOS-filled nanopipet-supported ITIES mimicking a NE for the nanopipet voltammetry of TBA* ion transfer
reaction. (B) Nanopipet voltammograms of TBA" ion transfer in the presence of 1 mM TBANO; in the aqueous solution. The scan rate is at 25

mV/s.

and SEE exhibited unprecedentedly low LOD at a few 10 ppt
in aqueous samples and also successful utilization in direct
blood measurements with sub-ppb level of Pb** with a
negligible matrix effect.

B RESULTS AND DISCUSSION

Fundamental Design of Pb?*-Selective Electrochem-
ical Sensing. lon Transfer-Facilitated Electrochemical
Reduction of Pb** Inside NEs. Strongly hydrophilic Pb*
cannot be transported across the NE interface either
spontaneously or even in the affordable potential window. It
is the complex formation between the Pb**-selective ionophore
and Pb** that makes Pb** transfer across the NE interface
possible. Accordingly, Pb*"-selective NEs are introduced to
extract and partition Pb** from aqueous solutions into NEs for
electrochemical sensing.

The partitioning of Pb** into a NE additionally requires an
ion exchange with a cation, e.g, K" from a KTFPB cation
exchanger existing in a NE for electroneutrality (Figure 1B).
K" ion transfer from a NE to aqueous phase should be
thermodynamically favorable since K' is highly hydrophilic.
The resulting Pb*" partitioned in a NE can be electrochemi-
cally sensed by its reduction upon the collision of a NE onto a
Pt UME under a cathodic potential (Figure 1B). To fully and
steadily accommodate the electrochemical reduction of Pb*" in
a NE until their complete electrolysis, appropriate ion-transfer
reaction should be coupled with the reduction of Pb** inside a
NE, which can maintain the electroneutrality in a NE.*”
Specifically, the steady reduction of Pb** to Pb° consumes
positive charges in a NE, thus demanding additional cations
transferred from the aqueous phase to a NE for electro-
neutrality. Hence, TBA"™-NO;~ is selected for not only
supporting electrolytes in the aqueous bulk solution but also
coupled ion transfer to facilitate the electron transfer reaction
of Pb** reduction. Importantly, facile TBA* ion transfer should
be considered to exclude the possibility that a coupled ion
transfer is the limiting factor in the overall electrochemical
sensing.

Herein, we utilized a nanopipet-supported interface between
two immiscible electrolyte solutions (ITIES), and we
experimentally proved that TBA® ion transfer across the NE
interface is more facile than the electrochemical reduction of
Pb**. A nanopipet was filled with supporting electrolytes
(TDDA™TFPB*) and DOS solvent, same as the plasticizers of
NEs, and immersed in the aqueous solution containing
TBANO,, thereby mimicking the NE interface (Figure 2A).
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Under the given conditions, the organic phase in the nanopipet
represents the body of NEs, where the ingress of cations, TBA*
from aqueous bulk solution across ITIES, was studied by
nanopipet voltammetry with sweeping potential toward the
negative direction. The resulting voltammograms of 1 mM
TBA" are shown in Figure 2B. Since TBA' is a fairly
hydrophobic cation, the voltammogram of TBA" ion transfer
appears at less negative potentials with E,;,, = —0.38 V versus
Pt QRE, implzring a facile ion transfer from aqueous to the
organic phase. S Accordingly, more than half of the diffusion-
controlled currents is acquired for TBA" ion transfer at —0.4 V
versus Pt QRE, where the electrochemical sensing of Pb**
reduction is conducted (see the Supporting Information (SI)
and Figure S1). —0.4 V versus Pt QRE is nearly close to the
onset potential for Pb** electrochemical reduction in the
organic solution, e.g, inside a NE, thereby kinetically
controlling Pb>" reduction, whereas facile TBA* ion transfer
is achieved across the NE interface. Strategically, we chose
—0.4 V versus Pt QRE, a less negative potential for Pb**
sensing, to suppress the extensive formation of hydroxyl
radicals during SEE measurements. More details about radical
formation and its suppression are discussed in the next section.
Overall, electrochemical reduction of Pb>* inside a NE is not
limited by the interfacial ion transfer of TBA* but facilitated
while retaining the electroneutrality in a NE during SEE
measurements.

Scavenging OH Radicals for the Sensitive Detection of
Pb?*in Intact NEs. At a cathodic potential, —0.4 V or more
negative versus Pt QRE, Pb*" partitioned to NEs undergoes
electrochemical reduction upon the collision of a NE onto a Pt
UME, while O, in the aqueous solution can be reduced at a Pt
UME as well in the aerobic condition. In this given condition,
we could not observe any distinctive current spikes caused by
the reduction of Pb** inside NEs during SEE measurements.
We suspect that the oxygen reduction reaction (ORR) at the
Pt surface leads to the concurrent production of reactive
oxygen species (ROS) such as hydroxyl (HO") radicals.*® This
reactive radical attacks most of the organic molecules
nonselectively due to the high oxidizing power.”® In fact,
HO' radical production is thermodynamically plausible at the
reduction ;)otential of O, at neutral pH (E° = +0.39 V vs NHE
at pH 7)*” as below

0, + 2H" + 3¢ —» HO + OH" (1)

HO' is able to react with the organic solvent via H abstraction
or addition of hydrocarbons, thereby leading to secondary

https://doi.org/10.1021/acs.langmuir.3c03138
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Figure 3. (A) Schematic view of hydroxyl radical (HO') formation under a cathodic potential (E = —0.40 V vs Pt QRE) applied to a Pt UME and
the subsequently induced degradation or rupture of NEs causing the leakage of preconcentrated Pb** from a NE, which leads to a highly diluted
concentration of Pb** in the proximity of a Pt UME and no detectable current signals during SEE measurements. (B) I—t curves during SEE
measurements without HO' radical scavengers in the aqueous bulk solution containing 10 uM Pb(NO;), and 8 pM Pb**-selective NEs. (C) I—¢
curves during SEE measurements with HO' radical scavengers, S mM of (NH,),SOj; in the aqueous bulk solution containing 10 uM Pb(NOs),, and

8 pM Pb**-selective NEs.

radicals such as carbon radicals that could also start chain
. 26,28-30
reactions.

OH + RH — K + H,0 @)

Previously, Hapiot and co-workers also reported the
degradation of an organic layer by HO' radicals electrochemi-
cally generated at neutral pH, where tip-generated HO' radicals
enabled surface micropatterning on the organic lagfer-coated
substrate by scanning electrochemical microscopy.”

Accordingly, we envisage a scenario where HO' radical
production by ORR at a Pt UME could induce degradation or
damages on NEs near the surface of a Pt UME and finally
rupture them, where the surfactants of Pluronic F-127 and
DOS are susceptible to the reaction with HO' radicals (Figure
3A). The resultant leakage of Pb** from a ruptured NE yields a
highly diluted concentration of Pb** in the proximity of a Pt
UME, thereby hampering detectable current signals during
SEE (Figure 3B). This speculation strongly implies that the
appropriate suppression of HO' radical formation at the surface
of a Pt UME under a cathodic potential should be needed to
protect the intactness of NEs upon their collisions onto a Pt
UME and to attain the highly sensitive sensing of Pb**
partitioned to NEs during SEE measurements. Although O,
in aqueous solution can be removed by N, gas purging, gas
purging technically interrupts sensitive SEE measurements due
to the burst of NEs induced by a direct contact with air
bubbles as well as high noise level in current responses.

Sulfite anion (SO;>7) is a well-known scavenger of HO®
radical production owing to its mild oxidizing power.’"** The
reaction of SO;*~ with HO' radical produces sulfite radical,
SO, 7, as below’’

SO;” + HO — SO; + OH~ 3)

Subsequently, the decay of SO;™ due to the self-reaction
occurs as

280; — S,0; or SO; + SO3~ (4)

In addition, SO;™ can be electrochemically reduced at a Pt
UME*

SO; +e” — SO;  E=0.63VatpH > 7 (5)
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Based on all relevant reactions concomitantly occurring near
a Pt UME at a cathodic potential (—0.4 V vs Pt QRE), catalytic
HO' radical scavenging by SO;>” can be considered in SEE for
a highly sensitive detection of Pb*" with retaining intact NEs.
Due to the catalytic property of SO,*~ scavenging reaction,
even a small concentration of SO;*~ (~1 mM) is sufficient to
provide a quantitative formation of SO;~, where SO;*~ can be
steadily replenished by either a decay reaction or electro-
chemical reduction of SO;~ under our experimental setup.”
Thereby, ca. S mM of (NH,),SO; is introduced to suppress
the formation of HO' radicals at a Pt UME in SEE.

As shown in Figure 3C, a series of distinctly sharp current
spikes are observed upon the collision of NEs onto a Pt UME
during SEE measurements in the presence of 5 mM
(NH,),SO; and 2 mM TBANO; with 10 uM Pb(NO,), in
aqueous solution, whereas no current spikes are seen without 5
mM (NH,),SO; (Figure 3B). This clear contrast in SEE data
confirms that the successful suppression of HO' radical
formation enables us to maintain the intactness of NEs,
preserve Pb** partitioned/preconcentrated inside a NE, and
yield measurable current signals from Pb*" reduction upon the
collision of an individual NE onto a Pt UME.

Large Partition Coefficient of Pb**—Pb lonophore IV at an
Intact NE Corroborated by Molecular Dynamics Simulation.
To attain an ultralow detection of Pb** in blood using Pb**-
selective NI-SEE, the effective separation of Pb*" from the
sample to a NE and the significant preconcentration via
extraction are required. Particularly, the efficient extraction of
Pb** relies on the large partition coefficient of Pb**—Pb
ionophore IV at an intact NE as a key component for the
highly sensitive detection of Pb*". Previously, we revealed that
the extremely large partition coefficient of aromatic com-
pounds inside an intact NE is attributed to the intermolecular
interactions via noncovalent bonding, ie., H-bonding and
n—n* between a NE inner component, DOS, and aromatic
compound.”® For example, the partition coefficient of 2-
aminobiphenyl (2-ABP) in an intact NE filled with DOS is
enhanced up to 10 orders of magnitude compared to the bulk
phase determined by SEE measurements as well as molecular
dynamics (MD) simulations.”’

https://doi.org/10.1021/acs.langmuir.3c03138
Langmuir 2024, 40, 3004—3014
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Hereby, the intermolecular interaction between Pb**—Pb
ionophore IV and DOS inside the NE was studied by MD
simulations. A stabilized conformer of 1 Pb**, 1 Pb ionophore
IV, and 1 DOS exhibits a complex of Pb*" ion and Pb
ionophore IV with 1:1 stoichiometry embraced by DOS, where
two oxygens in the ester group of DOS and the adjacent two
aromatic rings in calixarene of lead ionophore IV locate within
3.3—3.9 A, thus interacting via noncovalent bonding of n—z*
between DOS and the aromatic ring (green solid lines in
Figure 4A or green/pink solid lines in Figure 4B). The

(A) (B)

Pb?* lonophore

Pb?*
lonophore

Figure 4. Geometry-optimized structures of (A) 1 Pb*, 1 Pb—
ionophore IV, and 1 DOS and (B) 1 Pb**, 1 Pb—ionophore IV, and 2
DOS. The interactions between the lone pair (O in DOS) and the 7
system of aromatic rings (Pb—ionophore IV) are depicted with green
and pink solid lines. Hydrogen bondings are represented with green
and blue dotted lines.

significance of the lone pair—7 interaction (or referred to as
n—r*) has been noted as attractive and moderately strong,
with the energy level up to —94.5 kJ/mol>** In the
condensed phase like a NE, van der Waals interaction accounts
for additional stabilization within the adsorption domain
compared to the bulk phase as well.**® Moreover, H bonding
is formed between the hydrogen of the alkyl group in DOS and
the aromatic ring of Pb*>" ionophore IV as the H-bond
acceptor’’ (green dotted line in Figure 4A). Considering the
collective behavior at various ratios between Pb ionophore IV
and DOS molecules inside a NE, the resulting conformers of
Pb**, Pb ionophore IV, and DOS exhibited large stabilization
with AG® < —0.3 GJ/mol throughout various intermolecular
interactions (Figure 4). Resultantly, multiple forms of
intermolecular interactions could stabilize Pb**—Pb ionophore
IV inside a NE, thereby contributing to the large partition
coefficient of Pb**—Pb ionophore IV at an intact NE.

Notably, the large formal complex formation constant, log
B,, for Pb ionophore IV and Pb*>" with a strong 1:1 complex
was reported as 15.2—15.9, determined in the DOS organic
membrane phase by potentiometric methods.”® This /3, being
higher by 6 orders of magnitude than that of K" with
valinomycin represents not only the high stability of the
complex™ but also a high selectivity with nearly no major
interfering ions.”* The inherently large formation constant for
Pb ionophore IV and Pb*' along with the additional
intermolecular interactions of Pb ionophore IV inside a NE
leads to the effective extraction of Pb** from the aqueous
sample solution into a Pb**-selective NE, which enables to
sufficiently preconcentrate Pb** into a NE and amplify the
electrochemical signals, i.e., cathodic currents of Pb** for the
highly sensitive measurements in SEE.

It should be noted that the extracted amount of Pb*" in NEs
is governed by not only the partition coefficient of Pb
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ionophore IV and f, but also the amount of a cation
exchanger, KTFPB, inside a NE as the limiting reagent in the
present system. Due to the complexity under multiple
governing factors, the partition coefficient of Pb ionophore
IV cannot be accurately determined as before. We, however,
approximately estimated the partition coefficient of Pb
ionophore IV at an intact NE as ca. 9 orders of magnitude
under the condition of Pb** as a sole limiting factor among a
series of SEE experiments (see SI and Figure S11). Markedly,
this large partition coefficient of Pb ionophore IV at a NE is
consistent with the predicted MD simulation results and close
to one for 2-ABP at an intact NE studied before.”

Ultrasensitive Pb** Detection with Pb”*-Selective NE-
Integrated Single-Entity Electrochemistry. As schematically
illustrated in Figure 1B, SEE was performed, where a Pt UME
applied with a constant potential at —0.4 V versus Pt QRE was
immersed in the aqueous solution containing Pb** at
concentrations lower than 10 M, HO' radical scavenger (5
mM (NH,),SO;), supporting electrolytes (2 mM TBANO,),
and freshly prepared NEs embedded with Pb** ionophore IV.
This aqueous solution was vortexed for 15 min right after
adding NEs to ensure that the system was under equilibrium as
well as homogeneous mixing. In order to realize real-time
measurements, the efficient and rapid extraction of Pb** into
Pb>*-selective NEs is crucial. In this case, a short loading time
is anticipated from the high diffusional flux of Pb** to a NE
owing to the efficient three-dimensional mass transfer of Pb**
to the small dimension of NEs. For example, a diffusional flux
of Pb** to the surface of a NE under a steady state is written
below™®

prz+-cpbz+.

mnaq
(6)

are the diffusion coeflicient and

™NE

where Dpp+ and Cpptip,g

concentration of Pb** in the aqueous solution, respectively,
and ryg is the radius of a NE. From this flux, with the
assumption of the instantaneous partitioning and extraction of
Pb** at the interface between NE and solution, the diffusion-
limited loading time for aqueous Pb*>* to a NE, 7, can be
estimated by®

2
;= "NECLin NE
3DPb2+~ CPb“’

inaq

(7)

where Cp ;, g is the ionophore concentration in a NE or a
filling capacity of a NE for Pb** extracted from aqueous
solution. The amount of Pb ionophore IV inside a NE is
concentrated to 2.20 M with a cation exchanger, KTFPB, at
1.73 M, considering ~2600-fold of the preconcentration
factor.”” As divalent Pb** exchanges with two of K* during
extraction into a NE, the maximum filling capacity (C ﬁlhng)
of each NE for Pb*>" would be 0.865 M, considering the cation
exchanger, KTFPB, as a limiting reagent. With Dyp+ = 9.39 X
107% cm?/s*® and 20 nm radius of a NE, 0.25 uM—-2.5 nM
range of Pb** in aqueous solution in the presence of 8 pM—80
fM NEs can be accumulated into each NE to yield 0.865 M
Pb>* in a NE in 480 ms—48 s, respectively, where the
formation of 1:1 Pb—ionophore complex is considered.”***
The expected loading times would be rapid enough to perform
real-time SEE measurements under true equilibrium, thereby
enabling in situ separation, preconcentration, and detection of
Pb*" from the aqueous sample.

https://doi.org/10.1021/acs.langmuir.3c03138
Langmuir 2024, 40, 3004—3014
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Figure 5. [t curves during SEE measurements in the presence of (A) 10 uM Pb(NOj;), and 8 pM Pb**-selective NEs, (B) 0.1 uM Pb(NO;), and
0.8 pM Pb**-selective NEs, and (C) 10 nM Pb(NO;), and 80 fM Pb**-selective NEs. All of the aqueous bulk solutions contain 5 mM (NH,),SO;
and 2 mM TBANO; as hydroxyl radical scavengers and supporting electrolytes, respectively. Each inset exhibits magnified current spikes fitted with
the bulk electrolysis model (red and blue open circles). (D—F) Distribution curves of charge density at each single NE (gray bars) and NE sizes
determined by both DLS (green bars) and SEE measurements (blue bars), corresponding to (A—C), respectively.

In Figure S, three sets of SEE data measured at different NE
concentrations such as 8.0 pM, 0.8 pM, and 80 fM are
depicted. In each respective concentration of NEs, we
conducted SEE by varying the Pb** concentration in aqueous
solution by 3 orders of magnitude. The first set of SEE was
performed with 8.0 pM NEs in the presence of 10 uM Pb*" in
an aqueous solution. i—t curve was obtained with a series of
current spikes showing nearly similar current magnitudes
(Figure SA). Each current spike showed an exponential decay
with time, indicating a bulk electrolysis behavior inside a NE.
In the Figure SA inset, a good agreement between the
experimental i—t (black solid line) and the theoretical one (red
open circles) evidently represents that the extracted Pb**
resides inside a NE and undergoes an electrochemical
reduction at a contact point between the NE and Pt UME
(see SI). By integrating each current spike, charges required to
reduce Pb? partitioned in each NE were collected, where
current spikes at least 3x larger than the background noise
signal were counted.

From the integrated charges (Q), diameters (dyg) of NEs
and the resulting charge densities (Q/V) could be estimated
as®®

3Q

dyg =23 ——————
4m-2-F CFﬂIing in NE

(8)

where dyp (nm) is a diameter of NEs, Q (C) is a charge
integrated from a current spike in i—t curves, F is the Faraday
constant (96,485 C/mol), and Cilling in NE (M) is the
concentration of Pb** filling a NE. Considering a uniform
filling of NEs with Pb** under equilibrium, Chlling in NE 1
determined by"’
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where Vg and Vi, are the volumes of the NE phase and the
sum of aqueous and NE phases, respectively, Cgjing in N5 IS the
concentration of Pb** extracted to a NE, and C,,, filling 1S the
maximum filling capacity of a NE, i.e., the max concentration
of Pb** filling a NE. In the case of 8.0 pM NEs with 10 uM
Pb** in aqueous solution, Cilling in NE = Cinax filling = 0.865 M.

The discrete size distribution of NEs determined from each
current spike in Figure SA is illustrated in Figure SD (blue
bars). The resultant dy; ranges 30—80 nm with a peak at 40
nm, which agrees well with the size distribution characterized
by dynamic light scattering (DLS) (green bars). This good
agreement validates Cgyngin g With the assumption of
uniformly filled NEs under equilibrium. The corresponding
charge density (Q/V) at each NE is subsequently estimated,
and its distribution is plotted in Figure SD (gray bars). A
narrow distribution of charge densities with the highest
probability at 1.65 (+0.1) X 107* fC/nm’ is obtained for
this given condition. A series of SEEs were conducted in the
presence of 8.0 pM NEs with varying Pb** concentrations from
10 uM to 10 nM, and each current spike was analyzed to
estimate the size distribution of NEs and the corresponding
charge densities as well (see SI and Figure SS).

Also, we systematically varied the NE concentration in SEE.
In the second set of SEE in Figure 5B, under 0.8 pM NEs and
100 nM Pb*" in aqueous solution, the i—t curve exhibits a
series of current spikes, which individually feature bulk
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electrolysis behavior (inset in Figure SB). Integrated charges
(Q) from discrete current spikes, the estimated dyg using eqs
8—10, and the subsequent charge densities at each NE are
analyzed in the same manner as above and plotted together. A
good consistency between the electrochemically determined
dyg (blue bars) and DLS data (green bars) could be obtained,
thereby validating Cgyjing i ng in the given condition as well (in
the case of 0.8 pM NEs with 100 nM Pb** in aqueous solution,
Cillingin NE = Cnaxsiling = 0865 M). The resultant charge
densities at each NE for Pb** reduction are narrowly
distributed with a peak at 1.65 (+£0.1) X 107* fC/nm® (gray
bars in Figure SE). Continuously, another series of SEE were
performed in the presence of 0.8 pM NEs with varying Pb**
concentrations from 100 to 1.0 nM, where each current spike
was analyzed to estimate the size distribution of NEs and the
corresponding charge densities as well (see SI and Figure S6).

In the last set of SEE in Figure SC, the NE concentration
was further decreased to 80 fM, where 10 nM Pb** in aqueous
solution was studied by SEE. A series of current spikes
appeared in the resulting i—t curve, consistently showing bulk
electrolysis behavior (insets in Figure SC). As analyzed above,
Q from individual current spikes was separately integrated, and
each corresponding dyy was calculated based on eqs 8—10 and
compared with DLS data (blue and green bars, respectively in
Figure SF). The electrochemically determined dyy matches
well with the DLS data, indicating the validity of Cyjing in n& (in
the case of 80 fM NEs with 10 nM Pb** in aqueous solution,
Cillingin NE = Conaxfiling = 0-865 M). Subsequently, charge
densities estimated at each NE result in a compact distribution
at the peak of 1.65 (+0.1) X 107* fC/nm® (gray bars in Figure
SF). More SEE measurements were further followed in the
presence of 80 fM NEs with varying Pb** concentrations from
10 to 0.1 nM, and each current spike was analyzed to estimate
the size distribution of NEs and the corresponding charge
densities (see SI and Figure S7).

Notably, the preconcentration factor by introducing NEs
reaches up to 6—8 orders of magnitude, which is attributed to
the large partition coefficient of Pb**—Pb ionophore IV at an
intact NE as well as the high stability of the Pb**—Pb**
ionophore complex. This preconcentration factor leads to
enhanced current signals in the present SEE measurements,
thereby enabling a highly sensitive detection of Pb** dissolved
in the aqueous solution at the trace level.

Quantification in Pb**-Selective NE-Integrated Sin-
gle-Entity Electrochemistry. Calibration Curves with
Standard Solutions in SEE Measurements. We collected
charge densities determined at individual NEs in SEE
measurements at various concentrations of NEs and Pb** in
the aqueous solutions and constructed calibration curves,
where charge densities at single NEs are plotted as a function
of total concentration of Pb*". In Figure 6, three branches of
curves correspond to the NE concentrations of 8.0 pM, 0.8
pM, and 80 fM, where sigmoidal trends appear with an
exponential dependence and a saturated region. The saturated
region appears due to the limited maximum capacity of each
NE for filling Pb*". Except the saturated region, each curve is
fitted with the exponential function. The respective exponential
equations and R* correlation coefficients (~0.99) are shown in
Figure 6. Noticeably, three branches of curves exhibited the
same exponential factors with different pre-exponential factors,
thereby resulting in almost laterally shifted but nearly identical
shaped curves. It implies that the sensitivity of SEE
measurements can be modulated by adjusting the NE
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Figure 6. Charge density plots depicting charge densities at single
NEs as a function of the logarithm of total Pb?* concentrations in the
presence of 8 pM (blue circles), 0.8 pM (red circles), and 80 fM
(black circles) Pb**-selective NEs in aqueous solutions. Each curve
exhibits a sigmoidal trend, where LODs are 100 pM, 1 nM, and 10
nM (ie., 20 ppt, 0.2 ppb, and 2.0 ppb) for 80 M, 0.8 pM, and 8 pM
NEs, respectively. Within the dynamic ranges, calibration curves for
the three branches are fitted with the exponential equations having
pre-exponential and exponential factors, as shown in the figure legend.

concentrations with respect to the total concentration of
Pb’*, thereby enhancing the sensitivity by decreasing the NE
concentrations and lowering the LOD for Pb*" up to 100 pM,
i.e., 20 ppt in the presence of 80 fM NEs. This charge density
plot can be further utilized for the quantitative analysis of Pb**
in unknown samples.

Quantification of Pb®* in Spiked Blood Samples. To
confirm the sensing performance of Pb**-selective NI-SEE and
validate the analytical utility of the charge density plot, we
studied spiked blood samples. Spiked blood samples were
prepared with blood serums stepwisely filtered using two
syringe filters with pore diameters of 0.45 and 0.1 um,
respectively, to remove large blood proteins and clots prior to
measurements. A serial dilution of 200 nM Pb(NO;), blood
serum solution was made to accurately prepare 2.0 nM Pb**-
spiked blood samples. This 2.0 nM is 20 times higher than the
LOD, thus being considered as an LOQ_level with reasonable
accuracy. Subsequently, spiked blood samples were mixed with
8.0 pM, 0.8 pM, and 80 fM of Pb**-selective NEs separately by
1S min vortex, and SEE was performed with each blood
sample. Importantly, we confirmed the negligible biofouling of
a Pt UME in the blood serum samples prior to the SEE
measurements (see SI and Figure S10).

In Figure 7, each i—t curve was monitored during SEE
measurements, where the characteristic current spikes clearly
appeared in the presence of 0.8 pM and 80 fM NEs. Also,
current decays in each current spike follow the bulk electrolysis
model, indicating extraction and preconcentration of Pb**
inside Pb**-selective NEs (insets in Figure 7B,C). However,
any discernible current spike larger than 3 times the
background noise level was not observed at 8.0 pM NEs
(Figure 7A). This could be due to insufficient sensitivity in
SEE measurements beyond the LOD at 8.0 pM NEs. From
each set of SEE data at 0.8 pM and 80 fM NEs, charge
densities at single NEs were discretely determined from the
charges estimated by the integration of individual current
spikes and the constant dyz ~ 41 nm confirmed by DLS
(Figure 7D,E). The resultant charge densities exhibited a
nearly narrow distribution with the highest probability at 0.5,
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Figure 7. (A—C) I—t curves during SEE measurements with spiked blood samples in the presence of 8.0 pM, 0.8 pM, and 80 fM Pb**-selective
NEs, respectively. Note that no discernible current spikes appeared in (A), whereas a series of characteristic current spikes were observed in (B and
C). In each inset, magnified current spikes were fitted with the bulk electrolysis model (red open circles). (D and E) Distribution curves of charge
densities at single NEs corresponding to (B and C), respectively, where charge densities were discretely estimated from the integration of individual

current spikes in i—t curves, and their distributions were plotted.

(£0.2) x 107* and 1.54 (+0.3) X 10~* fC/nm? for 0.8 pM and
80 fM NEs, respectively. To quantify the total Pb>*
concentration, a charge density plot was utilized as a
calibration curve (Figure 6).

For quantification, we defined the accuracy range as 35—
98% of the maximum charge density (1.6, X 107 fC/nm”*) in
the charge density plot (Figure 6), where the slope of the curve
is sufficiently steep to sensitively associate the charge densities
in NEs with the analyte concentration in total solution. Only
the upper limit and lower limit of analyte concentration can be
determined in the range of less than 35% and higher than 98%
of the maximum charge density, respectively. In fact, current
signals that are too small during SEE measurements can cause
imprecise integration for estimating charge densities at NEs,
thereby affecting both precision and accuracy in the
quantification. Also, due to a saturated region in the charge
density plot, charge densities at NEs beyond 98% of the
maximum value cannot subtly distinguish different analyte
concentrations in the total solution, thus limiting the
quantification capability in the given analysis. Hereby, both
charge densities, 0.5, (+0.2) X 107* and 1.55 (+0.3) X 107*
fC/nm? for 0.8 pM and 80 fM NEs, respectively, fall within the
defined accuracy range.

Using the calibration curve within the accuracy range, each
charge density, 0.5, (+£0.2) X 107* fC/nm?* for 0.8 pM NEs
and 1.5 (+0.3) X 107* fC/nm® for 80 fM NEs could
determine Pb** concentrations in total blood samples as 4.97
(£2.20) nM and 2.00 (+0.06) nM, respectively. Markedly,
2.00 (£0.06) nM Pb** estimated with 80 fM NEs matches well
with the true Pb*'concentration (i.e, 2.0 nM) with a
reasonable precision in two sets of SEE measurements.
However, 4.97 (£2.20) nM estimated with 0.8 pM NEs was
2.5-fold larger than the true value with a larger uncertainty.
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Note that the charge density determined at 0.8 pM NEs was
positioned marginally in the accuracy range, thereby leading to
less accuracy and precision in the quantification results.
Overall, the final test of the spiked blood samples successfully
validated our quantitative analysis, with Pb**-selective NI-SEE
exhibiting a high accuracy and precision. Moreover, real human
blood serums containing a Pb** spike at 2.0 nM, i.e., 0.4 ppb,
could be reliably studied by observing the negligible biofouling
or matrix effect, while an unprecedentedly low LOD up to 0.1
nM, ie, 20 ppt, for Pb>* was achieved in aqueous solutions.
Considerably, this sensing performance is superior to
spectroscopic methods’ and general electrochemical ap-
proaches and nearly comparable to inductively coupled plasma
mass spectrometry (ICP-MS)."

Theoretically, if we introduce 8 fM and 80 pM of NEs to this
single-entity electrochemistry, we can cover even wider ranges
of Pb** concentration in unknown samples for accurate
determination within 10 pM—10 xM. However, at 80 pM
NEs, we anticipate the multiple and overlapped current spikes
due to c.a. 10-fold increase in the collision frequency than the 8
pM NE case.”” We definitely want to avoid overlapped current
spike responses since they interrupt the accuracy and precision
in data analysis when charge densities from each NE are
estimated. Likewise, at 8 fM NEs, the technical concern would
be very rare current spike responses during single-entity
electrochemistry due to too low collisional frequency.”
Overall, we strategically optimize the NE concentration ranges
in this proof-of-concept work, which can successfully target the
ultratrace level analysis at tens of parts per trillion—subparts
per million level of lead in unknown samples.

For the real-world applications of this demonstrated sensing
system, we, however need to consider the potential hampering
factor in the accurate determination of blood lead, such as the
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strong complexation between glutathione (GSH) and Pb** via
coordination with the cysteine thiolate group in blood.*
Unlike uncomplexed Pb**, the complexed Pb** with GSH
cannot be properly extracted to a nanoemulsion, thereby
causing an underestimation of the blood lead level in NI-SEE.
In this case, the pretreatment of blood with GSH peroxidase
could be a possible approach to minimize errors in blood lead
determination. GSH peroxidase will oxidize GSH to oxidized
glutathione dimer with a disulfide bond, i.e., GSSG," which
does not complex with Pb*".*" Accordingly, complexed Pb**
can be released from GSSG, and the consequent Pb*, i.e.,
uncomplexed Pb**, undergoes extraction to Pb*>" ion-selective
NEs for sensitive and accurate sensing in NI-SEE measure-
ments. Another consideration would be potential interference
from Ag" and Hg?* in our Pb>" ion-selective NE system.
Although the high selectivity of Pb ionophore IV has been
reported for most of the cations,”® the low selectivity of
thioamide bonds to Ag" (log Kpyag = 1.5) or Hg*" (log Kpp, g
= 0.6) has been an emerging concern as well.*** For the
anticipated drawback of Pb ionophore selectivity, we can
consider additional pretreatment or an electrochemical method
to overcome the possible interference. Hg*" precipitates at pH
2.4 or higher;” thus, at the physiological pH of the blood
sample, most of Hg*" can be separated and filtered out by
forming a precipitate as a form of Hg(OH),. Furthermore, Ag*
binding with Pb ionophore IV can be differentiated from Pb**
by electrochemical reduction at a more positive potential (EOAg
=0.7999 V vs NHE)*® than Pb** reduction (E%;, = —0.1251 V
vs NHE),*® where nanoemulsion-integrated single-entity
electrochemistry can be performed at a positive potential,
e.g, E..q= 0.2 V versus QRE to screen Ag" sensing in the given
samples.

The significance of this work resides in the direct
applicability to real blood samples with an ultralow LOQ_up
to sub-ppb level, thereby being utilized for biomedical analysis
such as monitoring elevated blood lead (EBL) relevant to
children’s brain health. Considering the neurotoxic effect
regarding the unestablished threshold of blood lead,® we
envision that point-of-care blood lead testing with this highly
sensitive approach will be broadly explored for biomedical as
well as neurotoxicological research. Furthermore, the applica-
tion of ion-selective NI-SEE with various types of ionophores
or chelators can expand to the environmental/biomedical
analysis to track the ultratrace level of heavy metal ions or ionic
toxicants in various aqueous samples such as water system and
biofluids. Fundamentally, the demonstrated approach can
interrogate the stoichiometry of target ion—ionophore
recognition inside a NE as a nanoreactor.

B CONCLUSIONS

We have successfully explored the sensing performance of
Pb**-selective NE-integrated SEE approach toward trace
amount of Pb** in water or blood serums. Markedly, it
exhibits a selective detection behavior toward Pb*" via high
thermodynamic selectivity based on ion—ionophore recog-
nition and a high sensitivity due to an extremely large partition
coefficient of Pb**—Pb ionophore in NEs via intermolecular
interactions, thus enabling a large preconcentration factor up
to 6—8 orders of magnitude. The intermolecular interaction
between Pb ionophore IV and DOS, a plasticizer of a NE, was
validated by MD simulations. A series of SEE measurements
enabled us to construct unique calibration curves correlating
the charge densities required for the reduction of preconcen-
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trated Pb** in each NE, with the Pb*" concentration in the
total solution, and exhibited a detection limit of 0.1 nM, i.e., 20
ppt for Pb** in aqueous solution, which is considered superior
to some previously reported electrochemical or spectroscopic
approaches, and almost equivalent to ICP-MS. 2.0 nM, i.e., 0.4
ppb of Pb*" in human blood serums, could be reliably detected
with negligible biofouling or insignificant matrix effect. Given
its excellent detection performance as well as its high durability
resistant to biofouling, our newly established approach offers
great prospects as a sensor for environmental and biomedical
applications.

B METHODS

Chemicals. Pluronic F-127 (F-127), bis(2-ethylhexyl)-sebacate
(DOS, or castor oil, 97.0%), tetrahydrofuran (THF, 99.9%), lead(II)
nitrate (Pb(NO;),, 99.0%), and tert-butylcalix[4]arene-tetrakis(N,N-
dimethylthioacetamide) (ak.a., lead ionophore IV) were used as
obtained from Sigma-Aldrich. Potassium tetrakis[pentafluorophenyl]
borate (KTFPB, 95%) was used as purchased from Boulder Scientific.
Also, tetrabutylammonium nitrate (TBANO,;, 97%), ammonium
sulfite monohydrate ((NH,),SO;. H,O, 92%), and ferrocenemetha-
nol (97%) were purchased from Sigma-Aldrich and used as obtained.
Tetradodecylammonium tetrakis[pentafluorophenyl]borate
(TDDA"TFPB*) was prepared by metathesis, as reported else-
where.*® Nanopure water (18.2 MQ-cm, TOC 2 ppb; Milli-Q Integral
S system, Millipore) was used to prepare all of the aqueous electrolyte
solutions as well as in NE synthesis.

Synthesis of Nanoemulsion. The synthesis of nanoemulsions is
reported elsewhere.”” Briefly, THF cocktail was prepared by
dissolving 1.5 mg of KTFPB, 2.7 mg of lead ionophore (IV), and
250.0 mg of F127 in 3.0 mL of THF in a vial (Fisher Scientific, 8 DR)
to form a homogeneous solution. Subsequently, 8.8 yL of DOS was
added. This final THF cocktail was mixed for 1 h by using a vortex
mixer (Fisher Scientific, Pittsburgh, PA) at 3000 rpm. After mixing, a
0.1 mL aliquot from the mixed THF cocktail was forcefully injected
into 4.0 mL of nanopure water in the vial (Fisher Scientific, 4 DR)
during vortex mixing at 4000 rpm and continuously vortex-mixed for
2 min. This process was immediately repeated for another batch. The
total 8 mL of nanopure water containing the THF cocktail was
combined and then homogenized (Kinematica AG, Polytron system
PT 10-35 GT, Switzerland) for 2 min at 4900 rpm. In this case, 8 mL
is the minimum volume used to suppress froth formation during
homogenization (with a 4 DR vial). After homogenization, the
solution was further purged with N, gas to evaporate THF for 1 h
under a flow rate of 40 psi. A volume reduction of roughly 2 mL was
observed after the evaporation step. This final solution is a NE stock
solution having ca. 400 pM of NEs. NEs are characterized by dynamic
light scattering (DLS) and transmission electron microscopy (TEM)
for size distribution, zeta potential, and monodispersity (see SI and
Figures S3 and S4).

Solution Preparation for SEE Measurements. 0.00414 g of
Pb(NO;), was dissolved in 25.0 mL of nanopure water to prepare 0.5
mM stock solution. From this Pb(NO;), stock solution, diluted
solutions of 0.25, 0.1, 0.025, 0.01, 0.005, and 0.001 uM were
prepared. The electrolyte solution was made with 0.0067 g of
(NH,),SO;-H,0 and 0.0068 g of TBANO; dissolved in 10 mL of
nanopure water with S mM:2 mM composition ratio, respectively.

Spiked Blood Sample Preparation. The commercially available
human blood serum sample (single donor human serum off the clot,
Innovative Research Inc., MI, US) mixed with S mM (NH,),SO;-
H,0 and 2 mM TBANO; was filtered using 0.45 and 0.1 ym syringe
filters (SLHVR33RS and SLVVR33RS, Millex VV Sterile Syringe
Filter unit, PVDF, MilliporeSigma), successively. 200 nM Pb(NO;),
solution was added as a spike to human blood serum and diluted to
the final concentration at 2 nM.

SEE Measurements. SEE was performed in a two-electrode cell
by using a bipotentiostat (CHM8022D, CH Instrument, Austin, TX)
at ambient temperature (20 °C). Pt UMEs (1—S pm diameter) was
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immersed in the aqueous solution containing 5 mM:2 mM
composition of (NH,),SO;-H,0 and TBANO; as the supporting
electrolytes. The cathodic potential of —0.4 V versus the Pt quasi-
reference electrode (Pt QRE) was applied to a Pt UME, and
amperometric i—t curves were monitored with 0.1 ms sampling time,
where cathodic currents as a result of Pb** reduction were recorded
over time, either in the absence or presence of NEs containing Pb**
ionophore IV.

Molecular Dynamics Simulations. Quantum chemistry calcu-
lations were carried out using the Molecular Operating Environment
(MOE) (2020; Chemical Computing Group ULC, 1010 Sherbooke
St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2021). Lead
ion (II), lead ionophore IV, and DOS were built, and the combination
of DOS, lead(II), and lead ionophore IV were geometrically
equilibrated. The conformer distribution was found for geometrically
equilibrated molecular structures using the Molecular Mechanics,
Merck Molecular Force Field (MMFF) calculation method. Over
numerous complicated conformers, the most stable structures were
chosen and stabilized under the semiempirical PM3 method to find
the most stable structures with the least energy values. Thermody-
namic parameters for these stabilized conformer structures of DOS,
lead ionophore IV, lead(II) with (or without) organic solvent
molecules, CHCl;, were implemented with the DFT method and all
basis sets. Preceding calculations were performed with the Slater type
and B3LYP 631G functions applied in the MOE program for both
geometry optimization and thermodynamic energy values.
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