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Tetra(p-tolyl)borate-Functionalized Solvent Polymeric Membrane: A Facile
and Sensitive Sensing Platform for Peroxidase and Peroxidase Mimetics

Xuewei Wang'™ " and Wei Qin*!*!

Abstract: The determination of peroxi-
dase activities is the basis for enzyme-
labeled bioaffinity assays, peroxidase-
mimicking DNAzymes- and nanoparti-
cles-based assays, and characterization
of the catalytic functions of peroxidase
mimetics. Here, a facile, sensitive, and
cost-effective solvent polymeric mem-
brane-based peroxidase detection plat-

have been identified and their charge
states have been estimated. By using a
solvent polymeric membrane function-
alized by an appropriate substituted
tetraphenylborate as a receptor, those
cationic intermediates could be trans-
ferred into the membrane from the
aqueous phase to induce a large cation-
ic potential response. Thus, the poten-

tiometric indication of the 0-PD oxida-
tion catalyzed by peroxidase or its
mimetics can be fulfilled. Horseradish
peroxidase has been detected with a
detection limit at least two orders of
magnitude lower than those obtained
by spectrophotometric techniques and
traditional membrane-based methods.
As an example of peroxidase mimetics,

form is described that utilizes reaction
intermediates with different pK, values
from those of substrates and final prod-
ucts. Several key but long-debated in-
termediates in the peroxidative oxida-
tion of o-phenylenediamine (o-PD)

dase -
potentiometry

Introduction

Peroxidase and its mimetics have a wide range of applica-
tions in the area of analytical science and environmental en-
gineering.! In immunoassays, nucleic acid hybridization
assays, and molecular imprinting polymer-based sensing,
horseradish peroxidase (HRP), peroxidase-mimicking DNA-
zymes and nanoparticles have been applied as highly effi-
cient amplifying labels."?) By combining oxidases with per-
oxidase or its mimetics, a large number of analytes such as
glucose,” melamine,™ and organophosphates® could be de-
tected. Also, the peroxidatic activities of magnetic nanopar-
ticles and carbon materials have been utilized to detect dis-
ease-associated single nucleotide polymorphism and quanti-
fy cancer cells.”! In environmental applications, there is also
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G-quadruplex DNAzymes were probed
by the intermediate-sensitive mem-
brane and a label-free thrombin detec-
tion protocol was developed based on
the catalytic activity of the thrombin-
binding G-quadruplex aptamer.

mimetics -

great interest in the use of peroxidase and its mimetics as
green catalysts for the degradation of organic pollutants.

The increasing investigations and applications of peroxi-
dase and its mimetics leads to a great demand for efficient
techniques measuring peroxidase activities, which are essen-
tial both to transduce the peroxidase activity-involved bio-
recognition events and to characterize the catalytic functions
of peroxidase mimetics. To this end, optical methods based
on UV/Vis absorbance,®” fluorescence,® and chemilumi-
nescencel” are commonly used. However, these techniques
generally require complex instruments and software, which
hinders their miniaturization and out-of-lab applications,
and also increases the test cost. Moreover, the color and tur-
bidity in biological fluids and nanoparticle solutions can in-
terfere with the optical measurements and additional sepa-
ration steps such as centrifugation may be required.*!"!

To overcome these limitations, electrochemical ap-
proaches can be employed. The solvent polymeric mem-
brane (SPM)-based ion-selective electrodes represent an im-
portant group of electrochemical sensors with attractive fea-
tures."'?! The preparation of solvent polymeric membrane
electrodes (SPMEs) is easy and their costs are fairly low.
They are easy to be miniaturized and integrated, and resis-
tant to color and turbid interferences, which are important
for biomedical analyses. The potentiometer is simpler than
optical measurement instruments and other electrochemical
instruments. With these advantages, ion-selective SPMEs
have become the standard technique in blood electrolyte
analysis!"! and a powerful tool for measurements of intracel-
lular and extracellular ions.'” In addition, by using potential
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signals from the generation of ionic products or the con-
sumption of ionic substrates in enzymatic reactions, various
enzymes such as cholinesterase,' galactosidase,'” and pro-
teasel’! have been indirectly detected by ion-selective
SPMEs. However, for peroxidase-catalyzed reactions, ion-se-
lective SPMEs are rarely used primarily owing to the lack of
ionic substrates and products detectable by SPMs.[*>7]

Traditionally, for a reaction without ionic reactants and
products detectable by a SPM, the possibility of potentio-
metric indication by ion-selective SPMEs would be preclud-
ed. In a recent short communication, a biosensing system
based on potential responses of reaction intermediates
rather than chemically stable substrates or final products
was demonstrated for the first time.!"! The one-electron oxi-
dations of tertiary amine structures in N,N',N,N'-tetra-
methylbenzidine (N,-TMB) produce intermediates including
a tertiary amine cation radical and an iminium ion, which
are intrinsically positively charged independent of the pH
and could be detected by the ion-selective SPME. Although
intrinsically charged intermediates are not common for
other enzymatic reactions, the intermediate-based design
concept opens a new avenue for sensing of enzymatic reac-
tions that seem undetectable by ion-selective SPMEs from a
one-step “substrate to product” perspective.

In this paper, based on the peroxidase-catalyzed oxidation
reaction of o-phenylenediamine (0-PD), we demonstrate the
utility of pK, differences between intermediates and chemi-
cally stable substrates and final products for potentiometric
biosensing. Intermediates in this reaction have been found
to show much larger pK, values than the substrate and final
product, and are mainly cationic under near-neutral pH con-
ditions. By using SPMEs doped with an appropriate substi-
tuted tetraphenylborate salt as the intermediate receptor,
the potential responses of these intermediates can be ob-
tained, which enables the sensitive detection of horseradish
peroxidase (HRP) and peroxidase mimetics such as G-quad-
ruplex/hemin DNAzymes.

Results and Discussion

The main product of the H,O,-mediated oxidation of 0-PD
catalyzed by HRP has been identified to be 2,3-diamino-
phenazine (DAP).!”! By using the visible absorbance,® flu-
orescence,?! chemiluminescence,” and redox behavior®! of
DAP, this reaction has been transduced by various optical
and electrochemical techniques, and corresponding peroxi-
dase detection protocols have been developed. According to
the pK, of DAP (5.1),* it exists mainly in the electrically
neutral form at the optimal pH of HRP (6.0 to 6.5).”” Thus,
DAP is unexpected to induce a large potential response on
an ion-selective SPM. o-PD with a similar pK, of 4.6 is
also dominatingly nonionic and could not yield a large po-
tential signal. Therefore, the HRP-catalyzed oxidation of o-
PD is considered undetectable by the ion-selective SPME
from the traditional sensing methodology based on the po-
tential response of the substrate or the final product.
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Indeed, the potential response of the HRP-catalyzed o-PD
oxidation on SPMs has not been reported although the reac-
tion has been well-known and widely used for long.

Identification of intermediates in the peroxidase-catalyzed
0-PD oxidation: With a view to exploring the possibility of
monitoring the peroxidase-catalyzed o-PD oxidation by an
ion-selective SPM, the intermediates generated in the o-PD
peroxidative oxidation were examined. As a basic step for
the HRP-catalyzed oxidations of arylamines, the aromatic
substrates are first oxidized into their free radicals through
single electron-transfer.””’ However, for intermediates other
than the o-PD radical, there are conflicting reports. Firstly,
the existence of another monomer intermediate, o-benzo-
quinone diimine (BQD) is controversial. o-PD radicals were
assumed to directly couple into oligomers in some stud-
ies,1%2 whereas BQD was proposed to be generated from
the 0-PD radical and responsible for the subsequent conden-
sation reactions in other reports."”™?! Here, the involvement
of BQD in the peroxidase-catalyzed o-PD oxidation was ex-
perimentally confirmed by using butylated hydroxyanisole
(BHA), a specific trapping agent for diimine.*” Upon addi-
tion of BHA into the reaction mixture of o-PD oxidation,
an adduct of BQD with BHA was clearly observed in the
mass spectrum (Figure S1 and Scheme S1 in the Supporting
Information). Since the arylamine radical cannot form an
adduct with BHA,P®! the existence of BQD can be con-
firmed in the HRP-catalyzed o-PD oxidation.

The first condensation intermediate in this reaction is a
dimer with a pseudo-molecular peak at m/z 213 in the mass
spectrum (Figure 1). Such a dimer has been widely accepted
as the precursor of DAP. However, the structure of this
dimer has not been experimentally determined, although it
has been suggested to be 2-amino-N-(2-aminophenyl)-p-
benzoquinone diimine (AABI)PY or 5,10-dihydro-2,3-diami-
nophenazine (DDAP).®? Here, experimental evidence was
found that supports the existence of AABI rather than
DDAP. Firstly, in analogy to BQD, this dimer can also form
an adduct with BHA (Figure S1 and Scheme S1 in the Sup-
porting Information), which indicates the existence of a di-
imine structure. Secondly, consecutive losses of two NH;
were observed from the fragmentation pattern at m/z 213
(213—-196—179; Figure S2 in the Supporting Information).
Since two consecutive NHj; losses (loss of 17) cannot occur
on the same benzene ring in the sequential mass spectrome-
try,?! only AABI could rationalize these fragmentations.
This structure can be reasonably formed by the 1,4-addition
of amino group of 0-PD to the quinoid ring of BOD and
converted into DAP by two-electron oxidation and intramo-
lecular cyclization.

In addition to the dimer intermediate, trimers and tetra-
mers were also observed for the o-PD oxidation under vari-
ous oxidation conditions. Figure 1 A and Figure 1B show the
mass spectra for the o-PD oxidations catalyzed by HRP
(0.1 UmL™) in the presence of an excess of H,O, and an
equimolar concentration of H,O,, respectively. As can be
seen, trimers at m/z 319 and 317, as well as tetramers at m/z
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Figure 1. Mass spectra for the oxidations of o-PD (1 mm) at pH 6.0 with
A)H,0, (5mm) and HRP (0.1 UmL™"), B) H,0, (1 mm) and HRP
(0.1 UmL™), and C) H,0, (1 mm) and HRP (10> UmL™).

425 and 423 were generated in both cases, although their
generation and degradation rates differ. With a lower con-
centration of H,O, (e.g., 0.2 mm), the behaviors of inter-
mediates (data not shown) are analogous to those with an
equimolar concentration of H,0O, (Figure 1B). However,
when the activity of HRP was decreased to 107> UmL™!
lower, the trimer at m/z 319 was observed, but no other
trimer and tetramer intermediates were detected (Fig-
ure 1C). Moreover, the variation of H,0O, concentration
does not significantly change the intermediate behaviors, in
contrast to the case with 0.1 UmL ™" HRP.

Based on these MS data in combination with sequential
MS characteristics of o-PD oxidation intermediates, the
structures and generation routes of these trimeric and tetra-
meric intermediates are proposed in Scheme 1. The trimer
at m/z 317 can be formed by condensation of AABI and
BQD in the same way as that of o-PD and BQD. For anoth-
er trimer at m/z 319, it is likely to result from the addition
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Scheme 1. Proposed generation pathways of intermediates in the HRP-
catalyzed o-PD oxidation, and the pseudo-molecular ion peaks and pK,
values® of these intermediates.

of the terminal imino group of AABI to the benzene ring of
0-PD. The o-PD-involved generation route of the trimer at
m/z 319 is corroborated by its enhanced formation in the
presence of low concentrations of HRP (Figure 1C), be-
cause the low oxidation rate renders residual o-PD abun-
dant. Also, the resulting structure could well account for
three consecutive NH; losses (319—302—285—268) in se-
quential MS, whereas other candidate structures bearing the
dihydrophenazine moiety (like DDAP) also with a molecu-
lar weight of 318 could not rationalize these fragments.?*!

According to Figure 1B, the tetramer intermediate at m/z
425 is generated concomitantly with a sudden drop of the
peak at m/z 213. This tetramer presumably results from the
coupling of two AABI molecules, which could induced by
the electrophilic attack of protonated imino group of one
AABI on the benzene ring of the other AABI, and the sub-
sequent intramolecular hydrogen migration. With further
oxidation, it is converted into another tetramer at m/z 423.
These consecutive processes including electrophilic attack,
hydrogen migration, and oxidation have been observed in
the reaction of p-benzoquinone diimine with aniline®® and
m-phenylenediamine.” In addition, the fragmentation pat-
terns of two tetramers (four consecutive losses of NH; for
both tetramers) also confirm that these tetramers are indeed
polyaniline-like linear structures without the moieties of
phenazine or dihydrophenazine.

With a longer reaction period, various intermediates
would transform into the final products. However, since
these degradations occur primarily in a time scale beyond
the potentiometric measurements in biosensing applications,
efforts on characterizing and interpreting the degradation
processes of these intermediates were not made in this
work.

Potential responses of reaction intermediates on the SPM
with an intermediate receptor: According to the pK, values
of the seven intermediates shown in Scheme 1, they are gen-
erally positively charged under near-neutral pH conditions.

www.chemeurj.org — 9981
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By using a SPM functionalized with an appropriate receptor
of aromatic cations, these cationic intermediates are expect-
ed to induce potential responses through an assisted phase-
transfer process. To demonstrate the contribution of inter-
mediates, the potential response of the HRP-catalyzed o-PD
oxidation on a tetra(p-tolyl)borate (TTB~)-doped SPME in
a phosphate buffer solution (PBS) at pH 7.5 was measured.
At this pH, o-PD and DAP are both predominantly un-
charged (99.9% for o-PD and 99.6% for DAP) and, thus,
do not contribute to potential responses. As shown in
Figure 2, a large real-time potential response (——) was

150+
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90+
>
€
w 604
=
w
304
o Product
0 50 100 150 200
Time /s
Figure 2. Potential responses to the final product (s++++) and to the inter-

mediates (—) upon addition of HRP (0.1 UmL™) into PBS (50 mm) of
pH 7.5 containing o-PD (0.05 mm) and H,O, (0.25 mm). For the prepara-
tion of the final product, a PBS (50 mM, pH7.5) containing o-PD
(0.05 mm), H,0, (0.25 mm), and HRP (0.1 UmL ") was allowed to react
for 1 h before the measurement.

indeed obtained upon addition of HRP to the mixture of o-
PD and H,O,, whereas a rather small potential response
(+++++) was observed when o-PD was dominatingly oxidized
into DAP (the conversion of 0-PD into DAP was confirmed
by its pseudo-molecular ion peak at m/z 211 in the mass
spectrum). Experiments also show that no significant poten-
tial responses can be obtained when any of 0o-PD, HRP, and
H,0, is absent. Therefore, the real-time potential response
toward the HRP-catalyzed oxidation of o-PD should be at-
tributed to the o-PD oxidation intermediates rather than the
final product DAP or any reactant. Moreover, for the real-
time potential response in Figure 2, an obvious potential
drop was observed following the cationic potential response
(the potential can further decrease over extended time),
which also confirms that potential responses originate from
the chemically unstable species.

Optimization of the intermediate-sensitive SPM and its ap-
plication in HRP detection: Substituted tetraphenylborates
were used as the intermediate receptors because they have
been found to form complexes with aromatic nitrogen-cen-
tered cations through noncovalent interactions including hy-
drogen bonding, mi—m, and cation-m interactions.®’” Figure 3
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Figure 3. Potential responses of polymeric membranes doped with differ-
ent receptors (25 mmkg™') toward the oxidation of o-PD (1 mm o-PD,
1mm H,0,, 5x10° UmL™" HRP) in PBS of pH 6.0. Other membrane
components (i.e., poly(vinyl chloride) (PVC) and o-NPOE in a weight
ratio of 1:1) are the same for the six membrane electrodes.

shows the potential responses of o-PD oxidation on SPMs
doped with different tetraphenylborate- and sulfonate-based
receptors. Obviously, membranes doped with sodium salts of
tetraphenylborate (TPB™), tetra(p-tolyl)borate (TTB™), and
tetrakis(4-fluorophenyl)borate (TFPB~) are superior than
the dinonylnaphthalene sulfonate (DNNS~)-based mem-
brane, which suggests better selectivities of these substituted
tetraphenylborate-doped membranes toward o-PD oxidation
intermediates. For SPMs sensitive to chemically stable alkyl-
ammonium monocations, substituted tetraphenylborates as
ion receptors also yield superior sensitivity compared with
the sulfonate additives.”™ These better selectivities are prob-
ably related to the large aromatic m-systems in the tetraphe-
nylborate structures,® which lead to stronger noncovalent
interactions with aromatic cations. However, the experimen-
tal measurement of these interactions was not attempted
here owing to the difficulties in obtaining pure and stable in-
termediates. Unlike TTB~, TPB~ and TFPB~, tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (TTFPB™) and tetrakis-
[3,5-bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-propyl)phenyl]-
borate (TFMPPB™) used as the intermediate receptors yield
potential responses even smaller than DNNS. This is likely
because the bulky ortho-substitutents on phenyl groups may
block their steric approach to organic intermediates.

Polymeric membranes plasticized with different kinds of
water-immiscible solvents were compared. The polar solvent
o-nitrophenyl octylether (0-NPOE) yields a membrane
showing a more sensitive response toward o-PD oxidation
as compared with dibutyl phthalate (DBP), bis(2-ethylhexyl)
sebacate (DOS), and tris(2-ethylhexyl) phosphate (TEHP;
Figure S3 in the Supporting Information), presumably due
to the better solvation ability of 0-NPOE for intermediate
cations. Finally, the o-NPOE-PVC membrane doped with
TTB™ was employed in subsequent experiments, because it
shows a sensitive potential response to o-PD oxidation but a
small potential drift induced by o-PD (Figure 3).

Chem. Eur. J. 2013, 19, 9979 -9986
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Figure 4. A) Potential traces for the o-PD oxidation (1 mm o-PD, 1 mm
H,0,) catalyzed by different activities of HRP in PBS (50 mm) of pH 6.0.
B) Calibration curve for HRP. Each error bar represents one standard
deviation for three measurements.

Figure 4 A shows the potential responses of the o-PD oxi-
dations catalyzed by various activities of HRP in PBS
(50 mm) of pH 6.0. The potential increases measured at one
minute after the initiation of o-PD oxidation were used for
quantification. As shown in Figure 4B, HRP can be detected
with a linear range of 1x107°to 5x10™* UmL™" and a detec-
tion limit of 4x107 UmL™ (30). The detection limit is
three orders of magnitude lower than those obtained by
HRP sensing protocols based on classical ion-selective mem-
brane electrodes!™ and two orders of magnitude lower
than that by the spectrophotometric method under identical
reaction conditions (Figure S4 in the Supporting Informa-
tion). Notably, this is a preliminary investigation demon-
strating the feasibility of the intermediate-sensitive SPM in
potentiometric determination of peroxidase activities and its
basic characteristics. In fact, there is a very large space for
improvement of the sensitivity. For example, the use of fluo-
rous membrane allowing for especially strong ion pair for-
mation and weak interfering ion solvation could elevate the
selectivities toward alkylammonium cations over inorganic
ions by several orders of magnitude,”! which may also yield
intriguing sensitivities for organic intermediates in the o-PD

Chem. Eur. J. 2013, 19, 9979 -9986
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oxidation. Since potential responses of intermediates are
dictated by the ion exchange process across the membrane-
sample interface, the sensitivity could be improved by use of
more rigid membrane matrix such as poly(acrylates) to sup-
press the target ion diffusion into the membrane bulk*! or a
rotating electrode configuration to enhance the transport of
target ion from the sample solution into the sample-mem-
brane interface.*”

The regenerability of the intermediate-sensitive SPME is
important for its practical use. For o-PD oxidation catalyzed
by HRP even in the upper end of the dynamic range, a
2 min washing step readily regenerates the electrode (Fig-
ure S5 in the Supporting Information). With ten consecutive
measurements using the same electrode, the standard deri-
vation of potential responses in the first minute is 2.9%.
This reversibility is much better than the previously report-
ed N,-TMB oxidation system, in which the regeneration of
an electrode requires at least 20 minutes even with very low
reactant concentrations.'” Such a discrepancy is reasonable
in view of the extraordinary strong ion association interac-
tion of DNNS with the doubly charged diimine intermediate
in N,-TMB oxidation (Figure S6 in the Supporting Informa-
tion)."! In contrast, o-PD intermediates are mainly mono-
cationic under the employed conditions according to their
pK, values for the second protonation (data not shown),
thereby possessing much smaller ion association constants
with counterions as compared with dications.’"*!

In addition to the high sensitivity and excellent reversibili-
ty, the present peroxidase detection method has other ad-
vantages. The SPM functionalized with a substituted tetra-
phenylborate show lower membrane resistance as compared
with the previously used DNNS-doped membrane,!s*!
which yields smaller potential noises and facilitates its mini-
aturization. In addition, in contrast to N,-TMB, whose stock
solution is difficult to prepare (long-time sonication is
needed even when using DMSO as solvent), the preparation
of the 0-PD stock solution is easy by using ethanol as
solvent.

Application of the intermediate-sensitive membrane in G-
quadruplex/hemin DNAzyme-based biosensing: To examine
the feasibility of the intermediate-sensitive SPM in probing
peroxidase mimetics, the G-quadruplex/hemin DNAzyme
was employed for its wide applications in sensing of DNA,
proteins, enzymes, small molecules, and metal ions.”>*! As
shown in Figure 5, a large potential response can be ob-
tained with a model G-quadruplex/hemin DNAzyme as the
catalyst of the H,O,-mediated o-PD oxidation, whereas a
negligible response is induced when G-quadruplex or hemin
is present alone. Notably, a buffer of pH 7.5 was used be-
cause the intermediate-sensitive SPME was found to show
the most sensitive response at this pH for the DNAzyme-
catalyzed o-PD oxidation, which is different from the mildly
acidic optimal pH for HRP (see Figure S7 in the Supporting
Information).

As a preliminary application, a potentiometric label-free
thrombin detection protocol based on a thrombin-binding
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Figure 5. Potential responses of the H,O,-mediated oxidation of o-PD
catalyzed by the G-quadruplex (5-GGGTAGGGCGGGTTGGGT-3")/
hemin complex,*! hemin, and G-quadruplex. Experimental conditions:
HEPES buffer (20 mm), pH 7.5, G-rich DNA (0.5 um), hemin (0.5 um), o-
PD (1 mm), H,0, (1 mm). Before measurements, the catalysts were incu-
bated in the HEPES buffer solution for 1 h.

aptamer was developed. Although the thrombin-binding ap-
tamer itself could fold into a G-quadruplex and display per-
oxidatic activity in the presence of hemin and K™, this activ-
ity would be enhanced upon the binding of thrombin-bind-
ing aptamer with the target thrombin.’! As shown in
Figure 6, in the presence of thrombin, larger potential re-
sponses can be obtained with the intermediate-sensitive
SPME as compared with that of the thrombin-binding ap-
tamer/hemin complex alone. In the range of 2 to 50 nm, the
thrombin concentration shows a linear relationship with the
potential change measured at 5 min after initiation of the
catalyzed oxidation. Moreover, interfering proteins includ-
ing bovine serum albumin, lysozyme, and IgG do not en-
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Figure 6. Potential traces for o-PD oxidation catalyzed by the supramo-
lecular complexes of the thrombin-binding aptamer, hemin, and thrombin
at different concentrations. Experimental conditions: HEPES buffer
(20 mm), pH 7.5, thrombin-binding aptamer, (2 um), hemin (2 um), o-PD
(1 mm), H,O, (1 mm). The inset shows the calibration curve for thrombin
detection.
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hance the peroxidatic activity of thrombin-binding aptamer
even at a high level of 100 nm (data not shown), which indi-
cates the specificity of this sensing protocol toward throm-
bin. In addition to thrombin, the proposed potentiometric
technique is expected to detect other analytes (e.g., targets
of G-quadruplex-aptamer conjugates) by using corre-
sponding G-quadruplex DNAzyme-involved biorecognition
systems.

Conclusion

Reaction intermediates with different pK, values from those
of the substrates and final products have been utilized to de-
velop potentiometric biosensing protocols. By using the po-
tential response of o-PD oxidation intermediates on the sub-
stituted tetraphenylborate-doped SPME, horseradish peroxi-
dase and peroxidase-mimicking DNAzymes can be sensi-
tively detected. With advantages such as high sensitivity, ex-
cellent regenerability, simple instrumentation, and low cost,
this intermediate-sensitive membrane electrode promises to
be a competitive transducer for use in biosensing schemes
based on peroxidase and its mimetics, and to serve as a
facile technique for screening nanomaterials with peroxidase
activities. In addition to efforts on further applications of
the proposed membrane electrode (e.g., in peroxidase nano-
mimetic-based biosensing), we are exploring more analyti-
cally important enzymatic reactions suitable for membrane
detection by wusing the intermediate-based sensing
methodology.

Experimental Section

Reagents and materials: BHA, sodium tetraphenylborate, sodium tetra-
kis(4-fluorophenyl)borate dihydrate, sodium tetra(p-tolyl)borate, sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate,  sodium tetrakis[3,5-
bis(1,1,1,3,3,3-hexafluoro-2-methoxy-2-propyl)phenyl]borate  trihydrate,
dinonylnaphthalene sulfonic acid as a 50 % solution in heptane, 0o-NPOE,
DBP, DOS, TEHP, high molecular weight poly(vinyl chloride), peroxi-
dase from horseradish (Type VI, essentially salt-free, lyophilized powder,
256 Umg ' solid), and thrombin from human plasma (2164 Umg ™) were
purchased from Sigma-Aldrich. The 15-mer thrombin-binding aptamer
(5-GGTTGGTGTGGTTGG-3') and a model G-quadruplex (5'-
GGGTAGGGCGGGTTGGGT-3) were synthesized by Shanghai Sunny
Biotech Co., Ltd. Other reagents were purchased from the Sinopharm
Group Co., Ltd. All chemicals were of Selectophore or analytical reagent
grade. Aqueous solutions were prepared with freshly deionized water
(18.2 MQ cm specific resistance) obtained with a Pall Cascada laboratory
water system.

Membrane electrode preparation and EMF measurements: Polymeric
membranes containing PVC and plasticizer in a weight ratio of 1:1 and a
cation exchanger (25 mmkg™') were prepared by using a solvent-casting
technique with tetrahydrofuran as the casting solvent. Disks of 5 mm di-
ameter were punched from the parent membrane and glued to plasticized
PVC tubes (i.d. 3 mm, o.d. 5 mm) to fabricate the polymeric membrane
electrodes. For peroxidase measurements, the electrodes were condi-
tioned, overnight, in NaCl (15 mM) and the same solution was used as
the inner filling medium. For DNAzyme measurements, HEPES buffer
of pH7.5 (20 mm N-2-hydroxyethylpiperazine-N'-ethane sulfonic acid
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(HEPES), 150 mm NaCl, 20 mm KCl, 50 mm NH,OAc) was used as the
conditioning and inner filling solution.

All electromotive force (EMF) values were measured by using a CHI
760D electrochemical workstation (Shanghai Chenhua Apparatus Corpo-
ration, China) at room temperature in the following galvanic cell in a
Faraday cage: Ag, AgCI/KCl (3m)/LiOAc (1m)/reaction solution (well-
stirred)/sensing membrane/inner filling solution/AgCl, Ag. The external
reference electrode was made as follows: a 100 uL pipette tip with its
narrower end obstructed by plastic foam was first filled with 3m KCl;
then an Ag/AgCl wire was inserted into this pipette tip and the other end
of the pipette tip was sealed with Parafilm.

Electrospray ionization mass spectrometry (ESI/MS) measurements:
ESI/MS analyses were performed on a LCQ Fleet ion trap mass spec-
trometer (Thermo Finnigan) in positive ion mode. Samples were loop-in-
jected into the ESI source with a syringe and a carrier flow of methanol
at a flow rate of 200 L min™" was employed. The instrumental conditions
were as follows: sheath gas flow rate, 20 units; aux gas flow rate, 5 units;
spray voltage, 5kV; capillary temperature, 300°C; capillary voltage,
35 V; tube lens, 110 V. All mass spectra were blank-subtracted.

Thrombin detection with the intermediate-sensitive membrane: The pro-
cedures for the formation of thrombin/thrombin-binding aptamer/hemin
supramolecular complex were similar to those reported elsewhere.*’]
Briefly, thrombin-binding aptamer (30 uL, 20 um) in TE buffer (10 mm
Tris-HCl, pH 7.4, 0.1 mm EDTA) was heated at 88°C for 10 min and
gradually cooled to room temperature. Then, 30 pL of the thrombin-
binding buffer solution (Tris-HCI (20 mm), NaCl (140 mm), KCI (5 mm),
CaCl, (1 mm), MgCl, (1 mm), pH 7.4) containing thrombin was added to
the thrombin-binding aptamer solution. After 3 h incubation at room
temperature, hemin (30 uL, 20 pm) in HEPES buffer was added to the
mixture to interact for another 2 h. Finally, the resulting thrombin/aptam-
er/hemin complex solution was diluted to 300 uL with HEPES buffer and
was tested by the intermediate-sensitive SPME.
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