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Abstract

This paper describes the construction of a mixed monolayer of ferrocenylalkanethiol and
encapsulated horseradish peroxidase (HRP) at a gold electrode for amperometric detection of
H,0 at trace levels. By tuning the alkanethiol chain lengths that tether the HRP enzyme and the
ferrocenylalkanethiol (FcC11SH) mediator, facile electron transfer between FcC11SH and HRP can
be achieved. Unlike most HRP-based electrochemical sensors, which rely on HRP-facilitated
H»0, reduction (to H,0), the electrocatalytic current is resulted from an HRP-catalyzed oxidation
reaction of H,O5 (to O5). Upon optimizing other experimental conditions (surface coverage ratio,
pH, and flow rate), the electrocatalytic reaction proceeding at the electrode was used to attain a low
amperometric detection level (0.64 nM) and a dynamic range spanning over three orders of
magnitude. Not only does the thin hydrophilic porous HRP capsule allow facile electron transfer, it
also enables H,0, to permeate. More significantly, the enzymatic activity of the encapsulated HRP
is retained for a considerably longer period (> three weeks) than naked HRP molecules attached to
an electrode or those wired to a redox polymer thin film. By comparing to electrodes modified with
denatured HRP that are subsequently encapsulated or embedded in a poly-L-lysine matrix, it is
concluded that the encapsulation has significantly preserved the native structure of HRP and therefore
its enzymatic activity. The electrode covered with FcC11SH and encapsulated HRP is shown to be
capable of rapidly and reproducibly detecting H,O5 present in complex sample media.

Introduction

One of the forefronts of analytical chemistry is the development of heterogeneous enzyme
biosensors wherein enzymes are immobilized onto solid surfaces and used to generate signals
corresponding to specific analytes in solution.1™ Since efficient catalytic activity at surface
largely governs the ultimate performance of an enzyme biosensor, retention of the enzymatic
activity and prevention of enzyme leaching are two important criteria for constructing
successful sensors.: © In general, to avoid serious enzyme leaching from the surface, covalent
linkage of enzyme molecules onto surface is more advantageous than physical adsorption. As
for retaining the enzymatic activity, numerous strategies have been explored. These strategies
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include, but are not limited to, entrapment of enzyme molecules in sol-gel,”» 8 hydrogel,?
conducting or redox polymer matrices!®: 11 and nanoporous materials,12: 13 attachment of
enzymes onto highly hydrophilic surfaces (e.g., polylysine,1# polyethylene glycol,®: 16
chitosan,1”+ 18 and dextran,1% 20), and separation of enzyme layers from sample solutions using
polymeric membranes?l: 22, and ion-exchange polyion membranes.23: 24

Several recent papers have described the synthesis of “single-enzyme nanoparticles (SENs)”
in bulk and applications of them to study enzymatic reactions in homogeneous solutions. The
common procedure resorts to coupling monomers onto certain residues of an enzyme molecule,
followed by initiation of polymerization of monomers (e.g., acrylamide) and cross-linking of
the resultant polymer into a network. Asaresult, individual enzyme molecules are encapsulated
into a polymeric and hydrophilic exterior. Kim and Grate were the first to encapsulate trypsin
and chymotrypsin with a porous vinyl polymer/siloxane network and demonstrated that small
molecules can readily move across the shell to reach the enzyme molecules.?°> A particularly
attractive feature is that the encapsulated enzymes sustain their activities over an extended
period of time. Using HRP as a model system, Liu and coworkers enclosed single horseradish
peroxidase (HRP) molecules in a nanogel shell and showed that the shell thickness can be
augmented via further polymerization of acrylamide monomers added in solution.26 Lin,
Wang, and coworkers immobilized HRP nanoparticles comprising of over 1000 cross-linked
HRP molecules onto an electrode and achieved a mediator- and promoter-free electrochemical
detection of H,0, at micromolar concentrations.2’ Interestingly, encapsulated single HRP
molecules have not been immobilized at a solid substrate and utilized as part of a heterogeneous
biosensor for durable detection at low H,O, concentrations.

We wish to report the modification of gold electrodes with a mixed monolayer of
ferrocenylalkanethiol/encapsulated HRP for sensitive amperometric H,O» detection. Instead
of forming the HRP capsules in a homogeneous solution, enclosure of the HRP molecules with
a porous, hydrophilic shell is carried out “in-situ” at the electrode interface. The
ferrocenylalkanethiol serves as a mediator for generating a large electrocatalytic current. We
found that the ferrocene group located at the end of the alkyl chain, with an oxidation potential
higher than ferrocene or its derivative in solution, participates in an HRP-catalyzed H,0,
oxidation reaction to O,. This is in contrast to many previously studied mediators in solution,
which tend to partake in HRP-catalyzed H,0, reduction reaction to produce H,0.28733 |n
addition to preserving the HRP enzymatic activity and enabling the analyte permeability across
the capsule, we also show that, through optimizing lengths of the molecules tethering the HRP
and mediator molecules and the enzyme/mediator ratio in the mixed monolayer, facile electron
transfer between the HRP and ferrocenylalkanethiol molecules can be achieved. As a result, a
remarkable sensitivity for electrochemical H,O, detection is obtained and the robustness of
the electrode is demonstrated to be suitable for H,O, measurement in complex sample media.

Experimental Section

Materials

11-Ferrocenyl-1-undecanethiol (Fc-C11SH) was purchased from Dojindo Laboratories
(Kumamoto, Japan). N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), 3-mercaptopropionic acid (MPA), horseradish peroxidase VI
(HRP), poly-L-lysine, and hydrogen peroxide were acquired from Sigma-Aldrich (St. Louis,
MO). N-acryloxysuccinimide, 4-dimethylaminoantipyrine (DMAP), ammonium persulfate,
N,N,N',N'-tetramethylethylenediamine, acrylamide, N,N’-methylene bisacrylamide, 4-
dimethylaminoantipyrine, and boric acid were obtained from Thermo-Fisher Scientific
(Pittsburgh, PA). 2,2’-Bipyridineruthenous dichloride (Ru(bpy)sCl,) was obtained from Simth
G. Frederick Chemical Company (Powell, OH). Aqueous solutions were prepared using
Millipore water (18 MQecm, Simplicity Model, Billerica, MA). The wired HRP/polymer
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solution for preparing the electrode was purchased from Bioanalytical System Inc. (BAS, West
Lafayette, IN).

Instrumentation

Procedures

Electrochemical experiments in quiescent solutions or flowing solution streams were carried
out using a CHI-832 electrochemical workstation (CH Instruments, Austin, TX).
Polycrystalline, 3 mm diameter gold disk working electrodes (BAS), a Ag/AgClI reference
electrode (BAS), and a platinum coil auxiliary electrode were used in preliminary studies on
the electrode reaction mechanism. A 3 mm gold disk embedded in a flat PEEK block (BAS)
served as the working electrode for the amperometric detection of H,O,. The design of the
homemade thin-layer flow cell is analogous to that of the commercially available flow cell
(CH Instruments), except that a stainless steel tubing (1/16” OD, 0.02” ID and 4” long) was
connected to the outlet of the cell as the auxiliary electrode.

Electrode Modification—Gold disk electrodes were cleaned electrochemically in 0.1 M
sulfuric acid by cycling potential between 0.0 and 2.0 V vs. Ag/AgClI for 10 min, rinsing with
water and drying under nitrogen. This was followed by immersing the electrodes in 60 uL of
dimethyl sulfoxide (DMSQ) containing 0.83 mM FcCy1SH and 4.2 mM MPA for 1 h. Then,
the electrodes were submerged in a 2.5 mM MPA solution for 1 h to obtain an optimal
FcC11SH coverage. To attach HRP, the electrodes were first kept in 60 uL of phosphate
buffered saline (PBS, pH 5.5) containing 75 mM EDC and 15 mM NHS for 0.5 h. Subsequently
they were soaked in 2 mg/mL HRP solution (pH 5.5) overnight. To encapsulate HRP, the
electrodes covered with FcC11SH/HRP were first submerged in 3.8 mL of borate buffer (100
mM, pH = 9.3) that also contained 0.5 mg 4-dimethylaminoantipyrine.3* Next, 0.2 mL DMSO
comprising 4.0 mg N-acryloxysuccinimide was gradually added and the reaction was allowed
to proceed for 2 h at room temperature. After acryloylation, the electrodes were transferred to
a 3.5 mL borate buffer that had been purged with nitrogen, and the radical polymerization at
the surface of the acryloylated HRP was initiated by adding 30 pL aqueous solution containing
3 mg ammonium persulfate and 3 puL of N,N,N',N'-tetramethylethylenediamine for 1 h. To the
resultant solution, acrylamide monomers and N,N’-methylene bisacrylamide (molar ratio =
10:1), dissolved in 0.5 mL water, were incrementally added within 1 h. The polymerization
reaction was allowed to undergo for another 1 h under nitrogen. The as-prepared electrodes
were stored in PBS (pH =7.4) at 4 °C.

The wired HRP/polymer electrode was prepared following the user manual (BAS).3° Briefly,
0.5 pL of a surfactant solution was cast onto the electrode surface with a microsyringe. Upon
drying, the electrode was coated with 0.5 pL of the HRP/polymer solution and allowed to dry
overnight. The electrode was stored in a refrigerator at 4 °C when not used.

Detection of H,O», at different electrodes—For amperometric detection of H,O, at the
wired HRP/polymer electrode, 0.1 V vs. Ag/AgClI was applied while the sample, injected via
a six-port rotary valve (Valco, Houston, TX) into a 50 mM KCIO, solution, was delivered by
a syringe pump (Kd Scientific, Holliston, MA) at 0.1 mL/min. At 0.1V, the mediator, osmium
bis(2,2"-bipyridine) chloride (Os(bpy),CI3*), attached to the polystyrene polymer, is reduced
via an electrocatalytic cycle that converts H,0, to H,0.11 For H,0, detection at electrodes
modified with FcCq1SH/encapsulated HRP and its counterpart without HRP encapsulation, the
experiments were conducted by holding the electrode potential at 0.5 V.

To evaluate the stability of the electrodes modified with FcCq;SH/encapsulated HRP, after
amperometric measurements of at least five injections of 1.0 nM H,0,, the electrodes were
stored in PBS (pH 7.4) at 4 °C before the tests in the following days.
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Real sample preparation and analysis—The neuroblastoma B104 cells, kindly donated
by Dr. V. Pikov at Huntington Medical Research Institute (Pasadena, CA), can also be obtained
from American Type Culture Collection (Manassas, VA). Cells were seeded onto plates or
dishes in Dulbecco’s modified Eagle’s medium (DMEM, Mediatech, Manassas, VA)
supplemented with 100 U penicillin and 100 pg/mL streptomycin at 37 °C in a humidified
atmosphere of 5 % CO, and 95 % air. Cells were plated at the density of 5 x 103 cells and
adhered onto the 96-well plates. H>O, (0.5 uM) was added to the plates and after 24 h of
incubation an aliquot of the cell culture was injected into the flow cell for determining the
remaining HyO». HoO5 in a cell-free medium was also measured to assess the matrix effect on
the electrochemical H,O, detection. Concurrent with the cell incubation in the presence of
H»0,, cell viability (cytotoxicity) was evaluated through the standard MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Mediatech, Manassas, VA) assay.36
Briefly, 100 uL DMEM were used to wash the residual HyO,. Then 180 pL media and 20 pL
of MTT (dissolved in PBS at a concentration of 5 mg/mL) were added to each well and
incubated for 4 h at 37 °C in dark. When taken up by living cells, MTT is converted to a water-
insoluble blue product (formazan). The formazan product was dissolved by adding 150 pL
DMSO to each well. The absorption value at 595 nm was determined with a Tecan Genios
plate reader (Tecan USA, Durham, NC). All measurements were performed in triplicates, and
the cell viability was presented as the percentage of survival relative to that in control culture.

Results and Discussion

Scheme 1 depicts the general steps for modifying Au electrodes with mixed monolayers of
FcC11SH and encapsulated HRP. First, a mixed monolayer of FcC11SH and mercaptopropionic
acid (MPA) with a desired FcC1,SH surface coverage is self-assembled onto a gold electrode
(step a). Subsequently, HRP molecules are attached to the MPA moieties via amine coupling
with the NHS/EDC chemistry (steps b and c). Encapsulation of the HPR molecules is
accomplished by first acryloylating the amine groups remaining on the HRP molecule,
followed by radical polymerization of the acrylamide monomers (step d) around HRP.

Key to the successful construction of the monolayer of FcCq;SH/encapsulated HRP for
electrochemical detection of H,0, is that the chain length of the ferrocenylalkanethiol must
be longer than that of the carboxyl-terminated alkanethiol. This allows the Fc groups to be in
close proximity of HRP. In addition, the ratio of FcC11SH/HRP (or that of FcC11SH/MPA in
the first step) should be optimized. Consequently HRP molecules are surrounded by FcC1;1SH
and the electron transfer between HRP and H,0, can be effectively mediated by FcC1;1SH.
We found that mixed monolayers containing 7-15% of FcC;1SH (estimated from charges
under the ferrocene oxidation peaks) produce high electrocatalytic currents. FcCq1SH surface
coverage in this range can be regulated either by controlling the molar ratio between FcC11SH
and MPA solutions used for the mixed monolayer formation or using MPA to partially replace
a preformed mixed monolayer of FcC11SH/MPA (cf. details in Experimental Section). Rubin
et al. found that 7% of 16-ferrocenylhexadecanethiol in a mixed monolayer that also contains
glucose oxidase yields the highest sensitivity towards glucose detection.3” The coverage of
FcC11SH in the mixed monolayer is relatively low for the optimal signal, because the enzyme
molecules are much bulkier than FcC1;1SH and only the Fc groups positioned next to the
enzyme molecules are capable of mediating the electron transfer. We should mention that Liu
and coworkers have shown that HRP encapsulated in a homogeneous solution has a typical
shell thickness between 2 and 5 nm.26 Such a thickness is sufficiently small and the electron
transfer between FcCq1SH and HRP is therefore not impeded. The electron transfer between
the electrode and the Fc moieties is known to be facile when the alkanethiol linker is not
particularly long.38: 39 The mediated electron transfer is analogous to that occurs to amonolayer
of redox active proteins immobilized onto an alkanethiol layer (i.e., monolayer protein
voltammetry40: 41y,
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Traditionally, mediated electrochemical detection of H,O, utilizing an HRP-modified
electrode and a mediator (M) in solution, can be generalized using notations similar to those
in a recent review by Heller and Feldman:#2

H,0,+2HRP+2H* — 2H,0+2HRP" (1)
2M+2HRP* — 2HRP+2M* @
2M*+2e” - 2M 3

where HRP™ represents the oxidized form of HRP and M* denotes the oxidized form of the
mediator. When M is Fc or a Fc derivative in solution, by setting the electrode potential at a
value (typically < 0.3 V vs. Ag/AgCI33) to reduce the enzymatically generated Fc* back to Fc,
the catalytic cycle continuously converts H,O, to H,O. The commercially successful wired
HRP/polymer electrode utilizing Os(bpy)s2* as the mediator follows the same electrode
reaction.1 However, we did not observe any electrocatalytic current when the as-prepared
electrode was held at such a potential. Rather, considerably high oxidation current was
observed when a potential greater than 0.5 V was applied. At 0.5 V or beyond, the Fc group
at the end of the alkyl chain is oxidized (cf. solid line curve in Figure 1). The oxidation potential
of FcC41SH, taken as the average of the anodic (0.43 V) and cathodic (0.39 V) peak potentials,
is 0.41 V. When HRP was added into a PBS solution housing an FcC11SH/MPA-modified
electrode, we observed an increase in the anodic peak (cf. dashed line curve in Figure 1).
Addition of H,0,, further increased the anodic peak and reduced the cathodic peak (dotted line
curve). These behaviors are also characteristic of an electrocatalytic reaction (EC’
mechanism?3).

A number of papers have shown that, in the presence of an oxidant, HRP can be first oxidized
to a form that contains a four-valent Fe center (i.e., oxyperoxidase*—46) and is capable of
oxidizing H,0, to O,. This form, denoted herein as Fe(1V)-HRP or HRP2*, may be responsible
for the observed electrocatalytic oxidation of H,O5:

2RED - 2¢~ — 20x )
HRP+20x — HRP**+2Red 6)
HRP?**+H,0, — HRP+0,+2H* )

where Red is the reduced form of the oxidant that is capable of oxidizing HRP to the Fe(IV)-
HRP. From the dashed line curve in Figure 1, it is evident that the oxidized FcC11SH at the
electrode, viz., Fc*C11SH, can oxidize HRP. Therefore, we suggest that Fc*C1,SH may behave
as an oxidant and has converted the surface-confined HRP to its oxidized form HRP2*. The
regeneration of FcC1,SH explains the increase of anodic current from the solid to the dashed
line curves. In the presence of H,0,, HRP2* oxidizes H,0, to O, and itself is converted back
to the native HRP. Thus, the anodic current is further amplified (cf. the dotted line curve in
Figure 1).
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The above mechanism is reasonable considering that the potential of oxyperoxidase or
HRP2* is approximately between 0.5 and 0.7 V,4” which is quite close to the oxidation potential
of Fc™C14SH. This is also close to the diffusion-limited oxidation of H,O, to O, at Pt electrodes.
11, 48 The close proximity between FcCq1SH and HRP molecules at the electrode may have
lowered the energy barrier for the electron transfer. Thus, achieving H,O, oxidation at a less
positive potential at an electrode less catalytic than Pt is an attractive aspect of the as-prepared
electrode. To provide further support to the above mechanism, we conducted another
experiment by employing Ru(bpy)32* whose oxidation potential is rather high (1.11 V vs. Ag/
AgCI*3). When HRP is present in the solution, a sigmoidal CV of Ru(bpy)s2* was observed
(See the dashed voltammogram in Figure 2). In the presence of H,O,, the increase in the steady-
state anodic current is even more pronounced (dotted line curve). In this case, the
electrogenerated Ru(bpy)33* acts as an oxidant in the same fashion as Fc*Cq4SH to facilitate
the HRP-catalyzed electrooxdiation of H,O, to O,. Overall, the lack of a H,O5 reduction
reaction is not entirely surprising, given that the potentials of redox proteins in thin films depend
on a variety of factors such as the substrate electrode, the interaction of the proteins with the
film materials, and the identity of the redox proteins.4 50

When HRP is immobilized and encapsulated, the oxidation current corresponding to the co-
immobilized FcCq;SH increases with HoO, (Figure 3). Such a behavior is in remarkable
resemblance to that obtained with HRP in solution (cf. Figure 1 and Figure 2). Thus, we
conclude that the FcCq1SH/encapsulated HRP electrode can efficiently catalyze the oxidation
of H,0, and encapsulating HRP does not appear to hinder (1) the diffusion of H,O, from the
solution to the HRP molecules and (2) the facile electron transfer reaction between Fc*Cq4SH
and HRP. We should note that H,O, detection is often accomplished by using electrodes
modified with various oxidases.?% ®1 These electrodes generally require O, for sustained
enzymatic function. Thus, the generation of O, from the electrocatalytic oxidation of H,O,
could potentially help prevent oxygen depletion in various detection schemes.

The amperometric detection of H,O in a thin-layer flow cell housing an FcCq1SH/
encapaulsted HRP electrode was optimized. We found that, in the range of flow rates studied
(0.015-0.14 mL/min), 0.080 mL/min produced the highest current (data not shown). This is
understandable, as a higher flow rate increases the mass transfer rate of H,O,. But as the flow
rate becomes too high, the reaction time becomes rather short and the effect outweighs the
contribution by the increased mass transfer at a high flow rate. We also studied the dependence
of the electrocatalytic current on solution pH (filled squares in Figure 4) and compared the
behavior observed at a wired HRP/polymer electrode (open circles). Two points are worth
noting: (1) both types of HRP electrodes possess enzymatic activity across a wide pH range
(5.0-10.0 for the FcCq1SH/encapaulsted HRP electrode and 4.0-8.0 for the wired HRP/
polymer electrode), and (2) the pH dependence of the wired HRP/polymer electrode is opposite
to that of the FcCq1SH/encapaulsted HRP electrode. The pH dependences of these two types
of electrodes can be rationalized by the difference between the aforementioned mechanisms.
For the HRP-catalyzed H,O5 reduction (cf. eq. 1), the equation

Enlo:/nzangzoz 1m0 T0-0296l0g[ H02] — 0.0592pH describes the pH dependence of redox
potential of the H,O0,/H»0 couple. As such, an increase in pH would decrease the potential or
the oxidizing power of H,0,. The net effect is a decrease in the mediator (Os(bpy)s2*) turn-
over rate or catalytic current. On the contrary, for HRP-catalyzed H,0O, oxidation (cf. eq. 7),
H»0, is oxidized and the potential of the redox couple O,/H,0> is also pH dependent

(Eoz/nzo:Egz/HzUz —0.0296log[ H,0,] - 0.0592pH), In this case, an increase in pH would also
decrease the potential, but the reducing power of H,O5 is increased. As the consequence, the
driving force of redox reaction 7 is increased and the Fc™C11SH mediator turn-over rate is
higher. Notice that the current begins to level off at pH < 5.0 and > 9.0 at the wired HRP/
polymer and the FcCq1SH/encapsulated HRP electrodes, respectively. In both cases, the
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electrocatalytic currents are governed by the mass transfer of H,O, from the bulk solution to
the electrode surface. The contrast in the pH dependences again strongly suggests that H,O,
is oxidized at the electrode prepared in this work.

Having optimized the experimental condition, we performed amperometric detection of
H,0, across a wide range of concentrations. Figure 5A depicts a representative
chronoamperomogram showing three consecutive injections of three different H,0,
concentrations. It is clear that reproducible peaks can be obtained and the peak height is
proportional to the three concentrations. From the variations of the baseline signals, we
estimated the detection limit (3c) for H,0O, at this electrode to be 0.64 nM. This is a reasonable
detection limit since injections of 1.0 nM H,0O, produced well-resolved peaks with a good
signal-to-noise ratio (cf. inset of Figure 5A). Figure 5B displays the calibration plot for
[Ho05] between 1.0 nM and 100 uM and the inset shows the linear portion of the plot (from
1.0nMto 1.6 uM). The dynamic range is comparable to that obtained at the wired HRP/polymer
electrode (from 0.50 nM to 1.0 uM). The excellent linearity (R? = 0.999) suggests that the
dynamic range spans over three orders of magnitude and the RSD values range within 1.3—
4.1%, which are considered to be excellent.>2 We also assessed the reproducibility among three
different electrodes. The RSD value (3.4%) is also rather small and the difference can be
attributed to the slight variation in the FcC11SH coverage among different electrodes. At the
wired HRP/polymer electrode, the detection limit was found to be lower (0.033 nM). The lower
detection limit is expected, because the 3-D polymer network can incorporate more mediator
and enzyme molecules®! than the mediator and enzyme molecules dispersed in a 2-D mixed
monolayer. However, we should point out that the calibration curve for the wired HRP/polymer
electrode deviates from linearity at HoO, concentration below 0.5 nM. Thus the detection limit
is not much lower than that of the FcC11SH/encapsulated HRP electrode.

Figure 6 is a bar graph comparing the durability among the three types of electrodes, viz., the
FcCq1SH/encapsulated HRP electrode (red), the FcC11SH/HRP electrode (green), and the
wired HRP/polymer electrode (blue). It is apparent that both the wired HRP/polymer and the
FcC11SH/HREP (i.e., HRP is not encapsulated) begin to degrade after about three days. The
stability of the wired HRP/polymer electrode is consistent with the one-week shelf life noted
by the vendor.3® In contrast, the FcCy;,SH/encapsulated HRP electrode remains stable for
almost three weeks and only loses 16% of its catalytic efficiency after 21 days.

To determine whether the retention of catalytic activity of HRP is due to the preservation of
the native structure or due to the isolation of the HRP from the sample solution by the hydrogel,
we also modified electrodes with native and denatured HRP molecules and subsequently
covered them with a poly-L-lysine (PLL) film. Specifically, following the attachment of HRP
onto the MPA/FcC11SH mixed monolayer (cf. Scheme 1) PLL was cross-linked using the NHS/
EDC chemistry. In a separate experiment, an electrode covered with FcC1;SH/HRP was
immersed in a 15% methanol solution at 60 °C for 20 min to denature HRP, which was followed
by attachment of the PLL matrix. While the former electrode showed excellent amperometric
response to injected H,O5, essentially no signals were detected at the latter electrode. In
addition, we found that denatured HRP that had been encapsulated also did not produce
electrocatalytic currents. Since Rusling and coworkers have demonstrated that enzymes such
as HRP can retain near native structures for extended periods when cross-linked to PLL films,
14 the above observations suggest that encapsulation of HRP renders an environment that
retains the native structure of HRP and prolongs its enzymatic activity.

Finally, we applied the FcCq1SH/encapsulated HRP electrode to the detection of HoO5 in a
real sample. In neuroscience research, reactive oxygen species such as H,O, are widely
believed to cause oxidative stress/damage to cells.>3 H,0, or species that produce H,0, are
generally introduced to neuronal cell cultures and cell viability is monitored over a period of
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time.36: 54, 55 For example, we®8: 57 and others®8: 59 have shown that redox metals (e.g.,
Cu2* and Fe3*), upon complexation with amyloid peptides, can generate H,0, with cellular
redox species. Knowledge about the percent of H,O, along the course of incubation affords
accurate information about the dosage of H,O» that inflicts cell death. To demonstrate the
viability of using the FcCy,SH/encapsulated HRP electrode for H,O, detection in a complex
sample matrix, we first spiked a cell-free medium with 500.0 nM H,0, and determined the
amount of H,O, to be 494.4 £ 5.7 nM (RSD = 1.14%). The excellent accuracy also
demonstrates that the cell culture matrix does not cause appreciable surface contamination and
degradation of the HRP activity and the various species in the culture medium do not react
with H,O». In a separate experiment, we added 500.0 nM H,0» into a B104 neuroblastoma
cell culture sample, and, through a MTT assay36 (see also details in Experimental Section),
found that only 45% of the cells survived after 20 h. The injection peaks presented by the
dashed line curve in Figure 7 clearly show that H,O, remaining in the cell culture can be
detected rapidly and reproducibly (RSD = 0.82% for the three injection peaks). The H,0,
concentration was determined to be 188.1 £ 1.1 nM, which is in excellent agreement with that
obtained at the wired HRP/polymer electrode (197.8 + 3.3 nM). The remaining H,0O, is about
38% of the original dosage, suggesting that a large fraction of the original dosage has reacted
and caused the cell death. From this experiment, we conclude that encapsulation of the HRP
molecule affords reliable analyses for H,O, in biological samples.

Conclusion

Gold electrodes modified with mixed monolayers of FcCq1SH/encapsulated HRP have been
successfully applied to the amplified amperometric detection of H,O, at trace levels. By
electrogenerating ferrocenium at the end of an alkanethiol tether, a catalytic cycle is created,
which results in an increased oxidation current or signal amplification. The electrode process
was elucidated to be an HRP-catalyzed oxidation reaction of H,O, to O,. Construction of the
FcCq1SH/encapsulated HRP electrode is straightforward and the electrode performance was
optimized by studying the influences of FcC11SH surface coverage, solution pH, and flow rate
on the amplified signals. The dynamic range and sensitivity are highly comparable to those
achievable with the commercially available wired HRP/polymer electrode. The as-prepared
electrode yields a detection limit of 0.64 nM, which is quite remarkable considering that both
the enzyme and mediator molecules are spread in a monolayer (instead of across a thick film).
Compared to electrodes at which HRP molecules are exposed, the encapsulation of the
preimmobilized HPR is demonstrated to enhance the durability of the electrode and to render
the amenability to detection of H,O5 in complex sample matrix. The significantly improved
stability can be ascribed to the porous acrylonated exterior formed at the surface of HRP
molecules, which allows H,0, to reach the HRP core while retaining the native structure of
the HRP molecule.
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Figure 1.

CVs acquired at an Au electrode modified with a mixed monolayer of FcC11SH and MPA in
a 0.1 M PBS solution (solid line curve), in a PBS solution containing 0.2 mM HRP (dashed)
and in a PBS solution containing 0.2 mM HRP and 0.2 mM H,0, (dotted). The scan rate was
5 mV/s and the arrow indicates the initial scan direction.
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Figure 2.

CVs acquired at a bare Au electrode in a PBS solution containing 0.2 mM Ru(bpy)s2* (solid
line curve), 0.2 mM Ru(bpy)3;2* and 0.2 mM HRP (dashed), and 0.2 mM Ru(bpy)32*, 0.2 mM
HRP, and 0.2 mM H,0, (dotted). The scan rate was 5 mV/s and the arrow indicates the initial
scan direction.
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Figure 3.

CVs at a mixed monolayer of FcCq;SH/encapsulated HRP acquired in 0.1 M PBS (solid line
curve) and PBS containing 20 pM H»O, (dashed). Scan rate = 5 mV/s and the arrow indicates
the initial scan direction.
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Figure 4.

Dependence of electrocatalytic currents on solution pH: currents recorded at a wired HRP/
polymer electrode (open circles) and the FcCq;SH/encapsulated HRP electrode (filled
squares). For both electrodes, 1 uM H,0, was used. RSD values ranging from 1.86 to 10.2%
are plotted as the error bars (n = 3).
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Figure 5.

(A) Amperometric response at an FcCy1SH/encapsulated HRP electrode upon consecutive
injections of three different H,O, concentrations (0.05, 0.50 and 1.0 pM). The electrode was
held at 0.5 V vs. Ag/AgCl, while the injected H,O, samples were delivered at 0.08 mL/min.
Inset: Amperometric response to three consecutive injections of 1.0 nM H,0,. (B) Dependence
of the electrocatalytic current on [H,05] in the range between 1 nM and 100 pM, i (nA) =
0.029 [H,0,] (nM) + 0.56 (nA). The inset shows the linear portion of the plot (r2 = 0.999
between 1.0 nM and 1.6 uM). Each concentration was repeated three times and the error bars
represent the RSD values.
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Figure 6.

Comparison of stability among the FcCq,SH/encapsulated HRP electrode (red), the FcC11SH/
HRP electrode (green), and the wired HRP/polymer electrode (blue). Error bars represent the
RSD values (n = 3), which range between 0.14 and 8.1%.
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Figure 7.

Amperometric responses corresponding to three consecutive injections of a cell-free medium
containing 500 nM H,0, (solid line curve) and the medium containing B-104 neuroblastoma
that had been incubated with 500 nM H,05 for 20 h (dashed). The flow rate used was 0.08
mL/min and the electrode potential was held at 0.5 V vs. Ag/AgClI.
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Scheme 1.

Steps for constructing the mixed monolayer of FcCq1SH and encapsulated HRP at a Au
electrode: (a) formation of a mixed monolayer of MPA/FcC11SH, (b) activation of and NHS
ester attachment onto MPA, (c) cross-linking of HRP, and (d) encapsulation of HRP through
acryloylation. For illustration, the molecules are not drawn to scale.
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