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Abstract

Hydrogen peroxide is an important analyte from both the standpoints of in vivo and in vitro
analyses. Electrochemical methods offer good prospects, but present sensing methods
suffer from inadequate limits of detection (LOD), low sensitivity, poor stability, and nume-
rous interferents. To address these issues, we use the recently recognized peroxidase-like
activity of ferrocene for sensing based on the reductive electrocatalysis of H20,. This route
obviates interferences from ascorbate, urea, urate, dopamine and glucose. Immobilization
of ferrocene overcomes its low aqueous solubility. This is done by the chemical modification
of a pseudo-graphite material rich in sp? defects. The surface is modified for carboxylate
features through a diazonium intermediate formed through 4-aminobenzoic acid. Amino-
ferrocene is attached to surface carboxylate groups through a N-ethyl-N’-(3-(dimethylami-
no)propyl) carbodiimide coupling agent. Cyclic voltametric studies indicate that the surface
concentration of ferrocene is 1.06 nmol cm™. Chronoamperometric response at -0.6 V vs.
Ag/AqCl, gives a LOD of 0.070 uM with a high sensitivity of 553.2 uA mM-* cm™. This is the
best sensitivity reported in the literature. Furthermore, the sensor is stable over 50 cyclic
voltametric scans, and between the 3 calibration-curve studies.
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Introduction

Hydrogen peroxide is an important medical biomarker as an increase in peroxide concentration
in biofluids is associated with diseases such as diabetes and cancer [1,2]. In these biological matrices,
the concentration of H,0; can range from 0.1 to 100 uM [1,2]. Increases in peroxide concentration
as small as 0.1 pM can indicate malignant cells, and thus, sensitive methods for detection are highly
desired. Electrochemical methods are one option as they offer rapid and sensitive analysis, with the
further possibility of in situ sensors. Electrochemical detection for H,0, proceeds through peroxide
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oxidation (Equation 1) or reduction (Equation 2) and can be performed using various electrode
materials [3,4].
H,0; = 0, + 2e” + 2H* EY(1) = +0.695V (1)
H,0,+ 2H* + 2e" =2 H,0 E%(2) = +1.763V (2)

However, these electrodes generally suffer from either slow kinetics, instability, a modest limit of
detection (LOD) or matrix interferences [5,6] . Therefore, electrocatalysts are often required for H,0;
sensing, with the predominant one being horseradish peroxidases (HRP) [4]. This enzyme contains an
electrocatalytic heme moiety, which oxidizes peroxide (Equation 1), but its surrounding protein shell
prohibits direct electroreduction and requires a redox mediator for peroxide detection [4-6]. Sensors
based on HRP generally have an excellent LOD of up to 107 M with linear ranges of 1 to 2 orders of
magnitude. However, their reliance on redox mediation causes an increased susceptibility to
electrochemically active biological interferents. Furthermore, the enzyme itself is degraded by
hydrogen peroxide, which limits the electrocatalytic turnover number and durability [3,5,6]. Due to
these concerns, recent attention has been paid to alternative electrocatalysts.

However, all electrocatalysts still face interference from electroactive biomolecules. These
include glucose (5.5 mM), ascorbate (100 mM), urea (7 mM), uric acid (0.4 mM), dopamine (200 pM)
and in some instances, dissolved oxygen [7-11]. All these species, besides dissolved oxygen, can be
electrochemically oxidized and therefore interfere with the electro-oxidative process of Reaction 1.
Analysis of H,0, by electro-reduction (Reaction 2) obviates most of these interferences except for
dissolved O.. This interference arises from the oxygen reduction reaction (ORR), Equation (3).

O,+4H* +4e =2H,0 E°=1.23V (3)

Normally, in biofluids, the concentrations of ascorbate and urate are high enough to completely
remove dissolved oxygen from the sample (Co, = 0.13 mM at room temperature) [12,13]. However,
prolonged exposure ex situ may include this interferent. Sulphite offers a possibility of removing
O2(aq) from these samples through Equation (4) [14].

SO3% + % 02 = SO4* (4)

Ferrocene (Fc) has recently been recognized as having many possible catalytic and electrocatalytic
properties [15]. Among these include peroxidase-like activity, which may enable the catalysis of
Reaction 2 or other electro-reductive reactions for the purpose of H,0, sensing [16]. Ferrocene/
/ferricenium (Fc*) redox couple has fast heterogeneous electron transfer with most electrodes and
can charge mediation with dissolved species. Limitations include very low solubility in water and
decomposition of Fc* by hydrolysis [17,18]. Immobilization of Fc on the electrode overcomes these
issues [17,18]. In contrast to redox polymers, direct covalent attachment of Fc places it near the
electrode surface [19]. This facilitates fast heterogenous electron transfer [19]. However, present
methods of covalent attachment do not give stability, nor the surface concentration required for
sensitive and robust sensing of H,0, [20-22]. In this study, Fc is covalently attached to a pseudo-
graphite. Graphite from the University of Idaho Thermalized Asphalt Reaction (GUITAR) consists of
85 % sp? and 15 % sp> C with a very small crystallite grain size of 1.5 nm [23]. This results in a high
degree of basal plane defects, as shown in Figure 1. These defects allow for functionalization to a
greater extent than defect-free graphites and graphenes [24,25]. The network of six-membered ring
systems of the latter two gives a stabilized surface that is difficult to modify [26-28]. Furthermore,
functionalization of the defects on GUITAR does not negatively affect the materials stability [29-31].
In a recent contribution, this was demonstrated by the stable covalent attachment of single-strand
DNA to GUITAR for molecular recognition [29]. This is the only known attachment that is able to
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withstand the temperatures required for the polymerase chain reaction [29]. In this contribution,
spontaneous diazonium addition and sequential amide bond coupling was used for the immobilization
of Fc (see Figure 2, below) [29]. We evaluate this modified GUITAR for performance for H,O, detection
in the presence of common interfering agents.

% . )
Basal Plane Indicates sp? carbons

Stones-Wales
(Point) Defect

Dislocation™
Defect

Figure 1. The various structural defects within the basal plane of graphite. These defects give GUITAR its
chemically functionalizable surface at the sp-like sites

Adding to the impetus of using GUITAR is its excellent electrode characteristics. These include
fast heterogeneous electron transfer, a wide aqueous potential window and resistance to
fouling [23,30,31]. These qualities make it an excellent material for electrochemical sensing.

Experimental

Chemicals

Vegetable oil (WinCo brand) was obtained at a WinCo Foods grocery store (Moscow, ID, USA).
Carbon black (CB, acetylene, 50 % compressed, 99.9 %) was obtained from Alfa Aesar (Ward Hill,
Massachusetts). 4-aminobenzoic acid (99 %), 1-ethyl-3-[3-dimethyl aminopropyl] carbodiimide
(EDC) (297 %), and 2-(N-morpholino)ethanesulfonic acid (MES) (299.5 %) were obtained from Sigma
Aldrich (St. Louis, MO, USA). Hydrochloric acid (36.5 to 38 % w/v), sodium hydroxide (98.9 %),
magnesium chloride (99 %), and sodium nitrite (98 %), potassium monophosphate (99.6 %),
potassium diphosphate (99.8 %), sodium oxalate, Fischer Primary Standard and potassium chloride
(99.7 %) were obtained from Fisher Scientific (Waltham, NJ, USA). Potassium ferricyanide was
obtained from Acros Organics (N.J, USA). 5 % Nafion solution dispersion (D521) was obtained from
lon Power Inc. (Tyrone, PA, USA). Hydrogen peroxide solution 30 %, AR® ACS, was obtained from
Macron Fine Chemicals (Center Valley, Pennsylvania, USA). The 30 % hydrogen peroxide solution
was standardized weekly against a secondary standard potassium permanganate. Potassium
permanganate (299.0 %), BAKER ANALYZED® ACS, was obtained from Avantor Performance Material
LLC (Center Valley, Pennsylvania, USA). Potassium permanganate was standardized daily against the
primary standard sodium oxalate. All aqueous solutions were prepared with deionized water
purified by passage through an activated carbon purification cartridge obtained from Barnstead -
model D8922 (IA, USA).

Chemical vapor deposition of GUITAR on carbon black particles

GUITAR particles were formed by chemical vapor deposition (CVD) onto carbon black (CB) particles
as described in detail in previous publications [31,32]. In summary, the vegetable oil precursor was
injected into a 900 °C quartz tube furnace containing the CB substrate under an inert (N2) atmosphere
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for 15 min. Three successive coating cycles were performed, with the coated particles being passed
through an 80-micron mesh screen between cycles.

Coupling of aminoferrocene to GUITAR surfaces

Ferrocene attachment of GUITAR particles is highlighted in Figure 2. The following were added
to 80 mL of water at 0-5 °C: 280 mg NaOH, 526 mg NaNO; and 960 mg 4-aminbenzoic acid [29]. This
solution was slowly acidified to pH 2, generating 4-carboxybenzoicdiazonium (i) in Figure 2. After 45
minutes, 200 mg of GUITAR particles were added to the mixture and allowed to react for 2 hours.
Carboxylated GUITAR particles were filtered and washed with deionized water and isopropyl
alcohol. Carboxylated GUITAR particles (20 mg) were added to 1.0 mL of 50/50 (v/v) water/ethanol
solution containing 0.1 M MES buffer at pH 4.5. To this, 100 pL of 1.3 M EDC and 100 pL of 10 mM
aminoferrocene were slowly added. The solution was vigorously stirred for 16 hours at room
temperature. The particles were decanted and washed 3 times with absolute ethanol, acetone, and
DI water, respectively.

O.__OH
(i) .
5°C 45 mins Fe
N O«__NH
N
Fe
GUITAR
-N,
> ﬁ
H*, 0-5°C, 2 hours EDC coupling
agent

Carboxylated GUITAR G-Fc Particles

Figure 2. Schematic for the immobilization of ferrocene onto GUITAR particles. This process was also
performed on carbon black, which served as a control

Electrode ink fabrication and electrochemical setup

For electrochemical experiments, particles were cast onto a glassy carbon substrate as Nafion
thin-film inks as previously described [31,32]. In short, inks were made with 20 mg of particles in
1 mL total volume, consisting of 450 uL of ethanol, 450 pL of DI H,0, and 150 puL of 5 % Nafion
solution. The particle loading of CB was ~1.0 mg cm2, which is the same as in our previous
studies [31,32]. Cyclic voltametric (CV) electrochemical studies were performed with a Bioanalytical
Systems CV-50 W (West Lafayette, IN, USA). In all cases, these studies used an Ag/AgCl reference
electrode (3.0 M KCl, 0.209 V vs. SHE) and a graphite rod as the counter electrode in an undivided
cell. Electrochemically active surface area (ECSA) was determined on GUITAR by measuring the CV
capacitance currents described in previous publications [23,31,32]. The geometric surface area was
used for CB electrodes.

X-ray photoelectron spectroscopy characterization

X-ray photoelectron spectroscopy (XPS) was performed on a Physical Electronics PHI5600
spectrometer (Chanhassen, Minnesota, USA). Measurements were made with the Al Ka emission
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line (1486.6 eV) and a hemispherical energy analyzer with a resolution of 0.025 eV. Samples were
grounded and exposed to a 500-eV electron beam to eliminate spurious charging. All spectra were
acquired at room temperature. The XPS peaks were fitted with associated Gaussian-Lorentzian
curves on XPSPEAK41 in accordance with the graphitic materials literature [33-37]. Tougaard
background subtraction was performed for peak deconvolutions [33-37]. The full widths at half
maximums (FWHM) were held at a constant value for all peaks during deconvolution.

Results and discussion

XPS of carboxylate GUITAR particles

Wide-scan XPS of (Figure 3A) revealed two peaks assigned to Cls at 285 eV and O1s at 532 eV.
Using Tougaard background subtraction, and the surface relative sensitivity factors from Wagner,
the oxygen content is 14.9 at.% [35-38]. This corresponds to 7.5 at.% -COOH groups on the surface
relative to C abundance. This is the highest surface coverage for chemical diazonium grafting
presented in the literature [39-47]. Also, this conclusion is supported by the deconvolved Cls peak
(displayed in Figure 3B), which gives 38.8 at.% sp? C at 284.5 eV, 35.9 at.% sp> C at 285.1 eV,
13.5 at.% -C=0 at 286.7 eV and 8.1 at.% -COOH at 288.7 eV [34-38].
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\ 285.1 eV, D84l oV
=C=-C/-C-= 0, - y
C-C-C-H.35.9% | | “c_C Sg'an,
5 5 | 286.7 eV,-C=0, 13.5% \ s
p O1s,149 % P \
> \ = 288.9eV, | \
e £ -COOH, 8.1%
T S 291 ev,
) . - \
£ £ | m—mn* 3.7% \
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Figure 3. XPS analysis of diazonium grafted particles of GUITAR-COOH. (A) Survey scan spectrum of GUITAR-
COOH with relative atomic abundances. The C1s (B), and O1s (C) are displayed with associated deconvolved
peaks

The O1s peak (Figure 3C) reveals three deconvolved oxygen peaks, at 531.6 eV corresponding to
-C=0, 533.2 eV for -C-O. The last at 534.6 eV is attributed to adsorbed water [34-36,38,48,49].
Adventitious carbon is a concern in XPS analysis, this species is primarily from ambient volatile
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organic carbons (VOCs) [50]. This possibility was discounted as VOCs if the O peak in the survey scan
is absent. VOCs average 25/75 O/C ratio, also the C-C peak for VOCs are at 284.8 +/-0.25 eV, which
is absent in our XPS scans [50]. A common but detrimental side product is incomplete reduction of
diazonium salt, leaving residual -N=N on the surface [39-47,51-53]. This was considered negligible
as no N1s peaks were observed in the survey scan [35,38,48,53]. It is important to note that
attachments of diazonium salts to the BP of graphitic materials are weaker than true covalent bonds,
as observed by Lim and coworkers [24]. The high yield achieved on GUITAR is likely due to the high
defect density observed on the basal plane, which can more readily react with the diazonium salts

formed in solution [24,25].

XPS analysis of immobilized ferrocene

Surface-bound ferrocene was attached through an amide linkage as outlined in Figure 2, Step 2.
XPS studies of GUITAR-Fc particles yield an average iron content of 2.55 at.%. The peak assignments
and relative atomic abundances from the survey XPS are shown in Figure 4A. The visibility of the
Fe2s peak was also present in the survey scan presented in Figure 4A. This is not seen with literature
XPS ferrocene and may indicate that the core electronic levels of the ferrocene have been affected
by covalent linkage to GUITAR. As discussed above, the relative carboxylate content on GUITAR is
7.47 at %. Comparing the two relative quantities gives a yield of 34 % (2.55/7.47 at.%) of attached
ferrocene relative to carboxylate.
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Figure 4. XPS analysis of GUITAR-Fc. (A) Survey scan spectrum of with relative atomic abundances. Values

presented in parenthesis are at.% using Fe2s peak. The C1s (B), O1s (C), and Fe2p (D), high-resolution scans
are displayed with associated deconvolution
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In literature, ferrocene coupling reactions with diazonium modified surfaces only proceed to
about 10 % vyield [51-53]. The detailed scan of the Fe2p region is presented in Figure 4D. While the
scan appears to have features of ferrocene present in literature, no conclusions can be drawn with
any confidence, as the scan quality is low.

Electrochemical characterization of immobilized ferrocene

Immobilized ferrocene on GUITAR and CB particle film electrodes was examined with cyclic voltam-
metry (CV). Both surfaces were modified by the sequence outlined in Figure 2. Figures 5A and 5B show
the cyclic voltammograms of GUITAR-Fc and CB-Fc, respectively, at a scan rate of 0.05V st in 0.1 M
phosphate buffer (PB) at pH 7.0 under atmospheric conditions. The background CVs consist of
associated carboxylated particles without ferrocene.
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E / % (I,
£ £
© 20 / Z ° 20t
2 2
B 0F AEp=0.150V @ (INAEp =0.165 V
é E,,=0.212V 8 OF [/ (NaEp=0.15V (I)E,,;=0.43V.
o g £ ()E,,,=0.084V
=
.20 <
3 Background G20t —— Background
— 17 Scan (), 1%g
-40r —— 50" Scan " can
(N, — 30" scan
01 00 0.1 02 03 04 05 4?0_2 0.0 0.2 0.4 06 08
Potential, V Potential, V
40 100
c] D
L 30 F 80 — R?=0.994 o
60 | -
5§ 20 | -+ GUITAR-Fc .‘_,.»--""
il CB-Fc peak (1) < 40 - .__,__..--‘-
Z 10 20l o
@ CB-Fc peak (l1) = ...-'
5 g e
20 5o ‘
E S 20 .‘"l..,
£ -10 50 g,
= o (o
Q 40 | [ ] P
%20 b
2 Q-___._‘_._‘_. -60 F "o q
L P P P — R?=0.991 RN
30 | 80 b
-40 -100
0 10 20 30 40 50 0 0.1 0.2 0.3 0.4
Cycle number Scan rate, Vs

Figure 5. (A) CV scans (0.05 V s%) on GUITAR-Fc (1° - blue line, 50"- black line) and GUITAR-COOH (red line).
(B) CV scans CB-Fc (1 - blue line, 30"- black line) and CB-COOH (red line). (C) The peak current densities for
both materials over respective CV cycles. GUITAR-Fc shows no loss in peak current over 50 cycles whereas
CB-Fc loses all its peak current density within 30 cycles. (D) A plot of scan rate vs. peak current, there is a
linear correlation between these variables showing that Fc exhibits adsorbed species

Figure 5A shows a reversible pair of redox peaks on GUITAR-Fc attributed to the 1le
ferrocene/ferrocenium (Fc/Fc*) redox couple. On GUITAR, it has a AE, of 150 mV, an Eqy; of 212 mV
vs. Ag/AgCl, and a stable /,a/l,c ratio of 1.05 (peak current anodic /ps over peak current cathodic /)
over 50 CVs. The ips had a linear dependence on scan rate, showing the Fc on GUITAR had adsorbed
species (Figure 5D) [13,54]. The CB-Fc CVs in Figure 5B show two sets of CV waves, both degrading
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to background in less than 30 CV scans. This indicates that the diazonium coupling scheme in Figure
2 was not as successful with CB. Additionally, a portion of aminoferrocene was weakly adsorbed
onto that surface.

The surface coverage (/) of Fc on GUITAR was determined by integration of the anodic CV wave
(shaded region, Figure 5A) and equation (5) below [13,54].

r=— (5)

The symbol Q is the total amount of charge from that integration, n is the number of electrons
transferred in the redox event, F is Faraday’s constant, and A / cm? is the ECSA of the electrode. The
calculated surface coverage is 1.06 nmol cm™2. This compares well to other Fc covalent attachment
schemes, which average 0.10 to 1.00 nmol cm™ [20,55].

Hydrogen peroxide detection with GUITAR-Fc electrodes

To assess the characteristics for electrochemical sensing of H,0, by GUITAR-Fc, a CV wave at 50
mV/s was obtained under Ar-purged conditions in 0.1 M phosphate buffer (PB) at pH 7.0. A reductive
current for 60 uM H,0; is observed with an onset potential of -0.35 V (Figure 6A). Control particles
without immobilized Fc showed no faradaic features up to 6612 uM H,0,. These results indicate the
electrocatalytic role of Fc in this sensor. The chronoamperometric response for concentrations of
H,0; varying from 0.45 to 74 uM was obtained at -0.6 V vs. Ag/AgCl in Figure 6B. The limit of
detection (LOD) of 0.34 uM was calculated using equation (6) below:

3.30

LOD="7 (6)
m

where o is the standard deviation (0.062 pA cm2) of the seven replicates' lowest concentration
signal in this study, 0.999 uM. Both the European Federation of Clinical Chemistry and Laboratory
Medicine (EFLM) and IUPAC definitions for LOD use the standard deviation of the blank
(oblank =0.012 pA cm2, n = 15) [56-58]. Using this, the LOD is 0.070 uM. The slope of the responses
for H,0, detection in Figure 6D is 553.2 pA M cm™. High sensitivity is desired as peroxide con-
centrations between a healthy and diseased cell are as low as 0.1 uM [1-3]. This is the highest
reported sensitivity for a ferrocene-based system. Table 1 summarizes the linear ranges, sensi-
tivities, and LOD for electrochemical detection of H,O, from the literature and this study.

In addition to performance, GUITAR-Fc also demonstrates good sensor stability. Figure 6D
demonstrates this, as the slopes and amperometric responses were identical over 3 calibration runs
with a single electrode. In contrast, the CB-Fc control saw nearly complete loss of ferrocene/
/ferrocenium activity after only a single calibration run. Additionally, GUITAR-Fc shows excellent
stability during long-term storage. The initial batch of GUITAR-Fc used in this study was stored for
the duration of 1.5 years at 4 °C before use. A freshly prepared batch of GUITAR-Fc was used for
replicates, and the same current responses and sensitivities were produced as the stored batch. This
indicates no degradation of performance due to long-term storage. This is a distinct advantage with
GUITAR-Fc, as both enzymatic and nanoparticle-based electrodes suffer from long-term storage.
Enzyme-based sensors, while often producing better LODs than GUITAR-Fc, have poor storage
stability as horseradish peroxidase degrades after only a few months [4,59]. Similarly, metal
nanoparticles show poor storage stability, showing an average loss of 6.1 % over a 2-week period of
storage [60-62].
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Figure 6. (A) Cyclic voltammagrams of 60 uM H,0; in 0.1 M phosphate buffer, pH 7.0 at 50 mV s.. The
green CV was a GUITAR-COOH electrode in the presence of 6612 uM H,0;, The blue CV was the response
with Fc attached. (B) The amperometric response at -0.6 V vs. Ag/AgCl for GUITAR-Fc with H,0,. (C)
Individual responses of interferents at biological concentrations at -0.6 V. (D) The calibration curves from
Panel B. GUITAR-Fc shows identical responses for H,O, under Ar purged (green) and in the presence of Oz(aq)
with 0.009 M Na,;SOs (orange). The addition of interferents did not affect the detection of H,O; (blue line)
with 0.009 M Na;SOs O; scavenger

The response of the GUITAR-Fc H,0; sensor is free of the common biological interferences. These
were examined at the maximum concentrations found in biofluids of interest (interstitial fluid or
serum) [7-11]. No current response (Figure 6C) was found for glucose (5.5 mM), ascorbate
(100 mM), urea (7 mM), uric acid (0.4 mM), dopamine (200 pM), or MgCl, (1.1 mM). A full calibration
curve was performed in their presence and is overlayed with the previous studies in the absence of
interferents (Figure 6D). There is no significant difference between the curves. This can be attributed
to the ability to operate the electrochemical sensor using a reductive process, avoiding the
electrochemically oxidizable interferents. However, this potential region (-0.6 V vs. Ag/AgCl),
introduces the interferent of dissolved O; (equation (3)). While biological fluids (serum and
interstitial fluid) are generally free of dissolved oxygen due to uric and ascorbic acids, this may
become a concern over long periods of ex-vivo storage. A simple solution is Oz(q) removal from the
cell by inert gas purging (Ar) or the addition of low amounts of sodium sulphite as an oxygen
scavenger (Equation (4); concentration of 0.009 M Na,S0s). Either method gave the same calibration
curve for H,0, as shown in Figure 6D.
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Table 1. Literature comparison for ferrocene-based hydrogen peroxide detection

Interference from ascorbate, urea, urate,

Linear range, y(M  LOD, uM  Sensitivity, yA mM™m™ dopamine, glucose* Ref.
GUITAR-Fc
0.45-74 0.34?, 0.070° 553.2 No This work
Fc redox polymers
0.08-15 0.08 0.034** Yes [63]
0-120 N/R 13.1 N/R [64]
0-50 0.08 6.884 Yes [16]
10-10000 2.07 0.05 No [55]
Fc immobilized particles
1-1000 0.49 136.4 Yes [65]
20-4000 5 0.42** N/R [20]
Adsorbed or covalently attached Fc
10-400 0.66 71.4 No [21]
5-500, 500-4800 5 N/R N/R [66]
N/R 50 1.545%* Yes [22]

*see Figure 6¢; **uA mM™; N/R - not reported; ®expressed using Equation (6), standard deviation of lowest concentration signal;
bexpressed using the standard deviation of the blank

Conclusions

In this study, we demonstrate the advantages of using the peroxidase-like activity of immobilized
Fc for the electrochemical sensing of H,0, (Equation (2)). GUITAR was modified by spontaneous
chemical reduction with an in situ generated 4-carboxybenzene diazonium chloride, producing
carboxylated GUITAR, GUITAR-COOH. This material shows the highest chemical diazonium graft
surface density in the literature [39-47]. Carboxylated GUITAR was coupled with aminoferrocene
using an amide bond. The system demonstrates a stable, durable bond to the aminoferrocene
centre, surviving 50 CV cycles in an aqueous environment with no loss in observed peak currents
(Figure 4C). The resulting sensor shows peroxidase-like catalysis for H,O; reduction at -0.6V. This
scheme has the best combination of LOD and sensitivity, without the effects of common interferents
in biological matrices (Table 1). The demonstrated durability and activity of the GUITAR-supported
ferrocene shows great promise for use in other sensing and electrocatalytic schemes.
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