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ARTICLE INFO ABSTRACT

Keywords Conjugation of biomolecules with hybrid nanomaterials offer opportunities in the assembly of (bio)sensors of
Hybrid nanomaterial improved electrochemical performance. This work reports on developing a novel catalase-functionalized hybrid
Graphene nanomaterial for the detection of hydrogen peroxide (H,05). The rationally assembled (bio)sensor consists of
Iron nanoparticles iron nanoparticles coated with graphene's layers supported on multi-walled carbon nanotubes (Fe@G-MWCNTSs),
Catalase

deposited at a screen-printed carbon electrode surface and functionalized with catalase. Transmission electron
microscopy, X-ray diffraction-, X-ray photoelectron4, thermogravimetric--analysis were used to characterize the
physicochemical properties of the hybrid nanomaterial and better understand its electrochemical behavior. The
(bio)sensor response was linear from 0.1 to 7 mM, with a sensitivity of 0.059 pA/(uM.cm?), a limit of detection
of 28.2 uM, a Michaelis-Menten constant of 17.9 mM, and high reproducibility. The graphene flakes acted as a
protective layer that prevented the loss of the Fe nanoparticles activity, thus improving the long-term stability of

Direct electrochemistry

the (bio)sensor.

1. Introduction

Electrochemical sensing platforms and functional interfaces exploit
hybrid nanomaterials to improve performance. Hybrid materials com-
bine organic and inorganic building blocks that working together gener-
ate a synergic effect of improved performance concerning the individual
components acting alone [1,2]. Multi-walled carbon nanotubes (MWC-
NTs) are hollow cylinders of multiple graphite layers superimposed and
rolled, composed of conjugated sp2-carbon atoms arranged into a plan-
ner 2D honeycomb lattice [1]. MWCNTs have attracted particular in-
terest as supporting nanomaterial in functional interfaces due to their
unique electronic, structural, mechanica 1 catalytic properties; and
their amenability for functionalization [«—u ;. The electronic properties
of the MWCNTs are governed mainly by the outermost layer that is
also chemically very active. However, their trend to aggregation and the
non-uniform surface defects generated during the synthesis process hin-
der the electron transfer and limit their application in (bio)sensor de-
vices.

Different strategies have been assessed to overcome such limitations,
including modification of MWCNTs with metallic nanoparticles [4,7],
which have been widely used in biosensing because of their bioac-
tivity, biocompatibility, and electro-conductive properties [8,9]. Nano-
materials based on iron nanoparticles offer additional advantages over
nanoparticles from other metals (e.g., Au, Pt, Pd) that are related to
its availability, low production cost and magnetic properties [10-12].
However, changes in the medium conditions, such as pH and temper-
ature, may generate variations in their oxidation state that may af-
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fect their electrical properties and limit their use in electrochemical
sensing devices [13,14].

Graphene is a single atomic layer of graphite carbon made by sp?
carbon atoms arranged in a hexagonal lattice, which sheets have even
a 2-fold surface area than MWCNTs. Moreover, graphene has high me-
chanical strength, low density, intrinsic flexibility and very high electron
mobility due to a free z electron for each carbon atom available for elec-
tronic conduction [15]. The use of graphene as a protective coating for
metallic nanostructures has been of great interest because of graphene's
ability to isolate the mec s metal surface, inhibiting its corrosion
and allowing the charge t......er through the metal-graphene interface
[16,17]. Metals coated with graphene sheets generate core-shell-like
type structures with high chemical stability, but with some hindering of
their catalytic activity [18].

Catalase (Cat) is an oxidoreductase that exists as a tetramer of four
identical subunits (220-350 kD), present in the peroxisomes of nearly all
aerobic cells to protect them from the toxic effects of H,O,. Each subunit
contains a heme prosthetic group at the catalytic center that consists of a
protoporphyrin ring and a central Fe atom in the ferric%e (IID)- state
[19,20]. Direct electron exchange of enzymes and electrodes not only
gives an insight into their mechanistic processes and catalytic activity
but simplify third-generation (bio)sensors by avoiding the requirements
of chemical mediators [21,22]. We have already demonstrated the sta-
bility, conductive properties and catalytic activity of the Fe@G-MWC-
NTs hybrid nanomaterial [23]. However, this is the first report exploit-
ing its potential as a support for the immobilization of bioreceptors and
(bio)senscmevelopment.
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Herein, we describe an electrochemical (bio)-sensor's development
based on a catalase-functionalized hybrid nanomaterial for sensing
H,0,. Catalase was immobilized on the surface of a rationally assem-
bled hybrid nanomaterial based on MWCNTs, with Fe nanoparticles
grown at the nanotubes' surface and coated with few graphene layers
(Cat-Fe@G-MWCNTSs). Unlike common hybrid nanomaterials assembled
by a random mix of their components, we report rationally but naturally
disposed nanomaterials assembled one-by-one and systematically com-
pared their electrochemical performance. A diffusion-controlled redox
process at faster electron-transfer at the bare hybrid and a higher den-
sity of Cat immobilized at its surface accounted for the enhanced elec-
trocatalytic performance of the resultant H,O, (bio)sensor, with respect
to the concomitant counterparts. The graphene flakes acted as a protec-
tive layer that prevented the loss of the Fe nanoparticles catalytic activ-
ity, thus improving the ()ie) sensor's long-term stability. This is the first
enzymatic (bio)sensor wiui ute hybrid nanomaterial, but it offers oppor-
tunities for the development of a myriad of specific and highly sensitive
Fe@G-MWCNTs hybrid nanomaterial-based (bio)sensors.

2. Experimental
2.1. Reagents

Catalase  solution  (E.C. 1.11.1.6) from Dbovine liver
(10.000-40.000 units/mg protein), potassium ferricyanide (III)
(K3[Fe(CN)g]), potassium hexacyanoferrate (I trihydrate
(K4[Fe(CN)g].3H,0) and hydrogen peroxide aqueous solution (H,05) of
30% volumetric fraction were purchased from Merck Millipore (Darm-
stadt, Germany). Dipotassium hydrogen phosphate (K;HPO,), disodium
hydrogen phosphate (NaoHPO,4) and potassium nitrate (KNO3) were ac-
quired from PanReac AppliChem (Darmstadt, Germany). Potassium di-
hydrogen phosphate (KH,PO,4), potassium chloride (KCl) and sodium
chloride (NaCl) were obtained from J.T.Baker® (Xalostoc, Mexico). Sul-
phuric acid (H,SO4) was purchased from Honeywell FlukaTM (Seelve,
Germany). N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide ~ hy-
drochloride (EDC), N-hydroxysuccinimide (NHS), 2-(N-morpholino)
ethanesulfonic acid sodium salt (MES) were purchased from
Sigma-Aldrich (Saint Louis, MO, USA). The commercial samples were
purchased from a local pharmacy in Medellin, Colombia (6°15'06.6"N
75°33'48.9"W). They consist of an antiseptic solution and Dioxogen
samples with a nominal composition of HyO, of 4 and 3.6% H50,, re-
spectively, from JgB®. A creamy lotion of 9.0% H303 nominal composi-
tion was from IGORA Schwarzkopf. Each sample was diluted in PBS 1 X
(pH 7.2)/N, saturated solution to a concentration of 3.0 mM H;0,. All
reagents and commercial samples were used without purification and
the solutions were prepared using deionized water.

2.2. Apparatus

Morphology, structural and compositional analysis of the hybrid
nanomaterials were characterized by high-resolution transmission elec-
tron microscopy (HR-TEM), thermogravimetric analysis (TGA) and
X-ray diffraction (XRD). Particle size and morphological characteristics
were measured by HR-TEM by using a JEOL JSM 7100F field-emission
gun scanning electron microscope (FEG-SEM) operated at 200 kV as ac-
celeration voltage. TGA experiments were carried out in a TA-Instru-
ments Q500 thermogravimetry analyzer. XRD experiments were con-
ducted in a Panalytical XPERT PRO MPD diffractometer with
CuKx1 = 1.5406 A, operated at 45 kV and 40 mA. Surface and ele-
mental chemical composition were characterized by X-ray photoelec-
tron spectroscopy (XPS) with a PHOIBOS 150 1D-DLD (SPECS GmbH,
Berlin, Germany) photoelectronic X-ray spectrometer (NAP-XPS) ana-
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lyzer. It used a monochromatic light of Al Ka (1486.7 eV, 13 kV, 100 W)
with 100 and 30 eV energy steps for general and high-resolution spec-
tra, which values were 1 and 0.1 eV, respectively. The spectra were an-
alyzed using CasaXPS software.

The electrochemical measurements were performed with a
three-electrode cell configuration SPCE, (ref. 150, from DropSens), in a
VersaSTATS3 electrochemical workstation with an impedance analyzer.
The chips consist of a 4 mm carbon working electrode, a platinum
counter electrode, and a silver pseudo-reference electrode, respectively
printed on the same strip.

2.3. Preparation and characterization of the Fe@G-MWCNTs hybrid
nanomaterial

Fe@G-MWCNTs were prepared according to a previously reported
method [23,24], whose experimental details are in the ST section. The
hybrid nanomaterial characterization conditions through HR-TEM, TGA,
XRD and XPS are described in the S.I. section.

2.4. Assembly of the enzymatic (bio)sensor

SPCEs were by cyclic voltammetry (CV) in 50 pL of
0.1 M H,S04, scanning the potential between 1.6 and - 0.2 V, followed
by CV in a 0.05 M phosphate buffer solution (pH 7.2), scanning between
1.2 and — 1.0 V, at 100 mV/s by 10 consecutive cycles, respectively.
Then, 0.5 mg of hybrid nanomaterial were dispersed in 1 mL of PBS 1 X
(pH 7.2) solution by a QSONICA Q500 sonicator for 10 s (X2) and 20%
amplitude. 6.0 pL of the dispersion was deposited onto the pre-treated
SPCE by drop-casting, incubated at 37 °C for 30 min and washed in PBS
1x (pH 7.2) for removing the not absorbed hybrid nanomaterial. The
hybrid nanomaterial modified-electrodes were electrochemically acti-
vated in a 0.1 M H,SO4 solution by scanning between 1.6 and - 0.2 V (at
100 mV/s), for five cycles. Cat was immobilized on the modified elec-
trodes through the carbodiimide chemistry by adding 6.0 pL of a mix-
ture of 400 mM EDC and 100 mM NHS in 25 mM MES (pH 6.5) and in-
cubation for 30 min. Finally, 6.0 puL of 0.9 mg/mL Cat solution in PBS
1 x (pH 7.2) was dropped on the working electrode, followed by incu-
bation in a wet chamber in a Thermo Scientific MAXQ 4450 shaker at
50 rpm at 37 °C, for 2 h to obtain the Cat/hybrid nanomaterial/SPCE.
For comparison, the hybrid nanomaterial/SPCE was also prepared by
the same procedure, but without Cat. The enzymatic (bio)sensor assem-
bly and detection mechanism steps are illustrated in the schematic dia-
gram Fig. la.

2.5. Electrochemical measurements

CVs were recorded in 50 pL of 1 mM K3[Fe(CN)g]/PBS 1 X (pH 7.2)/
N, saturated solution from 0.4 to - 0.2V at 0.05V/s scan rate, for
five consecutive cycles. Direct communication studies were performed
through CV in PBS 1 X (pH 7.2)/Nj saturated solution by scanning the
potential from - 0.1 to - 0.8 V at 0.05 V/s scan rate. Enzymatic activ-
ity was studied by CV in a 3.0 mM H,0,/PBS 1x (pH 7.2)/N, satu-
rated solution by scanning the potential once from 0.5 to —1.0 V, at
10 mV/s scan rate. Electrochemical impedance spectroscopy (EIS) was
conducted at 0.16 V of potential and 0.005 V of amplitude, with a fre-
quency range of 50 kHz — 0.1 Hz. The impedance data were fitted with
the software EIS Spectrum Analyzer using the Levenberg-Marquardt al-
gorithm. Chronoamperometry measurements were recorded at a poten-
tial of - 0.65 V for 120 s by denoting the amperometry response as the
time needed to reach the steady-state current that was estimated to be
30 s. All experiments were recorded using a magnet to confine the nano-
material at the working electrode from the SPCE.
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Fig. 1. (a) Schematic diagram of the rational assembly of the enzymatic biosensor. (b) HR-TEM micrograph of Fe@G-MWCNTs. (c) X-ray diffraction pattern of MWCNTSs, Fe-MWCNTSs and

Fe@G-MWCNTSs. XPS spectrum for Fe@G-MWCNTs (d) Cls, (e) Ols and (f) Fe2p.
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3. Results and discussion
3.1. Characterization of the hybrid nanomaterial

Fig. 1b shows an HR-TEM image of the Fe@G-MWCNTs, where
the different structural elements were coexisting as a hybrid nanoma-
terial. For example, well-defined spherical iron nanoparticles promot-
ing the methane decomposition allowed the deposition of about one to
three graphene sheets covering the nanoparticles. Such coating, hav-
ing a rough surface, could promote the anchorage of a high number
of Cat molecules at the hybrid, as demonstrated later. S.I. Fig. Sla
shows TEM micrographs at different amplifications, where a random
nanotubular network of MWCNTSs is supporting some iron nanoparti-
cles of 14 + 5 nm average size, which nucleation process started pref-
erentially over the defects of the MWCNTs surface [24]. As mentioned
in the experimental section, we have employed the microwave-assisted
polyol method for impregnating highly monodisperse iron nanoparticles
on the MWCNTs surface [25], which resulted in smaller nanoparticles
when compared with our previous report [23]. We speculate that having
smaller nanoparticles in the hybrid promotes the higher surface area and
enhanced electrochemical properties. Furthermore, fewer graphene lay-
ers covering the iron nanoparticles isolate them from the medium, pro-
tecting them from corrosion, but facilitating the charge transfer through
the metal-graphene interface.

TGA measurements gave information on the hybrid nanomaterial's
thermal oxidation, which residue at the end of the thermal degrada-
tion is essentially iron oxide (Fe,O3). Fig. S1b shows TGA curves for
Fe@G-MWCNTs, which revealed a low onset degradation temperature
around 287 °C, due to incorporating functional groups by oxidative
treatment with HNOg3: HySO4 that reduced the initial degradation tem-
perature [26]. The three intermediate peaks at 677, 821, and 861 °C
can be attributed to the Fe precursors' decomposition and oxidation of
functional groups of the hybrid nanomaterial [24]. The final degrada-
tion temperature was around 952 °C, generated by the thermal oxida-
tion of the graphite structures. In general, MWCNTs present thermal ox-
idation peaks ranging from 500 to 700 °C [26]. However, the incorpora-
tion of other materials in the matrix may increase the degradation tem-
perature of the graphitic material [26]. The TGA analysis also revealed
a content of 19.7% (in mass fraction) of reduced iron in Fe@G-MWC-
NTs. X-ray diffraction studies investigated the changes in the crystalline
structure of the MWCNTSs upon decorating with iron nanoparticles and
coating with graphene layers. Fig. 1c shows the X-ray diffraction pat-
tern of the hybrid nanomaterial and its elemental structures. The diffrac-
tion peaks at 20 = 25.8° and 42.7° are attributed to the graphite struc-
ture (002) and (100) planes of the MWCNTs [27], while XRD pattern for
Fe-MWCNTs nanomaterial shows six characteristic peaks (20 = 30.4,
35.7, 43.4, 53.6, 57.2, and 62.6°) assigned to the planes: (220), (311),
(400), (422), (511), and (440), respectively. The results suggest the pres-
ence of iron in a magnetite phase (Fe30,4), according to reports in the
literature [28,29]. The characteristic peaks of MWCNTSs and magnetite
remain unchanged after coating with graphene, but it was not possible
to differentiate the peaks of MWCNTSs and graphene due to the presence
of one more graphitic material.

Analysis of the hybrid nanomaterial surface's chemical composition
was conducted by X-ray photoelectron spectroscopy (XPS) by studying
the binding energy among atoms from their corresponding peaks. XPS
spectrums of the hybrid nanomaterials in Fig. 1 d-e show binding en-
ergy at 286.25, 289.65, and 532.25 eV, corresponding to C—0O, —O
—C=0, and O—H/C=0 of carboxylic groups. It indicates that car-
boxylic groups present on the Fe@G-MWCNTSs surface are available to
be linked to Cat via strong amide bonding. XPS spectrum in Fig. 1f re-
vealed the presence of 65% of Fe?*/Fe®* and 35% Fe’, in agreement
with HR-TEM, TGA, and XRD results. S.I. Fig. S1c shows the XPS spec-
trum of MWCNTSs and Fe-MWCNTs, but no significant differences were
observed with respect to the spectrum from Fe@G-MWCNTs.
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3.2. Effect of iron content in the electrochemical response of the hybrid
nanomaterial

The effect of the iron nanoparticle content on the electrochemi-
cal response of the hybrid nanomaterial-modified electrodes was evalu-
ated by CV. S.I. Fig. S2 shows the CV of Fe-MWCNTs and Fe@G-MW-
CNTs with a nominal iron content of 5 to 20% (in mass fraction) in
1 mM K;3[Fe(CN)g]/PBS 1 X (pH 7.2)/Nj, saturated solution. The current
intensity (I, o) for the hybrid nanomaterial increased from 13.6 + 0.2
to 16.4 £ 0.1 pA in an iron content-dependent manner. Besides,
peak-to-peak separation (AEp) decreased from 131.3 = 1.3 to
113.0 = 0.2 mV for 5Fe@G-MWCNTs to 20Fe@G-MWCNTs, respec-
tively; which indicates differences in the electron transfer on the surface
of the modified-electrodes. Besides, the hybrid nanomaterial with bare
iron nanoparticles (Fe-MWCNTSs) showed an electrochemical response
very similar to the one from graphene-coated nanoparticles (Fe@G-MW-
CNTs), especially at 20% iron content (Fig. S2d). This behavior may
be related to the fact that iron nanoparticles' electrical conductivity
and graphene layers are in the same order of magnitude. The slightly
worst electrochemical response of the hybrid nanomaterial coated with
graphene layers at lower iron contents may be associated with graphite
formation on top of the nanoparticles. Therefore, 20Fe@G-MWCNTs was
select as a hybrid nanomaterial for further immobilization of Cat

3.3. Electrochemical characterization of the Cat-immobilized electrode

Fig. la depicts the step-by-step rationale assembling of the enzy-
matic (bio)sensor at the surface of the SPCE by drop-casting bare-, iron
decorated- and graphene-coated iron decorated-MWCNTs, i.e., MWC-
NTs/SPCE, Fe-MWCNTs/SPCE and Fe@G-MWCNTSs/SPCE, respectively;
and after functionalization of the hybrid nanomaterial with Cat (Cat/
Fe@G-MWCNTs/SPCE). The electrochemical response was evaluated in
each step of the (bio)sensor assembly by CV and EIS. Fig. 2a shows
changes in the voltammetric profiles in 1 mM K3[Fe(CN)g]/PBS 1 X
(pH 7.2)/N, saturated solution as the SPCE was modified step-by-step
with the nanomaterials. We calculated the electroactive area (A) of the
electrodes from the CV by the Randles-Sevcik equation [30] as detailed
in S.I. Eq. (1)

The pair of redox peaks observed for each modified-electrode are
characteristic of the redox probe. The I, , increased from 14.5 + 0.20
(SPCE) to 15.9 * 0.20 (MWCNTs/SPCE), and 16.5 = 0.01 pA (Fe-MW-
CNTs/SPCE) as the SPCE was modified, correlated to the increase of
the electrochemical area from 9.45 *+ 0.13 to 9.98 = 0.06, and
10.01 = 0.01 mm? for the corresponding modified electrodes, respec-
tively (Table 1). Otherwise, the current intensity showed no signifi-
cant differences (16.4 + 0.10 pA) when the graphene layers coated the
iron nanoparticles (Fe@G-MWCNTs/SPCE), indicating similar catalytic
properties of iron and graphene-coated iron on the surface of the mod-
ified-electrode. However, AE, went to 113.1 = 0.2 mV (Table 1) for
Fe@G-MWCNTs as the SPCE was modified, as explained by a barrier to
electron transfer of the quasi-reversible systemy

EIS in ferro/ferricyanide redox couple determined differences in the
electron transfer capability of the hybrid systems. Whereas a Nyquist
plot (-Z" vs. Z') represented the results with a semicircle at high fre-
quencies and a linear response at low frequencies (Fig. 2b), a Ran-
dles equivalent circuit model fit the experimental data (Fig. 2b, inset).
Where R, is the charge transfer resistance, R; is the electrolyte resis-
tance, Z, is the Warburg diffusion element; and CPE is the constant
phase element, used often in modeling the response of non-homoge-
neous systems and used herein to take into account the topological im-
perfections of the electrode surface and fit better the experimental data
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Fig. 2. (a) CV of different modified-electrodes in 1 mM K3Fe(CN)s/PBS 1 x (pH 7.2)/N;
saturated solution at a scan rate of 50 mV/s for bare SPCE, MWCNTs/SPCE, Fe-MWC-
NTs/SPCE and Cat/Fe@G-MWCNTs/SPCE. (b) Nyquist plot in 5 mM [Fe(CN)]4~/3/PBS
1x (pH 7.2) solution, in the frequency range from 50 kHz to 0.1 Hz, amplitude 0.005 V.
(c) CV in 1 mM K3Fe(CN)g/N, saturated PBS 1 X (pH 7.2) recorded at the different scan
rate of (from inner to outer): 10, 30, 50, 100, 200, 300, 400 and 500 mV/s. Inset, plot
of cathodic (I, and anodic (Ip,d) peak current vs the square root of scan rates for Cat/
Fe@G-MWCNTSs/SPCE.

[18,31,32]. CPE depends on a pre-exponential factor (P) and an expo-
nent (n). P values indicated a decrease in the system's capacitive be-
havior, and n values for modified-electrodes were less than one, con-
sistent with a pseudo interfacial double layer capacitance at the elec-
trode/electrolyte interface [23]. The modified-electrode (Fig. 2b) fol-
lows a Randles circuit model (shown in Fig. 2b, inset) characteristic
of non-homogeneous systems. The R, decreased from 1799.2 (SPCE)
to 1386.4 Q (Fe-MWCNTSs/SPCE) because of a faster charge transfer
process. However, after modification with Fe@G-MWCNTs, the R, was
1409.5 Q suggesting that graphene layers slightly blocked the redox
probe flow and hindered its diffusion towards the modified-electrode
surface. However, the R, further increased up to 3920.8 Q after the im-
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mobilization of Cat onto Fe@G-MWCNTs/SPCE, coming from blocking
generated by enzyme molecules on the hybrid-electrode surface [33].
All EIS parameters are summarized in Table 1. Fig. S3 a-b shows com-
parative CV and EIS spectrums before and after Cat immobilization.
These results suggest that the immobilization of Cat increased the capac-
itive current and the charge transfer resistance on modified-electrodes
but indicates that the immobilization of Cat on the modified-electrode
was successful.

CV  of the different bare hybrid nanomaterials in a
1 mM K;3[Fe(CN)g]/PBS 1x (pH 7.2)/N, saturated solution at differ-
ent scan rate gave us a better insight into the electrochemical process,
e.g., the quasi-reversibility of the process involving free diffusing redox
species and to estimate the heterogeneous electron-transfer kinetics. I,
increased as the scan rates did, with a linear dependence of peak current
with the square root of the scan rate, consistent with a diffusion-con-
trolled redox process (Fig. 2c and inset for Cat/Fe@G-MWCNTs/SPCE
and Fig. S4 for all nanomaterials). Thus, we used the empirical method
proposed by Nicholson [34] to estimate the heterogeneous rate con-
stant, k, using the dimensionless charge-transfer parameter, ¥ that is as-
sociated with the AE, and is proportional to kg (see S.I. Egs. (2) and (3)).

K, raised a maximum value of 6.61 X 1073 cm/s for the Fe-MWC-
NTs/SPCE and slightly decreased to 5.09 x 1073 cm/s (Table 1) when
the graphene layers were coating the Fe nanoparticles from the
Fe@G-MWCNTSs nanomaterial, consistent with the diffusion limitation
of the electrochemical probe through the graphene layers. The K; value
after Cat immobilization is approximately five orders of magnitude
lower (1.06 x 1073 cm/s) for Cat/Fe@G-MWCNTSs/SPCE compared to
the hybrid nanomaterial, indicating much slower electron transfer kinet-
ics of the free-diffusing species, hindered by the Cat molecules on the
modified-electrode surface.

3.4. Direct electron transference of Cat

Direct electron transfer between the active center of the redox pro-
tein and the electrode surface in enzymatic sensors is desirable to op-
erate without mediators' need. The protein matrix protects the heme
group, thus difficulting the electron transfer to the modified-electrode
surface [22]. Fig. 3a shows the CV of Cat immobilized on the differ-
ent modified electrodes in PBS 1x (pH 7.2)/N, saturated solution at
a scan rate of 0.05 V/s. The Cat/SPCE showed no electrochemical re-
dox peaks in the potential range studied (Fig. 3a, I). The reduction
of oxygen groups from the nanomaterial surface explained a broad re-
dox peak above - 0.5 V for MWCNTs and Fe-MWCNTs modified-Cat (I
and III) [35]. The Cat/Fe@G-MWCNTs/SPCE showed electrochemical
redox peaks in the same potential range studied (Fig. 3a, IV). Cat/
Fe@G-MWCNTs/SPCE ex-h-i-bi%a well-defined cathodic peak of higher
intensity, at a formal potential of - 0.44 V and an anodic peak of lower
intensity, at —0.23 V (Fig. 3b), due to conformational changes of Cat
during the catalytic process [36]. The redox peak corresponds to the
heme group -Fe(Ill)/Fe(Il) redox couple- from catalase [37], coming
from the direct electron transfer between Cat and the modified-elec-
trode surface. The unique properties of Fe@G-MWCNTs (e.g., the en-
hanced electrical conductivity, higher surface area, and MWCNTs-bio-
molecule strong bonding) explain the facile electron-transfer communi-
cation of Cat [38]. S.I. Fig. S5 shows the comparative electrochemical
response for direct communication in modified-electrodes, where Cat/
Fe@G-MWCNTSs/SPCE presented a peak corresponding to the reduction
of the heme group from Cat. The inset of Fig. 3b shows the CVs of the
Cat/Fe@G-MWCNTSs/SPCE electrode in PBS 1x (pH 7.2)/N, saturated
solution in which the cathodic peak currents are increasing linearly
with the scan rate, consistent with a surface-controlled redox process.
The entire scan rate study of Cat immobilized on the modified-elec-
trodes is in S.I. Fig. S6. As the density of electroactive redox protein in
the surface (I'",) follows the Faraday law (S.I. Eq. (4)), we estimated it
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Table 1

Electrochemical characterization of the modified-electrodes. Data from cyclic voltammetry experiments in 1 mM KzFe(CN)s/PBS 1 X (pH 7.2)/N, saturated solution at a scan rate of
50 mV/s (left side): Peak anodic current intensity (I, ), anodic and cathodic peak separation (AEp), electroactive area (A) and heterogeneous electron-transfer rate constant (k). Data from
EIS experiments (center): Charge-transfer resistance (R, electrolytic solution resistance (R;), Warburg diffusion element (Z,), constant phase element (CPE) with pre-exponential factor
(P) and exponent (n). Data from cyclic voltammetry experiments PBS 1 X (pH 7.2)/N saturated solution at a scan rate of 50 mV/s (right side): surface concentration of electroactive
species (I.).

Data from direct

Data from cyclic voltammetry experiments Equivalent circuit elements from the EIS experiments communication experiments

ks

Ip,a AEp A (cm/s) x Ret Rs Zy I.

Electrode Type (nA) (mV) (mm ?) 103 Q) ((®) (@] CPE (mol/cm ?) x 10 ~ 10
P (F) n

SPCE 14.5 = 0.20 98.7 + 10.9 9.45 + 0.13 4.94 1799.2 594.1 990.1 1.9 x 103 0.92 -
MWCNTs 15.9 = 0.20 108.3 £ 5.2 9.98 + 0.06 5.03 1468.3 513.1 980.3 34 x 103 0.82 -
Fe-MWCNTs 16.5 = 0.01 104.9 = 3.0 10.01 + 0.01 6.61 1386.4 556.4 891.2 1.1 x 104 0.75 -
Fe@G-MWCNTSs 16.4 = 0.11 113.0 £ 0.2 9.97 = 0.11 5.09 1409.5 527.1 872.4 1.0 x 104 0.74 -
Cat/SPCE 8.6 = 0.20 140.0 = 4.2 5.27 = 0.19 1.71 2938.4 401.4 1881.1 37 x10°° 0.87 0.35
Cat/MWCNTs 10.3 = 0.01 137.4 £ 0.5 6.20 = 0.43 1.90 2130.6 535.1 1786.6 54 x 105 0.82 0.22
Cat/Fe-MWCNTs 7.5 = 0.01 158.1 + 0.2 5.13 = 0.01 1.55 3725.1 393.4 1791.9 9.8 x 10> 0.82 2.96
Cat/Fe@G- 9.05 + 0.23 171.3 £ 1.1 5.38 = 0.16 1.06 3920.8 429.5 2188.0 1.9 x 10~ 4 0.91 4.41
MWCNTs
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Fig. 3. CV of modified-electrodes in PBS 1 X (pH 7.2)/N; saturated solution of (a) catalase immobilized on modified-electrodes at scan rate of 50 mV/s: (Curve I) for bare SPCE, (Curve
1) MWCNTSs/SPCE, (Curve III) Fe-MWCNTs/SPCE, (Curve 1IV) Fe@G-MWCNTs/SPCE; (b) Cat/Fe@G-MWCNTSs/SPCE at scan rate of 50 mV/s. Inset: Cat/Fe@G-MWCNTSs/SPCE recorded at
the different scan rate of (from inner to outer): 10, 30, 50, 80 and 100 mV/s. CVs of modified-electrodes at a scan rate of 10 mV/s: (c) Comparative response for Cat/Fe-MWCNTs/SPCE,
Cat/Fe@G-MWCNTs/SPCE and the same hybrid nanomaterials but without enzyme in 3.0 mM H,0,/PBS 1 X (pH 7.2)/N, saturated solution; (d) Cat/Fe@G-MWCNTs/SPCE in PBS 1 x
(pH 7.2) solution containing (from inner to outer) 0.0, 0.5, 1.0, 3.0, and 5.0 mM of H,05.

Therefore, Cat species' activity on the modified-electrode surfaces is
due to immobilized Cat molecules in the first few layers that, closer to

from the slope of peak currents vs. the scan rate plot (data no-showed)
[39].

Table 1 displays the calculated surface density of Cat active species
at the nanomaterial-modified electrodes, i.e., 0.35 x 10710 and
0.22 x 10719 mol/cm? for the Cat/SPCE and Cat/MWCNTs modi-
fied-electrodes, respectively. The rate of electrons transfers to and from
the heme group is susceptible to distance and conformation changes.

the electrode surface and having an appropriate orientation, exchange
electrons with the electrode surface [33]. The active species of Cat at
Cat/Fe-MWCNTs and Cat/Fe@G-MWCNTs modified-electrodes were es-
timated to be 2.96 x 10710 and 4.41 x 10~'° mol/cm?, respectively, in
agreement with approximately a monolayer of Cat, as reported [40].
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The amount of active catalase is higher on Cat/Fe@G-MWCNTs/SPCE,
suggesting that the hybrid nanostructure provides a larger area for the
enzyme immobilization [36].

3.5. Electrocatalytic behavior of Cat-modified electrodes towards H,0,

The biocatalytic activity of the Cat-modified electrodes towards
H,0, was elucidated by CV in the potential range from 0.5 to —1.0 V at
0.01 mV/s scan rate. Fig. 3c shows the typical CV of the hybrid nano-
material-modified electrodes with and without Cat in the presence of
3.0 mM of Hy0,. The catalytic reduction of H,O5 showed to be an ir-
reversible process. The Cat-functionalized hybrid nanomaterial led to a
higher current intensity of the HyO, reduction peak with respect to the
concomitant bare hybrid nanomaterial counterparts. Such a response is
a probe of the enhanced catalytic activity from the anchored enzyme,
which was previously reported in the literature [40] (see the catalytic
mechanism in the S.I. section).

The Cat catalytic mechanism depends on pH. S.I. Fig. S7 shows the
effect of pH on the electrochemical response of the Cat immobilized on
the modified electrodes. According to Fig. S7 at pH's above or below 7.2,
a lower electrochemical response is observed in the decomposition of
H0,. The highest activity for the Cat immobilized on the modified elec-
trode was obtained in PBS 1 X (pH 7.2)/N, saturated solution, which is
close to the optimal pH of free Cat [41].

Furthermore, the reduction peak at the Cat/Fe-MWCNTs/SPCE sur-
face at —0.45 V shifted towards a more cathodic potential at the Cat/
Fe@G-MWCNTs/SPCE surface (— 0.50 V), indicating a slight overpoten-
tial needed for the electron-transfer process [35]. Fig. 3d shows that
the cathodic peak's current intensity at the Cat/Fe@G-MWCNTs/SPCE
is increasing in an HyO, concentration-dependent manner. Both the ca-
thodic peak current increase and the potential decrease indicate the
electrocatalysis phenomena [42]. The enzymatic catalysis from Cat im-
mobilized at the hybrid nanomaterial nano-environment, combined with
the hybrid's ability to mediate electrocatalytic processes, resulted in the
improved response of the Cat/Fe@G-MWCNTSs/SPCE platform towards
H,0, depletion.

3.6. Amperometry determination of H,0 at the modified electrode

The amperometric response of the Cat/Fe-MWCNTs and Cat/
Fe@G-MWCNTs upon different H,O5 concentrations were evaluated in
PBS 1x (pH 7.2)/N, saturated solution at a fixed potential of —0.65 V.
Fig. 4 a-b shows current intensity increased with increasing concen-
trations of Hy0,, with the insets showing the linear dependence. The
resultant Cat/Fe-MWCNTs/SPCE (bio)sensor showed a high electrocat-
alytic activity towards the reduction of H,O, with a linear response
from 0.5 to 12 mM, a sensitivity of 0.047 pA/(uM.cm?), and a LOD of
165.2 pM. The Cat/Fe@G-MWCNTs/SPCE (bio)sensor responded from
0.1 to 7 mM, with enhanced sensitivity of 0.059 pA/(uM.cm?) and a
lower LOD of 28.2 pM. LOD was determined by the 3o,/m criteria.- Al-
though the two (bio)-sen analytical performance is comparable, the
LOD achieved with the Ca., v «@G-MWCNTSs/SPCE is almost 6-fold lower
than that from the Cat/Fe-MWCNTs/SPCE, in agreement with their es-
timated differences in Cat surface coverage. The results indicate that
the hybrid nanomaterial provides both a high surface area and a suit-
able microenvironment for the C: nmobilization. Indeed, the mild
conditions in terms of temperature «..u pH, the short time and the sim-
ple preparation used in developing the (bio)sensor agree with some
other reports [19,21]. These conditions favor conserving the Cat's activ-
ity during its immobilization at the hybrid nanomaterial modified-elec-
trode. The LOD of the developed (bio)sensors were higher than those
previously reported by chronoamperometry [22,43,44]. Yet, the devel-
oped (bio)sensors showed higher sensitivity than some other reports
[19,45,46].
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Fig. 4. Amperometric response at (a) Cat/Fe-MW! PCE, (b) Cat/Fe@G-MWCNTs/
SPCE and (c) Michaelis-—Menten plot. Addition of [ |2.0 mM of H,0 at an applied

potential of —0.65 V in a PBS 1x (pH 7. tu #(cC solution. The insets are plots of
current intensity response vs. [H205] fro: 250 pM (left) and the corresponding cal-

ibration curve (right).

Cat immobilized at the surface of the hybrid nanomaterials displayed
a catalytic current depending on the concentration of HyO, that fol-
lows the Michaelis-Menten kinetic mechanism (Fig. 4c). To study the
enzyme kinetics at both electrodes and to evaluate the Cat-substrate
affinity, we estimated the Michaelis-Menten constant (K%Py;) from the
Lineweaver-Burk equation (S.I. see Eq. (5)) [47].

The K%Py; and Iq were 19.5mM and 199.2 pA, and 17.9 mM
and 191.2 pA for the Cat/Fe-MWCNTs/SPCE and Cat/Fe@G-MWCNTs/
SPCE. Remarkably, the K%Py; values were lower than those reported for
the free Cat, i.e. 43.42 mM [48]. Although the K%P; of catalase com-
monly increases after covalent immobilization [48], in this study, the
K%P,, values for Cat/Fe-MWCNTs/SPCE and Cat/Fe@G-MWCNTs/SPCE
decreased by 2.2 and 2.4-fold, with respect to the free-enzyme respec-


Jahir Orozco
Cross-Out

Jahir Orozco
Cross-Out

Jahir Orozco
Cross-Out

Jahir Orozco
Sticky Note
ponemos el número real donde inicia la curva?

Jahir Orozco
Sticky Note
ponemos el número real donde inicia la curva?

Jahir Orozco
Cross-Out

Jahir Orozco
Cross-Out

DAYANA
Nota adhesiva
(bio)sensor

DAYANA
Resaltado

DAYANA
Resaltado

DAYANA
Resaltado
menos es corto y con espacio

DAYANA
Resaltado

DAYANA
Resaltado

DAYANA
Resaltado
menos corto y espacio

DAYANA
Resaltado

DAYANA
Nota adhesiva
Cat immobilization

DAYANA
Nota adhesiva
está en cero es efecto la imagen


D. Soto et al.

tively, indicating a higher Cat-substrate affinity. The I, and the en-
zyme-substrate affinity of Cat immobilized at the Fe@G-MWCNTs/SPCE
were slightly higher than those at the Fe-MWCNTs/SPCE, which is re-
lated to higher active species of Cat on the hybrid-electrode. The overall
results suggest the enhanced performance of the enzyme supported at
the hybrid nanomaterial interfaces, which impacted the resultant (I
sensors' improved electrochemical characteristics in terms of sensitivity
and LOD. Such improved performance may be coming from an improved
conformation of the enzyme that lower both the steric hindrance to ac-
cess the active sites and the resistance to mass and charge transport [49]
at the hybrid nanomaterial-anchored enzyme.

3.7. Storage stability, reproducibility and repeatability studies

Long-term stability is one of the most important properties for
(bio)sensors. We studied the long-term stability of the Cat-modified hy-
brid nanomaterial-modified SPCEs by monitoring their response every
five days for twenty-five days based on the 3¢ criteria (Fig. 5a). The
(bio)sensors were stored in PBS 1x (pH 7.2) at 4 °C and the stability
was estimated by potting a control chart taking the mean value of the
amperometry responses from five successive measurements and consid-
ering the first day of the study as the initial value. The upper and lower
control limits were set at three times the standard deviation (3c) of
this value. Results showed that after 25 days of storage, only the Cat/
Fe@G-MWCNTs/SPCE was in between the control limits and retained
95.4% of its initial response, while the Cat/Fe-MWCNTs/SPCE retained
only 87.0%, being out of the control limits. The developed (bio)sensor
showed higher storage stability with respect to other reported sensor

-16-
a
R R ST S
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3 -24-
28
0 5 10 15 20 25
Time / days
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b
<
= 20
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Fig. 5. (a) Long-term stability of catalase immobilized on the hybrid nanomaterial-mod-
ified electrode for one month. (b) Reproducibility and repeatability studies of Cat/
Fe@G-MWCNTSs. Operational conditions: Chronoamperometry response at applied poten-
tial of —0.65 V in 3.0 mM H,0,/PBS 1 x (pH 7.2)/N, saturated solution.
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platforms [21,22]. The stability of the (bio)sensors is related to the
nanomaterials' high stability and the high Cat-hybrid structure affinity.
Moreover, these results demonstrate the protective effect of graphene
layers on iron nanoparti catalytic activity by delaying their oxi-
dation processes, thereby uicreasing the long-term stability of the hy-
brid architecture. Although the long-term stability was studied for one
month due to the deterioration of the SPCE contacts, we speculate that
the Cat-modified hybrid nanomaterial stability maybe longer. Five Cat/
Fe@G-MWCNTs/SPCEs were prepared independently and their electro-
catalytic responses measured towards a 3.0 mM H,O, solution, five
times each, under identical experimental conditions (Fig. 5b) to inves-
tigate the repeatability and reproducibility of the (bio)sensors response.
The intra- and inter-electrode relative standard deviation (RSD) was es-
timated to be 3.50 (n = 5) and 6.75% (n = 5), which indicates the high
repeatability and reproducibility of the (bio)sensors developed, respec-
tively.

3.8. Analytical application

The practical applicability of the Cat/Fe@G-MWCNTs/SPCE
(bio)sensors was probed by testing the H,O5 concentration in commer-
cially available samples by chronoamperometry and compared to nomi-
nal values (Table 2). The H,O, concentration was calculated by extrap-
olating the current values obtained for each commercial sample in the
calibration curve depicted in Fig. 4b. After considering the dilution fac-
tor, the concentration of HyO5 in the commercial sample determined by
Chronoamperometry showed a relative error lower than 5.2% with re-
spect to the reported concentration for each commercial sample (Table
2). Furthermore, an ANOVA test suggests no significant differences for
the 4 and 3.6% H202 contained in antiseptic solution and Dioxogen
samples, respectively, compared with the nominal values for each com-
mercial sample (p > 0.05). However, for creamy lotion of 9.0% H;0,
content, there are significant differences (p < 0.05) associated with the
sample matrix's complexity. HoO5 levels from the hybrid nanomater-
ial-based (bio)sensor correlated well with those reported by the manu-
facturer of the commercially available products, thus demonstrating the
device's practical utility.

4, Conclusion

It was developed a new Cat-functionalized hybrid nanomaterial
based on MWCNTs decorated with iron nanoparticles, covered with
graphene layers, and systematically compared their electrochemical per-
formance. The results showed the enhanced properties of the hybrid
platform concerning the individual components acting alone. The hy-
brid showed a suitable s nvironment for Cat's direct electrochem-
istry and maintained its bioactivity and stability. Cat/Fe@G-MWCNTs/
SPCE exhibited biocompatibility, a higher amount of immobilized-ac-
tive species and improved Cat redox activity. Such improved features
impacted the enhanced electrochemical performance of the resultant
(bio)sensor towards H202 in terms of sensitivity and LOD and long-term
stability and high reproducibility. Although this is the first proof-of-con-
cept of the hybrid nanomaterial as an enzymatic (bio)sensor, it

Table 2
Hydrogen peroxide measurements in commercial samples using the Cat/Fe@G-MWCNTs/
SPCE biosensor.

Commercial sample [H205] (mM) Relative error (%)

Manufacturer Biosensor

3.64 = 0.15 3.9
3.94 = 0.14 2.3
3.51 = 0.03 5.2

Antiseptic JgB® (4.0%) 3.79
Dioxogen JgB® (3.6%) 3.85
Creamy lotion (9.0%) 3.70
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offers potential as a platform to develop hybrid nanomaterial-based
(bio)sensors in a myriad of applications in the environmental and bio-
medical fields.
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