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ABSTRACT: The design of a novel biosensing electrode surface,
combining the advantages of magnetic ferrite nanoparticles (MNPs)
functionalized with glutaraldehyde (GA) and poly(diallyldimethylam- N o
monium chloride) (PDDA)-coated multiwalled carbon nanotubes i»
(MWCNTs) as platforms for the construction of high-performance o
multienzyme biosensors, is reported in this work. Before the immobiliza- 2 1

tion of enzymes, GA-MNP/PDDA/MWCNT composites were prepared "
by wrapping of carboxylated MWCNTs with positively charged PDDA
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and interaction with GA-functionalized MNPs. The nanoconjugates were

characterized by scanning electron microscopy (SEM) and electrochemistry. The electrode platform was used to construct a
bienzyme biosensor for the determination of cholesterol, which implied coimmobilization of cholesterol oxidase (ChOx) and
peroxidase (HRP) and the use of hydroquinone as redox mediator. Optimization of all variables involved in the preparation and
analytical performance of the bienzyme electrode was accomplished. At an applied potential of —0.05 V, a linear calibration graph for
cholesterol was obtained in the 0.01—0.95 mM concentration range. The detection limit (0.85 uM), the apparent Michae-
lis—Menten constant (1.57 mM), the stability of the biosensor, and the calculated activation energy can be advantageously
compared with the analytical characteristics of other CNT-based cholesterol biosensors reported in the literature. Analysis of human
serum spiked with cholesterol at different concentration levels yielded recoveries between 100% and 103%

he search for electrode interfaces able to conjugate an

efficient immobilization of biomolecules with a high electro-
analytical performance in terms of sensitivity, rapidity of trans-
ducer response, and easy real applicability is a challenge in the
field of advanced electrochemical biosensors. The use of nanos-
tructured electrode surfaces with carbon nanotubes (CNTs) or
metal nanoparticles for such a purpose is well documented in the
recent literature." However, electrode modification with mag-
netic nanoparticles (MNPs) for implementing efficient bioelec-
trodes is a much less explored area, although MNPs constitute a
very interesting material for the construction of biosensing
devices because of their high biocompatibility and protein load
capacity” The large surface area provided by MNPs for biomo-
lecules attachment makes them extremely useful for purification
and/or preconcentration purposes, which usually leads to en-
hanced detection sensitivity. Moreover, their magnetism makes
the biosensors construction steps much easier by application of
an external magnetic field (see below). Other advantages, in
comparison with metal nanoparticles, are nontoxicity and ease of
preparation. In particular, various applications to the preparation
of electrochemical enzyme biosensors have been reported in the
last years. For example, a sensitive tyrosinase biosensor based on
magnetic Fe;O4-coated CNT's was prepared and applied to the
detection of coliforms by use of a flow injection system. In this
design, the electrode surface for enzyme immobilization was
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fabricated by dispersing polystyrene sulfonate (PSS) -wrapped
multiwalled CNTs (MWCNTSs) in poly(diallydimethylammo-
nium chloride) (PDDA) and further incorporation of Fe;0O,
magnetic nanoparticles by mixing with PDDA/MWCNT solu-
tion and ultrasonication for 1 h.> Another reported configuration
involved chemical coprecipitation of Fe’" and Fe** in alkaline
solution in the presence of CNTs and chitosan (Chit) to give
CNTs/Fe;04/Chit. Then, the composite was dispersed in
glucose oxidase (GOx) solution and cross-linked with glutar-
aldehyde to prepare a glucose biosensor. The intense electro-
catalytic activity toward hydrogen peroxide allowed the low-
potential amperometric biosensing of glucose.* Another glucose
biosensor was also described that made use of MWCNTs
decorated with silicon dioxide-coated magnetic nanoparticles
on a glassy carbon electrode. The GOx biosensor was prepared
by deposition of the enzyme over Nafion-solubilized Fe; 0,/
Si0,/MWCNT electrode.’ Also, a novel glucose biosensor
was prepared with Fe;O,4 nanoparticles, Prussian Blue, and
GOx attracted to the surface of solid paraffin carbon paste
electrode by magnetic force. GOx was covalently conjugated
to the amine-modified nanoparticles.® Magnetic Fe;O,
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nanoparticles were used to prepare a disposable glucose bio-
sensor by drop-coating of ferricyanide—Fe;O,4 mixture onto the
surface of screen-printed carbon electrodes (SPCEs) and layer-
ing on GOx.” Another example is that based on simple mixing of
GOx with Fe;0,4 nanoparticles, cross-linking on a Pt electrode
with Chit medium by glutaraldehyde, and coating with a thin
Nafion film.*

Not only enzyme electrodes have been prepared with mag-
netic nanoparticles and CNTs. For instance, a highly sensitive
electrochemical immunosensor was developed by immobiliza-
tion of both tyrosinase and magnetic nanoparticles onto the
surface of CNTs by covalent attachment, followed by additional
cross-linking via glutaraldehyde to construct multilayered tyro-
sinase —magnetic nanoparticles aggregates. Then, a primary anti-
body against a target analyte of hIgG was immobilized and used
for a sandwich-type immunoassay with a secondary antibody
conjugated with alkaline phosphatase.”

On the other hand, PDDA is a water-soluble, quaternary
ammonium cationic polyelectrolyte with adhesion and film-
forming properties; it is a positively charged colloid when
dissolved in aqueous solutions.'®”'* It has been used as a dis-
persant of CNTs since positively charged PDDA can easily coat
the negatively charged surface of carboxylated CNT's, conferring
water solubility and solution stability to PDDA-coated CNTs
through electrostatic mechanism. The layer-by-layer (LBL)
assembling approach using CNTs and PDDA has been used to
prepare various enzyme biosensor configurations.'*'* The adhe-
sion and film-forming properties of PDDA play an essential role
in the construction of stable and useful biointerfaces.

The aim of this work is to design a novel biosensing electrode
surface, combining the advantages of functionalized MNPs and
PDDA-coated CNTs, suitable to construct multienzyme biosen-
sors with enhanced analytical performance with respect to CNT-
based designs. To our knowledge, this strategy is reported for the
first time in this work. As the target analyte to evaluate the capabilities
of this new electrochemical interface, we selected cholesterol due
to the well-documented existing literature on cholesterol bio-
sensors involving immobilization of the enzyme cholesterol
oxidase (ChOx) on different electrode substrates.'> Nanocom-
posite films of polyaniline (PANI) and multiwalled carbon
nanotubes (MWCNTs) on indium tin oxide (ITO) -coated glass
plates with further covalent immobilization of ChOx were used
to prepare an electrochemical cholesterol biosensor.'® Also, an
ITO-coated glass electrode modified with gold nanoparticles
(AuNPs) electrodeposited onto thiol functionalized MWCNTs
was used to construct an amperometric biosensor in which ChOx
was immobilized onto a cross-linked matrix of Chit and a room-
temperature ionic liquid."” MWCNTSs dispersed in a Pt nano-
particle-doped Chit solution were utilized to form stable ultra-
thin multilayer films on gold electrodes where ChOx was
immobilized by use of glutaric dialdehyde."® Nickel hexacyano-
ferrate nanoparticles (NiNP) attached to MWCNTs through
histidine have been also used to immobilize ChOx on a glassy
carbon electrode (GCE)."® Pt nanoparticles electrochemically
deposited onto a MWCNT/Chit matrix were also employed to
prepare a ChOx biosensor.”® Furthermore, a sol—gel Chit/SiO,
and MWCNT organic—inorganic hybrid composite was used for
the immobilization of ChOx on the surface of a Prussian Blue-
modified GCE.* Finally, a MWCNT /sol—gel-derived SiO,/
Chit nanobiocomposite, where cholesterol esterase (ChEt) and
ChOx were coimmobilized with glutaraldehyde, was reported for
determination of total cholesterol.”*

Moreover, the direct electrochemistry of ChOx was observed
on the surface of a multilayer ChOx/MWCNT prepared onto a
PDDA-modified graphite electrode'** An amperometric choles-
terol biosensor was fabricated through LBL deposition of PDDA
and ChOx on MWNTs-modified gold electrode, followed by
electrochemical generation of a nonconducting poly(o-phenylenedi-
amine) (PPD) film as protective coating.

Therefore, according to the aim of this work, we developed a
bienzyme biosensor by coimmobilization of ChOx and horse-
radish peroxidase (HRP) onto a MNP/PDDA/MWCNT-mod-
ified GCE. Magnetic ferrite nanoparticles were functionalized
previously with glutaraldehyde to improve the immobilization of
the enzymes onto the composite material. Moreover, the coim-
mobilization of HRP and the use of hydroquinone as a redox
mediator allowed a low detection potential for H,O, to be used,
thus increasing the selectivity of the method and avoiding the
accumulation of H,O,, which causes ChOx inactivation.

B EXPERIMENTAL SECTION

Chemicals and Solutions. Multiwalled carbon nanotubes
(MWCNTs, 30 & 15 nm o) with 95% purity were supplied from
NanoLab, Brighton, MA. Poly(diallydimethylammonium chloride)
(PDDA) (20% w/w in water) was from Sigma—Aldrich. Choles-
terol oxidase from Brevibacterium sp. (Sigma, 34 units/mg of solid)
was used. Lyophilized powder (500 units) was dissolved in 1.0 mL
of 0.1 M phosphate-buffered saline (PBS), pH 7.4, and from this,
aliquots were prepared and frozen at —50 °C until use. Horseradish
peroxidase (HRP) type II (Sigma, 188 units/mg of solid) was also
employed. Solutions containing 1880 units-mL ™' were prepared in
0.1 M PBS, pH 7.4. Stock 0.02 M solutions of cholesterol were
prepared by dissolving 0.0386 g of the product (Sigma, 99%) by
gentle stirring in 0.2 mL of aqueous Triton X-100 (Merck) at 60 °C
and dilution with 0.1 M phosphate buffer solution of pH 7.5 up to a
volume of 5.0 mL. More diluted cholesterol standard solutions were
prepared from this by use of 0.1 M phosphate buffer solution of pH
7.5 containing 1% Triton X-100 (PBS). An 0.1 M PBS solution
containing 1% Triton X-100 was also used as supporting electrolyte.
Hydrogen peroxide (100 mM; Scharlau, 35%) and 100 mM
hydroquinone (HQ) (Sigma) solutions were prepared daily by
dilution in 0.1 M PBS, pH 7.5. Glutaraldehyde (GA, Aldrich, 25%)
solutions were prepared by dilution in 0.1 M PBS of pH 7.5.
(3-Aminopropyl)triethoxysilane (APTES) was acquired from Sigma—
Aldrich. All chemicals were of analytical reagent grade, and the
water used was obtained from a Milli-Q purification system
(Millipore, Bedford, MA). The analyzed samples were lyophilized
human serum (Sigma) spiked with cholesterol.

Electrochemical Instrument and Electrodes. Ampero-
metric and voltammetric measurements were carried out with a
BAS 100 B potentiostat (West Lafayette, IN) provided with a
BAS C2 EF-1080 cell stand and controlled by BAS 100 W 2.0
electrochemical analysis software. A three-electrode (BAS VC-2
S-mL) glass electrochemical cell was used. The electrochemical
biosensor with a Metrohm 6.084.010 glassy carbon electrode
(3 mm o) as electrode substrate was used as the working
electrode. The reference electrode was an Ag/AgCl/KCl 3 M
BAS MF 2063, and a BAS MW 1032 Pt wire was used as the
auxiliary electrode. Electrochemical impedance measurements
were performed on a u-Autolab type III with FRA2 software
(Ecochemie).

Preparation of PDDA/MWCNTs. MWCNT's were chemically
shortened and carboxylated by treatment with a 3:1 mixture of
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Figure 1. Steps involved in the construction and functioning of the HRP/ChOx/GA-MNP/PDDA/MWCNT/GCE biosensor.

sulfuric and nitric acids under ultrasonic stirring for 5 h. The
resulting product was centrifuged at 14 000 rpm and exhaustively
washed with distilled water. Functionalization of MWCNTs with
PDDA was carried out by dispersion of 10 mg of carboxylated
MWCNTs in 20 mL of a 0.25% PDDA aqueous solution
containing 0.5 M NaCl and sonicated for 30 min.*® The resulting
dispersion was centrifuged at 14 000 rpm and washed three times
with water. Finally, 4 mg of dry PDDA/MWCNTSs were dis-
persed in S mL of water and the resulting solution was sonicated
for S min before use.

Preparation of Glutaraldehyde-Functionalized Fes0,/APTES
Magnetic Nanoparticles. Fe;O, magnetic nanoparticles were
prepared by following the method described in the literature® with
little modification. Briefly, 5.4 g of FeCl;-6H,0O and 2.0 g of
FeCl,-4H,0 were dissolved in 25 mL of 0.5 M HCI under N,
atmosphere. Then, drops of this solution were continuously added
to 250 mL of a 1.5 M NaOH solution with vigorous mechanical
stirring and ultrasound treatment under continuous N, bubbling.
The black precipitate formed was isolated by magnetic decantation,
exhaustively washed with double-distilled water until neutrality, and
further washed twice with ethanol and dried under vacuum. Via this
protocol, quasi-spherical magnetic nanoparticles with average size of
14 £ 7 nm were obtained, as revealed by transmission electron
microscopy (TEM).”” The core—shell Fe;0,/APTES nanoparti-
cles (MNPs) were prepared as previously reported”® by dispersing
300 mg of the synthesized Fe3;O, nanoparticles in a mixture of
600 mL of ethanol and 4 mL of water by sonication. APTES (120 uL)
was then added, and the mixture was mechanically stirred under
N, atmosphere for 7 h. The nanoparticles were separated by
magnetic decantation and purified by five cycles of redispersion in
ethanol and magnetic decantation. MNPs were finally dried at
room temperature under vacuum. The core—shell Fe;O,/APTES
nanoparticles showed similar shape to the uncoated material,
with a slightly larger size, 17 &= 9 nm, due to the polysiloxane

coverage.27Glutaraldehyde-ﬁmctionalized MNPs (GA-MNPs)
were prepared by dispersing 1 mg of Fe;O,/APTES nanoparticles
in 1 mL of 3% glutaraldehyde solution in sodium phosphate buffer,
pH 7.5. The mixture was mechanically stirred for 2 h, and the
modified nanoparticles were magnetically decanted and sequentially
washed four times with distilled water. The resulting solid was finally
dried at room temperature.

Preparation of HRP/ChOx/GA-MNP/PDDA/MWCNT/GCE
Biosensor. First, the GCE surface was polished with 0.3 um
alumina slurries, rinsed thoroughly with deionized water, soni-
cated for 30 s in water and 30 s in acetone, and dried in air. Then,
GA-MNP/PDDA/MWCNT conjugate was prepared by addi-
tion of 1 mg of GA-MNPs to 500 uL of the PDDA/MWCNT
dispersion and sonicated for S min. Then 10 uL of GA-MNP/
PDDA/MWCNT dispersion was cast on the GCE surface and
dried at room temperature. Immobilization of HRP and ChOx
was carried out by dropping a S-uL aliquot of a 940 units/mL
HRP and 200 units/mL ChOx solution prepared in 0.1 M
phosphate buffer, pH 7.4, onto the modified electrode surface,
and the solvent was allowed to evaporate at room temperature.

Determination of Cholesterol in Spiked Human Serum.
The solid serum was reconstituted in 1 mL of cholesterol
solution (2.0, 5.0, or 7.0 mM) by mixing up to total dissolution.
Serum was directly analyzed by dilution of 100-uL aliquots up to
5.0 mL with 0.1 M PBS, pH 7.5. The ChOx/HRP/GA-MNP/
PDDA/MWCNT/GCE biosensor was immersed into the stirred
solution and the steady-state current was measured at a constant
potential of —0.05 V versus Ag/AgCl. Quantification of choles-
terol was accomplished by applying the standard additions
method involving the addition of 0.1 mM cholesterol aliquots.

B RESULTS AND DISCUSSION

Figure 1 (not to scale) displays graphically the different steps
involved in preparation of the biosensor. Before the immobilization
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Figure 2. SEM images of (a) PDDA/MWCNTs and (b) GA-MNP/PDDA/MWCNTs. (c) TEM image of GA-MNP/PDDA/MWCNTs.

of enzymes, GA-MNP/PDDA/MWCNT composites were pre-
pared. As described above, first MWCNTSs were carboxylated by
acid treatment. Then, PDDA/MWCNT conjugates were prepared
by dispersing the carboxylated MWCNTS in an aqueous PDDA
solution. Wrapping of MWCNT surface with positively charged
PDDA occurred by electrostatic interaction.” Figure 2a shows a
scanning electron microscopy (SEM) image of PDDA/MWCNTs.

Glutaraldehyde-functionalized Fe3;0,/APTES magnetic na-
noparticles (GA-MNPs) were prepared as described in the
Experimental Section. As depicted in Figure 1, once Fe;0,
nanoparticles were synthesized, the aminosilane coupling agent
APTES was incorporated as an active film to allow further
functionalization by covalent binding. Fourier transform infrared
(FT-IR) spectra of Fe;O,/APTES nanoparticles (Figure SI,
Supporting Information) showed two absorption bands at
590 and 639 cm ™" that are assigned to the split of the stretching
vibration band of the Fe—O bonds in bulk magnetite at
570 cm ™ '.*® Also, a band at 448 cm ™/, corresponding to the
hypsochromic shift of the v, band of the Fe—O bond of bulk
magnetite, was observed. Moreover, Si—OH and Si—O—Si
bands of the silane film appeared overlapped at 1020 cm .
The presence of the Si—OH groups also gave broad bands at
3698 and 3200 cm ', which can be attributed to the free and
hydrogen-bonded hydroxyl groups linked to Si atoms. Finally,
the presence of amino groups in the Fe;O,/APTES nano-

particles was evident by the band appearing at 1628 cm ',

7810

characteristic of NH,, stretching. The magnetic properties of
Fe;0, and Fe;0,/APTES nanoparticles were also studied at
room temperature by use of a vibration sample magnetometer
(VSM). For both materials, the results obtained showed magne-
tization curves (Figure S2, Supporting Information) character-
istic of superparamagnetic behavior. This implies that magnetic
particles redisperse in solution without the occurrence of severe
aggregation that ferromagnetic nanoparticles suffer.”® The sa-
turation magnetization of Fe;O4 was 60 emu/g, being slightly
lower (57.3 emu/g) for Fe;0,/APTES as a consequence of the
APTES coating layer. Magnetic nanoparticles were subsequently
functionalized with glutaraldehyde (GA) in order to improve
immobilization of the enzymes on the composite materials.

In a further step, GA-MNP/PDDA/MWCNT conjugates
were prepared by interaction of the MNPs with PDDA-wrapped
MWCNTSs. Although the exact nature of this interaction is not
completely clear, we think that the ability of PDDA to permit
adhesion as well its demonstrated film-forming capability allow
MNPs to be included into the film coating MWCNTSs. The
inherent porosity of the silane matrix coating MNPs should favor
this film inclusion process. Figure 2 shows (b) SEM and (c) TEM
images of these conjugates, where it can be clearly observed that
MNPs are attached to the wrapped-MWCNT surface. The
conjugates were cast on the GCE surface and dried at room
temperature. The modified electrode was characterized by cyclic
voltammetry in 0.1 M KCI solution containing S mM
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Figure 3. Cyclic voltammograms from solutions containing 1 mM
hydroquinone and 2 mM H,0,, recorded at (a) HRP/GA/GCE, (b)
HRP/GA-MNP/GCE, (c) HRP/GA/PDDA/MWCNT/GCE, and (d)
HRP/GA-MNP/PDDA/MWCNT/GCE; v = S0 mV/s .

Fe(CN)g*/3" as redox probe at different potential scan rates.
The well-defined oxidation and reduction peaks (Figure S3,
Supporting Information) showed peak potential values that were
almost unchanged with increasing scan rate. The peak currents
increased with increasing square root of the scan rate in the whole
range of scan rates tested, indicating a diffusion-controlled
electrode reaction process. From the i, versus v"/? plot, the
electrochemical surface of the modified electrode was calculated
by use of the Randles equation, i, = (2.69 x 10°) n*/*AD"2Cv"?,
with D = 7.6 x 10~ cm?/s.>’ The obtained value was 0.208 +
0.004 (n = 5) cm’, which was 1.4 times higher than the
electrochemical surface area calculated for the bare GCE
(0.145 £ 0.007 cm”). Cyclic voltammograms from 1 mM HQ
solutions at different potential scan rates were also recorded
(results not shown ); similarly, they exhibited a linear dependence
between the anodic or cathodic i, values with v"/%. In order to
evaluate the possible steric hindrance or electrostatic interference
caused by the negatively charged Fe(CN)s*/3" ions on mea-
surement of the modified electrode electrochemical surface area,
this surface area was also calculated by using hydroquinone
as electrochemical probe, yielding a similar value (0.205 =+
0.008 cm?, n = S) to that obtained with Fe(CN)* /3.

HRP/ChOx/GA-MNP/PDDA/MWCNT/GCE Biosensor. The
developed electrode platform was used to construct a bienzyme
biosensor for the determination of cholesterol, which implied the
coimmobilization of both HRP and ChOx onto the electrode
surface. As depicted in Figure 1, ChOx catalyzes the oxidation of
cholesterol to form hydrogen peroxide, whose reduction is
catalyzed by HRP in the presence of hydroquinone as the redox
mediator, and the electrochemical reduction of the formed
quinone was used for monitoring the overall reaction.

Development of the bienzyme biosensor was accomplished by
performing first the evaluation of a single-enzyme HRP bioelec-
trode. This was carried out by following a fabrication procedure
similar to that described earlier except for the ChOx incorpora-
tion. Optimization of the implied variables involved the detection
of hydrogen peroxide.

Figure 3 shows cyclic voltammograms from solutions contain-
ing 1 mM hydroquinone and 2 mM H,0,, recorded with HRP
biosensors constructed without MNPs and coated MWCNT's

200 100 0 100 200 300
E, mV
Figure 4. Effect of applied potential value on the amperometric

detection of 0.1 mM H,O, in the presence of 1 mM hydroquinone
obtained at HRP/GA-MNP/PDDA/MWCNT/GCE.

(HRP/GA/GCE), without MWCNTSs (HRP/GA-MNP/GCE),
without MNPs (HRP/GA/PDDA/MWCNT/GCE), and at
HRP/GA-MNP/PDDA/MWCNT/GCE. As expected, a much
higher reduction peak current was obtained at HRP/GA-MNP/
GCE when compared with that observed for HRP/GA/GCE,
which can be attributed, on the one hand, to the higher enzyme
loading immobilized on the functionalized MNPs and, on the
other hand, to the formation of a passivating layer when GA is
directly adsorbed onto the GCE surface. The cyclic voltammo-
gram recorded at the biosensor prepared with PDDA/
MWCNTs showed a potential shift toward less negative values
and a slight increase in the reduction peak current. Since
impurities of metal catalysts were not detected by SEM and
high-resolution TEM analysis of MWCNT, we assumed that this
electrocatalytic effect was caused by the oxidized carbon surface
of the nanotubes.>*' These effects were much more evident
with HRP/GA-MNP/PDDA/MWCNT/GCE, showing the ad-
vantageous combination of electrocatalysis accrued by modifica-
tion with CNTs (with subsequent enhancement of the electron-
transfer rate) with efficient and stable enzyme immobilization
onto the GA-functionalized MNPs. Therefore, the developed
strategy was able to provide enhanced electroanalytical re-
sponses, avoiding coating of the electrode surface with cross-
linking reagents.

Figure 4 shows the influence of applied potential for the
amperometric detection of hydrogen peroxide in the presence of
hydroquinone at HRP/GA-MNP/PDDA/MWCNT/GCE. The
steady-state current exhibited the expected S-shaped behavior
with almost constant high values for potentials more negative
than 0.0 V. In order to minimize potential interference from
other electroactive substances potentially present in serum such
as ascorbic acid or uric acid, a detection potential of —0.05 V was
selected for further work.

The influence of PDDA/MWCNT loading onto the GC
electrode on the amperometric response of the biosensor was
evaluated by preparing bioelectrodes in the 0—12 ug PDDA/
MWCNT range. The obtained results (Figure S4, Supporting
Information) revealed that the steady-state current practically did
not vary from an 8 ug loading. This amount assured complete
electrode modification and, therefore, it was selected for further
work. The loading of GA-MNPs was also optimized. Figure Sa
shows that the steady-state current increased up to a loading of
20 ug, while higher loadings produced a remarkable decrease,
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Figure 6. Nyquist plots recorded from a 5 mM [Fe(CN)s]*~/#~ 0.1 M KCl solution at (a) bare GCE, (b) PDDA/MWCNT/GCE, (c) GA-MNP/
PDDA/MWCNT/GCE, and (d) HRP/ChOx/GA-MNP/PDDA/MWCNT/GCE.

probably due to blocking of the electrode active surface. Thus, 20 ug
was selected for further work.

The optimized parameters mentioned above were taken for
the subsequent construction of the bienzyme ChOx/HRP
biosensor. Therefore, both the ChOx and HRP loadings were
also optimized by measuring the amperometric responses to
0.2 mM cholesterol of different bienzyme biosensors prepared
with a constant 4.7 units of HRP loading and various ChOx
loadings ranging between 0 and 2.5 units. Figure Sb shows that
the steady-state current increased with the amount of ChOx up
to approximately 1 unit, and then it slightly decreased as a
probable consequence of the electrode blocking. A similar set of
experiments was performed by constructing biosensors with 1
unit of ChOx and various HRP loadings between 0 and 9.4 units.
As can be observed in Figure Sc, the largest response was
achieved for 4.7 units of HRP. Accordingly, 1 unit of ChOx
and 4.7 units of HRP were selected as enzyme loadings for the
bienzyme biosensor preparation.

The step-by-step biosensor construction was also character-
ized by electrochemical impedance spectroscopy. Figure 6 com-
pares the Nyquist plots obtained in a S mM [Fe(CN)g)* 7+~
0.1 M KCl solution for bare GCE, PDDA/MWCNT/GCE, GA-
MNP/PDDA/MWCNT/GCE, and ChOx/HRP/GA-MNP/
PDDA/MWCNT/GCE. As can be observed, the quasi-ideal

781

capacitor behavior observed for PDDA/MWCNT/GCE, with a
very small electron-transfer resistance (R.) value (2 £ 2 Q),
changed upon incorporation of GA-MNPs with a slight increase
in the R value (21 &= 6 Q), which evidenced that the layer of
GA-functionalized nonconducting MNPs blocked partially the
electrode surface but with sufficient available conducting sites to
allow the electrochemical reaction to be performed. Further-
more, as expected, incorporation of the enzymes on the func-
tionalized MNPs produced a noticeable increase in the electron-
transfer resistance (R = 216 + 32 Q), which confirmed the
successful immobilization of the enzymes.

The study of the influence of pH on the amperometric
response of the biosensor (results not shown) demonstrated
that the highest current was attained at pH 7.5. Furthermore, the
hydroquinone concentration in solution was also optimized. The
steady-state current dramatically increased from 0 to 0.1 mM,
showing a much lower increase up to 2 mM hydroquinone
concentration. Therefore, 0.50 mM was selected as the concen-
tration of redox mediator to be used in subsequent work.

Analytical Characteristics of HRP/ChOx/GA-MNP/PDDA/
MWCNT/GCE Biosensor. By use of the optimized working para-
meters, a linear calibration plot for cholesterol (r = 0.996) was
obtained in the 0.01—0.95 mM concentration range (Figure 7).
The limit of detection (LOD), 0.85 uM, was calculated according

2 dx.doi.org/10.1021/ac201466m |Anal. Chem. 2011, 83, 7807-7814



Analytical Chemistry

30.0 T T T T T T T T
-, uA ® []
25.0 s ® -
20.0 1 1
15.0 1 1
10.0 1 1

5.0 1 1

0 A -

00 02 04 06 08 10 12 14

cholesterol, mM

Figure 7. Calibration plot for cholesterol obtained at the HRP/ChOx/
GA-MNP/PDDA/MWCNT/GCE biosensor.

to the 3s,/m criterion, where s, was estimated as the standard
deviation (n = 10) of the amperometric signals corresponding to
different solutions of cholesterol at the lowest concentration level
in the range of linearity (i.e., 0.01 mM) and m was the slope of the
calibration graph, 25.4 uA/mM. The sensitivity achieved can be
ranged among the best ones when compared with data reported
in the literature for other CNT-based cholesterol biosensors. The
slope value is much higher than that achieved with a layer-by-
layer PPD(PDDA/ChOx),/MWCNT/AuE configuration (m =
0.175 uA/ mM)10 at a detection potential of +0.7 V, as well as
those obtained with a ChOx/PANI/MWCNT/ITO electrode
(m = 6.8 uA/mM at Eg, = 0.28 V), and with a biosensor
involving vertically aligned CNT's with immobilized ChOx, HRP,
and cholesterol esterase (m = 8.5 uA/mM at Eqo, = 0.4V).*> Only
the slope value reported for a layer-by-layer PDDA(MWCNT/
ChOx)s/graphite biosensor configuration was higher (m = 136.5
UA/ mM).23 Nevertheless, it should be noted that the detection
limit achieved with the HRP/ChOx/GA-MNP/PDDA/MWCNT/
GCE biosensor was 35 times lower and the range of linearity was
considerably wider.

Figure 7 shows typical Michaelis—Menten kinetics behavior,
as was confirmed by calculating the x parameter, 0.98, from the
corresponding Hill plots ([log (imay/i) — 1)] versus the log of the
substrate concentration). Consequently, the apparent Michae-
lis—Menten constant, (Ky**?) and the maximum reaction rate
value (V;,) were calculated from the corresponding Linewea-
ver—Burk plot. The obtained values were Ky;"** = 1.57 mM and
Vin = 47.6 uA. This Ky, *? value was 2 times h'§her than that
reported recently for ChOx in aqueous solutions.> However, it is
important to remark that the obtained Ky,"** value was signifi-
cantly lower than those reported for other electrode configura-
tions such as the designs involving a PPD(PDDA/ChOx),/
MWCNT/AuE biosensor (7.17 mM)** and ChOx immobilized
on poly(vinylferrocenium) perchlorate film-coated Pt electrodes
(3.9 mM).”* This fact suggests that the Michaelis—Menten
equilibrium was favored in our electrode design, probably as a
consequence of the microenvironment provided by GA-MNPs.

Regarding the stability of the ChOx/HRP/GA-MNP/PDDA/
MWCNT/GCE biosensor, different aspects were evaluated.
First, the repeatability of successive amperometric measurements
for five different 0.1 mM cholesterol solutions carried out with
the same biosensor was checked. A relative standard deviation
value (RSD) of 5.8% was calculated for the steady-state current.

Table 1. Results Obtained in Analysis of Human Sera with the
HRP/ChOx/GA-MNP/PDDA/MWCNT/GCE Biosensor

cholesterol, mM

sample” added found avg found RSD, % recovery, %
1 20 201,216 187,197,209 2.02 55 101.0
2 5.0 5.02,4.84,5.13,5.28,4.75 S.01 4.3 100.2
3 7.0 7.18,7.17,7.61,694,727 723 3.3 103.3

“ Samples were spiked with cholesterol at the 2.0 (sample 1), 5.0 (sample
2), and 7.0 (sample 3) mM concentration levels.

Furthermore, the reproducibility of the responses obtained with
five different biosensors was also evaluated. The mean value of
the performed measurements yielded a RSD value of 8.2%.
Moreover, the lifetime of a single ChOx/HRP/GA-MNP/
PDDA/MWCNT/GCE biosensor was checked by performing
three daily measurements for 0.05 mM cholesterol. The ampero-
metric response did not show significant differences (within
£3 X standard deviation of the mean value measured the first
day) for at least 14 days, without any regeneration procedure
applied to the bioelectrode surface. Similar results were obtained
when the assay was performed with 0.1 mM cholesterol. This
working stability is remarkably better than that reported for other
CNT-based biosensors (1 week),'”***® and it can be attributed
to the successful enzyme immobilization strategy on the GA-
MNPs retaining their biological activity

The effect of temperature on the bienzyme biosensor response
was studied by measuring the steady-state current of 0.1 mM
cholesterol solutions at temperatures ranging from 25 to 60 °C.
The current exhibited a fast increase with temperature up to
45 °C and decreases for higher temperatures, probably due to
denaturation of the enzymes. From the In i versus 1/T plot in the
25—40 °C range, and according to the Arrhenius equation, an
activation energy value of 10.68 kJ/mol was calculated. This
value is lower than that obtained when ChOx was immobilized
onto MWCNT/SiO,/Chit composites, E, = 42.6 kj/mol,20 and
much lower than that given for the immobilization of ChOx onto
polyaniline, E, = 71.1 kJ/mol,** thus revealing the high enzyme
activity when GA-MNP/PDDA/MWCNT was used as immo-
bilization substrate.

Determination of Cholesterol in Spiked Human Serum. As
a straightforward real application of the bienzyme bioelectrode,
the analysis of human serum spiked with cholesterol at three
different concentration levels covering usual ranges in human
sera, 2.0, 5.0, and 7.0 mM, was accomplished. As described in the
Experimental Section, a 100-uL aliquot of serum was diluted with
0.1 M PBS (pH 7.5) solution up to 5.0 mL, and the determina-
tion of cholesterol was performed by applying the standard
additions method involving the addition of 0.1 mM cholesterol
aliquots. Table 1 summarizes the obtained results, where it can be
seen that mean recoveries ranged between 100% and 103% with
relative standard deviations of 5.5%, 4.3%, and 3.3%. These
results demonstrated fairly well the usefulness of the developed
ChOx/HRP/GA-MNP/PDDA/MWCNT/GCE biosensor for
determination of free cholesterol in serum samples with practi-
cally no sample treatment.

B CONCLUSIONS

The novel electrochemical interfaces constructed from func-
tionalized MNPs and properly wrapped CNTs have been
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demonstrated to be useful for the preparation of multi-
enzyme biosensors. The excellent analytical performance
for determination of cholesterol achieved with the bienzyme
biosensor constructed by immobilizing ChOx and HRP on
the developed transducer platforms allows us to conclude
that the strategy can be successfully employed for such a
purpose. The coupling of beneficial properties of the mod-
ified MNPs, to improve the immobilization of the enzymes
onto the composite material, with the electrocatalytic effect
and stability provided by PDDA-wrapped carbon nanotubes
leads to an enhanced sensitivity of the biosensing platform
compared to that achieved with other methods described in
the literature using biosensors prepared with carbon nano-
tubes solely. It is hoped that the successful strategy devel-
oped for the first time in this work may be easily extended for
the preparation of other multyenzyme biosensing designs.
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(5 ) Supporting Information. Four figures, showing FT-IR
spectrum, magnetization curves, cyclic voltammograms, and
effect of PDDA/MWCNT loading on amperometric detection
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