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Nanohybrid Biosensor Based on Mussel-Inspired Electro-
crosslinking of Tannic Acid Capped Gold Nanoparticles and
Enzymes

Rémy Savin,® Nour-Ouda Benzaamia,® Christian Njel,’ Sergey Pronkin,® Christian Blanck,® Marc
Schmutz,? Fouzia Boulmedais 9*

Complementary tools to classical analytical methods, enzymatic biosensors are widely applied in medical diagnosis due to
their high sensitivity, potential selectivity, and their possibility of miniaturization/automation. Among the different protocols
of enzyme immobilization, the covalent binding and cross-linking of enzymes ensure the great stability of the developed
biosensor. Obtained manually by drop-casting using a specific cross-linker, this immobilization process is not suitable for the
specific functionalization of a single electrode out of a microelectrode array. In the present work, we developed a nanohybrid
enzymatic biosensor with high sensitivity by a mussel-inspired electro-cross-linking process using a cheap and abundant
natural molecule (tannic acid, TA), gold salt, and native enzymes. Based on the use of a cheap natural compound and gold
salt, this electro-crosslinking process based on catechol/amine reaction (i) is versatile, likely to be applied on any kind of
enzymes, (ii) does not require the synthesis of a specific cross-linker, (ii) give enzymatic biosensors with high and very stable
sensitivity over two weeks upon storage at room temperature and (iv) is temporally and spatially controlled, allowing the
specific functionalization of a single electrode out of a microelectrode array. Besides the development of microbiosensors,

this process can also be used for the design of enzymatic biofuel cells.

1. Introduction

In the fields of environmental monitoring, food industry, or clinical
analyses, the development of selective tools with rapid analysis time
for biomolecule detection is more and more required. The interest in
biosensors has grown exponentially in recent decades.! According to
the definition of IUPAC, a biosensor is composed of (i) an immobilized
biological element (protein, DNA) able to recognize and detect a
specific analyte (organic (bio)molecule or ions) and (ii) a transducer
that converts the (bio)chemical recognition into electrical, thermal
or optical signals. They are complementary tools to classical
analytical methods (e.g. high-performance liquid chromatography)
due to their inherent simplicity, rapid response, and the possibility of
miniaturization. In particular, electrochemical enzymatic biosensor
has shown great promise as a miniaturized real-time controller for
human health (diabetes)> and environment monitoring
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(organopesticides pollution)® with new opportunities discovered
year after year.*®> Enzyme immobilization on the working electrode
is a key factor to develop mechanically robust biosensors which
retain their selectivity, sensitivity, and reproducibility over time.
Most of the protocols are almost restricted to drop-casting or
electrodeposition routes based on adsorption, covalence,
entrapment, cross-linking, or affinity strategies. Each immobilization
method presents advantages and drawbacks.® Even if their activity is
often decreased in comparison to its native form, covalent binding
and cross-linking of enzymes ensure great stability of the biosensor.
Obtained manually drop-casting, these immobilization processes are
not suitable for the specific functionalization of a single electrode out
of a microelectrode array. The electrodeposition of macromolecules
is a simple and attractive bottom-up approach to finely control the
immobilization of enzymes on electrode surfaces using an electrical
stimulus. However, the enzymes are usually entrapped within a
polymeric matrix or adsorbed on the electrode. Recently, we
reported the first electro-crosslinking of enzymes process allowing
the localized immobilization of glucose oxidase (GOx) on
microelectrodes.” In this mussel-inspired process, a synthesized
homobifunctionalized catechol cross-linker was electro-oxidized to
react with amine moieties of GOx by using ferrocene methanol
(FCOH) as a mediator. The cross-linked enzymatic film (i) was
obtained in a one-pot process using a native enzyme, (ii) was strongly
linked to the metallic electrode surface thanks to catechol moieties,
and (iii) presented no leakage issues. The sensitivity of the biosensor
was similar to the ones obtained by manual drop-casting of GOx and
glutaraldehyde crosslinker. Nanomaterials, such as metal
nanoparticles, have been widely used to improve the detection limits
and sensitivity of enzymatic biosensors. Their large surface-to-
volume ratio and good electron transfer ability allow them to amplify



the electrochemical signal and to improve the accuracy and lifetime
of the glucose biosensors.?

In this work, we have extended the electro-crosslinking of the
enzyme process towards the use of natural and abundant molecules,
i.e. tannic acid (TA), and metallic nanoparticles to obtain an
enzymatic biosensor with high sensitivity. For this purpose, TA
capped gold nanoparticles (TA@AuUNPs) and GOx were electro-
crosslinked by the application of an anodic potential (Scheme 1). TA
is a polyphenol composed of five gallol moieties which have the same
chemical properties as catechol. To avoid any use of synthesized
crosslinker in the process, TA was used as both reducing of Au?* ions
and capping agent to synthesize TA@AuUNPs. The presence of gallol
moieties on the surface of TA@AUNPs allowed the adsorption of GOx
around the NPs, through hydrogen bonds and hydrophobic
interactions. When an anodic potential is applied, gallol moieties are
oxidized into quinones able to react covalently with amine moieties
of GOx and gallol moieties of TA@AuUNPs. An efficient immobilization
of GOx/TA@AuUNPs is obtained which allows the electrochemical
detection of glucose using FcOH as a free mediator in solution with
high sensitivity and selectivity. Finally, the film buildup, occurring
exclusively from the surface, can be prepared on microelectrodes.
This polyphenol based electro-crosslinking process (i) is versatile,
likely to be applied on any kind of enzymes, (ii) does not require the
synthesis of a specific cross-linker, (ii) give enzymatic biosensors with
high and very stable sensitivity over two weeks upon storage at room
temperature and (iv) is temporally and spatially controlled.

2. Experimental

2.1 Chemicals

Glucose oxidase from Aspergillus Niger sp. type X-S (GOx, ~168 U-mg"
1, My = 160 kDa, G7141, CAS 9001-37-0), horseradish peroxidase
(HRP, ~250 U-mg™, M, = 44 kDa, CAS 9003-99-0), tannic acid (TA, My
= 1701.23 g-mol?, CAS 1401-55-4), Hydrogen peroxide solution 30
wt.% (H,0,, My, = 34.01 g'mol?, CAS 7722-84-1), iron(lll) chloride
hexahydrate > 99% (FeCls, My, = 270.3 g-mol~, CAS 10025-77-1) gum
arabic from branched tree (CAS 9000-01-5), phosphoric acid >85%
(H3POg4, My, = 98 g-mol?, CAS 57664-38-2) and phosphate buffered
saline tablets (PBS) were purchased from Sigma-Aldrich.
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Scheme 1. (a) Chemical formulae of tannic acid (TA), (b) mechanism of TA@AuUNPs
synthesis by reduction of Au3+ ions by TA in water. (c) Schematic representation
of the electro-crosslinking of GOx/TA@AuUNPs through electro-oxidation of gallol
moieties of TA@AuUNPs into quinone followed by the chemical reaction of quinone
moieties with (i) gallol moieties of TA@AuUNPs and (ii) free amino moieties of GOx
through Michael addition and a Schiff’s base condensation reaction.
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Hydrogen tetrachloroaurate(lll) hydrate (HAuCls, My, = 393.83 g:-mol
1, CAS 27988-77-8), D-(+) glucose anhydrous 99% (M., = 180.16 g-mol
1, CAS 50-99-7) were purchased from Alfa Aesar. Gallic acid (GA, My,
=170.12 g'-mol?, CAS 149-91-7), sodium chloride 299.5% (NaCl, M, =
58.44 g-mol?, CAS 7631-99-4), potassium carbonate 299.5% (K,COs,
M, = 138.21 g-mol, CAS 209-529-3) were purchased from Fisher.
Potassium hexacyanoferrate (l1l) (KsFe""CNg, My, = 329.25 g-mol™, CAS
13746-66-2) and ferrocene methanol 2 95% (FcOH, M,, = 216.1 g-mol
1, CAS 1273-86-5) were purchased from Merck and FluoroChem
respectively. All chemicals were used as received and solution were
prepared using Milli-Q water with 18.2 MQ-cm resistivity.

2.2 Tannic acid capped gold nanoparticles synthesis (TA@AuUNPs)
The gold nanoparticle synthesis procedure was adapted from
Sivaraman et al. First, 2 mM HAuCl; and 0.3 mM TA solutions were
prepared separately in Milli-Q water. TA solution was adjusted a pH
7 with 150 mM K,COs. Both solutions were then filtered on 0.45 um
Regenerated Cellulose (RC) filters and flushed with argon for 5 min.
8 mL of HAuCl, solution were then slowly added in 12 mL of TA
solution with a peristaltic pump (ISM596, Ismatec, Switzerland) at a
constant flow rate of 500 pL-min* under 750 rpm agitation. During
the procedure, 20 L of 150 mM K,CO3 were added every 2 min to
compensate for the acidification caused by the addition of HAuCl,
solution as well as the oxidation of polyphenols. After 16 min of the
addition step, a dark reddish solution was obtained with a final TA/Au
ratio of 0.22. The obtained TA capped gold nanoparticles were
denoted as TA@AuUNPs, flushed with argon, and stored up to 2
months at 4°C to prevent TA suroxidation due to dissolved oxygen.
Before use, this solution was centrifuged for 60 min at 13 500 rpm
(12 200 g) with a VWR Microstar 12 set-up to remove all unbound
oxidized polyphenols from the solution and redispersed in water or
the GOx mixture solution.

2.3 TA@AuNPs characterizations

Dynamic Light Scattering experiments were carried out to retrieve
hydrodynamic size as well as zeta potential with a Malvern Nanosizer
ZS with a measurement angle of 1732 and collecting five runs of the
autocorrelation function per sample at 25°2C. TA@AuNPs
concentration was accurately determined by three different
methods. The first one is based on the measurement of the
absorbance at the plasmon resonance maximum wavelength (526
nm for 12 nm TA@AUNPs) and the use of the extinction coefficient!?
of 1.89 x 10® Mtcm™. The second method is a gravimetric
measurement by accurately weighting 1.5 mL of dried TA@AuUNPs
solution. The third method, the Turkevich method, is based on the
use of the theoretical concentration obtained by the following
equation by assuming a homogeneous distribution of nanoparticles
in size:

A XN, mXN,
-1y = S52nm A — A -
¢(NPs-L™) exl Vi X My, (Aut)

c(Au)x My, (Au)

3
D -
d(f!u)x%n 7”@5‘“”‘”‘)(10 7

With Aszanm the absorbance of washed undiluted TA@AUNPs solution
at 524 nm, / the optical length path, m the weighted mass in grams
for an initial volume Vi, (1.5-x 103 L), Na the Avogadro number,
Myw(Au), the molar mass of gold (196.96 g-mol?), c(Au) = 0.8 mM the
concentration of gold in solution, d(Au) the density of gold (19.32
g-cm3) and Dragaunes the diameter of TA@AuUNPs. TA@AUNPs and
GOx/TA@AuUNPs mixture suspensions were characterized by
Transmission Electron Microscopy (TEM, FEI Tecnai G2). A 5 ul drop
of the solution is applied on a freshly glow discharge carbon covered
after Imin a 5 pl drop of 1% uranyl acetate solution is added and
finally the excess is removed after 1 min. The grids are observed
under 200 kV and the image acquired with an Eagle slow-scan CCD
camera (FEl). The reactivity of TA@AuUNPs towards amine was
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determined with a Prussian Blue assay adapted from Graham?!! to
evaluate the quantity of gallol moieties present at the surface of
TA@AUNPs. This assay is based on the reduction of Fe"(CN)s* to
Fe'(CN)¢* by gallol moieties which then produce Prussian Blue
compound with Fe3* from FeCls, depicted below:

Gallol + 2 Fe"(CN)s> = Quinone + 2H* + 2 Fe'(CN)e*

4Fe*+3 FEH(CN)54' > Fe'”4[Fe”(CN)6]3
Briefly, 10 pL of the washed TA@uNPs solution was mixed in 96-well
plates with 20 uL of 25 mM FeCls, prepared in 0.1 M HCI, quickly
followed by the addition of 20 uL of 20 mM K,Fe(CN)s, prepared in
Milli-Q water. Subsequently, the mixture solution was orbitally
shaken for 10 min and 150 pL of a stabilizing solution was added 5
min later. The stabilizing solution was a 3:1:1 mixture of 85% wt
HsPO,4, 10% wt gum arabic, and water. Immediately after the addition
of the stabilizing solution, the absorbance was read at 690 nm with a
SAFAS Xenius XML reader corresponding to the maximum
absorbance of Prussian Blue. An equivalent of 4.8 gallol moieties (GA)
per TA was determined with this test, in agreement with the
chemical formulae of TA composed of 5 outer GA moieties.
2.4 Colorimetric Enzymatic Tests
Before the enzymatic tests, enzyme concentration was determined
(Table S1-2, Electronic Supporting Information, ESI). All tests were
performed in PBS 10 mM at room temperature to mimic the
operating condition in a physiological medium. GOx assay was a dual
enzymes system using Horseradish Peroxidase (HRP) and a
chromogen  substrate  2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS) both in large excess to regards with GOx
concentration. GOx concentration was calculated taking into account
that 80% of the weighted mass is the enzyme according to a Bradford
test and the absorbance at 280nm (g=263 mM™.cm™).22 The
calibration curve was obtained by mixing 10 uL of GOx (concentration
ranging from 0.01 to 10 ug-mL?), 10 pL of 1 mg:mL! HRP both
prepared in water and dispersed with 40 uL of water/inhibitors. 140
uL of 1 mM ABTS and 10 mM glucose solution, prepared in PBS 10
mM was added at the end. GOx/TA@AuUNPs and GOx/TA suspension
activities were determined by replacing the 40 pL of water with 40
uL of TA@AuUNPs or TA solution allowing a one-hour rest period
before the addition of ABTS/ glucose solution. The activity of GOx
bounded to TA@AuUNPs was determined after a centrifugation
procedure (13 500 rpm, 60 min) and a redispersion in an equivalent
volume of water, as the retrieved supernatant.
2.5 Aggregation Tests
GOx solution and TA@AuUNPs suspension were mixed at different
molar ratios from 10 to 150 in water at room temperature. After a
resting time of 30 min, the aggregation test was performed at a final
concentration of 1 M NaCl by adding 50 uL of 5 M NaCl solution to
the mixture of 100 puL NPs solution and 100 puL GOx solution. The
absorbance spectra of GOx/TA@AuUNPs suspensions were then
recorded with a spectrophotometer (SAFAS Xenius, Monaco). The
shift of Amax allowed to follow the aggregation of GOx/TA@AuUNPs.
The size of the aggregates was also determined by DLS (Malvern
Panalytical, UK).
2.6 Electrodeposited solution
A 5 mM FcOH solution was prepared in water using an ultrasonic
bath for 30 min to quicken the dissolution with a temperature kept
below 50°C. To avoid the presence of aggregates, the solution was
filtered with a 0.2 um RC syringe filter after cooling at room
temperature. The filtration has a negligible effect on the redox peaks
intensities of FCOH, measured by cyclic voltammetry. The enzyme
(GOx) was dissolved in the FcOH solution at 5 uM by taking into
account that 80% of the weighted mass correspond to the mass of
an enzyme (§ S1, ESI). 3 mL TA@AuNPs suspension was centrifuged
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for 60 min at 13 500 rpm to remove the supernatant and redispersed
in 300 pL FcOH/GOx mixture solution to reach 30 in GOx/NPs molar
ratio, close to the theoretical optimal ratio to obtain a monolayer of
enzyme on the NPs (Paragraph S2 in the Sl). After 30 min, 1 M Nacl
solution (15 pL) was added to reach 50 mM NaCl in
FCcOH/GOx/TA@AuUNPs suspension.

2.7 Electrochemical Quartz Crystal Microbalance (EC-QCM)
Q-Sense E1 from Q-Sense AB (Sweden) was used to perform the
electrochemical quartz microbalance (EC-QCM) experiments by
monitoring the changes in the resonance frequency f, and the
dissipation factor D, of an oscillating gold-coated quartz crystal
(QCM5140TiAu120-050-Q, QuartzPro, Sweden) upon adsorption of a
viscoelastic layer (v, the overtone number, equal to 1, 3, 5 and 7).
The measurements were done at 5 (v=1), 15 (v=3), 25 (v=15) and
35 (v = 7) MHz after the excitation of the quartz crystal at its
fundamental frequency (5 MHz). For clarity purposes, only the
evolution of -Afs/3, the opposite of the third overtone of the
frequency shift, measured at 15 MHz, is presented. Thus, an increase
of -Afz/3 corresponds to an increase of the mass adsorbed. The
evolution of the dissipation value is not presented here as it was
following the same trend as the frequency shift. Electrochemical
measurements were performed on a CHI660E apparatus from CH
instrument (Austin, Texas) coupled on the Q-Sense E1 apparatus with
a three-electrode system: The gold-coated QCM sensor acted as the
working electrode. A platinum electrode (counter electrode) on the
top wall of the chamber and a no-leak Ag/AgCl reference electrode
fixed in the outlet flow channel were used respectively as counter
and reference electrodes. The internal volume of the EC-QCM cell
was 100 pL and the electrode distance was fixed at 0.8 mm for WE/CE
and 5 mm for WE/RE. Before any experiments, the crystals were
cleaned for 30 min using a UV/Ozone cleaner (ProCleaner, BioForce
Nanoscience). Before every deposition, RE potential was carefully
checked against FCOH/Fc*OH and the stabilization of all the
frequencies was achieved. The deposition was performed by
applying a constant + 0.7 V bias for one hour. After the deposition,
the sample was washed inside the cell with at least 4 mL of the
supporting electrolyte (NaCl 50 mM) until no more electrochemical
signature for FcOH was observed. The GOx/TA@AuUNPs coating was
then washed with water before the electrochemical measurements
or kept in a dry state at room temperature for further
characterization with Scanning Electron Microscopy (SEM, Hitachi
SU8010) or XPS characterizations.

2.8 Scanning Electron Microscopy (SEM)

A Hitachi SU 8010 Ultra High-Resolution Field Emission Scanning
Electron Microscope was used to characterize the morphology of
GOx/TA@AuUNPs coating. Micrographs were retrieved with an
accelerating voltage of 1 kV and a working distance of 3 mm.
Emission current was respectively 5 pA for Secondary electron (SE)
micrographs and 20 pA for low-angle backscattered electron (LA-
BSE) micrographs.

2.9 X-ray Photoelectron Spectroscopy (XPS)

Thermo Scientific K-alpha+ spectrometer was used to acquire the
XPS spectra. The monochromatic AlKa line was used as X-ray
excitation (1486.6 eV) with a pass energy of 50 eV to obtain high-
resolution spectra. The samples were analyzed using a microfocused,
monochromated Al Ka X-ray source (400 um spot size). XPS spectra
were fit with one or more Voigt profiles (binding energy uncertainty:
+0.2 eV) and Scofield sensitivity factors were applied for
quantification.'® All spectra were referenced to the Cls peak (C-C,
C—H) at 285.0 eV binding energy controlled using the photoelectron
peaks of metallic Cu, Ag, and Au, respectively. Carbon (C 1s) spectra
were done at the beginning and after each resolution analysis, to
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check the absence of any sample degradation under irradiation.
Argon cluster ion beam irradiations were performed using the
Thermofisher Scientific MAGCIS dual-beam ion source. The average
kinetic energy and cluster size of each cluster were fixed to 8000 eV
and 300 atoms, respectively. The incoming argon clusters reach the
sample with an angle of 30° from the surface normal, and the ion
current density is fixed to ~ 10 pA.cm™2. The samples are irradiated
on a square area of ~ 2 x 2 mm?, while the size of the XPS analysis
zone is 400 x 400 um? in the center of this irradiated area (Non-linear
bombardment “from 10 seconds to 481 seconds” is performed
between 2 sets of recorded spectra on all profiles).
2.10 Electrodeposition on Microelectrodes
The same solution described in §2.6 was used to electrodeposit the
GOx/TA@AUNPs coating on gold interdigitated array electrode (IDA
ref: A-0.12125, ALS, Japan). One gold interdigitated electrode was
used as a working electrode with the large gold electrode engraved
on the device as the counter electrode and the no-leak Ag/AgCl
reference electrode. The deposition was triggered by applying + 0.7
V (vs Ag/AgCl) for 15 min.
2.11 Electroactive Surface Area
To evaluate the electroactive surface area, the following test was
performed before and after the deposition of GOx/TA@AuUNPs
coatings. Cyclic voltammograms were registered at various scan
rates from 5 to 500 mV/s on the bare gold crystal (working electrode)
in contact with 0.5 mM FcOH in 50 mM NaCl solution. After the
electrodeposition, the GOx/TA@AuNPs coatings were rinsed with 50
mM NaCl for 10 min to remove all the free FcOH until only the
capacitive signal is visible. The faradaic CV cycles were then repeated
on the electrodeposited coatings in contact with 0.5 mM FcOH/50
mM NaCl solution. The following Randles-Sevcik equation was then
used to estimate the electroactive surface area.

L,:current peak (A)
n:number of exchanged electron
A:electroactive surface (cm=)

v:scanrate (V-5 1)

Dy: dif fusion coef ficient (cm® - s 1)
C": ferrocene concentration (mol - em™*)

nFv D\,)""":

i, = 0.446nF. lf,"‘(
i, nF 4 "

2.12 Biosensing characterizations

All the electrochemical measurements were carried out in 10 mM
PBS solution on the CHI 660E electrochemical workstation (CH
Instruments, USA). The same electrode set-up used during the
electrodeposition served to perform the electrochemical biosensor
performance. The gold-coated QCM crystal was used as the working
electrode. Cyclic Voltammetry measurements were performed by
injecting 600 pL of solutions of different analyte solutions in the
presence of FcOH. The chronoamperometric curves were performed
at a constant potential of 0.25 V (vs Ag/AgCl) with 0.5 mM FcOH for
glucose and 0.19 V with 0.1 mM FcOH for H,0; respectively. A surface
area of 0.8 cm?, corresponding to the exposed area of the gold QCM
sensor, was used for current density calculations.'* The sensitivity
was monitored along a period of two weeks on three different
glucose biosensors. The following characteristics of the biosensor
were determined: the sensitivity (s), i.e. the slope of the linear range
of current density vs analyte concentration, and the limit of
detection (LOD), i.e. 3stdintercept/S With Stdintercepr the standard
deviation of the intercept. Michaelian constants were determined
electrochemically to retrieve the affinity of glucose toward
GOX/TA@AuUNPs film using the following Lineweaver-Burk
linearization of Michaelis-Menten equation:

app
1 _ Ky 1,1
iSS imax [S] imax
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with K;pp the Michaelis constant, iss the steady-state current for a
given glucose concentration [S], and imax the current plateau in
presence of 100 mM glucose and 0.5 mM FcOH.

3. Results and discussion

3.1 TA@AUNPs synthesis and characterization

Sivaraman et al’® protocol synthesis was adapted to produce
TA@AUNPs by a simple and rapid process at room temperature.
Thanks to its gallol moieties, TA was used as both reducing of Au3*
ions and stabilizing agent of Au metal (Scheme 1b). TA@AuUNPs
synthesis was performed at pH 7 by slow addition of 2 mM HAuCl,
solution into 0.3 mM TA solution. After 10 min of reaction, the
suspension was centrifuged and redispersed in water. Negatively
stained TEM images revealed regular and uniformly distributed
metal species with a size of 12 + 2 nm in diameter (Fig. 1a). The
hydrodynamic diameter of the TA@AuUNPs, measured by DLS in
intensity, was 24 + 3 nm. The hydrodynamic radius is directly related
to the diffusive motion of the particles and is usually higher than the
inorganic core of the NPs.'> The concentration of the suspension was
1.0 + 0.1-10%® NPs:-L?, ji.e. 16 + 2 nM determined by UV-Visible
spectroscopy (Amax = 526 nm) and confirmed by the Turkevich and
gravimetric methods. The size of the TA@AuUNPs remained stable
over two months of storage under argon, highlighting the high
stability of the suspension (Figure S1 in the SI).

The reactivity of TA at the surface of the TA@AUNPs is a critical
parameter for the mussel-inspired electro-crosslinking process.
Indeed, this process is based on the reaction of electro-oxidized gallol
moieties of TA with catechol moieties of TA and the amine moieties
of the enzymes (Scheme 1).%¢ Thus, the content in gallol moieties,
equivalent to gallic acid, was determined using a redox test based on
the reduction of Fe"'(CN)s*> into Fe'(CN)s* and the further formation
of Prussian Blue (Fe'"'4[Fe"(CN)e]s) in the presence of Fe3* ions. Each
TA@AUNPs presented 4.5 + 0.7-10° gallol moieties at their surface,
corresponding to 10 moieties per nm?2. With TA molecules equivalent
to 4.73 gallol moieties, the NPs surface has approximatively 2 TA
molecules per nm2. Knowing that TA has a hydrodynamic radius of
around 1.0 £ 0.3 nm, it is likely that TA is not in its native form when
on the surface of NPs.

3.2 GOx/TA@AuUNPs complexes characterization

After synthesis, the TA@AuUNPs suspension was mixed with a GOx
solution at 60 in GOx/NPs molar ratio and directly observed by TEM
after uranyl acetate negative staining (Fig. 2a). The gold NPs present
a light grey corona (arrow) of ~8 nm due to the attachment of the
protein to the NPs (Fig. 2b). In the background, some free enzyme
molecules are visible (black arrows) with a size of around 6 £ 2 nm
(size of GOx deglycosylated dimer: 6.0x5.2x7.7 nm?3).17

. |‘|I|
5 10 15
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Fig. 1 Characterization of TA@AuUNPs: (a) TEM image and (b) size distribution of
TA@AuUNPs determined from TEM images.
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Fig 2. Characterization of GOx/TA@AuUNPs complexes: (a) typical TEM image,
obtained after uranyl acetate staining, (b) size distribution of GOx, TA@AuNPs and
GOx/TA@AuUNPs determined from TEM images with (c) the schematic illustration
of GOx/TA@AuUNPs (d) Flocculation test upon addition of 1 M NaCl in the
GOx/TA@AUNPs suspension: the hydrodynamic size (white circle) and maximum
absorption wavelength (black circle) values as a function of GOx/NPs molar ratio.

The hydrodynamic size of GOx/TA@AuNPs, obtained by DLS in
intensity, was measured at 35 £+ 6 nm in agreement with the
formation of a monolayer (Fig. 2c). It is known that full coverage of
NPs by proteins prevents their aggregation in the presence of salt.'
To determine the optimal GOx/NPs molar ratio for full coverage of
the NPs, a flocculation assay was performed at different molar ratios.
With this aim, the maximum absorption wavelength (Amax) and the
hydrodynamic size of GOx/TA@AuUNPs suspensions were measured
after the addition of 1 M NaCl by UV-Visible spectroscopy and by DLS,
respectively (Fig. 2d). At GOx/NPs molar ratio of 10, the addition of
salt induced the shift of the Amax from 528 to 548 nm and the
formation of aggregates of 270 nm in size. Up to 33.5 in GOx/NPs
molar ratio, the Amax reached a plateau at 528 nm and the size of the
aggregates decreased to the values of isolated GOx/TA@AUNPs in
water (Fig. S2, ESI). The flocculation of NPs is then prevented for
GOx/NPs molar ratio > 33.5, in agreement with the theoretical value
of 30 in GOx/NPs molar ratio corresponding to full coverage of the
surface of the NPs (§ S2, ESI). TA strongly interacts with enzymes
through hydrogen bonds, hydrophobic interactions, or covalent
adduct formation.®? |t is known that TA and more generally tannins
inhibit the catalytic activity of enzymes either by modification of their
conformation'® or by substrate deprivation.?® Therefore, the
enzymatic activity of GOx/TA@AuNPs was evaluated using a
colorimetric assay and compared to GOx solution at the same
enzyme concentration. Fig. 3a shows the percentage of inhibition of
GOx at different GOx/NPs molar ratios.
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Fig. 3. GOx/TA@AUNPs activity (a) percentage of enzymatic inhibition in the
presence of TA@AuNPs as a function of GOx/NPs ratio, in comparison to the same
concentration of GOx in solution (b) enzymatic activity of rinsed GOx/TA@AuNPs,
i.e. after centrifugation and redispersion in water, and the retrieved supernatant
as a function of GOx/NPs ratio.
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Above 0.5 GOx/NPs molar ratio, the GOx inhibition is less than 3%
becoming completely negligible above the value of 30, the
theoretical ratio value for full coverage. In comparison, TA free in the
solution presented a similar inhibition towards GOx when reported
in equivalent GA moieties (Fig. S3, ESI). Adsorbed GOx on the surface
of TA@AUNPs remained fully active. After 24 h, the GOx/TA@AuUNPs
mixture suspension was centrifuged to determine the GOx activity of
redispersed GOx/TA@AuNPs in water and the retrieved supernatant
containing the enzyme in excess (Fig. 3b). The enzymatic activity of
the rinsed GOx/TA@AUNPs increased with the quantity of GOx
introduced which confirms the adsorption of active enzymes on
TA@AuUNPs. Beyond 33 in GOx/NPs molar ratio, the enzymatic
activity of GOx/TA@AUNPs reached a plateau with an increase of the
supernatant. Above this value, the amount of GOx added in the
mixture is almost not adsorbed on the surface of the NPs and
eliminated in the supernatant at the rinsing step. These results
confirmed the adsorption of only one monolayer of active GOx on
the surface of the TA@AUNPs.

3.3 Electrodeposition and characterization of GOx/TA@AuNPs
coating

To electrodeposit GOx and TA@AuUNPs on the surface of the working
electrode, the electrodeposited solution FcOH/GOx/TA@AuUNPs
mixture was prepared in 5 mM FcOH/50 mM NaCl aqueous solution
at GOx/NPs molar ratio of 30, close to the theoretical value of full
coverage of NPs by GOx. The salt acts as a supporting electrolyte and
FcOH as an electron mediator to oxidize the gallol moieties of TA
within a diffusion layer in the vicinity of the electrode. EC-QCM was
used to monitor in situ during the applied voltage the evolution of
the normalized frequency shifts. For clarity purposes, the evolution
of the opposite value of the normalized frequency shift, at 15 MHz,
is depicted in Fig. 4a which is proportional in a first approximation to
the adsorbed mass (Fig. 4a). Thus, an increase of the signal is directly
related to an increase in mass. After injection of the
FCOH/GOx/TA@AuUNPs mixture, an increase of the frequency shift of
60 Hz was observed which might originate from the physisorption of
GOx/TA@AuUNPs. After stabilization of the signal, the application of
0.7 V induced an instantaneous increase of the frequency shift
towards 380 Hz followed by a slower phase reaching 910 Hz after 1 h
(Fig. 4a). The following rinsing step decreased slightly the signal by
3%. When a GOx/TA@AuNPs mixture was used without the presence
of FcOH, the EC-QCM signal remained stable when the electric
potential was applied.
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Fig. 4. (a) Evolution of the normalized frequency shift, measured by EC-QCM-D, of
FcOH/GOx/TA@AuUNPs (blue curve), FCOH/TA@AuUNPs (red curve), FCOH/GOx/TA
(yellow curve), and GOx/TA@AUNPs (grey curve) mixture solution as a function of
time during the application of 0.7 V. OCP means open circuit potential where no
electrical stimulus is applied. The arrow Inj indicates the time of injection of the
electrodeposited solution. (b) Redox peak intensities of FcOH (0.5 mM) as a
function of the square root of scan rate measured in NaCl 50 mM in contact before
electrodeposition (black curve) and after electrodeposition of GOx/TA@AuUNPs
(blue curve) and TA@AuNPs (red curve) coatings, obtained from
FcOH/GOx/TA@AuUNPs and FcOH/TA@AuUNPs mixtures, respectively.
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The presence of the mediator is necessary to induce the buildup. In
the case of the FcOH/TA@AuUNPs mixture without GOx, the
frequency shift increased reaching a value at 400 Hz after 1 h. The
electrodeposition could be explained by the cross-linking reaction
between TA molecules adsorbed on AuNPs as reported elsewhere.?!
In the case of the TA/GOx sample, a fast increase of the frequency
shift to 180 Hz was reached — seven times lower than
TA@AUNPs/GOx coatings. On the contrary to the polymer-
complexing ferricyanides process??, the covalent cross-linking
process is favored for more branched NPs than TA molecules. The
electroactive surface area is a critical parameter for an
electrochemical biosensor as it has an impact on the electrochemical
reaction rate and thus its sensitivity. This parameter was measured
for the obtained GOx/TA@AuNPs and TA@AuNPs coatings by
applying cyclic voltammograms at different scan rates in the
presence of 0.5 mM FcOH in NaCl 50 mM. Fig. 4b illustrates the peak
reduction and oxidation currents of FcOH versus the square root of
the scan rate. This linear relation is described by Randles-Sev¢ik
(Equation 4). The obtained linear behavior highlights that the
faradaic process with FcOH is diffusion-controlled. An increase of the
slope at the oxidation and reduction peaks of 150% and 180%,
respectively, was observed for GOx/TA@AuUNPs coatings as
compared to the bare surface of the gold-coated QCM crystal (Fig.
4b). This change is likely to be explained by the increase of
electroactive surface area highlighting the importance of NPs to
virtually extend the electrode surface in three-dimension even when
coated by enzymes and TA. In comparison, a similar result was
observed for the TA@AuNPs coating with a 160% and 190% increase
of the slope at the oxidation and reduction peaks, respectively. At
the lower scan rate (lower square root scan rate), the measured
currents were the same. No differences are visible before and after
the electrodeposition of the coatings. Meanwhile, the TA/GOx
coating has a similar electroactive surface to clean crystal for all over
the tested scan rate range (data not shown). After electrodeposition,
the surface of the gold-coated QCM crystal became red due to the
presence of TA@AuUNPs (Fig. 5a inset). SEM observations of
GOx/TA@AUNPs coatings clearly showed densely packed
nanoparticles on the surface of the QCM crystal (Fig. 5a). The
phenomenon of strong backscattering of electrons (BSE) on heavy
elements was used to follow the distribution of AuNPs over the
surface area of GOx/TA@AUNPs coatings. Heavier elements appear
brighter due to the higher intensity of the secondary electrons
backscattered from the surface. Isolated NPs significantly brighter
than the rest of the surface were observed in BSE mode, which
indicates the relatively high Au content with no aggregation
phenomenon during the electrodeposition (Fig. 5b). The presence of
several TA@AuUNPs layers was visible when the voltage was
increased. Similar SEM images were obtained for TA@AuNPs
coatings (Fig. S4, ESI).
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3.4 XPS analysis of TA@AuNPs and GOx/TA@AuNPs coatings

XPS analysis provides chemical information about the atomic and the
chemical group composition of the surface coating. The TA@AuUNPs
coating was first compared to drop-casted TA@AuUNPs solution. Both
survey XPS spectra revealed the presence of seven main elements
such as gold (Au 4f), carbon (C 1s), and oxygen (O 1s) (Fig. S5a, ESI).
The presence of Au 4f peak could be due to the presence of AuNPs
and/or the signal of the gold-coated QCM crystal used as a working
electrode and as a substrate for the drop-casted solution. The
spectrum of drop-casted TA@AuUNPs suspension presented K 2s, Cl
2p, and Na 2p peaks coming from the synthesis medium. The
presence of trace iron signal on the spectrum of the TA@AuUNPs
coating is due to the use of FcOH as a mediator during the
electrodeposition process. The C 1s spectrum of both samples
comprises one component located around 285 eV (yellow peak)
characteristic of hydrocarbon environment (C-C/C-H) and two peaks
centered at 286.5 (orange peak) and 289 eV (brown peak)
corresponding to mono (C-OH) and bi oxygenated (O=C-O) carbon
environments, respectively (Fig. 6a). The peak at around 291 eV (grey
peak) is attributed to r-mt* shake-up, corresponding to the excitation
of the m-m* transition by the outgoing photoelectron from
unsaturated carbon of C=C double bond.?* The peaks at 293 and 296
eV present on the drop-casted TA@AuUNPs suspension are from
carbonates environment from potassium carbonates compound.
With a closer look at the oxidized organic carbon signal (Cox)
gathering the peaks centered at 286.5, 287.5, 288.6, and 289.4 eV,
we can notice that only the TA@AuUNPs coating presents a peak
around 287.5 eV corresponding to -C=0 bond, representing 29% of
the Cox signal (Fig. 6b). This bond is linked to the formation of quinone
from gallol moieties upon electro-oxidation and further reaction with
non-oxidized gallol (Scheme 1c). This presence confirmed the
electro-crosslinking of TA@AuUNPs upon application of the electric
potential on FCOH/TA@AUNPs suspension. The GOx/TA@AuNPs
coating was then characterized by XPS in comparison to drop-casted
GOx and GOx/TA@AuUNPs solutions.

Fig. 5. SEM micrograph of the electrodeposited GOx/TA@AuNPs coating, with (a)
secondary electron and (b) backscattered electron detector. GOx/TA@AuUNPs
coating was obtained from the electrodeposition of the FCOH/GOx/TA@AuUNPs
mixture. The inset is the photography of the gold QCM crystal after
electrodeposition of the coating
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Fig. 6. (a) C 1s XPS spectra and (b) the relative contribution of each component in
the oxidized organic carbon (C,) signal of the TA@AuUNPs coating, obtained by
electrodeposition of FCOH/TA@AuUNPs and the TA@AuUNPs drop-casted solution.
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Fig. 7: (a) C 1s XPS spectra and (b) the relative contribution of each component in
the oxidized organic carbon (Cox) signal of the GOx/TA@AUNPs coating, obtained
by electrodeposition of FCOH/GOx/TA@AuUNPs solution, the GOx/TA@AuNPs
drop-casted electrodeposited solution and the GOx drop-casted solution.

ARTICLE
a g b s
":é' 45
é 2 - 10 “
35 = A A
g 30 E‘ . Aoaa - -y A
£ @
PEE ‘L“‘*« o
_g ﬂwﬁreb--. e i § 5 .M-a-—\- -8,
() i .
g 20 aﬁ.syo-!g__‘F i =
oo Hoaa
b
O wn . ' . ' . o T
0 500 1000 1500 2000 2500 3000 380 760 1140 1520 1900 2280 2660

Etching time (s) Etching time (s)
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XPS survey spectra revealed the presence of gold (Au 4f), carbon (C
1s), oxygen (O 1s), and nitrogen (N 1s) elements (Fig. S5b, ESI). The N
1s peak, mainly composed of N-C=0 environment, confirmed the
presence of enzymes in the GOx/TA@AUNPs coating. Cls spectra
gather signals coming from carbon species
environments. The three studied samples presented the yellow peak
at 285 eV (C-C/C-H), the orange one at 286.7 eV (C-O-H), the red one
at 288.1 eV, and the brown one at 289.4 eV (0-C=0). The red peak at
288.1 eV could correspond to the contribution of N-C=0 amide from
the enzyme and the C=0 bond from oxidized TA (quinone). As
nitrogen is only present on GOx, the percentage of nitrogen detected

in five main

should be similar to the percentage of carbon coming from the N-
C=0 environment (theoretical value of 1). This is the case for the GOx
drop-casted solution where %Nnco/%Cnco is equal to 1.06. In the case
of the GOx/TA@AUNPs coating and the GOx/TA@AuNPs drop-casted
electrodeposited solution, it can be seen that the percentage of
carbon centered at 288.1 eV is higher than the amount of nitrogen
from the N-C=0 environment. This difference suggests that this peak
included also the presence of the C=0 environment in the
GOx/TA@AUNPs coating and electrodeposited The
presence of the C=0 environment confirmed the oxidation of gallol
moieties of TA@AuUNPs and their further crosslinking with non-
oxidized catechol moieties of TA@AuUNPs and with amine moieties of
GOx. Before the application of the electric potential, it is likely that

solution.

the oxygen of the air is already sufficient to oxidize gallol moieties of
TA@AUNPs. It can be noticed also that C-OH relative proportion in
Cox is also decreasing with the anodic deposition. To get more
information, we performed depth profiling with a MAGCIS ion gun
which allows cluster argon bombardments on the different layers of
the three samples (Fig. 8). Cluster bombardment layer etching is
mainly used on polymeric layers with the advantage of not
destroying the structure of the analysed layers. In the case of GOx
and GOx/TA@AuUNPs drop-casted solutions, a fast decrease of Cu
and nitrogen contributions was observed indicating weak stability of
the deposition. On the contrary, GOx/TA@AUuUNPs coatings present a
relatively stable evolution of Cox and nitrogen contributions, i.e. a
stable signal until 1 000 s of etching followed by a small decrease.

This journal is © The Royal Society of Chemistry 20xx

This suggests a homogeneous distribution of GOx all over the
thickness of the coating and a strong interaction between GOx and
TA@AuUNPs, protecting the enzyme against argon cluster
bombardment. In summary, the electrodeposition process induced
the appearance of a C=0 peak and allowed to obtain a stable coating
towards etching with a strong interaction between the enzyme and
the NPs. These observations are the indirect signature of the electro-
crosslinking of GOx and TA@AUNPs.

3.5 Biosensing characterization of GOx/TA@AuNPs coating

The electrochemical biosensing capability of GOx/TA@AuNPs
coating was evaluated using standard enzyme-catalyzed glucose
oxidation in the presence of FcOH in physiological conditions (10 mM
PBS pH 7.4). FcOH was used to enhance the electron transfer rate
between GOx and the electrode because of the inaccessible
enzymatic active site. The sensing mechanism of glucose is based on
the following equations:

FCOH = FcOH* + e - (at electrode)

GOXx(FAD) + 3-D-Glucose -> GOx(FADH;) + D-glucono-6-lactone

GOX(FADH,) + 2 FCOH* - GOX(FAD) + 2 H* + 2 FcOH
A potential is applied to the working electrode in order to oxidize
FCOH into FcOH*. In the presence of glucose, GOx catalytically
oxidizes glucose into gluconolactone and its cofactor (flavin adenine
dinucleotide, FAD) is reduced into GOx-FADH,. As already reported
elsewhere,” FcOH* is likely to retrieve electrons from the buried
cofactor to the electrode through a spontaneous redox reaction.
Indeed, E£C+OH/FC0H =0.21V*% is higher than the formal
potential EQ,p rapu, = —0.4V? vs Ag/AgCl. Fig. 9a shows the
different cyclic voltammograms of GOx/TA@AuNPs coating in
contact with 0.5 mM FcOH, prepared in PBS 10 mM pH 7.4 in the
presence of different concentrations in glucose. The oxidation and
reduction peaks of FcOH were observed at 0.25 V and 0.19 V. The
introduction of glucose triggered an increase of the oxidation peak
and a decrease of the reduction peak, due to the regeneration of
FcOH and the depletion of FcOH*, respectively. A good
bioelectrochemical catalytic activity of the GOx/TA@AuNPs coating
was obtained towards glucose. Indeed, complete disappearance of
the reduction peak was observed for 10 mM glucose at 50 mV-s™* (Fig.
9a) and 5 mV-s?! (Fig. S6a, ESI). This indicates a complete
consumption of FcOH* by the enzyme cofactor allowing the
regeneration of GOx. The saturation plateau at 20 mM glucose arises
from the typical hyperbolic Michaelian-Menten kinetic. At this
concentration, GOx catalytic sites are saturated and the maximal
glucose catalytic rate is reached. Thus, the amperometric response
of the coating was measured at 0.25 V at different concentrations of
glucose (Fig. Séb, ESI).
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Fig. 9. (a) Cyclic voltammograms, performed at a scan rate of 50 mV s?, of
GOx/TA@AUNPs coating in contact with 0 to 100 mM of glucose solution prepared
in 0.5 mM FcOH/10 mM PBS. (b) Average current density, measured at 0.25 V, as
a function of the glucose concentration of GOx/TA@AuUNPs (black curve) and
GOx/TA (grey curve) coatings. The average and error bars of GOx/TA@AuNPs
coatings were evaluated on six independent experiments.

Each fluid replacement led to an electrical current overshoot
followed by a period of stabilization at a steady-state value after 200
s. The overshoot happened in the transient period because of a local
rise of glucose and FcOH concentration at the injection step. The
calibration curve, i.e. the current density measured after 200 s vs
glucose concentration, showed a linear range that extends up to 10
mM with a typical saturation plateau of 220 pA-cm (Fig. 9b) caused
by the saturation of the enzymes by the substrate. The average
sensitivity, calculated from the slope of the calibration curve of 6
different samples, was 17.3 + 0.4 pA-mM1-cm (R? = 0.999) with a
limit of detection at 0.3 mM (LOD at a signal to noise ratio 3). These
coatings would distinguish between healthy (3.8 and 6.5 mM) and
hyperglycemic subjects (>7 mM). A great improvement of the
sensitivity of electro-cross-linked enzymatic biosensor was reached
thanks to the presence of NPs. Indeed, the sensitivity of TA/GOx
(0.5 yA‘mM1-cm?) and biscatechol/GOx” (0.66 pA-mM™1-cm?)
coatings were found to be 34 and 28 times lower than
GOx/TA@AUNPs coatings, respectively. Ramanavicius and coll.
achieved higher sensitivity by electrochemical nucleation of dendritic
AuNPs followed by drop-casting of GOx?’ or electropolymerization of
a conducting polymer and covalent immobilization of GOx.?® The
covalent immobilization of GOx was proven by performing the
chronoamperometry test before and after consecutive washes with
0.01% Tween-20 prepared in 10 mM PBS. These washes are expected
to remove any physisorbed GOx.?° No loss of mass was observed and
the sensitivity remained stable after the Tween 20 treatment (Fig. S7,
ESI). Regarding durability, the biosensor can be stored up to 14 days
in 10 mM PBS buffer at room temperature with a loss in sensitivity
lower than 0.6% per day of storage (Fig. S8, ESI) which is very
competitive in regards to literature (Table 1). The biological affinity
of the immobilized GOx was determined by estimating the Michaelis-
Menten constant. The following Lineweaver-Burk equation3® was
used to fit the double reciprocal plot of current density vs
concentration of glucose (Equation 4). A low Kf,llpp indicates a high
enzymatic activity of the immobilized GOx.3! We found a K,:f,ppvalue
of 19 mM in good accordance with the literature value of 26 mmM32
for glucose in solution. For comparison, the reported values of K,'?
are 10.36 mM for GOX/polyaniline®3 and 19 mM for GOX/Zn03*
nanotubes biosensors obtained by drop-casting and reticulation with
glutaraldehyde. The biosensor selectivity was tested towards
common interferents at their maximum standard blood
concentration with a standard glucose concentration of 5 mM. The
variation of the response was between 0.2 and 1.6 % for salicylic acid
(SA), uric acid (UA), ascorbic acid (AA), acetaminophen (AP), and all
mixed 2% (Fig. 10a).
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Table 1. Comparison of different biosensors, based on GOx and AuNPs coating
deposited on gold electrode obtained by drop-casting and crosslinked or
covalently immobilized to this work. AuNPs were either drop-casted or
electrodeposited from gold salt.

Applied voltage Linear range Sensitivity Stability
> 8 2 2 ) )
Process Vvs Ag/AgCl Medium (mM) (HA-mMT-em™) | (day) Ref
Electro-cross- 0.5 mM FcOH 14 days This
linking 0.25 10 mM PBS 0.3-10 174 93% at “‘0:}
gallol pH7.4 RT
Dropeastin, 0.1 mM FeOH 30 days
peastmng 0.34 0.1 MPB 0.020-5.7 88 SV SIS as)
Thiol 4°C
pH7
Dropcasting TTF 28 day
Cysteine & 0.2 0.05 M PB 0.01-10 14 '4%:} [36]
Glutaraldehyde| pH 7.4 i
. 0.25 mM FcOH
Dropcasting 5 ) 579 28 days
Glutaraldehyde 0.29 0.1 MPBS 0.01-13 372 85% 4°C ey
d pH 68
Dropeasting 0.1mM FeOH [38]
. N 0.3 0.1MPB 0.02-6 8.3 60 days |
Cystamine - -
? pH 7
Ti patterned 1
BSA direct H20, 0.1 M PBS 0.03-3.05 2574 (CV) [39]
Glutaraldehyde|  oxidation

PB: phosphate buffer; RT: room temperature; Ti: titane

In comparison, the standard deviation of the current density
measured for glucose at 5 mM is 2% out of 6 samples. Therefore, no
significant difference in the biosensor response was found with any
interferents. Others biosensors found in the literature were obtained
manually by drop-casting using a specific cross-linker and are not
suitable for specific functionalization of a single electrode out of a
microelectrode array. Using rhodamine labelled GOx (GOx®'), a
GOxR/TA@AUNPs film was built on interdigitated arrays (IDA) of
electrodes by the application of 0.7 V on one of the two arrays for 15
min. The microelectrodes were imaged by optical microscopy in
bright field and fluorescence to check the presence of GOX™° and to
verify its spatial co-localization with TA@AuNPs (Fig. 10b). An
excellent spatial-selectivity was obtained since a high fluorescence
(GOxR"°) was observed only on the addressed microelectrodes. The
sensitivity of the obtained coating was 6.0 pA-mM™t-cm? with a
response time upon addition of 3.2 s at 0.4 mM glucose
concentration change and 6.9 s at 7.5 mM addition (Fig. S9, ESI). It
should be noted that this electrodeposition was not optimized on the
microelectrode and still give a good sensitivity.

3.6 Versatility of the process

To illustrate the versatility of the process, we also designed a
hydrogen peroxide (H,0,) biosensor by immobilizing horseradish
peroxidase (HRP), a significantly smaller enzyme (44 kDa with a DLS
size of 5.5 nm).
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Fig. 10. GOx/TA@AUNPs coating: (a) current density, measured at +0.25 V, of 5
mM glucose prepared in 0.5 mM FcOH/10 mM PBS in the absence (None) and the
presence of different interfering substances, salicylic acid (SA), uric acid (UA),
ascorbic acid (AA), acetaminophen (AP) and all of them (All) (b) Optical microscope
images, in (top) bright field and (bottom) fluorescent mode, (left) before and
(right) after electrodeposition of GOxR"°/TA@AUNPs coating.

This journal is © The Royal Society of Chemistry 20xx



H,0O, is a reactive oxygen species present in many biological
processes including cell growth, apoptosis, inflammation, infection,
or cancer.*%43 For instance, it is used at the early stage in wounds as
an antibacterial and signaling danger agent. Indeed, H,0, becomes
detrimental at high concentrations slowing down the healing
process. The electrodeposited solution was prepared by adjusting
the HRP/TA@AuUNPs molar ratio close to the full coverage of NPs by
the enzyme which is 40. After the injection of the
FCOH/HRP/TA@AUNPs electrodeposited solution, the application of
0.7 V for one hour led to an increase of the normalized frequency
shift and a homogeneous distribution of HRP/TA@AUNPs on the
electrode (Fig. 11a,b). The biosensing experiments were performed
in 10 mM PBS at pH 7.4 using 0.1 mM FcOH as a mediator using
chronoamperometry at 0.19 V. The reduction peak of the mediator
was used because of the standard potential of the Heme of HRP
which is at 0.95 V.2> The sensing mechanism is based on the following
reactions according to literature. 444>

HRP(Red) + H,0, = HRP(Ox) + H,0

HRP(Ox) + 2 FcOH = HRP(Red) + 2 H* + 2 FcOH*

FCOH* + e- - FcOH (at the electrode)
The presence of H,0, induced an increase in the reduction peak
signal of FCcOH* at the electrode (Fig. 11c). The current density
measured as a function of H,0, concentration showed a typical linear
range from 10 to 250 uM with a LOD at 10 uM and a sensitivity of
220 pA-mM™t-cm? (Fig. 11d). Without further optimization, the
obtained HRP/TA@AUNPs coating showed a better sensitivity as a
biosensor for H,0, in comparison to the ones reported based on
manual crosslinking of HRP with sensitivities of 0.5 and 30 pA-mM~
1.cm2for HRP/cysteamine/glutaraldehyde® and HRP/cysteine bonds
crosslinker,*” respectively.

Conclusions

The electrochemical cross-linking of enzymes was generalized by the
use of a natural and abundant polyphenol as a crosslinker and as a
reductive agent to obtain gold nanoparticles. Thanks to gallol
electro-oxidation at 0.7 V, the TA@AuUNPs crosslinked and reacted
chemically with amine moieties of enzymes.
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Fig. 11. HRP/TA@AUNPs coating: (a) Buildup with the evolution of the normalized
frequency shift of FCOH/HRP/TA@AuNPs solution as a function of time during the
application of 0.7 V (b) BSE-SEM micrograph of the coating, (c) Electrocatalytic
reduction current, measured at 50 mV-s, of 0 to 10 mM H,0, prepared in 0.5 mM
FcOH/10 mM PBS and (d) Current density, measured at 0.19 V, as a function of
H,0, concentration prepared in 0.1 mM FcOH/10 mM PBS.
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This process allowed (i) the design of enzymatic biosensor with
competitive sensitivity and stability upon storage with regards to
other well-implemented techniques and (ii) the functionalization of
a single electrode out of a microelectrode array. Two systems had
been developed to highlight the versatility of the process — namely a
peroxide and a glucose biosensor. One of the further steps will be to
obtain a third-generation biosensor by cross-linking simultaneously
the mediator’’ or to incorporate a conductive polymer as
supplementary components*®#°_ Finally, both electrodes (GOX-based
anode and HRP-based cathode) can also be used for the design of
enzymatic biofuel cells.>%>1,
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