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Abstract

We describe a nanocomposite material for the electrochemical detection of B-nicotinamide
adenine dinucleotide (NADH), a coenzyme involved in redox reactions of all living cells and
in the detection of many organic species by, electrochemicalybiosensors. The composite is
made of nanosheets of electrochemically exfoliated graphene oxide (EGO) covalently
functionalized with dopamine (DP) molecules. The EGOpp material finally obtained is rich of
1,2-dihydroxyphenyl moieties and is able to detect NADH at a particular low potential value
with higher sensitivity with respect to pristine: EGO.

To study the effectiveness of 1,2-dihydroxyphenyl moieties in inducing electrocatalytic
oxidation of NADH, we combined standard voltammetric techniques with UV-Vis absorption
spectroelectrochemistry, which‘@allowed us to.measure the variations in composition occurring
at the electrode|solution interface, 7.eito measure the consumption rate of NADH.
Spectroelectrochemical tests performed by polarising the electrode at a fixed potential value
were finally used to compare the performance of EGOpp with both EGO and EGO-DP blend
(MIX) for the detection ‘of NADH. The covalently functionalized EGO (EGOpp) shows
sensitivity to NADH upffo 300 M';-afound 180 % and 140 % better than either pristine EGO
or MIX, respectively.

Keywords: graphéne oxide, spectroelectrochemistry, NADH, chemical functionalization, 1,2-dihydroxyphenyl moieties

atoms and constituting the building block of different carbon
1. Introduction allotropes, such as 0D fullerenes, 1D carbon nanotubes and
3D graphite. It possesses quite peculiar properties, like high
surface area (>2600 m*g for single-layer graphene),
excellent electron mobility and mechanical resistance. Due to

Graphene is a carbon allotrope possessing a bi-
dimensional “Structure formed by sp’-hybridized carbon
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i) EDAC, NHS, DMF
ii) DP, NaHCO3 g

a)

i) DMF

Scheme 1. Synthetic route to EGOpp (path a) and to MIX (path b). a) C-N coupling reaction by EDAC/NHS activation under
N, atmosphere, starting from a ~ 3 mg mL"' EGO solution in DMF and b) reaction carriéd out without activation of the
carboxylic groups, starting from a ~ 3 mg mL" EGO solution in DMF. In this conditions epoxide ring opening reaction by
amine groups of DP could occur (as indicated in the magenta box) as also suggested by, XPS«data showing a slight decrease
in C-O-C bonds only for the MIX (and not for EGOpp, Fig. 1b). Details on the synthesisiare reported in the experimental
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section 2.1.

all these reasons, this material is nowadays widely studied
for a number of different applications [1-5].

Graphene sheets are scarcely soluble and can be processed
only in aggressive solvents or using surfactants. For many
applications, instead, an oxidized water-soluble derivativesof
graphene is generally preferred, namely graphene oxide
(GO). It can be produced by chemical oxidation of graphite
to graphite oxide and subsequent exfoliation. This is
considered the most economical way to obtain ‘mass
production of monoatomic carbon sheets with high yield.
The resulting material is a highly defective sp’-hybridized
structure, featuring a rich surface chemistry with different
oxygenated functions, namely epoxide, hydroxyl, carbonyl
and carboxyl groups [6,7].

In previous works, we reported the advantage in the use of
an electrochemically exfoliated graphene oxic@(EGO) [8]. It
contains a suitable number of oxidized moieties making it
electrically conductive and able tosinteract with/the analytes
in solution, at the same time [7]. In particular, the hydroxyl
and carboxylic groups confer, to the material peculiar
reactivity with respect to species in solution: these moieties
show electrocatalytic properties toward some target analytes,
decreasing the overpotential at, which the charge transfer
process related to their oxidation takes place [7]. Besides,
they can also act \as Ahe binding 'site for a further
functionalization .ofythe carbon-based nanosheets [9-11],
aimed at modulating the properties of the material. All these
properties favorably improve the performance of the material
when used«in electrochemical sensors for the detection of
species of biological'and forensic interest [7,12].

Among different 'species studied in the frame of sensors,
peculiar attention”should be paid to the detection of B-

nicotinamide adenine dinucleotide (NADH), a charge-
transfer mediator of many enzymatic reactions. Abnormal
levels of NADH in living cells, as example, can indicate
altered /status "of health [13] and can be monitored by
electrochemical sensors [14,15]. Additional possible
applications of NADH for sensing are manifold, because it
can, also be combined with specific NADH-dependent
enzymes to indirectly detect many chemical species
produced or consumed by such enzymes [16-19], e.g. lactate
by 'lactate dehydrogenase [20,21], glycerol by glycerol
dehydrogenase [22,23], glucose by glucose dehydrogenase
[21,24] and alcohols by alcohol dehydrogenase [25].

We recently demonstrated that the hydroxyl moieties on
the graphene nanosheets are responsible for the significant
anticipation of the NADH oxidation process from +0.49 to
+0.18 V vs. Ag/AgCl when passing from bare to reduced GO
modified electrodes [7]. The shifting of the electrochemical
response at less positive potentials is considered as an added
value to the performance of the sensing element, because it
may allow to discriminate the NADH signal from responses
coming from different species in solution.

The above-mentioned hydroxyl moieties derive from the
disruption of the honeycomb-structure of pure carbon
nanosheets and actually consist of electroactive
hydroxyphenyl residues. They can catalyze the oxidation of
NADH thanks to a well-known electron-hopping process
[26-28]. For this reason, it is very likely that the sensor
sensitivity at this quite low overpotential is directly related to
the number of -OH groups on the electrode. However, for
both electrochemically exfoliated and chemically produced
GO, it is not possible to finely tailor the degree of -OH
groups available on the surface. Precise positioning of
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chemical groups on graphene can be achieved by self-
assembly and electrochemistry [19], but such approach is
suitable only for flat, pristine graphene. Here, to control and
increase the number of surface -OH groups of GO, we
propose an unprecedented approach, i.e. the covalent grafting
of dopamine moieties (DP, Scheme 1, path a). DP is a well-
known molecule in biochemistry for its role in regulating
several biological processes. It features electroactive 1,2-
dihydroxyphenyl groups on its aromatic ring and an amine
moiety exploitable to form covalent amidic bonds.

Grafting of DP on EGO was obtained by C-N coupling
between  carboxylic  residues, activated by N-
hydroxysuccinimide (NHS) and 1-ethyl-3-
(dimethylaminopropyl)carbodiimide hydrochloride (EDAC),
and amine moieties of DP (Scheme 1, path a). In such
conditions epoxide ring opening could also occur, achieving
beneficial maximization of the degree of functionalization
with amines [30]. The so obtained EGOpp was characterized
in comparison to a reference system consisting of a mixture
of EGO nanosheets and DP molecules, hereafter defined as
MIX (Scheme 1, path b), which was obtained in the same
experimental conditions exploited for the preparation of
EGOpp but without activation of the carboxylic acids of
EGO.

We defined the effectiveness of 1,2-dihydroxyphenyl
residues in the detection of NADH by combining
electrochemical results with that of UV-Vis adsorption
spectra simultaneously collected, i.e. by performing
spectroelectrochemical experiments in parallel configuration.
This in-situ technique allows the correlation between the
electrochemical response obtained at defined  potential
values, and the spectral changes occurring in a =100 um-
thick area of solution adjacent to the weorking electrode
surface [31-33]. Similar spectroelectrochemical experiments
allowed us to test the highest efficiency of EGOpp with
respect to pristine EGO and MIX material for jthe
spectroelectrochemical detection of NADH: ~

2. Experimental

2.1 Synthesis of EGO-based materials

EGO was prepared from graphite,flakes (Sigma Aldrich,
99% pure, <150 mm) as reported in tef. [8,34]. DP, EDAC
and NHS were purchased from Sigma Aldrich and used
without further purification.

EGOpp (Scheme 1, path a) was obtained starting from
EGO (60 mg) dispersion‘in DMF (20 mL), achieved after 24
h of sonication./NHS (207 mg, 1.8 mmol) and then EDAC
(346 mg, 1.8 'mmol) were subsequently added at room
temperature«(RT) nunder N, atmosphere; the resulting
suspension was stirred at 50°C for 24 h and then at RT for 48
h. DP (5§13, mg, 2.7, mmol) and saturated NaHCOj3 solution
(15 mL) were then added. The mixture was stirred at 50°C

for 8 h and then at RT for 16 h. The crude material was
purified by repeated washing and centrifugation steps (18000
rpm, 25 minutes) by using mQ H,O, DMF, and mQ H,0O-
EtOH-acetone mixture (twice per solvent), EGOpp was
finally obtained as a black powder (45 mg).

MIX (Scheme 1, path b) was obtained starting from EGO
(40 mg) dispersion in DMF (14 mL), achieved after, 24 h of
sonication. The dispersion was stirred for 24 h at 50°C and
then for 48 h at RT under N, atmosphere, in order.to simulate
the reaction conditions used for the synthesis of, EGOpp.
Then DP (342 mg, 1.8 mmol) and saturated NaHCO;
solution (10 mL) were added. The\dispersion was stirred at
50°C for 8 h and then at RT for 16 h», The crude material
was purified by repeated washing and centrifugation steps
(18000 rpm, 25 minutes).by using mQ H,O, DMF, and mQ
H,0-EtOH-acetone mixture (twice per solvent). MIX was
obtained as a black powder (30 mg).

2.2 Instrumental set-up.

ATR spectra of EGO Jand EGOpp were recorded with a
Jasco FT/IR4700 in the400-4000 cm™' spectral region.

UV-Vis spectra,, of the supernatants collected from
centrifuged. suspensions of EGOpp and MIX were recorded
withfa Lambda 650 UV-Vis spectrometer (Perkin-Elmer)
using a quartz.c@vette with a 1 mm optical path. The samples
were obtained from centrifugation of 0.5 g L™ suspensions of
either EGOpp or MIX, stirred overnight, until reaching a
transparent solution.

XPS, measurements were performed with a Phoibos 100
hemispherical energy analyser (Specs), using Mg Ka
excitation source (XR-50, Specs) (ho= 1253.6 eV). The X-
ray power was 125 W. The base pressure in the analysis
chamber was 1x10~° mbar. The Cls signal was fitted by
fixing the chemical shift of different carbon groups after the
subtraction of the Shirley background: aromatic carbon (C-C
sp’, 284.4 eV), aliphatic carbon (C-C sp’, 285.0 eV),
hydroxyl (C-OH, 285.7 eV), epoxy (C-O-C, 286.7 eV),
carbonyl (C=0, 288.0 ¢V) and carboxyl (O-C=0, 289.1 eV).
The aromatic carbon (C-C sp”) was fitted by an asymmetric
pseudo-Voigt (APV) curve. Asymmetry parameter was 0.14,
whereas all the others peak-shapes were symmetric Voigt.
Deconvolving the Cls XPS survey, we calculated the O/C
ratio as given by the ratio between the sum of contributions
of different oxidized residues and the sum of sp” and sp’
carbons [35]. The Nls signal was fitted by considering two
components: a main peak due to substituted amino group (R-
NH-R) and a satellite assigned to primary amine residues (R-
NH,). The two components show different behaviours: while
the main peak appeared at the same energy (i.e. 339.8+0.2
eV), the satellite presents some significant energy shifts for
different materials: 401.6 ¢V in EGO and 402.4 eV in EGOpp
[36,37]. EGO-based materials were analysed in the form of
self-standing films, obtained after filtration of their
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suspensions in isopropyl alcohol (1 mg in 40 mL) throughout
a ceramic filter (Al,O;). Further details concerning
preparation of XPS samples are reported in ref. [24].

The morphology of the EGO-based materials was
investigated after their deposition on an indium tin oxide
(ITO) glass by a Nova NanoSEM 450 scanning electron
microscope (SEM, FEI company), working in high vacuum
conditions and equipped with an Energy Dispersive
Spectrometer (EDS, Bruker, QUANTAX 200). ITO slides,
approximately 1X3 cm, were cleaned using toluene, acetone,
ultrapure water, an oxidising solution (30% w/w ammonia
solution and 30% w/w hydrogen peroxide, 3:1 in volume),
rinsed with ultrapure water and dried using a stream of
nitrogen.

Electrochemical measurements were performed in air
using a computerized Autolab PGSTAT 30 (Ecochemie).
Screen-printed electrodes (SPEs) were acquired from
Metrohm-DropSens and consisted of a 4 mm diameter
carbon working electrode, a graphite auxiliary electrode and
an Ag pseudo-reference electrode. The potential of the
pseudo-reference electrode was fixed by adding 0.1 M KCl
to all solutions used for electrochemical tests, finally
resulting shifted of +0.02 V vs. a standard Ag/AgCl/3M KCl
reference electrode. Modified SPEs were prepared by drop
casting 6 ul of 0.5 g L™ suspensions of EGO-based materials.
In particular, isopropyl alcohol was used as the solvent in the
case of EGO and water for EGO deriving materials. The
solvent was allowed to evaporate at RT before the use ‘of
modified-SPEs in electrochemical or spectroelectrochemical
experiments.

UV-Vis absorption spectroelectrochemical experiments
were performed with a customized SPELEC instrument
(Metrohm-DropSens) equipped with a halogen/deuterium
lamp. DropView SPELEC software (Metrohm-DropSens)
was used for the real-time registration of  spectra,
synchronized with the electrochemical data. Two naked 100-
wm optical fibres (Avantes), perfectlysaligned, with each
other, were fixed to the edges of the SPE using commercial
nail polish, in order to direct the light beam in the close
proximity of the electrode surface. This experimental set-up
was used to perform spectroelectrochemical measurements in
the parallel configuration, i€. tondetect-variations in the
chemical composition of a portion of solution between the
electrode surface and a distance of 100,um [31-33].

2.3 Electrochemical sand
measurements

spectroelectrochemical

All solutions were prepared with deionized ultrapure
water obtained from a Millipore DirectQ purification system
provided by Millipore(18.2 MQ cm resistivity at 25 °C).
Electrochemical and) spectroelectrochemical measurements
were carriedrout in a 0.1 M phosphate buffer solution (PBS)
and 0.1 M KCl, obtained from Na,HPO, (Carlo Erba, 99+%),

NaH,PO, (Carlo Erba, 98+ %) and KC1 (Carlo Erba, 99+ %).
NADH solution was prepared just before the use, starting
from the commercial product (Sigma-Aldrich, 99+ %).

The electrochemical behaviour of EGO-baséd materials
was tested by performing 20 following voltammetric scans of
modified SPEs in pure electrolyte solutions;jrthe potential
varied between -0.10 and +0.40 V at 0.02 V's”' scan'rate.

The performance of the different EGO-based materials for
NADH oxidation was preliminarily tested 'by.<Collecting
voltammetric responses in absence and, in presence of 0.5
mM NADH solution. In this case, the potential was varied
between -0.10 and +0.60 V at 002 V. s™' scan rate.

Spectroelectrochemical experiments, were performed at
EGO, EGOpp and MIX modified SPEs by collecting the
absorbance spectra in_.the» 280-800 nm interval while
performing cyclic voltammetry (€V) experiments in a 1.2
mM NADH, 0.1 M PBS (pH 7) and 0.1 M KCl solution. The
potential was variédbetween -0{10 and +0.60 V at 0.02 V s™
for EGOpp modified SPE.and at 0.005 V s for pristine EGO
modified SPE» The evolution of the UV-Vis absorption
spectra were.registered simultaneously to CV experiments,
taking the spectrum of the starting solution at the initial open
circuit o\ potential " »as  the reference, for each
spectreelectrochemical experiment.

&
2.4 Spectroelectrochemical calibrations of NADH

Calibrations were performed in NADH solutions at
concentration values ranging between 10 and 150 uM, by
polarizing EGO, EGOpp and MIX modified-SPEs at the
fixed potential of +0.26 V for 30 s and simultaneously
registering the evolution of the UV-Vis absorption spectra.
From a quantitative point of view, the variation of
absorbance at 350 nm, related to the consumption of NADH,
was selected. Solutions at different concentration were
analysed randomly, to rule out possible memory and fouling
effects deriving from the oxidation of NADH. The
calibration was performed three times for each modified
electrode and it was also repeated, in the case of EGOpp, for
two further electrodes modified under the same conditions.

3. Results and Discussion

3.1 Chemical functionalization of EGO

Our strategy was to functionalize EGO nanosheets by
covalent grafting of DP molecules with the formation of
amidic bonds (Scheme 1, path a). NHS/EDAC mixture in
DMF was used to activate carboxylic residues mostly present
at the edges of the EGO nanosheets. Alkaline conditions
promoted by NaHCO; were crucial to achieve successful
coupling reaction. This was demonstrated by performing a
model reaction between benzoic acid and DP and by
monitoring the evolution of this reaction by mass
spectrometry: successful reaction was obtained only in the

Page 4 of 11
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Figure 1. Abundance of (a) nitrogen and (b) different carbon-based functional groups defined by XPS analyses on the three
materials. Detailed values of the abundance percentage are reported in Table S1 in ESI.

presence of NaHCO;. Since, these conditions also promote
polymerization of DP to polydopamine (pDP) [38,39], the
target material EGOpp was abundantly washed after the
synthesis and the possible by-products of this side-reaction
were taken into account in the following analyses.

In addition, since the occurrence of spontaneous
interactions between EGO and DP as well as coupling/by
epoxide ring-opening cannot be discarded, a blend of EGO
and DP, namely MIX, was also prepared for comparison
(Scheme 1, path b). Interactions between these two
components may occur as a consequence of i) opening,of the
epoxy rings by amine residue of dopamine [40], vii)
electrostatic interactions between protonatedramine residues
of DP and negatively charges carboxylic residues, iii) 7-7t
interactions between dihydroxyphenyl rings and the aromatic
carbon structure. MIX was obtained under the same
experimental conditions used for the synthesis,of EGOpp, as
to solvent, molar ratio among the different reactants, reaction
time and temperature, but in absence of NHS/EDAC
activating mixture. Washing andpurification.procedure was
also the same for both EGOpp and MIX.

3.2 Structural and chemical characterization of
functionalized EGO

Evidence of covalent/ modification in EGOpp was
searched by performing, ATR spectroscopy, DP release tests
and XPS analysis. Unfortunately, ATR spectroscopy
performed on EGO and EGOpp did not show any difference
between the two compounds (see Figure S1 in ESI).

Comparative release tests between EGOpp and MIX were
performed to check the stability/strength of DP
bonding/coating in the two cases. With this aim, EGOpp and

MIX samplesswere Kept.overnight in water, under continuous
stirring, to favour desorption of species not covalently linked
to EGO ‘nanosheets. We then analysed with UV-Vis
spectroscopy the supernatants collected, after centrifugation
(see Figure S2 am ESI). It should be noted that EGOpp and
MIX were purified after the synthesis by using the same
protocoly,_ie. reiterated washing/centrifugation steps. For
MIX we observed an UV absorption peak at ca. 280 nm,
ascribable to unreacted DP molecules, only slightly evident
for EGOpp. In addition, it shows a broader featureless signal
spanning the entire visible region, ascribable to pDP,
polymerized as a side product during the grafting procedure
[41]. Therefore, release tests allow us to highlight a more
stable DP-EGO adduct in the case of EGOpp.

XPS was used to possibly analyse the chemical
composition of the nanosheets in EGOpp with respect to
those of MIX. This technique is capable to detect presence of
different kinds of heteroatoms and of different types of
carbon chemical bonds in graphene and GO [35]. Figure 1(a)
shows the abundance of nitrogen in EGO, EGOpp and MIX,
as measured by Nls signal. The spectra (Figure S3 in ESI)
are characterized by a main peak centred at ca. 400 eV and
ascribable to R-NH-R groups [37]. Both covalently
functionalized EGOpp and MIX samples show a percentage
of nitrogen significantly higher than the pristine EGO
(Figure S4 in ESI). The =1.5% of N observed in EGO, is
likely due to residual DMF molecules and impurities from
the electrochemical exfoliation. The final percentages of
nitrogen atoms at EGOpp and MIX were not significantly
different from each other even if also MIX underwent
extensive washing to remove any unbound DP, as stated
above.
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Figure 2. (a) CVs recorded at EGO (red line), EGOpp (blue line) and MIX (green line) modified-SPEs in 0.1 M PBS (pH
7.0) and 0.1 M KCl after 20 potential cycles. (b) Voltammetric traces recorded at the same'modified electrodes after addition
of 0.5 mM NADH; only the forward scan after subtraction of the relevant sighal,obtaineddn the absence of NADH is
reported. Original CVs of (b) are reported in Figure S8 in ESI). Scan rate =0.02 V s

To check if there was any difference, we also analysed the
XPS signal for carbon, especially to possibly detect the
presence of DP molecules covalently linked to EGO
nanosheets through amidic bonds. The Cls peak is typically
a convolution of contributions due to different carbon
functionalizations, which can be deconvolved to quantify the
different chemical species present (Figure S5 and Table S4 in
ESI). We see in Figure 1(b) that EGOpp showed a signal
significantly higher than the other samples in the area
corresponding to C-N bonds. However, the C-N peak. (285-
286.5 eV) [37] partially overlaps the peaks due to the,C-OH
and to the sp’ groups, so it was not possible to discriminate
between the various species. Concurrently, spectral region
ascribable to epoxide, carbonyl and carboxylic residues [34]
resulted also affected by the increase of nitrogen atoms,going
from pristine to functionalized EGO, as observed from the
quite high standard deviation associated toy the different
contributions (Figure 1(b)). For this reason, Cls spectra
cannot be used for the quantitative, study of covalent
functionalization of EGO nanosheéts by carboxylic residues.

Nevertheless, XPS allowed s #)nto highlight a higher
number of OH residues in/EGOpp, thisbeing our main
purposes, and ii) to exclude significant epoxide ring-opening
in MIX since the number of epoxide residues in MIX,
EGOpp and EGO were almost the same.

Finally we studied the morphelogy of EGOpp in respect to
reference materials. To this aim, the EGO, EGOpp or MIX
solutions were drop-cast onto'ITO substrates and dried in air
at room temperature to stady their morphology. SEM images
(Figure S6 in ESI).show/that all samples are composed by
flakes with size < 500'nm, even if some larger flakes are also
present. The shape ‘and dimensions of the flakes are similar

for all thesmaterials, tested, indicating that the chemical
functionalization does not modify their size.

SEM ‘images were also used to look for residues and
contaminantshon the flakes due, as an example, to pDP
formed «as ayside reaction during the grafting procedure.
Previous work showed that pDP formed on carbon-based
substrates _appears as polymeric granules homogenously
distributed on carbon nanosheets [38,42]. The images
revealed that the films obtained are quite similar to each
other, suggesting that the amount of pDP residual was, in any
case, quite low (see also additional characterization here
below).

3.3. Electrochemical characterization of EGO modified
electrodes

Electrochemical characterizations allowed us to confirm
the actual functionalization of EGO nanosheets by 1,2-
dihydroxyphenyl moieties, also with respect to the effect of
NHS/EDAC activation mixture. Tests in presence of NADH
allowed us to verify the effectiveness of these moieties in
shifting the electrochemical oxidation of this species at +0.20
V and to compare the electrocatalytic properties of each
sample.

Figure 2(a) shows the CVs of the different materials in the
pure electrolyte solution. Both EGOpp and MIX feature a
reversible anodic peak at ca. +0.20 V, not present in the
pristine EGO, that could be ascribed to the oxidation of the
1,2-dihydroxyphenyl moieties added as a consequence of the
reaction of EGO with DP. The stability of the EGOpp
modified electrode was obtained after 10 CV cycles (Figure
S7 in ESI), during which the current suffers a significant
decrease until reaching a steady state. This is not surprising
at all, since polarization of the working electrode induces

Page 6 of 11



Page 7 of 11

oNOYTULT D WN =

Journal XX (XXXX) XXXXXX

AUTHOR SUBMITTED MANUSCRIPT - 2DM-104624.R2

Author et al

(a) ><10'6
10— 10
1{-0.1 3
5t ~N =
- 7 3
of — <

1-0.3 <

504
-0.1 0 010203040506
E /Vvs Ag

(b) x10°

10— {0

\ 1-0.1 3
i /

of =

44—

/A

S04
-0.1 0 0.1 0.240:3°04 0.5 0.6
E /Vvs Ag

Figure 3 Cyclic voltammograms (purple lines) and cyclic voltabsorptograms at 350 nm'(pinklines) collected at (a) EGOpp
and (b) EGO electrodes in 1.2 mM NADH in 0.1 M PBS (pH 7) and 0.1 M KCIl. Potential was seanned between (a) -0.10 V
to +0.60 V at 0.02 Vs and (b) -0.10 V to +0.60 V at 0.005 V s™.

positive charges on the electrode surface, leading to
electrostatic repulsion and possible desorption of unreacted
DP molecules, which are positively charged at this pH value.
Figure S7 in ESI also shows that the EGOpp coating was
more stable than the MIX one, featuring a smaller lowering
in current and achieving a stabilization not attained in the
case of MIX.

Figure 2(a) shows the CV traces recorded after 20 scanssin
the pure electrolyte solution: EGOpp leaded to record more
intense anodic and cathodic peaks with respect to MIX,
confirming that the activation of oxidized moieties of EGO
nanosheets by NHS/EDAC induces a higher number of DP
molecules to be covalently linked to the carbon-based
material.

Experiment reported in Figure 2(a) for "\EGOpp was
performed on three different samples. These  electrodes
showed a very similar behavior: the relative standard
deviation of the current peak intensity was ca. /1.8%,
indicating that EGOpyp is a suitable for/the use"in disposable
biosensors.

Figure 2(b) shows voltammograms: obtained during the
electrochemical oxidation of 0.5;mM NADH on the different
materials (EGO, EGOpp and MIX). They were plotted after
subtraction of the relevant electrochemical signal obtained in
the absence of NADH, inforder to remove the contribution
due to electroactive meieties von EGOpp and MIX (the
original CV signals, collected in_absence and in presence of
NADH are reported in Figure S8 in ESI). The oxidation of
NADH at EGO _modified. electrodes gives a well-defined
peak at ca. +0.50 V, as expected from our previous results
[7]. Conversely, both EGOpp and MIX modified electrodes
also show an evidentpeak at ca. +0.20 V, which is higher in
the case of EGOpp. These results confirm that the intensity of

the response btained at +0.20 V in the case of NADH
oxidation is_higher, the higher the number of 1,2-
dihydroxyphenyl.moieties at EGO nanosheets (as indicated
by the arrow in Figure 2(b)).

3.4UV-Vis.absorption spectroelectrochemical study of
NADH oxidation

Current.intensity recorded during a CV experiment always
contains contributions of the capacitive current due to the
polarization of the electrode surface and the background
current. Conversely, optical absorbance can measure in a
more selective manner changes in NADH concentration in
the close proximity of the electrode surface, due to the
oxidation process. For this reason, we decided to perform
UV-Vis spectroelectrochemical experiments in parallel
configuration to directly monitor the presence of chemical
species produced or consumed during the electrochemical
process [43,44]. This allowed us to study the role of 1,2-
dihydroxyphenyl residues covalently linked to EGO
nanosheets.

In particular, spectra were collected to monitor the
absorptometric changes in the NADH adsorption band at ca.
350 nm, while changing the potential between -0.10 and
+0.60 V. Conventional absorption spectroscopy performed in
the bulk of the solution would not allow to follow in real
time the NADH oxidation, due to the large volume of the
solution and the limited diffusion of reacted species at
macroscopic distance from the electrode. Instead, aligning
the light beam parallel to the electrode surface and sampling
the first 100 um of solution next to the electrode surface, it is
possible to follow all spectroscopic changes that occur as
consequence of the electrochemical reaction (see scheme in
Figure S9 in ESI) [31,43].
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Figure 4. (a) Chronoabsorptograms recorded at 350 nm during chronoamperometric @xperiments in 0.1 M PBS and 0.1 KCI

solutions, containing NADH at different concentrations. E,

=-0.10 V, t; = 10 s, 'Ep= +0.26 V, t, = 30 s. (b) Relevant

calibration plot of the absorbance at 350 nm measured 40 s after starting the experiment .Error bars are obtained from three
consecutive calibrations performed on the same electrode; red line (EGO), blue line (EGOpp) and green line (MIX).

Figure 3 shows the superimposition of i) current measured
during voltammetric oxidation of NADH (purple line) and ii)
voltabsorptogram (optical absorption) of NADH at 350 nm
(pink line).

The position of the anodic peaks at +0.18 V and +0.50 V
in the CV traces reported in Figure 3(a) for EGOpp
corresponds to that of the oxidation peaks already observed
in Figure 2(b). The evolution of the UV-Vis absorption
spectra during the CV experiment is shown in Figure S10 in
ESI; for a better understanding of the figure, only theispectra
registered during the anodic scan are displayed. It is observed
a single absorption peak centred at 350 nm, decreasing
during the anodic sweep of the potential, due to NADH
consumption with consequent formation of NAD', which
does not absorb in this spectral region. The evolution, of a
single absorption band within the whole anodic  scan
confirms that both electrochemical processes™in Figure 3(a)
are only ascribable to NADH oxidation to NAD".

The combination of voltammetric\, (i vs. JE) and of
voltabsorptometric (AAszsyp nm vS. E) traceswin Figure 3(a)
confirms that 1,2-dihydroxyphenyl »residues can induce
partial oxidation of NADH molecules at significantly lower
potential values respect 4o the one\ observed for non-
functionalized EGO (Figure 3(b)). Absorbance at 350 nm
starts to decrease at around +0.10 V in experiments
performed on EGOpp, wheteas, the application of a potential
as higher as +0.40_V. is necessary to begin NADH oxidation
at pristine EGO/ Since, as_already stated by Figure 2(a), this
is the same potential at which 1,2-hydroxyphenyl residues
started to beroxidized in the pure electrolyte solution, we
could conclude that NADH oxidation is mediated by charge-
transfer ‘reactions | involving these organic moieties,
introduced by funetionalization of the EGO nanosheets with

DP molecules:, oncenthese redox reversible moieties are
oxidized by application of suitable potential values, they can
accept ‘the electrons  necessary for NADH oxidation [16].
Detectionyat such lower voltage gives a clear advantage in
electrochemical®8ensors, avoiding simultaneous oxidation of
different species in complex, multi-component biological
matrices:

3.5 EGO-based materials in the spectroelectrochemical
determination of NADH

The performance of EGOpp compared to pristine EGO
and MIX was tested as the sensing element for NADH
detection by performing chronoabsorptometric
measurements. In this case we measured absorbance changes
at 350 nm while keeping the electrode at a fixed potential of
+0.26 V for 30 s, i.e. at a potential value slightly higher than
the oxidation peak, where the electrochemical process is
almost limited by diffusion of NADH to the electrode surface
and, as a consequence, the best sensitivity can be achieved.
In these experiments, an initial potential of -0.10 V was
applied for 10 s; no oxidation takes place in this interval time
and there is no change in absorbance. Then, the potential was
changed to +0.26 V, where the absorbance at 350 nm began
to decrease with time due to oxidation of NADH. Figure 4(a)
clearly shows that absorbance decrease obtained at EGOpp
electrodes is proportional to the concentration of NADH in
solution. A similar trend was also observed at pristine EGO
and at MIX modified electrodes (data not shown).

The performance of the different materials was tested by
repeating measurements in solutions at different NADH
concentration, randomizing the measurements to exclude
artefacts induced by possible memory effects. In addition,
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the calibration procedure was replicated three times on each
electrode, to evaluate the repeatability of the sensor response.
Figure 4(b) shows the calibration curves of optical
absorption changes (AA) registered at 350 nm after applying
the bias for 40 s, as a function of the concentration of
NADH, averaged on three calibrations. A linear correlation
between the two variables was observed in all measurements,
indicating that all materials are suitable to be used as the
reliable sensing element for enzyme-based sensors.

Comparison between the performance of the three
materials was carried out comparing the Key Performance
Indicators (KPIs) reported in Table 1, and calculated from
responses shown in Figure 4(b) obtained by combining the
results of three consecutive calibrations at the same electrode
(see also Figure S11 and Table S2 in ESI to observe the three
individual calibration responses). As already observed,
pristine EGO had the worst sensitivity (107 M™) and the
highest limit of detection (LOD = 2.79x10™ M) with respect
to functionalized samples. The addition of DP molecules
with redox active 1,2-dihydroxyphenyl residues in MIX
allowed the material to perform better than pristine EGO,
with a sensitivity of 124 M and LOD = 2.14x10” M; the
improvement in sensitivity was about 150% vs. EGO.

EGOpp showed the best performance among all the
samples tested, with the highest sensitivity (298 M™), an
improvement of =180% vs. EGO, and lowest limit of
detection (LOD = 1.38x10” M). It also gave the best vallies
of correlation coefficient (R?) and of precision, represented
by the value of standard deviation of the calibration line
(Syx). Overall, Table 1 results demonstrate the advantages of
adding 1,2-hydroxylphenyl moieties to EGO, especially if
covalently bonded to EGO nanosheets. The best performance
achieved with EGOpp can be ascribed to the poor stability of'
the organic residues in MIX, which gave more variable, non-
overlapping calibration plots (Figure S11 in/ESI): sensitivity
progressively decreased in consecutive analyses, indicating
that the material is poorly stable when skipping the phase of
chemical activation of oxidized residues of EGO nanosheets.
On the contrary both EGO and EGOpp showed more stable
responses in different measurements, demenstrating the
better chemical stability of the overall coating on the
electrode surface. The great repeatability observed at EGOpp
based sensor is finally quantified by the:standard deviation of
the slope obtained from three\calibrations performed on the
same electrode (RSDggpe, Table ") in comparison to the
values obtained for EGO and MIX. This result once more
indicates that DP molecules can'be more stably anchored to
the EGO nanosheéets by activation of oxidized residues with
NHS/EDAC mixture; this approach makes the material
suitable for effective electrochemical (bio)sensing.

Table 1. Analytical performance of the EGO, EGOpp, and
MIX modified electrodes defined on the basis of calibration
plots reported in Figure 4.

EGO EGOp,  MIX
sensitivity (M) 1.07x10*  2.98x 107 1.24x 107
R’ 0.950 0.989 0.677
syx (M) 0.99%107 "1.37x10° “415%10°
RSDjjope (%) 13.8 16 413
LOD (uM) 27.9 13.8 21.4
4. Conclusion ~

We have described ‘@ new .approach for enhancing the
performance of graphene” oxide materials for the
electrochemical, oxidation of NADH, by tailoring the -OH
surface groups of EGO through covalent modification with
dopamine! The use of EGOpp allows the improvement of the
detection' of NADH»in terms of sensitivity and limit of
detection with respect to pristine unfunctionalized EGO
material and to the simple mixture of EGO and DP, namely
MIX. The speciéc effect of 1,2-dihydroxyphenyl residues in
the sensing capability was demonstrated by UV-Vis
absorption  spectroelectrochemical measurements. The
construction of calibration plots from chronoabsorptograms
revealed a significant higher sensitivity and lower LOD of
EGOpp functionalized samples with respect to pristine EGO
and MIX.

The binding of DP to the nanosheets gives also a
significant advantage in measurement stability, as compared
to a simple mixture of the two components, confirming the
effectiveness in the use of this material as the sensing
element. The material can thus be used in electrochemical
and spectroelectrochemical biosensors for the detection of
NADH produced from a suitable NADH-dependent enzyme.
As a very first test in this direction, lactate dehydrogenase
was linked to the surface of the EGOpp using glutaraldehyde
as a crosslinker [22], to obtain a sensor for lactic acid [20]. A
linear correlation between the oxidation current and the
concentration of analyte was observed in the 1-30 mM
concentration range.

Supporting Information

ATR, SEM and XPS characterizations, CV data and
spectroelectrochemical calibration plots.
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