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Abstract

The use of gold nanoparticles/superoxide dismutase (AuNP/SOD) bioconjugates is described as building blocks in SOD
biosensor development for the quantification of superoxide in cell culture media. AuNP functionalization with 11-mer-
captoundecanoic acid (MUA) and 4-mercaptobenzoic acid (MBA) (AuNPy, and AuNPy;,) was used to improve SOD
immobilization through EDC/NHS coupling using their -COOH terminus, leading to the formation of more stable biocon-
jugates. AuNP and AuNP/SOD bioconjugates were characterized by SEM to determine their size and morphology, UV—Vis
for optical properties, FT-IR, and Raman spectroscopies for chemical functional group analysis and EDX for elemental
analysis. Electrochemical methods were used to characterize the Au/AuNP-modified electrodes. For the optimization of the
biosensor architecture, different AuNP/enzyme bioconjugates were prepared by varying the amount of both enzyme and
AuNP, as well as their incubation time. Finally, the biosensors incorporating the bioconjugates were characterized by fixed
potential amperometry and voltammetric analysis in order to establish the enzymatic mechanism and to elucidate the best
biosensor architecture for monitoring superoxide in cell culture media. The best sensitivity value for superoxide detection
corresponded to 41.2 nA uM cm™2, achieved by a biosensor based on AuNPy,/SOD bioconjugates monitored through fixed
potential amperometry at 0.3 V vs. Ag/AgCl, with a limit of detection of 1.0 pM, and overall very good operational stability,
maintaining 91% of the initial sensitivity after 30 days. Finally, the optimized biosensor was employed for the quantification
of successive additions of superoxide in cell culture media, with excellent recovery values.

Keywords Functionalized gold nanoparticle - Mercaptocarboxylic acid - Superoxide dismutase - Biosensor - Superoxide -
Cell culture media

Introduction biomolecules [1]. Gold nanoparticles (AuNP) were first used

as electronic bridges between redox enzymes [3], allowing

The immobilization of the enzyme is crucial in the con-
struction of electrochemical enzyme biosensors, strategies
involving the use of nanostructured materials to enhance the
electronic communication between the enzymatic catalytic
core and the electrode surface [1, 2]. With this aim, the use
of metallic nanoparticles, with comparable dimensions to
enzymes, allows the fabrication of hybrid conjugates that
combine their unique electronic and catalytic properties
with the specific recognition and catalytic properties of
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direct electrical contact with the transducer, often hindered
by the protein shell insulation of enzymatic active sites
[4], enabling a direct electron transfer (DET) mechanism,
when distances between the enzymatic redox site and the
electrode surface were up to 2 nm [5]. An efficient forma-
tion of AuNP/protein conjugates is through covalent bond-
ing, with the formation of an amide bond between native
lysine or cysteine residues, the two most nucleophilic side
chains on the surfaces of proteins [6], and carboxylic acid
monolayers on AuNP [7, 8]. The covalent bonding is regu-
larly established via carbodiimide cross-linker chemistry
using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride/N-hydroxysuccinimide (EDC/NHS) [9, 10].
Furthermore, the functionalization of AuNP with -COOH
groups also ensures a better dispersion of the AuNP, com-
pared to those stabilized in citrate which tends to aggregate
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at high ionic concentration and in protein solutions [11]. In
this context, the synthesis of AuNP functionalized with mer-
captocarboxylic acids, which bind strongly to AuNP through
the thiol group, is of great interest [12], since they effectively
disperse in water at neutral and basic pH levels, being highly
stable in phosphate-buffer saline and cell-culture media [13].
The nature of mercaptocarboxylic acids not only influences
the linkage of enzyme, in terms of quantity and conforma-
tion, but it also regulates the enzymatic reaction occurring
between the enzyme redox core and the AuNP.

Reactive oxygen species, produced either from normal
cell metabolisms in situ or from external sources, are able to
interact with other biological species and modulate signal-
ing pathways. However, when in excess, they confer cellular
damages. Therefore, most living organisms use endogenous
antioxidants, but whenever there is an imbalance, the com-
plete removal of free radicals fails and oxidative stress can
result, which can be linked to various medical conditions.
Therefore, the detection of ROS has been always the focus
of recent research, especially in the medical field where it
goes down to in vivo detection in cellular analysis. Several
biocompatible metallic nanostructured materials have been
proposed for detection of H,0, in cellular analysis [14-16].
Among ROS, superoxide high levels have been linked the
most with cellular stress and oxidative damage. Fluores-
cence and electrochemical methods have been the commonly
employed techniques for the detection of superoxide, with
the electrochemical ones prevailing since they overcome the
expensive costs, the long time, and non-portability of the
fluorescence methods. Moreover, electrochemical biosen-
sors based on superoxide dismutase have the advantage to
selectively detect superoxide in cell culture media [17]. The
main challenge associated with live/online monitoring is the
nanomolar concentration of superoxide released from liv-
ing cells. One way for an electrochemical sensor to achieve
low detection limits is the increase of its surface area for a
good dispersion of the biosensing element, which is usually
done by employing nanostructured materials. Another chal-
lenge is the biocompatibility of the nanomaterial with the
biological molecules, especially in biomedical applications
[18]. Therefore, the aim of the present study is to develop
and characterize novel SOD biosensors based on building
blocks of highly biocompatible AuNP with SOD (AuNP/
SOD) bioconjugates. Two mercaptocarboxylic acids were
investigated, one aliphatic, 1-mercaptoundecanoic acid
(MUA), which is commonly used [19, 20] and one aromatic,
the 4-mercaptobenzoic acid (MBA), that, from our knowl-
edge, was not investigated for enzyme immobilization. Even
though aromatic ligands have less conformational flexibility
than aliphatic ligands [12], they can effectively bind proteins
and maintain a good electron transfer. The main goal is to
establish how the ligand nature of AuNP influences their
dispersion and electronic properties [21] which will have
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a great impact on the enzyme immobilization and electron
transfer processes within the AuNP/SOD-based biosensor.

For this, citrate stabilized AuNP (AuNP¢;;) and AuNP
functionalized with MUA and MBA (AuNP,,;, and
AuNPy5) were synthesized and characterized by scan-
ning electron microscopy (SEM) to determine size and
morphology, UV-Vis spectroscopy for optical properties,
transmission FT-IR, and Raman spectroscopies for chemi-
cal functional group analysis and energy dispersive X-ray
microanalysis (EDX) for elemental analysis. Cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy
(EIS) enabled the characterization of AuNP modified elec-
trodes, in terms of electroactive areas and electron transfer
coefficients. Different AuNP/SOD bioconjugates were pre-
pared using the EDC/NHS linkage, by varying the amount
of both enzyme and AuNP, as well as their incubation time.
The biosensors based on the obtained bioconjugates were
characterized by fixed potential amperometry (CA) and
voltammetric analysis in order to establish the enzymatic
mechanism and to choose the best biosensor architecture for
monitoring superoxide in cell culture media.

Experimental
Reagents

Superoxide dismutase from bovine erythrocytes (SOD), potas-
sium superoxide (KO,), acetic acid (HA), 1-ethyl-3-(-3-dimeth-
ylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxy-
succinimide (NHS), sodium phosphate monobasic (NaH,PO,),
sodium phosphate dibasic (Na,HPO,), ethanol (EtOH), dimeth-
ylformamide (DMF), and dimethyl sulfoxide (DMSO) were
from Sigma-Aldrich. For the AuNP synthesis and function-
alization, chloroauric acid trihydrate, 11-mercaptoundecanoic
acid (MUA), 4-mercaptobenzoic acid (MBA), and citrate salt,
from Sigma-Aldrich, were used. Phosphate buffer (PB) 0.1 M,
pH 8.0, was prepared by dissolving the appropriate amount of
Na,HPO, and NaH,PO, in deionized water. Stock solutions
of KO, were prepared in DMSO. 4% w/v EDC was prepared
in ethanol and 1% w/v NHS was prepared in water. SOD was
dispersed in 0.1 M PB, pH 8.0, and stored in—20 °C when not
in use. DMEM (Dulbecco’s Modified Eagle Medium), from
Thermo Fisher Scientific, was used as cell culture media and
contained amino acids, inorganic salts, vitamins, and glucose.

All buffer solutions were prepared using Millipore Direct-
Q ultrapure water with resistivity > 18 MQ cm.

Instrumentation
All electrochemical measurements were conducted on

a three-electrode system comprising a gold electrode
(1.6 mm diameter, 0.02 cm?), a platinum wire, and Ag/AgCl
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(saturated KCl) as working, auxiliary, and reference elec-
trodes, respectively, in an electrochemical cell containing
2-mL electrolyte, on a MultiAutolab M 101 potentiostat/gal-
vanostat running NOVA 2.1.4 software (Metrohm Autolab,
Utrecht, The Netherlands).

FT-IR was carried out on a Jasco FT/IR-6800 Spectrom-
eter in transmittance mode. Raman Sspectra were recorded
on a Horiba Scientific LabRAM HR Evolution Raman
spectrometer equipped with a Kimmon IK Series He-Cd
Laser source with an excitation wavelength of 633 nm
(4000-50 cm ™! wavelength interval, 5-s acquisition time,
and 20 accumulations). SEM and EDX of here synthesized
AuNP, as well as the AuNP/SOD bioconjugates, were car-
ried out at a Gemini 500 XVP at different magnifications.
Ultraviolet—visible (UV-vis) spectra were recorded on a
Varian Cary 5000 UV-Vis-NIR Spectrophotometer.

The pH measurements were done on a Hanna HI 9124 N
portable pH meter.

All experiments were carried out at room temperature
(25+1°C).

Electrode surface cleaning procedure

The bare gold electrode was initially cleaned by mechani-
cal polishing using a 3-um particle size diamond spray at a
polishing pad, followed by recording CVs in 0.05 M H,SO,
between—0.2 and 1.4 V at 100 mV s~!. The electrode was
thoroughly rinsed with water and isopropyl alcohol and
dried under a N, flux before the biosensor constructions.

AuNP synthesis

Citrate stabilized gold nanoparticles (AuNPr) were syn-
thesized using the Turkevich method [22]. 11-Mercaptound-
ecanoic acid AuNP (AuNPy;,) and 4-mercaptobenzoic
acid AuNP (AuNP,;,) were synthesized from AuNPq by
ligand exchange according to protocols described in the lit-
erature [23] (see detailed description in ESM S1).

Au/AuNP/SOD biosensor construction

Two biosensor constructions were based on (i) the use of
bioconjugates prepared in situ directly at the electrode sur-
face to get Au/AuNP1/SOD, Au/AuNPy;,/SOD, and Au/
AuNPy5,/SOD, with final SOD concentration of 0.25, 0.50,
and 1.00 mg cm ™, and for AuNP, 0.10, 0.15, and 0.20 mg cm™2,
respectively, and (ii) pre-made bioconjugates in the volume ratio
3:1:0.5 AuNP/SOD/NHS incubated for 1 day in a thermomixer
at 25 °C and 400 rpm. In all cases, the cross-linking agent NHS
was of 4% w/v and EDC of 1% w/v (for further information,
see ESM S1). All biosensors were left to dry for at least 2 h and
stored in 0.1 M PB, pH 8.0, at 4 °C when not in use.

Results and discussion

Characterization of AUuNP and AuNP/SOD
bioconjugates

Transmission FT-IR, Raman, and energy-dispersive X-ray
spectroscopy

AuNP were characterized initially by Transmission FT-IR
(see S2 for detailed discussions and Fig. S1) and Raman
spectroscopies for chemical functional group analysis,
both showing differences between the AuNP alone and
when present in the AuNP/SOD bioconjugates. The
Raman spectra of AuNP,;;, and AuNPyg,, Fig. S2,
showed vibrations consistent with peak patterns reported
in the literature for MUA [24] and MBA, respectively
[25].

EDX elemental analysis showed for all AuNP/SOD bio-
conjugates abundant regions of sulfur and phosphorus over-
lapping the gold regions (see S3 for detailed information
and Fig. S3).

Scanning electron microscopy and UV-Vis spectroscopy

SEM images recorded at the three different AuNP
and the corresponding AuNP/SOD bioconjugates are
displayed in Fig. 1. SEM analysis revealed a size of
19.0 +4.6 nm for AuNP;; and a disperse morphology
(see Table S1). The functionalization with MUA and
MBA does not affect the size of AuNP; however, it is
observed that AuNPy;, tends to form aggregates as
mono-layered populations (Fig. 1B1), while AuNPyz,
aggregate into multilayered structures (Fig. 1C1). The
immobilization of SOD on the AuNP did not have a sig-
nificant influence on neither the size nor the dispersion
of the AuNP in the corresponding bioconjugates archi-
tectures (Fig. 1A2—C2). The clarity of the AuNP in SEM
was diminished due to the shrouding effect the enzyme
molecules produce. AuNP; were generally dispersed
in the SOD cloud, while AuNP,;5, and AuNP,,;, were
clustered and surrounded by SOD.

In correlation with the observed sizes and morpholo-
gies observed by SEM, the UV-Vis measurements (inset
of Fig. 1A1-C1) showed the expected absorbance and red
color for AuNP of this size, while AuNP,,;, were blue/
purple due to aggregation and the nanoparticle ligands [26].
AuNP,;5, had no distinctive color and presented a broad
absorbance spectrum with no particular maxima. This was
attributed to the loss of the localized surface plasmon reso-
nance as a consequence of the multilayered aggregated
structures [21]. Immobilization of SOD did not affect the
size of the nanoparticles in all cases.

@ Springer
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Fig. 1 SEM Images of AuNP
functionalized with A1

citrate (AuNP;p), B1 MUA
(AuNPy;,), and C1 MBA
(AuNPyp,). SEM images of A2
AuNP;/SOD, B2 AuNPy;./
SOD, and C2 AuNPy;,/SOD
bioconjugates. Inset corre-
sponds to the UV—vis spectra
of the respective functionalized
AuNP
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Cyclic voltammetry and electrochemical impedance
spectroscopy of Au/AuNP-modified electrodes

The electrochemical properties of Au/AuNP-modified
electrodes were evaluated by CV, Fig. S4A. As a result of
the increase in surface electroactivity upon AuNP immo-
bilization, the electroactive area values for Au/AuNP¢p
and Au/AuNP), with 90% and 30% higher compared to
the unmodified Au electrode. There was no voltammetric
response of the redox probe at the Au/AuNPy,;,-modified
electrode, most likely due to the presence of a nonconduc-
tive aliphatic side chain that blocks the electron transfer
process. The values of charge transfer coefficients @ were
calculated to be 0.70 and 0.72, and the charge transfer rate
constants, k, (Nicholson method), were 2.4 X 107 em s™!
and 2.2 x 107" cm s™! for Au/AuNP(;; and Au/AuNPy .,
respectively. The results indicate an increase in the charge
transfer kinetics at both constructions compared to that
observed at bare gold electrodes (~ 3 X 102 cms™h.

The Au/AuNP-modified electrodes were characterized
also by EIS at open circuit potential (OCP), Fig. S4B. R,
represents the ohmic drop and resistance caused by the

@ Springer
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electrical contacts with a constant value of =10 Q. The
first R;CPE, represents the Au/AuNP interface, and the
second R,CPE, corresponds to the electrode/electrolyte
interface. The results obtained by fitting the spectra are
shown in Table S2. The CPE; values reflect the charge
storage capacity generated by the coverage and/or distri-
bution of AuNP at the Au electrode surface. AuNP func-
tionalized with different ligands leads to different coverage
degrees and different aggregate dimensions (seen in SEM
images), with a great influence on Au/AuNP electroactivi-
ties. Therefore, the values of CPE; decreases in the follow-
ing order: Au/AuNPq;r > Au/AuNPyp 4 > Au/AuNPy 55, in
agreement with the CV and SEM. Inversely, R, increase
in the order Au/AuNP;p < Au/AuNPy5, < Au/AuNPy 4
and is highest in the case of AuNPy;;, due to the charge
transfer hindrance from the alkyl chain barrier at the AuNP
surface.

The values calculated for R,/CPE, also reflect the dimin-
ished charge storage capacity of AuNP with the MUA func-
tionalization and the limitation of charge transfer is visible
by the large R, values of the Au/AuNP;a.
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It was observed that a, values, which reflect the morphol-
ogy of the Au/AuNP at the solid/liquid interface, increase
from 0.88 to 0.93 and 0.98 for AuNP;r, AuNPyp,. and
AuNPy 4, respectively, reflecting the formation of uniform
and nonporous layers of AuNP,,;, at the surface of Au elec-
trodes, in agreement with the morphological studies in Sec-
tions "Transmission FT-IR, Raman and energy-dispersive
X-ray spectroscopy" and "Scanning electron microscopy and
UV-Vis spectroscopy".

Cyclic and square wave voltammetry of Au/AuNP/SOD
biosensors

CV was recorded at Au/AuNP¢;/SOD, Au/AuNPy;;,/SOD,
and Au/AuNP,;;,/SOD biosensors (see Fig. 2 for 0.50-mg
cm~2 SOD containing biosensors). Increasing amounts of
enzyme of 0.25-, 0.50-, and 1.00-mg cm~2 SOD were tested,
and it was observed that the capacitive currents decrease
with the increase in enzyme amount, consistent with the
adsorption of organic films with low dielectric constants on
the surface of the electrode [27] (see Figs. S5 and S4 in ESM
for detailed discussion).

Optimization of Au/AuNP/SOD biosensor
construction by fixed potential amperometry

Bioconjugate formation and stability are highly affected
by the incubation procedure of the two components. Dif-
ferent methodologies for biosensor construction were
evaluated: (i) the bioconjugate formation in situ, through
drop casting of both AuNP and SOD simultaneously on
the electrode surface, in the presence of EDC/NHS and
(ii) the use of pre-made bioconjugates which involved the
incubation of both components for 1 day prior to elec-
trode modification; moreover, to achieve optimal anchor-
ing of the enzyme, NHS was also added alongside AuNP
and SOD, with EDC being finally added when drop cast-
ing the electrode.

Simultaneous drop casting of AuNP with SOD

Effect of applied potential The operational potential was
initially optimized for the Au/AuNP;/SOD biosensor by
recording the amperometric response of 25 pM superoxide
at 0.0, 0.1, 0.2, 0.3, and 0.4 V vs. Ag/AgCl. An increase in
sensitivity values was observed for higher applied poten-
tial values, similar to those previously observed at similar
biosensors [17]. Still, in order to avoid possible interfer-
ence effect, 0.3 V vs. Ag/AgCl was chosen for further CA
measurements.

Effect of AUNP type The CA response at 0.3 V vs. Ag/
AgCl for Au/AuNP1/SOD, Au/AuNPy;;,/SOD, and Au/
AuNPy5,/SOD biosensors (Fig. 3A) revealed higher sensi-
tivity values for the Au/AuNP;/SOD biosensor (47.7 nA
uM cm~2), in agreement with highest electroactive areas and
a faster electron transfer rate coefficient. For Au/AuNP);;4/
SOD and Au/AuNPy,;,/SOD biosensors, the side chain of
mercaptocarboxylic acids interfere with the charge transfer
between the AuNP and the enzyme, resulting in lower sensi-
tivity values (21.2 and 24.5 nA uM cm 2, for Au/AuNPy;,/
SOD and Au/AuNP,;,/SOD) (Fig. 3B).

The repeatability of SOD biosensors was assessed by per-
forming subsequent CA measurements at the same biosensor
for 5 injections of 5-uM superoxide (n=3) and revealed a
higher variation in the sensitivity values for the AuNPq/
SOD-based biosensor. Moreover, reproducibility studies per-
formed at three different biosensors of each type indicated
that the use of AuNP; leads to less reproducible biosen-
sor architectures, with RSD value of 9.0%, higher when
compared to 5.5 and 6.0% for AuNPy;;, and AuNPyg,,
respectively. These can be attributed to the nature of AuNP/
SOD bioconjugates, the enzyme being only electrostatically
immobilized at AuNP;p, compared to a more stable cova-
lent immobilization in the case of AuNPy;;, and AuNPyz4

The operational stability in time of all SOD biosensors
was assessed during a period of 21 days, Fig. 3C, where the
higher loss of sensitivity is observed for Au/AuNP;/SOD,

Fig.2 A CVsin0.1 M PB, pH, (A) (B)
8.0, obtained at the Au/AuNP/ 504 —— Au/AuNP;/SOD 0.25 mg cm? SOD
SOD biosensors for 0.50-mg sl T Au/AuNPy,,/SOD 081 o5 mgcm?S0D |\
cm™2 SOD and B SWV at Au/ — Au/AuNP,5,/SOD 0.7{—1.0mgem2S0OD |,
AuNPy;;,,/SOD biosensor for 0 06— — +1mmcu* PR
0.25, 0.50, and 1.00-mg cm™2 8, o I \
) o e 251 £ 05 \
SOD, with the addition of 1 pM 5 c !
Cu?t < 50 < 041
3 =
= 75 = 0.3 1
=
0.2 1
100
0.1+
1254 04 02 0.0 02 0.4 06 0.0
-150 E/V vs. Ag/AgCI . . . . . . .
04 02 0.0 0.4 06 04 02 00 02 04 06 08

E/V vs. Ag/AgCI

E/V vs. Ag/AgCI
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Fig.3 A Fixed potential 2.00 -
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retaining only 31.6% of its initial sensitivity after 21 days.
The lower stability of Au/AuNP/SOD biosensor can
be attributed to a higher degree of enzyme leaching to the
solution over time due to the weaker interaction within the
AuNP¢;/SOD bioconjugate.

The sensitivity values of Au/AuNPy;;,/SOD and Au/
AuNP,5,/SOD biosensors, however, increased during the
first 14 days. It notes that there was a substantial increase
after the first day of storage (data not shown), attributed to a
rearrangement of the enzyme to a configuration that ensures
a higher degree of AuNP electronic communication with the
enzymatic redox core.

After 21 days of storage, the higher sensitivity values
were observed for Au/AuNP,;,/SOD, attributed to (i) a
higher enzyme load within the multi-layered structure of
AuNPy5,/SOD bioconjugates, clearly observed in SEM
images: (ii) better electronic conductivity due to the delo-
calized n-electrons of the aromatic ring which increases the
electrical conductivity through the bioconjugate, in agree-
ment with CV measurements in Sections "Cyclic voltam-
metry and electrochemical impedance spectroscopy of Au/
AuNP-modified electrodes" and "Cyclic and square wave
voltammetry of Au/AuNP/SOD biosensors"; and (iii) a
higher degree of AuNP surface available for the electron
transfer.

@ Springer
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Control measurements were conducted for biosensor con-
structions lacking the cross-linking agents (data not shown)
and revealed significantly lower sensitivities and stability
for all three biosensors.

To conclude, the stability of the three types of biosen-
sors underlines the importance of the AuNP functionaliza-
tion with mercaptocarboxylic acids, for an effective enzyme
immobilization via EDC/NHS coupling, thus ensuring a
higher amount of enzyme retained in time at the surface of
the electrode.

Effect of AUNP and enzyme load CA at 0.3 V vs. Ag/AgCl
recorded at different Au/AuNP/SOD biosensor construc-
tions after one day of storage, containing different AuNP
and enzyme amounts, was tested in order to optimize bio-
sensor architecture. The change in biosensor sensitivity with
AuNP concentration is depicted in Fig. 4A (for 0.10-, 0.15-,
and 0.20-mg cm~2 AuNP) and with enzyme concentration in
Fig. 4B (for 0.25-, 0.50-, and 1.00-mg cm™2 SOD).

It was observed that the sensitivity response of Au/AuNP/
SOD biosensors constructed using 0.10-mg cm™2 AuNP is
the lowest, probably due to an insufficient amount of nano-
particles able to anchor the amount of enzyme employed
(0.50-mg cm™2 SOD) and/or to enable an efficient electronic
conductivity due to a higher degree of proteic build-up. In
the case of Au/AuNP;/SOD, higher sensitivity values were
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Fig.4 Influence of the amount
of (A) AuNP (0.5-mg cm™>
SOD) and (B) SOD enzyme
(0.15-mg cm.”2 AuNP) on
sensitivity values of Au/AuNP/
SOD biosensors for superoxide
detection (0.3 V vs. Ag/AgCl,
0.1 M PB, pH 8.0)
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obtained employing 0.15-mg cm™ AuNP. The sensitivity
values Au/AuNPy;;;,/SOD and Au/AuNPy;;,/SOD biosen-
sors containing 0.20-mg cm™2 AuNP were only slightly
higher when compared to 0.15-mg cm~2 AuNP contain-
ing ones, in which difficulties in charge transfer for 0.20-
mg cm~> AuNP constructions might be related to a higher
degree of AuNP aggregation.

The sensitivity variation of Au/AuNP;;/SOD biosensors
with the enzyme concentrations (Fig. 4B) indicated the high-
est sensitivity for 0.50-mg cm~2 SOD. Therefore, the best
configuration for Au/AuNP/SOD biosensors was chosen to
be that of 0.15-mg cm~> AuNP and 0.50-mg cm™2 SOD.

Drop-casting of incubated AuNP/SOD bioconjugates

SOD biosensors were also constructed using a pre-made
bioconjugate solution (AuNP/SOD ), prepared by incu-
bating for 1-day AuNP and SOD together, as described
in Section "Au/AuNP/SOD biosensors construction". The
obtained biosensors, Au/AuNP;1/SODyc, Au/AuNP) 4/
SODyc, and Au/AuNPy5,/SODqyc, Were evaluated using
the same experimental conditions and CA responses at
0.3 V vs. Ag/AgCl with the corresponding calibration
curves are shown in Fig. 5.

SOD / mg cm™

The biosensor’s responses containing the pre-made
bioconjugates were compared to those obtained with the
simultaneous drop casting of AuNP and SOD for the bio-
conjugates formation in situ (Section "Simultaneous drop
casting of AuNP with SOD"). The amperometric signal
stability is slightly affected for higher concentration val-
ues of superoxide, being a direct result of the competition
between the chemical dismutation of superoxide in water
(a second-order kinetic reaction) and the enzyme-cata-
lyzed reaction. Firstly, a wider linear range was achieved
for all biosensor constructions and higher sensitivities for
the ones containing AuNPy;;» and AuNPy,. The Au/
AuNP1/SODyy biosensor presented lower sensitivity
values than observed for Au/AuNP/SOD, due to the
lack of stabilization of the AuNP in the presence of SOD
over time. On the contrary, for Au/AuNPy;;,/SODyc and
Au/AuNPy;5,/SODyy biosensors, an increase in sensitiv-
ity values was obtained, being highest for Au/AuNPyz./
SODjyc. The limits of detection were calculated based
on 3*SD/slope, for which the Au/AuNP;5,/SODyc
presented the lowest values of 1.0 uM. The theoretical
LD corresponded to the real detection limit, found to be
1.2 uM - the lowest concentration that leads to an increase
in current three times higher than the value of the back-
ground noise.

Fig.5 A Fixed potential amper- (A)
ometric response at Au/AuNP/ 3.0
SOD yc biosensors at 0.3 V vs. sl AWAUNP¢/SODy
Ag/AgClin 0.1 M PB, pH 8.0, 07 Au/AuNPy,/SODyc
" . .- —— AU/AuNP;5,/SOD,\¢
upon successive additions of YN 50
5 uM KO, and B correspond- g
ing calibration plots based on <:tL 1.5
amperometric data =
= 1.0-
0.5
0.0 1
50 100 150 200
time/ s

2000 (B) }
Aj=0.05 +31.9 [KO,] 4
15004 Aj=0.01 +24.2 [KO,] 4 %
o Aj=0.04 + 41.2 [KO,] § *
£ T . ?
: 1000 A i ®
c & i a
= g o
500 4 i 8
ﬁ...l
. e
250 300 0 10 20 30 40 50
[KO,] / uM

@ Springer



245 Page8o0of 10

Microchim Acta (2022) 189: 245

Au/AuNP,;5,/SOD;y biosensor was subjected to fur-
ther investigations as follows. Repeatability studies at Au/
AuNPy5,/SOD ¢ were assessed by performing subsequent
measurements (n=23) at the same Au/AuNPy;5,/SOD
biosensor, with less than 3% variation between the sensitiv-
ity values obtained. The RSD for 3 different biosensors was
only 3.8%. Long-term stability was assessed after 30 days
(with 3 calibration curves being recorded each week), the
biosensor retaining 91.0% of its initial response.

All the above results illustrate the increased performance
of the Au/AuNPy;,/SODyc when compared to the Au/
AuNP,5,/SOD biosensor, being therefore chosen for super-
oxide detection in cell culture media.

Superoxide determination in cellculture media
at Au/AuNP,,;,/SODINCbiosensor

Several applications of gold nanoparticles are described
within living cell assays, where their biocompatibility
and ability to act as probes, anchor surfaces [4], and sig-
nal amplifiers [28] are often exploited. In this context, we
describe the use of Au/AuNPy;5,/SOD;y for applications
in superoxide monitoring in cell culture media.

The influence of common electroactive interferents on
the biosensor performance was monitored by fixed potential
amperometry at 0.3 V vs. Ag/AgCl in 0.1 PB pH 8.0. For
this, successive additions of 5 uM of H,0,, uric acid (UA),
dopamine (DA), and ascorbic acid (AA) were conducted
in between additions of 5 uM of KO,. A small increase in
current was observed for DA and UA (10% of the response
to superoxide), illustrating the increased selectivity of the
proposed biosensor for superoxide monitoring. The H,O,
can be also monitored electrochemically in cell cultures, but
its response appears at higher overvoltage, as shown in [29].

For the detection of superoxide in unknown samples with the
here developed biosensor, the buffer solution to be employed
must be in the pH range between 6 and 8, with the injection
of the probe in a lower concentration range (if possible) prior
to the addition of known concentrations of superoxide (5 uM
KO,). This may require the dilution of the sample, which brings
advantages since the matrix effect is minimized.

The envisioned applicability of the Au/AuNPyz,/SOD-
nc biosensor is the in situ detection of superoxide released
from cells in close proximity to the biosensor surface, in
cell culture media under external stimuli. Therefore, the per-
formance of the biosensor was evaluated by fixed potential
amperometry at 0.3 V vs. Ag/AgCl in DMEM cell culture
media (with high glucose content amongst other vitamins
and nutrients), which has an initial superoxide concentration
of zero. The results were compared to that obtained at the
same biosensor in 0.1 M PB pH 8.0, Fig. S6. A similar sen-
sitivity value was obtained in DMEM, being 40.5 compared

@ Springer

to 41.2 yA uM~! cm™2 in buffer solutions with very high
recovery values, Table 1.

The interference study together with the recovery study
results which revealed RSD values of less than 5% for the
biosensor in DMEM supports the applicability of such bio-
sensors for the in vivo monitoring of superoxide released
from stressed damaged cells.

Comparison with other AuNP-based sensors
and biosensors

Different AuNP-based biosensors have been described in lit-
erature, where the use of different methodologies for enzyme
immobilization, as well as the influence of nanoparticle func-
tionalization has been exploited to achieve direct electron
transfer between the active site and the transducer surface,
Table 2. The enzymatic mechanism is directly dependent on
the biochemical reaction of interest in regards to the enzy-
matic active site. It is clear that for enzymes that contain
metallic centers, such as laccase, SOD, cytochrome C, and
horseradish peroxidase, the operational potential is slightly
positive, with the signal from the oxidation of the metallic
center being directly measured following the enzymatic reac-
tion, often through fixed potential amperometry or pulsed vol-
tammetric techniques. The analytical parameters obtained at
the Au/AuNPy;5,/SODyy biosensor for superoxide monitor-
ing are similar to other enzymatic biosensors based on func-
tionalized AuNP, which illustrates the versatility of AuNP
for third generation biosensor construction, with increased
sensitivity values and selectivity even when compared to non-
enzymatic ensembles.

Enzyme-less AuNP-based sensor for the detection of
superoxide have also been reported, based on dendrimer
stabilized AuNP [37] and on hybrids containing other nano-
structured and redox mediator materials, such as conducting
polymers together with Fe(CN)¢]*~ and carbon nanotubes
[38], as well as hemin and electrochemically reduced gra-
phene [39]. They mostly have low operating stability and
require a higher overvoltage, lacking also the selectivity
conferred by SOD.

Table1 Recovery studies for superoxide quantification at Au/
AuNPy5,/SOD ¢ biosensor in the cell culture media (DMEM) at
0.3V vs. Ag/AgCl (n=3)

Added/uM Found/uM RSD/% Recovery/%
0.00 0.00 0.0 100

5.00 6.50 7.0 129

10.0 11.5 5.0 114

15.0 15.9 5.8 106

20.0 20.4 6.4 101

25.0 23.7 49 94.9
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Table 2 Enzymatic biosensors

based on functionalized AuNP 2;1;]1)0 nalization Enzyme Technique ﬁznlsll;/ll\illt }é/m—z Il;;\),lD/ Ref

DET
Citrate HRP CAat03V 220 14 [30]

GOx DPV 5.1 59 [31]

PEI Laccase SWV 1.6¢* 0.16 [32]
Cysteine SOD CAat-0.15V 0.022 0.1 pM [33]
Cysteine SOD CAat03V 0.05 — 440 pM unspecified [34]
MUA ChOx CvV 45 34.6 [35]
MPA CytC CAat0.15V - 50 ng mL~! [36]
MBA SOD CAat03V 41.2 1.0 This work
CA, fixed potential amperometry; PEI, polyethyleneimine; MUA, mercaptoundecanoic acid; MPA, mer-
captopropionic acid; MBA, 4-mercaptobenzoic acid; HRP, horseradish peroxidase; GOx, glucose oxidase;
0OxO0x, oxalate oxidase; ChOx, cholesterol oxidase

Conclusions PN-III-P1-1.1-PD-2019-0100, and Romanian Ministry of Research

The effect of AuNP stabilized in citrate (AuNPp) and func-
tionalized with mercaptocarboxylic acids (AuNP,,;, and
AuNPy ) in the immobilization of superoxide dismutase and
biosensor performance was evaluated. AuNP and AuNP/SOD
bioconjugates presented differences in the FT-IR and Raman
spectra, while the EDX analysis also revealed the presence of
the enzyme in bioconjugates. SEM images showed that AuNP
retained their nanometric size upon functionalization, with their
distribution differing from mono-layered to multilayered aggre-
gates for AuNPy;;, and AuNPy,, respectively. The electro-
chemical properties of Au/AuNP modified electrodes showed
an increase in both electroactive areas and charge transfer rate
constant of Au upon AuNP modification.

Several methodologies for biosensor construction were evalu-
ated involving different AuNP and enzyme ratios and differ-
ent incubation times for the formation of bioconjugates. The
results indicated higher stability over time for the biosensors
employing the AuNP),;, and AuNP)z,, with more than 90%
of the initial sensitivity value being maintained after 1 month of
use, alongside higher repeatability and reproducibility values,
when compared to the AuNP-based biosensor. The higher
sensitivity was achieved by the biosensor containing AuNPy
and SOD in the ratio of 0.3:1 w/v incubated for 1 day, with a
detection limit as low as 1 uM. The interference study and the
recovery study results obtained in cell culture media support
the applicability of the biosensors for the in vivo monitoring of
superoxide in cell culture analysis.
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