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ABSTRACT: Gold nanoparticles (AuNPs) have been exploited as signal-producing tags in electrochemical biosensors. However, the
electrochemical detection of AuNPs is currently performed using corrosive acid solutions, which may raise health and environmental
concerns. Here, oxidant salts, and specifically the environmentally friendly and occupational safe NaNO3/NaCl mixture, have been
evaluated for the first time as potential alternatives to the acid solutions traditionally used for AuNPs electrooxidation. In addition, a
new strategy to improve the sensitivity of the biosensor through PEG-based ligand exchange to produce less compact and easier to
oxidize AuNPs immunoconjugates is presented too. As we show, the electrochemical immunosensor using NaNOs/NaCl measurement
solution for AuNPs electrooxidation and detection, coupled to the employment of PEG-capped nanoimmunoconjugates, produced re-
sults comparable to classical HCI detection. The procedure developed was next tested for human matrix metallopeptidase-9 (hMMP9)
analysis, exhibiting a 0,18-23 ng/mL linear range, a detection limit of 0,06 ng/mL, and recoveries between 95 and 105% in spiked
human plasma. These results show that the procedure developed is applicable to the analysis of protein biomarkers in blood plasma and

could contribute to the development of more environmentally-friendly AuNPs-based electrochemical biosensors.

Nanomaterials (NMs) have provided numerous advantages to
electrochemical biosensors for environmental and industrial mon-
itoring, food safety and clinical diagnostic applications, including
the achievement of low limits of detection (LoD).'* Thanks to
their large surface area and high loading capacity, several signal
enhancement strategies have been reported making use of NMs as
carriers of multiple signal molecules and biorecognition ele-
ments.'* Since many NMs are electrochemically active (e. g. metal
nanoparticles), they have also been used as electroactive tracers to
produce nanostructured electrochemical transducers of enhanced
performance and as catalysts that possess ready availability of ac-
tive sites on their surfaces.”” Gold nanoparticles (AuNPs) have
probably been the NM most extensively used in biosensors be-
cause of their rapid and simple chemical synthesis, with control of
the shape and narrow size distribution, biocompatibility and easy
bioconjugation.®’ In the case of electrochemical biosensors,
AuNPs present special interest thanks to their unique electrochem-
ical properties that makes possible the development of a large va-
riety of biosensors.**

The majority of the AuNP-based electrochemical biosensors pub-
lished to date reports the use of AuNPs either as carriers of elec-
trochemical tags and/or analyte bioreceptors, or as modifiers of the
electrode surface, often associated with polymers, graphene or
combined with other NMs.>® However, there are less works fo-
cused on the use of AuNPs as electroactive label in comparison
with other metal NPs largely exploited as signal tags (AgNPs, CdS
and CdSe quantum dots, etc).>!° Nevertheless, efficient AuNPs
based detection strategies using differential pulse voltammetry
(DPV),!""15 gquare wave voltammetry (SWV), anodic stripping
voltammetry,'®?? chronoamperometric monitoring of the hydro-
gen evolution reaction,”* and electrochemical

impedance spectroscopy (EIS)?® have been described on carbon
paste,'*!"?7  oraphite—epoxy electrodes,'' pencil graphite elec-
trodes (PGE)® and screen printed carbon electrodes (SPCE).!*
15.21-26. Biosensors using AuNPs as signal generators have been de-
veloped to detect E. coli bacteria cells,'®? o-elonase (ENO1),?!
specific DNA amplified sequence,'®* human IgG (HIgG)'*"* and
human serum albumin (HSA)" in serum samples. Magnetic beads
have also been used as biosensor platforms coupled to the use of
AuNPs, 2628 while the effect of the AuNPs size on the electro-
chemical signal has been studied t0o.?® In all these biosensors, the
authors use corrosive acid solutions (HBr/Br,'® mixture or HC1'"-
28) for the electrooxidation of the AuNPs® tags to Au**. This is then
followed by the electrochemical reduction of Au**to Au® at the
electrode surface, which is either directly determined by DPV or
SWYV as a well-defined peak, or indirectly monitored by chrono-
amperometric or impedimetric detection of hydrogen evolution
catalyzed by the AuNPs. Nonetheless, the employment of an
acidic reagent raises environmental and safety concerns, and may
discourage the implementation of this type of detection strategy at
point-of-care settings.?

Here, for the first time, non-acid oxidants have been evaluated for
the electrochemical oxidation of AuNPs in substitution of the acid
solution. Among the products tested, the environmentally friendly
NaNO3/NaCl mixture has been selected for developing a new
AuNPs detection method. The concept of AuNPs ligand exchange
to produce a conjugate easier to oxidize, as an effective route to
increase immunosensor sensitivity, has been introduced here for
the first time too. As it is shown, the use of NaNO3/NaCl as the
oxidant coupled to PEG-capped AuNPs offered a novel synergic
strategy that provided a biosensor response similar to that obtained
using citrate-stabilized AuNPs and HCI as the oxidant. The per-
formance of the new immunosensing strategy has been finally
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demonstrated by detecting human matrix metallopeptidase-9
(hMMP9) in spiked samples of human pooled plasma. MMP?9 is a
protease involved in the breakdown of extracellular matrix in nu-
merous physiological processes that is over expressed in patholo-
gies such as arthritis, cardiovascular, neurological and some can-
cers.*® The developed immunosensor presented a lineal range from
0,18 to 23 ng/mL of hMMP9, with a LoD of 0,06 ng/mL. The re-
coveries found during the accuracy assay in plasma were of 95-
105% in the 1,25-15 ng/mL analytical range. The results suggest
that the electrochemical immunosensor produced here fits the re-
quirements for the analysis of protein biomarkers in blood plasma.
Furthermore, both the use of NaNOj oxidant as a more environ-
mental friendly and occupational safer alternative than acid and
the ligand exchange on the gold surface to increase the sensitivity
of the immunosensor could contribute to the development of a re-
newed type of signal gold-based electrochemical biosensors and
offer new paths for these assays.

EXPERIMENTAL SECTION

Chemicals and Biocomponents

Citrate-stabilized AuNPs (AuNPs/citrate, 20 nm diameter), rabbit
IgG (RIgG), goat anti-rabbit IgG (Goat@RIgG, whole molecule),
bovine serum albumin (BSA), HCI 37% (v/v, trace metal grade),
polyethylene glycol (PEG; 400 g/mol average molecular weight),
potassium ferrocyanide (Ks4[Fe(CN)q]-3H20), lithium perchlorate
(LiCl0Oy), sodium nitrate (NaNOs) and sodium chloride (NaCl)
were purchased from Sigma-Aldrich. The hMMP9, anti-hMMP9
goat polyclonal antibody (Goat@hMMP9; antigen affinity-puri-
fied), and anti-hMMP9 mouse monoclonal Ab (Mouse @hMMP9)
were acquired from R&D Systems. Human pooled plasma was
supplied by H2B. Phosphate buffered saline (PBS) tablets, Tween
20, and potassium ferricyanide (Ks;[Fe(CN)s]) were purchased
from Gibco, Fischer Scientific and Acros Organics, respectively.

Electrochemical measurements

Cyclic voltammetry (CV) and DPV were performed using a CH
Instruments 1030C multipotenciostat. SPCE (ref. 110; DropSens,
Llanera, Spain) comprised carbon counter and working electrodes
(WE, d = 4 mm), and silver pseudoreference electrode. Before
their utilization, SPCE were characterized by CV (from -0,2 to
0,45V at 0,1 V/s) using 0,1 mM K4Fe(CN)sin 0,1 M KCI.

For the optimization of AuNPs electrochemical detection, 10 uLL
(0,05 or 0,1 nM) of AuNPs or AuNPs-Ab-BSA conjugate were
deposited on the WE and DPV measurements were registered in
60 uL of 0,1 M HCI (E;=1,0 - 1,3 V; 3-180 s of electrooxidation).
In the assays carried out on the immunosensor platform, a typical
electrochemical measurement included previous AuNPs elec-
trooxidation at 1,1 V during 60 s in 0,5 M HCI (40 pL). The
[AuCL] oxidized specie produced in this way was next detected
by DPV scanning from 1,1 to -0,1 V (0,02 s pulse width and 0,1
V pulse amplitude).

Ligand exchange of AuNPs/citrate to produce AuNPs/PEG
Briefly, 500 pL of AuNPs/citrate were mixed with 1 mL of 0,25%
PEG (v/v) aqueous solution under agitation for 18 h. The PEG ex-
cess and the replaced citrate were removed by centrifugation (15
min, 11°C and 16 rcf) and AuNPs/PEG were washed with H,O-
0,05% Tween 20 (850 uL) and resuspended in Milli-Q H>O (500
pL).

Production of the nanoimmunoconjugates

Gold nanoimmunoconjugates were produced by incubating 500
pL of AuNPs/citrate or AuNPs/PEG (1,2 nM) with 113 pL of de-
tection Ab (40 pg/mL of either RIgG or Goat@hMMP9) with gen-
tle agitation for 30 min, followed by blocking with PBS-0,1%
BSA (500 pL) for 30 min. The conjugate (either AuNPs-RIgG-
BSA or AuNPS-Goat@hMMP9-BSA) was washed with PBS-
Tween 20 0,05% by centrifugation for 15 min at 11 °C and 16 rcf,
and was resuspended in PBS-0,2% BSA for storage at 4°C.

Characterization of AuNPs and their nanoimmunoconjugates

The dynamic light scattering (DLS) and zeta potential measure-
ments of an aqueous solution of AuNPs or gold nanoimmunocon-
jugate were carried out using a Malvern Zetasizer NanoSeries at
room temperature. Transmission electron microscopy (TEM) im-
ages were recorded after just drying 5 puL of the conjugates aque-
ous solution on holey carbon coated grids using a Tecnai F20
HRTEM/STEM. UV-Vis spectra were recorded on a Cary 60 UV-
Vis spectrophotometer (Agilent Technologies). RMN spectra
were recorded on a 400 MHz Bruker AV3-400SB spectrometer.
For these studies, 16 mL of AuNPs/ligand were washed four-times
with Milli-Q HO, dried and dissolved in 500 pl of D>O (38 nM
AuNPs).

Preparation of the immunosensors

Two immunosensor formats were used. The first one,
SPCE/Goat@RIgG-BSA/AuNPs-RIgG-BSA, was used as a
model system to carry out the optimization of the different biosen-
sor components (Figure = 1A). The second one,
SPCE/Mouse @hMMP9-BS A/hMMP9/AuNPs-Goat @hMMP9-
BSA, was next employed to demonstrate the applicability of the
system to detection of hMMP9 as an analyte of clinical interest
(Figure 1B).

All incubations were carried out inside a humid chamber to pre-
vent evaporation and were followed by two washes with PBS-
Tween 20 (0.05%) and one wash with PBS.

In the SPCE/Goat@RIgG-BSA/AuNPs-RIgG-BSA format, the
WE was modified overnight with 10 uL (6,25; 12,5; 25 or 40
pg/mL) of capture Ab (Goat@RIgG), was next blocked with PBS-
BSA (0,1 or 0,2%) during 30 min and was finally incubated with
35 uL (0; 0,3; 0,6; 1,2 and 2,4 nM) of the AuNPs-RIgG-BSA con-
jugate for 30 min under shaking (25 or 50 rpm).

For hMMP9 determination, based on the SPCE/Mouse @hMMP9-
BSA/hMMP9/AuNPs-Goat@hMMP9-BSA sandwich, 10 pL (40
pg/mL) of capture Ab (Mouse@hMMP9) were used to function-
alized the WE, followed by blocking with 0.2% BSA. After that,
140 pL of the AuNPs-Goat@hMMP9-BSA conjugate were incu-
bated with 3,5 uL. of hMMP9 (0,18 to 30 ng/mL) for 30 min. Then,
35 uL of this mixture were incubated for other 30 min with the
SPCE/Mouse @hMMP9-BSA for the second immunorecognition.
In both formats, 40 uL of 0,5 M HCI1 or NaNO3s/NaCl were alter-
natively used as the electrochemical measurement solution.

Data Analysis

The limits of detection and quantification (LoD and LoQ) were
calculated by dividing the standard deviation of the regression line
intercept (S,) by the slope of the calibration curve (b) as deter-
mined by the equations 1 and 2, respectively.’!
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The sensitivity corresponded to the slope of the calibration curve
in the lineal range.
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Figure 1. Scheme of preparation of the two immunosensors used and their analytical working pr1n01ple. A) SPCE/Goat@RIgG/BSA/AuNPs-
RIgG-BSA model system and B) SPCE/Mouse @hMMP9-BS A/hMMP9/AuNPs-Goat @hMMP9-BSA for hMMP9 detection.

RESULTS AND DISCUSSION

Optimization of the AulNPs electrochemical detection condi-
tions on bare SPCE by classical acidic electrooxidation

As is known, gold presents one of the highest oxidation potentials
(E° = +1,35 V) displayed by chemical species. It is thus necessary
to perform the electrooxidation of Au® into Au** (usually at Ei=1,2
- 1,4 Vin 1 -2 M HCI) previous to the subsequent measurement
of the gold reduction.!'?® Here, we studied the reduction peak
heights generated by both bare AuNPs and a AuNPs-RIgG-BSA
nanoimmunoconjugate at unmodified SPCE, after HCI electroox-
idation for increasing times and potentials.

The electrochemical response produced by AuNPs was twice
higher than that registered for the AuNPs-RIgG-BSA conjugate
(Figures 2A and S2). This could be explained because in the con-
jugate the gold surface has lower exposure to the acid action for
the oxidation process, as well as poorer diffusion of the oxidized
specie formed, [AuCly]™ towards the electrode surface.

As summarized in Figure 2A, for electrooxidation potentials be-
tween 1 and 1,1 V, both AuNPs and AuNPs-RIgG-BSA produced
reduction peaks of similar height independently of the electrooxi-
dation time. When increasing the potential to 1,2 and 1,3 V, the
signal current registered increased with the electrooxidation time.
However, this increment in oxidation potential and time also pro-
duced the arising of a second broad peak between 0,6 and 0,8 V
that interfered in the quantification of the AuNPs analytical peak
(Figure S1 A). Since this interfering peak, which was SPCE batch-
dependent, appeared also when using metal traces grade HCI, it
was concluded that it originated from the SPCE itself after expo-
sure to HCI at potentials > 1,2 V for times > 10 s (Figure S1 B).
Previous works also made reference to damage caused on the
SPCE surface and its further effect in the DPV signal when high
voltages and long times of oxidation were applied in acid solu-
tions.'>!% Accordingly, we carried out AuNPs DPV electroxida-
tion at 1,1 V for 60 s, in order to guarantee the best ratio between
high current peak and good repeatability. In consequence, we tried
to improve detection sensitivity by optimizing other parameters in
the immunosensor format.

Optimization of the model immunosensor

The optimization of the immunosensor platform was first carried
out with the SPCE/G@RIgG-BSA/RIgG-AuNPs-BSA format as

a model system (Figure 1A). In this model system, increasing con-
centrations of the AuNPs-RIgG-BSA conjugate were incubated on
the SPCE/Goat@RIgG-BSA for immunocapture. As the AuNPs
have the double function of carrier of multiple detection Abs and
electroactive label, the peak current measured was proportional to
the concentration of electrode surface-confined conjugate. In these
experiments, the conjugate was diluted in PBS-0,1/0,2% BSA in
order to approximate the characteristics of human plasma. Since
the total protein content in human plasma is of 5-8%, plasma di-
luted 1/40 plasma would display 0,1-0,2% of protein.

Concerning the effect of the HCI concentration, Figure S3 shows
that when 0,1 and 0,5 M of HCI1 were used alternatively to detect
increasing concentrations of the RIgG-AuNPs-BSA conjugate, the
immunosensor displayed wider linear range, extending to higher
conjugate concentrations, for 0,5 M HCI. This suggested that 0,1
M HCI was insufficient to oxidize the highest conjugate concen-
trations tested here. On the other hand, the stability studies demon-
strated that the nanoimmunoconjugate was stable for up to 8 days
of storage at 4°C, which allowed preparing relatively large quan-
tities of this reagent, facilitating the experimental work (Figure
S4).

As expected, an increase of the concentration of capture Ab used
to modify the WE surface from 6,25 to 40 ug/mL produced an
improvement in the currents measured and the immunosensor sen-
sitivity, as indicated by the slopes of the calibration curves, be-
cause of the binding of a higher amount of conjugate (Figure 2B).
Figure S5 shows that, for the concentrations of capture Ab tested,
there was not notable difference in sensor response between the
use of 0,2 and 0,1% of BSA as the blocking solution. Therefore,
we decided to use 0,2% BSA to provide better electrode blocking
without compromising sensor sensitivity.

The effect of the agitation rate during the immunocapture reaction
was finally studied. We found that raising the agitation speed from
25 to 50 rpm produced a 2-fold increase in the electrochemical
response, as well as sensitivity improvement from 25 to 50 uA/nM
(Figure 2C). It is known that the increase of the agitation rate con-
tributes to accelerate convective diffusion during the incubation
and facilitates the mass transfer from the bulk solution to the sen-
sor surface. Consequently, more collisions occur between the cap-
ture and detection Abs, which increases the probability to generate
effective collisions that will lead to immunobinding.
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Figure 2. Study of AuNPs electrochemical detection conditions on bare SPCE. A) Effect of different AuNPs electrooxidation potentials and
times on the DPV peaks currents registered for 0,1 nM of AuNPs and AuNPs-RIgG-BSA conjugate. Optimization of the model immunosensor
[WE/Goat@RIgG-BSA/AuNPs-RIgG-BSA/0,5 M HCI]. Effect on immunosensor response of, (B) the concentration of Goat@RIgG capture
Ab used to modify the WE (0,1% BSA in the blocking solution) and, C) the agitation rate during the immunocapture process (40 pg/mL of
capture Ab, 0,2% BSA). D) Summary of the results obtained during these optimizations in terms of improvement of the LoD, LoQ and sensi-
tivity. Insert) DPVs registered for increasing conjugate concentrations under optimized immunosensor conditions (2 independent replicates are

shown per concentration).

The scheme in Figure 2D summarizes the improvement registered
for some of the optimizations discussed before. These results il-
lustrate clearly how the electrochemical signal can be ameliorated,
achieving a 10-fold improvement in the LoD (from 0,4 to 0,05
nA/nM) and LoQ (from 1,28 to 0,17 pA/nM), by just optimizing
some simple variables in the system. Upon optimization, the pro-
cedure included modification of the SPCE with 40 pug/mL of
Goat@RIgG capture Ab, blocking with 0.2% BSA, AuNPs-RIgG-
BSA conjugate incubation at 50 rpm, and electrochemical detec-
tion by DPV in HCI 0,5 M. Under these experimental conditions,
a 1,2 nM conjugate concentration provided a reduction peak of
about 60 uA by DPV (see the insert in Figure 2D).

NaNOs as an environmentally friendly alternative for the elec-
trochemical oxidation of AuNPs

As mentioned before, HB1/Br,'® mixture and HC1''?8 have been
used for dissolving and oxidizing gold in all the electrochemical

biosensors with AuNPs detection. The concentrations of HCI
used in these assays (often 1-2 M, equivalent to 36500-73000 ppm

and pH <0.3) are high if we consider the concentration limits set
by the Environmental Protection Agency (EPA) for the occupa-
tional safety (5 ppm in air for 8 h of work) and the acceptable pH
range for environmental wastewater disposal (6-8,5).2 To our
knowledge, an electrochemical biosensor using a non-acidic oxi-
dant, such as NaNOj3, K3(FeCN)g or LiClOy4, has not been reported
yet. However it is known that NaNOs/NaCl, FeCls, and HCI can
oxidize gold, since they are reagents used in the auriferous mines
(NaNOs, Fe**and H* as oxidant agents and chlorine as a gold che-
lating ligand).3>* In addition, by substituting HCI by a non-toxic
(or less toxic) oxidant we move towards greener biosensor chem-
istry, which would be especially relevant for point-of-care han-
dling.
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Figure 3. Evaluation of KsFeCNg, LiClO4 and NaNO3 non-acid oxi-
dants (in 0,5 M NaCl for all cases) as alternatives to HCI for AuNPs
electrooxidation under different electrochemical measurement condi-
tions. A) Electrochemical response obtained using alternatively
K3FeCNg, LiClOs and NaNOs oxidants. B) Reduction currents ob-
tained using as the oxidant either HCl or NaNOs/NaCl. The
[WE/40ug/mL G@RIgG-(0,2% BSA)/AuNPs-RIgG-BSA/x M] im-
munosensor format was used in all these assays.

Figure 3A presents the currents obtained in the immunosensor us-
ing alternatively NaNO3 K3FeCN and LiClO4 as oxidants. In all
cases, 1,3 V supplied higher currents than 1,1 V, with NaNOs
providing the best results, followed by K;FeCNg and LiClOs. It is
important to highlight that the KsFeCNg oxidant was used at very
low concentration because above 1 uM, Fe** produced a reduction
peak that overlapped with the Au®* one (Figure S6 A). Attempts
to ameliorate the Fe** detection by increasing the potential and ox-
idation times (to 1,4 V and 90 s), produced a decrease in the cur-
rents measured.

Figure 3B displays the electrochemical responses registered when
using increasing concentrations of NaNO3s/NaCl (0,5; 1 and 2 M)
under different electrooxidation conditions (1,3 and 1,4 V for 60
and 90 s). It was observed that raising the salt concentration and
oxidation potential above 0,5 M and 1,3 V, respectively, did not
improve the biosensor response. Under these conditions, and in
spite of the high working potential and salt concentration, NaNO;
did not generate the interference peak observed when using 0,5 M
HCI at similar conditions (Figure S6B). Nonetheless, the use of
stronger electrooxidation conditions (90 s at 1,4 V) affected
slightly Au quantification by arising the peak evolved from the

Analytical Chemistry

SPCE surface, even if it was much lower than when working with
HCI under similar electrochemical conditions (Figure S6C).

The use of 0,5 M HCI (1,1 V for 60 s) was more effective than 0,5
M NaNOs3/NaCl (1,3 V for 60 s) for AuNPs/citrate-based immuno-
conjugate electrooxidation, and generated reduction peaks nearly
two times higher. Nevertheless, NaNOs/NaCl provided nanoim-
munoconjugate quantization in all the concentration range tested.
Therefore, these results demonstrate that NaNO;/NaCl can be used
to substitute HCI, providing a more environmentally-friendly rea-
gent for AuNP electrochemical measurement. Moreover, the de-
crease in sensitivity observed when using NaNO3/NaCl could be
compensated by analyzing samples 2-times more concentrated.

Production and characterization of PEG-capped AuNPs and
their nanoimmunoconjugates.

PEG is a non-toxic and low cost polymeric material that is easily
assembled with AuNPs, allowing their subsequent functionaliza-
tion with proteins. Here, PEG was incorporated by performing a
ligand exchange on AuNPs/citrate, in an attempt to generate big-
ger conjugates with a less compacted protein cover that could ren-
der the gold surface more accessible to the oxidant solution. For
the production of AuNPs/PEG, 1 mL of 0,1; 0,25 and 0,5% PEG
aqueous solutions were mixed with 500 uL of AuNPs/citrate un-
der shaking during 3, 6 and 18 h. Figure 4A shows that the exten-
sion of the reaction time from 3 to 18 h produced an increase in
the z-potential of the AuNPs/PEG for all PEG concentrations
tested. It is worth noting that more negative surface charges cor-
relate with improved AuNPs stability in solution caused by elec-
trostatic repulsion. A reaction time of 18 h provided z-potential
values above 30 mV (absolute value) as is recommended for good
stability of the colloidal liquids.*

These values were higher than those determined for the
AuNPs/citrate used here, 24,4 + 5,1 mV, which is in agreement
with previous reports.® In consequence, the ligand exchange on
the AuNPs surface was accomplished after 18 h of reaction time
with 0,25% PEG. On the other hand, the DLS measurements car-
ried out on AuNPs/citrate, AuNPs/PEG and their respective nano-
immunoconjugates revealed an increase in the hydrodynamic di-
ameter when citrate was exchanged by PEG on the AuNPs surface
(Figure 4B). This could be related to the larger size of the PEG
molecule capping the AuNPs compared to citrate. It was also
noted that the size distribution of the nanoimmunoconjugates was
wider than the corresponding AuNPs cores. Additionally, the DLS
measurements showed that aggregate formation was negligible for
both bare and immunomodified AuNPs/PEG. A closer inspection
of the TEM images revealed a shadow bordering around the gold
surface of the AuNPs/PEG immunoconjugate, which was absent
in bare AuNPs/PEG and was attributed to the organic coating (Fig-
ure 4C-D).3¢

Also, the TEM image in Figure 4E illustrates the absence of ag-
gregates in the solution of AuNPs/PEG-based conjugate. Addi-
tional indirect confirmation of the formation of the nanoimmuno-
conjugates was obtained from the UV-Vis spectra. It is known that
the position of the surface plasmon band (SPB) maximum is
deeply influenced by AuNPs size and geometry, and by the die-
lectric constant of the surrounding environment. Here, the pres-
ence of proteins anchored onto the surface was indirectly probed
by a red-shift of 3 nm in the SPB maximum detected by UV-Vis
spectroscopy (Figure S7).>37 The NMR analysis performed to
AuNPs/citrate and AuNPs/PEG confirmed the citrate-PEG ligand
exchange. The AuNPs/PEG 'H-NMR spectra
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Figure 4. Characterization of the AuNPs/PEG and the corresponding nanoimmunoconjugate. A) z-potentials of AuNPs/PEG obtained after
ligand exchange for 3-18 h. B) DLS measurements carried out on AuNPs/citrate, AuNPs/PEG and their corresponding nanoimmunoconjugates.
C-E) TEM images of AuNPs/PEG, either bare (C) or immunoconjugated (D-E); the red arrow in D highlights the surrounding shadow attributed
to the protein coating. F) 'TH-RMN spectra recorded for citrate, AuNPs/citrate, PEG and AuNPs/PEG in D20.

displayed the singlet at 3,68 rpm corresponding to the CH, groups
in PEG ligand, which was absent from the AuNPs/citrate spectra.
In addition, the group of peaks associated to the citrate protons do
not appear in the corresponding spectral zone of AuNPs/PEG,
confirming the successful ligand exchange The peaks’ distortion
observed in AuNPs-PEG peaks compared with the free PEG lig-
and can be attributed to some deformation in the structure caused
by the interaction with the gold surface, which conducts to struc-
tural rigidity and consequently low relaxing times (Figure 4F).*

Application of the immunosensing strategy developed to the
detection of hMMP9

The detection procedure developed was finally tested for detection
of a protein biomarker of clinical interest, hMMPO. In the im-
munosensor for hMMP9 detection (Figure 1B), a AuNPs-
Goat@hMMP9-BSA nanoimmunoconjugate was first incubated
with the h(MMP9-containg samples, generating a hMMP9/AuNPs-

Goat@hMMP9-BSA immunocomplex. This conjugate complex
was next captured in a second immunoreaction by the
Mouse @hMMP9 mAb immobilized previously onto the WE sur-
face, forming the Mouse @nMMP9/hMMP9/AuNPs-
Goat@hMMP9-BSA sandwich. The height of the reduction peak
obtained though AuNP electrochemical detection was then corre-
lated to the concentration of hMMP9 in the sample.

Figure 5A shows the calibration curves obtained for detection of
hMMP9 in PBS-0,1% BSA, using different combinations of con-
jugates and electrochemical measurement solutions. As expected,
when an AuNPs/citrate-based immunoconjugate and NaNO;
measurement solution were used, the immunosensor sensitivity
decreased compared to that using an AuNPs/citrate-based im-
munoconjugate and HCI.
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Figure 5. Detection of hMMP?9 using different combinations of nano-
immunoconjugates (either AuNPs/citrate or AuNPs/PEG based) and
oxidant agents (0,5 M of either HC1 or NaNOs3). The calibration curves
were obtained for hMMP9 standard solutions in PBS-0,1%BSA (A)
or in spiked human plasma diluted 1:80 and 1:40 (B).

However, when the AuNPs/PEG-based immunoconjugate and
NaNO; were used, the immunosensor displayed similar peak cur-
rents, sensitivity and signal-to-noise ratios than those obtained
with the AuNPs/citrate-based immunoconjugate in HCI (Figure
S8). This behavior could be associated to the bigger size and less
compact coating of the conjugate produced via PEG-capped
AuNPs, which makes the gold core of the conjugate easier to oxi-
dize, generating higher currents and sensitivity in the immunosen-
sor. PEG has a 2-fold larger molecular weight compared to citrate
and a lineal molecular arrangement that might provide surface-
protruding spacer arms and a less packed AuNPs cover, which
might facilitate the mobility of [NOs]™ oxidizing and [AuCls]™ ox-
idized molecules towards and from the AuNPs surface.

The immunosensor developed displayed LoD and LoQ around
0,06 and 0,2 ng/mL, respectively (equivalent to 6,7x10"* and
2,0x10'2 M), lower than other values reported before for electro-
chemical biosensors using AuNPs as signal tag (Table SI-
0).1213222627 The linear range spanned from 0,18 to 23 ng/mL of
hMMP9 (R*> 0,99). The variance analysis of the lineal regression
revealed that the values calculated for F were higher than the cor-
responding tabulated value (for 0=0,05, n;=1, n,=n-2=8 being n
the total number of points and n; and n, the degrees of freedom),

Analytical Chemistry

which confirms the linearity in the mentioned concentration range
(Figure S10).!

The immunosensor was finally tested in plasma spiked with
hMMP9 concentrations matching those expected in plasma sam-
ples from both healthy individuals and patients (20-600
ng/mL).*** For this accuracy study, 3,5 uL of human pooled
plasma, spiked with increasing hMMP9 concentrations (0, 15,
100, 500 and 600 ng/mL), were mixed with either 140 uL of the
conjugate plus 137 uL of PBS to produce 1:80 plasma dilutions
(post-dilution hMMP9 concentrations of 0; 0,188; 1,25; 6,25 and
7,5 ng/mL), or with only 140 pL of the conjugate to produce 1:40
plasma dilutions (post-dilution hMMP9 concentrations of 0;
0,375;2,5; 12,5 and 15 ng/mL; see experimental scheme in Figure
S11 and the currents obtained without correction of the endoge-
nous hMMP9 with 1:80 and 1:40 dilutions plasma in Figure S12).
In this way, post-dilution hMMP9 concentrations (0,18-15 ng/mL)
fit the lineal range of our immunosensor (0,18-23 ng/mL). The plot
of the currents obtained during the accuracy assays versus the con-
centrations of hMMP9 spiked in both 1:80 and 1:40 plasma dilu-
tions was linear between 1,25 and 15 ng/mL of hMMP9 (equiva-
lent to pre-dilution concentrations ranging 15-600 ng/mL), with
sensitivity similar to that observed in the calibration experiments
carried out in PBS-0,1% BSA (Figure 5B). This indicated that the
immunosensor displayed irrelevant analytical bias when operated
in diluted plasma compared to PBS-BSA. Consistently, MMP-9
recovery was around 95-105% for spiked post-dilution concentra-
tions between 1,25 and 15 ng/mL, and of 110-125% for the lowest
concentrations tested (Table 1), and spiked and detected MMP-9
concentrations correlated linearly (y=x) with R?>>0,99 (Figure
S13). Finally, the concentration of endogenous hMMP9 detected
by the immunosensor in pooled plasma was of about 42 ng/mL,
which is in agreement with previously reported hMMP9 concen-
tration in healthy individuals.*’

Table 1. Recoveries obtained for the hMMP9 determination in spiked
human pooled plasma (CV between 2 and 10%).

hMMP9 spiked concentration (ng/mL), pre-diluted
recoveries (%) 0 . 15 . 100 500 — 600
hMMP9 spiked concentration (ng/mL), 1/40 dilution
[NMMP9]engogenous 0,375 2,5 12,5 15
AuNPs/Citrate, HCI 46,7 113,5 104,1 95,9 100,2
AuNPs/PEG, NaNO3 41,4 111,7 97,1 103,1 97,8
AuNPs/Citrate, NaNO3 36,9 - 94,3 97,8 95,2
X hMMP9 spiked concentration (ng/mL), 1/80 dilution
recoveries (%)
[NMMP9]endogenous 0,188 1,25 6,25 7,5
AuNPs/Citrate, HCI 44,7 124,1 98,1 102,8 97,8
AuNPs/PEG, NaNO3 43,5 118,9 98,5 104,2 104,6
AuNPs/Citrate, NaNO3 38,1 - 89,3 95,9 103,7
mean total recoveries (98,91 *4,23)% for the analytical range (1,25-15 ng/mL)

CONCLUSIONS

In this work, oxidizing salts, and specifically NaNOs, have been
used for the first time instead of classical acidic dissolution for the
electrochemical detection of AuNPs-based nanoimmunoconjugate
labels with immunosensing purposes. Additionally, a new strategy
to increase the immunosensor sensitivity by producing nanoim-
munoconjugates easier to oxidize has been introduced by a PEG
ligand exchange on the gold surface. In order to evaluate the real
applicability of the new protocol, an immunosensor for htMMP9
detection in human plasma has been developed using AuNPs-
based immunoconjuges as the analyte recognition and tag tool.
The immunosensor exhibited a linear range from 0,18 to 23
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ng/mL, and LoD and LoQ around 0,06 and 0,2 ng/mL, respec-

tively. The recoveries obtained in the accuracy assays in diluted

human pooled plasma were between 95-105% over the 1,25-15

ng/mL working range, equivalent to 15-600 ng/mL in pre-diluted

plasma, a range that includes the physiological and pathological

concentrations of hMMP9 expected in clinical samples (20-600

ng/mL). These results have been achieved taking advantage of the

following issues:

— the successful optimization of the components of the im-
munosensor on a model assay format, achieving a 10-fold im-
provement in the LoD;

— the assessment of several oxidant salts for the non-acidic elec-
trooxidation of AuNP;

— the use of NaNOj for the electrochemical detection of AuNPs,
which has been demonstrated here for the first time as an en-
vironmentally friendly alternative compared to the corrosive
acid solutions employed in previous reports;

— and the introduction of the AuNPs citrate-PEG ligand ex-
change to produce a AuNPs/PEG-based immunonanoconju-
gate less compact and with gold surface easier to oxidize,
which coupled to the use of NaNOs/NaCl as the electrochem-
ical measurement improved the electrochemical immunosen-
sor response, providing current values similar to those ob-
tained when using AuNPs/citrate-based nanoimmunoconju-
gate and HCIL.

The two last aspects could be relevant also for the development of
novel biosensors based on the detection of AuNPs employing
other electrochemical methods and electrode types. Moreover,
moving towards the production of green and successful biosensor
platforms fits the social demand for safe, efficient and sustainable
diagnostic tools.
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