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Multilayer films made of poly(diallyldimethylammonium) (PDDA), gold nanoparticles (AuNP) of 10 nm
diameter and lactate oxidase (LOx), were built for the first time, by layer-by-layer (LBL) assembly tech-
nique onto both quartz and gold substrates. The surface plasmon resonance (SPR) band of AuNP was
used for monitoring the film growth and adsorption kinetics on PDDA monolayer supported onto quartz
substrate. In the case of polycrystalline gold surfaces, electrochemical characterization was performed by
means of cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The latter system
was used as bioelectrode for L-lactate quantification, showing a short time response (<10s) with high
sensitivity of 63 +£3 pAmM~'cm~2, detection limit of 0.47 wM and linear range between 0.001 mM and
0.25 mM. This bioelectrode was also tested for L-lactate analysis in yogurt and fermented milk, and it
was checked that typical interfering as glucose and citric, acetic and ascorbic acids do not play a role.
Present results indicate that self-assembled multilayers made of PDDA/AuNP/LOX are suitable thin films
for electroanalytical determination of L-lactate in real samples.
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1. Introduction

The quantification of L-lactate is of great importance not only
in clinical field since it is associated with cellular derangements
but also in food industry given that it is linked to stability, stor-
age quality and freshness in dairy products, sausages, wines,
fruits and juices [1,2], and to the monitoring of fermentative pro-
cesses [3]. A wide variety of analytical techniques, such as liquid
and ion exclusion chromatography and capillary electrophore-
sis, have been typically used for the analysis of lactic acid [4-6].
Although highly accurate, most of these techniques are often time-
consuming and require laborious sample treatment, expensive
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instrumentation and highly trained personnel. Additionally, the
development of biosensors with L-lactate oxidase (LOx) immobi-
lized onto electro-active surfaces is of great interest for routine
analysis of L-lactate in real samples due to several advantages, such
as high specificity, rapid response, low cost, portability, and poten-
tial for miniaturization and direct assessment [2,7]. Hence, lactate
biosensor technology is a field of current development and several
approaches has been recently applied in different research areas
[2,8,9]. Most of these devices are based on the enzymatic oxidation
of L-lactate to pyruvate, where the reduced enzyme species (LOX)eq
is oxidized by a natural mediator (M) as molecular oxygen (05 ), or
artificial mediators (e.g. ferrocene methanol [10] or tetrathiafulva-
lene [11]), being the electroanalytical signal given by the oxidation
of the M,¢q, as follows, Egs. (1)-(3):

l-Lactate + (LOx)ox — Pyruvate + (LOX)eq (M

(LOX)req+ Mox— (LOX)x*+ Mieq (2)
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Meq —Moxte (3)

The immobilization of enzyme molecules onto electrode sur-
faces is one of the most important steps in the construction
of a biosensor, being necessary “friendly” methodologies that
retain or improve the catalytic properties of the enzyme. In the
case of LOx based biosensors, different strategies have been used
[2], such as incorporation into mesoporous silica matrices con-
taining cobalt phthalocyanine [12], sol-gel film on multi-walled
carbon nanotubes/platinum nanoparticles [13], laponite hydrogels
[14,15], covalent attachment to thiols [16,17], and layer-by-layer
assembly with polydiallyldimethylammonium chloride (PDDA)
and MnO, nanoparticles [18]. In particular, the layer-by-layer (LbL)
self-assembly technique allows a rational design of multilayered
architectures in a simple and reproducible way, with efficient
immobilization of enzymes and also nanoparticles (NP)[19,20]. The
incorporation of the latter into these supramolecular assemblies
usually produces superior catalytic and sensing properties. For this
purpose, gold nanoparticles (AuNP) are very suitable nanomate-
rials due to their excellent biocompatibility, large specific surface
area, and electrical conductivity [21,22]. These features provide an
appropriate nano-environment with larger exposed surface for the
immobilization of active enzymes, enhancing the electronic cou-
pling between the enzyme and the electrode [21,23-26]. Moreover,
it has been shown that the incorporation of metal NP in the immo-
bilization matrix leads to a broader enzymatic working pH and
temperature range, in comparison with the native enzyme [19].

Considering the above results, in the present work we extended
our study on bioelectrodes containing LOx [10,14,15], char-
acterizing an L-lactate amperometric biosensor made with a
layer-by-layer (LbL) film composed of PDDA/AuNPs/LOx supported
onto a thiol-modified polycrystalline gold electrode (PGE) sur-
face. The interaction of AuNP with PDDA was also analyzed by
absorption spectroscopy both in aqueous solution and at a quartz
surface. The electrochemical properties of the bioelectrode have
been characterized by chronoamperometry (CA), cyclic voltamme-
try (CV) and electrochemical impedance spectroscopy (EIS). Finally,
the electroanalytical performance of the biosensor was evaluated
for determination of L-lactate in standard solutions and also in
commercial dairy products, and the effect of common interfering
compounds were also analyzed. The presented results confirmed
the suitability of this supramolecularly assembled bioelectrode for
the fast quantification of L-lactate in dairy products.

2. Experimental
2.1. Reagents and materials

Lactate oxidase (LOx, EC 232-841-6 from Pediococcus species)
20 units.mg~! solid, citrate buffer-stabilized gold nanoparticles
(AuNP) of 10 nm diameter (certificated concentration of 4.7 nM),L
—(+)-glucose, citric acid, ascorbic acid, polydiallyldimethylammo-
nium chloride (PDDA, MW =100-200 kDa) 20% aqueous solution,
3-mercapto-1-propane sulfonic acid sodium salt (MPS), fer-
rocene methanol (FcMe), potassium ferricyanide and ferrocyanide
(K3[Fe(CN)g] and K4[Fe(CN)g]) and L-(+)-lactic acid lithium salt
97% were purchased from Sigma-Aldrich. Phosphate sodium salts
NaH;PO4 and Na;HPOy4, and sodium hydroxide were reagent grade
from J. T. Baker (Mexico D.F.). Organic solvents such as acetic
acid and ethanol were analytical grade (Cicarrelli SRL, Argentina).
Solutions were prepared from Milli Q (Millipore) deionized water.
Compressed ultrapure N, (99.99%) was purchased from Indura SRL
(S.M. de Tucuman, Argentina).

2.2. Electrochemical measurements

Cyclic voltammetry (CV), electrochemical impedance spec-
troscopy (EIS) and chronoamperometry (CA) studies were carried
out with the Autolab system equipped with a PGSTAT 30 poten-
tiostat and GPES/FRA 4.9 software package (Eco-Chemie, Utrecht,
Netherlands). Working electrodes were prepared by modification
of polycrystalline gold electrode (PGE) of 2 mm diameter. A large-
area platinum wire was employed as a counter electrode. All
potentials are reported against the reference electrode Ag|AgCl|Cl~
(3M). CA measurements were registered at 400 mV under con-
vective conditions in Ny-satured solutions by gas bubbling during
30 min prior to each measurement. In turns, EIS measurements
were carried out in 5 mM K3[Fe(CN)g] +5 mM K4[Fe(CN)g ] prepared
in 0.1 M KCl. Amplitude of the alternate voltage was 10 mV at a bias
potential of 200 mV and frequency range 0.05 Hz-10 kHz.

Zeta-potential measurements of the AuNP solutions in citrate
was measured with a SZ-100 Nanopartica instrument (Horiba, USA)

All experiments were carried out at room temperature by trip-
licate and reported results are presented with their respective
standard deviations.

2.3. Preparation of composite multilayer films onto quartz
surfaces

Supramolecular films containing PDDA, AuNP and LOX were
build up by layer-by-layer (LbL) methodology [27], on the inner
faces of modified quartz cuvette according to previous report [28].
Afterwards, a 0.2% w/v PDDA in 0.1 M phosphate buffer pH 7.0 was
placed in the treated quartz surface in order to deposit the poly-
cation by electrostatic interactions with the negatively charged
surface. The LbL film was completed by alternated immersions of
solutions containing AuNP and LOx (2 mg/ml), respectively. The
dipping times used for adsorption of PDDA and LOx were 20 min
and 30 min, respectively [29]. For the adsorption of AuNP, the opti-
mal adsorption time of 60 min was determined by monitoring the
increment of the absorbance of the surface plasmon resonance
(SPR) band using a Agilent 8453 spectrometer (Palo Alto, CA, USA).

2.4. Preparation of composite multilayer films onto gold surfaces

Previous to the preparation of the composite multilayer film, the
surface of the PGE was polished with alumina powder as described
elsewhere [29]. A roughness factor (real area/geometric area) of
3.8+ 0.4 was determined by cyclic voltammetry at 100 mVs~! con-
sidering that the reduction of the gold oxide monolayer requires a
charge of 420 u.C.cm~2 [29]. Subsequently, the Au surface was thi-
olated by immersion during 30 min into a 0.02 M MPS prepared in
0.016 M H,S04 [30]. After thoroughly rinsing of the PGE/MPS mod-
ified electrode with ultra-pure water, the LbL film was prepared by
deposition of PDDA, AuNP and LOx, as described in the previous
section.

2.5. L-lactate determinations in dairy products

Yogurt and fermented milk samples were diluted with phos-
phate buffer solution (0.1 M pH 7.0), 1:2 and 1:5 respectively; and
afterwards added to 5mL of the same buffer containing 0.2 mM
FcMe. Analyte concentrations were determined by the standard
addition method. The amperometric determinations were vali-
dated with a standard spectrophotometric method based on the
absorbance at 340 nm of NADH formed in the presence of L-lactate
by L-lactate dehydrogenase (Boehringer Mannheim/R-Biopharm,
Cat. No. 10139084035, ISO 8069:2005).
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3. Results and discussion

3.1. UV-vis absorption characterization of the composite
multilayers

Fig. 1a shows the absorbance changes of the surface plasmon
resonance (SPR) band of AuNP stabilized with citrate buffer solution
placed into a quartz cuvette with internal faces modified with an
adsorbed PDDA monolayer. The absorption spectra were registered
as a function of the contact time t. with an aqueous stock solution
of AuNP (cpunp =4.7n1M) and after rinsing with ultra-pure water
to remove the non-adsorbed AuNP. The SPR band of AuNP aque-
ous solution (blue-shaded spectrum) shows the typical absorption
maximum at 517 nm corresponding to spherical gold nanoclusters
of ~10 nm diameter [31]. However, after contact with the modified
quartz surface a red-shifted and broader SPR band was observed.
This spectral distortion was produced by electrostatic binding of
the AuNP onto the positively charged quartz surface, since the
Zeta-potential value of the AuNP measured in citrate buffer was
—63 £3 mV. The adsorption kinetics monitored by the absorbance
increases of the SPR band of AuNP followed a first-growth kinet-
ics with a lifetime of 59 + 3 min, reaching a plateau above 200 min
(Inset of Fig. 1a). This saturation time value was similar to those
observed for the adsorption kinetics of AuNP onto different type of
surfaces immersed in solutions with similar initial concentration
in the nanoparticle solutions than the used in the present work
[25,32].

Due to the simple rate law for the adsorption kinetics, it can be
assumed that the adsorption process of AuNP is mainly governed by
the diffusion of the nanoparticle, i.e. Daynp. For diffusion controlled
adsorptive processes of unstirred solutions to planar adsorbing sur-
faces, the surface coverage, I', is proportional to the square root of
the adsorption of contact time t, Eq. (4) [33]:

' = 2co(Daune/m)"/ 2t /2 (4)

This equation implies that for the early stages of the adsorp-
tion, every AuNP that touches the quartz surface modified with
PDDA sticks on it. As no self-interactions between neighboring
adsorbed AuNP are produced, I" values can be calculated from the
SPR absorbance of the AuNP (Supplementary Material). From the
linear regression of the calculated data with Eq. (4), the bulk diffu-
sion coefficient Daynp =5.1 x 10~11 m2 s~ for AuNP was calculated
from the slope value. This Daynp Value is close to the one calculated
from the classical Stokes-Einstein equation for spherical AuNP with
radius of 5nm, i.e. D=kT/6rhr [32], 4.9 x 10~ 11 m? s~!, confirming
the diffusional control of the adsorption process.

Similar band red-shifting and broadening that in the case of the
adsorption process were observed by adding PDDA to the aque-
ous dispersion of AuNP, but in this case the spectral changes were
dependent on the polycation concentration (Fig. S1, Supplemen-
tary Material). To compare the spectral changes of the SPR band
obtained in each case, the variation of absorbance ratio Agpg/As17
was evaluated as a function of either t; or PDDA concentration
(Fig. 1b). For the adsorption of AuNP onto the PDDA layer, the
ratio Agoo/As17 increased suddenly with t4 up to a constant value
of around 0.6, confirming that the spectral distortion of the SPR
band was independent on the concentration of adsorbed AuNP.
Conversely, for the AuNP dispersed in water, the increment of poly-
cation concentration produces a maximum value of Agpg/As17 at
1.5% PDDA, where the largest distortion of the SPR band was pro-
duced (Fig. S1, Supporting Material). However, with extra amounts
of PDDA the ratio Aggg/As17 was also constant and closer to 0.6.
The position and shape of the SPR band of AuNP is very sensitive
to several factors, including self-aggregation [31,32,34]| or changes
of the surrounding nano-environment of the AuNP [31,35]. Under
AuNP aggregation conditions, in-plane self-interactions are cer-

tainly stronger than the coupling with the surrounding medium.
In such a case, a large modification of the SPR band with the
appearance of intense absorbance bands above 600 nm due to new
longitudinal light absorption modes is produced [31,36]. In the
present case, the AuNP in-plane self-interactions are ruled out,
since the SPR band did not change with t. during the adsorption
kinetics of AuUNP onto the PDDA layer (i.e. Agoo/As17 Was constant),
confirming that only AuNP-PDDA interactions were occurring as
the amount of adsorbed AuNP was increased. Thus, the spectral
distortion of the SPR band of the adsorbed AuNP can be assigned
to the local change of dielectric constant produced by the positive
charged PDDA monolayer, as it has been previously observed for
AuNP adsorbed onto both PDDA [24] and quaternized chitosan [22]
based multilayers.

On the other hand, the dependence of the spectral shape of the
SPR band of aqueous AuNP suspension with the polycation con-
centration can be the result of the formation of different types
of AuNP-PDDA aggregates. Up to 1.5% w/v PDDA the largest spec-
tral distortion of the SPR band was detected; and further addition
of polycation produced a SPR absorption band similar to that
observed for the AuNP adsorbed onto PDDA monolayer (Fig. 1b).
This behavior in solution can be interpreted by the change of the
electrostatic balance produced by the interaction of the negatively
charged nanoparticles and the polycation molecules. The addition
of polycation until 1.5% w/v produces the progressive electrostatic
neutralization between AuNP and PDDA favoring the formation of
supramolecular aggregates. Above this concentration, polycation
excess induces electrostatic repulsion in these aggregates render-
ing AUNP-PDDA adducts with similar spectral properties than those
observed for the adsorbed AuNP onto PDDA monolayer (Fig. 1b).

Fig. 2 compares the UV-vis absorption spectra of up to four
(i.e. n=1-4) multilayer films made of (PDDA/AuNP/LOX), onto the
internal faces of a quartz cuvette, as described in section 2.3. As
both the enzyme and the polycation are transparent above 300 nm,
the incorporation of AuNP after each dipping cycle was easily mon-
itored by the absorbance increase of the corresponding SPR band.
The inclusion of LOx in the multilayers almost did not changed
the SPR band of adsorbed AuNP, suggesting that the enzyme does
not largely modify the nano-environment sensed by the AuNP [24].
Nevertheless, as the number of multilayers was increased, the SPR
band maximum was shifted from 525 nm to approximately 549 nm
(Fig. 2). The good linear increment of the SPR absorbance at 549 nm
with the number of deposited multilayers indicates an additive
and uniform adsorption of AuNP (inset a of Fig. 2). Furthermore,
the absorbance ratio Aggg/As49 Was almost constant after the for-
mation of the second multilayer (inset a of Fig. 2). These results
can be associated with a “sandwich-like” supramolecular assem-
bly of the adsorbed multilayers that does not modify significantly
the nano-environment sensed by the AuNP [24]. To confirm this
behavior, the inset b of Fig. 2 compares the SPR bands of AuNP
dispersed in water with different amount of PDDA (Fig. S1, Sup-
porting Material) after baseline correction by subtraction of the
sample scattering assuming a quadratic polynomial dependence
with wavelength. It can be observed that both absorption maxi-
mum and band shape of the coiled AuNP-PDDA aggregates obtained
with 1.5% w/v PDDA are almost the same that those for the adsorbed
multilayers at n > 2, while for the suspension with 3.0% w/v PDDA
the same spectrum was observed than for the first adsorbed mul-
tilayer. Thus, under the present experimental conditions, it can be
expected a “sandwich-like” supramolecular assembly where AuNP
are intercalated between the PDDA and LOX layers without strong
inter-nanoparticle interactions.

The estimation of the surface coverage I" by AuNP after the for-
mation of each multilayer composed by (PDDA/AuNP/LOx), was
performed using the same procedure than for the PDDA/AuNP
bilayer onto quartz surface (see previous section). The calculated
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Fig. 1. (a) Absorption spectra of the surface plasmon resonance (SPR) band of AuNP dispersed in water (blue-shaded spectrum) and during adsorption onto a PDDA modified
quartz surface (red-shaded spectra) as a function of the contact time t. (0-160 min). Inset: Adsorption kinetics for AuNP onto PDDA monolayer. (b) Variation of the SPR
absorbance ratio Aggo/As17 for adsorbed AuNP onto PDDA modified quartz surface as a function of t. and for bulk solutions at different PDDA concentration. (c) Dependence

of surface coverage I" with the square root of the dipping time, Eq. (4).

I" values increased from 2.6 x 10'! to 4.1 x 10!! AuNP per cm?
between the 1st to the 4th multilayer, respectively. Hence, tak-
ing into account that the projected area of a spherical adsorbed
nanoparticle of 10 nm diameter is about 7.8 x 10~13 cm?, the per-
cent of surface coverage increased approximately from 20% for the
1st multilayer to 33% for the 4th multilayer, respectively. For AuNP
of different symmetries producing 1:1 distance/diameter ratio the
highest percentage of coverage that can be reached is about 55%,
due to repulsive interactions among nanoparticles [37]. Indeed, the
previous reported values confirm this fact, since a coverage of 22%
and 25% has been informed for AuNP deposited on poly(allylmine

hydrochloride) [37], and on silicon wafers derivatized with (3-
aminopropyl) triethoxysilane [38], respectively.

The coverage values obtained in the present system are similar
to those found the formation of the 1st to 4th PDDA/AuNP bilayers
in multilayer assemblies without insertion of enzymes, e.g. 19% and
43% respectively [22]. Comparing both sets of data for the 4th mul-
tilayers, the lower nanoparticle coverage for assemblies containing
LOx can be the result of the total negative charge of the enzyme at
neutral pH that competes with the negatively charged AuNP for the
adsorption sites at the polycation.
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PDDA after baseline scattering subtraction with a quadratic polynomial function.

3.2. Influence of multilayer component on the modified electrode
performance

The conductive features of the PGE modified with the compos-
ite multilayers were studied by EIS and CV using Fe(CN)g3~/4~ and
FcMe as redox probes, respectively.

Fig. 3a displays the Nyquist plots for the modified electrode
after each adsorption step. The impedance curves were well-fitted
(solid lines in Fig. 3a) using the classical Randles circuit model
(Fig. 3b). The calculated parameters are reported in Table S1 of
Supplementary Material. The relevant recovered parameter is the
charge-transfer resistance (Rc¢), which is related with the diameter
of the semi-circle obtained at high frequencies of the impedance
plots. Thus, larger values of R, mean a major kinetic inhibition of
the electron-transfer process induced by the components of the
multilayer system [39]. The sequential changes observed for Rt as
function of the electrode composition are explained in terms of the
electrostatic interactions between the negatively charged species
of the mediator and the different outer layers at the electrode sur-
face, except for the AuNP layer. The decrease in Rt after the AUNP
incorporation in the film confirms the role of the gold nanopar-
ticles in enhancing the electron transfer rate of the redox couple
[40]. For a system with single electron-transfer kinetics and free of
mass-transport complications, as it is given by enough separation
in frequencies between kinetic and mass-transport effects, the Rt

value is related with the standard heterogeneous rate constant k°
by Eq. (5) [41]:

o RT

kK= ———
FZACRct

(5)

where R is the universal constant of ideal gases, T is the abso-
lute temperature, n the number of electrons transferred, F is
the Faraday constant, A is the total electrode area, and c is the
molar concentration of redox species (c=Cox =Creq)- Fig. 3¢ shows
the variation of kO for different compositions of the multilayer
onto the electrode, which are considered as “apparent” hetero-
geneous rate constants since depend on the complexity of the
electrochemical system (i.e. real electro-active area, ion perme-
ability and blocking properties). For the bare PGE, the calculated
k9=3.7x10"2cms~! agrees with those previously reported by
Sabatani et al. [42] at similar experimental conditions (k=1.9-
5.8 x 1072 cm.s~1). After incorporation of the MPS layer, k® was
reduced to 2.5 x 10-3 cm.s~! as consequence of the lower ion per-
meability of the MPS layer and the electrostatic repulsion to the
redox probe Fe(CN)g3~/4~ [30]. The further adsorption of PDDA
layer slightly increases k°=4.2 x 10-3 cms~1, as result of electro-
static attraction towards the redox probe. The incorporation of the
AuNP in the multilayer also increases k0, e.g. 1.1 x 10~2cms—!,
despite of the negative charge of the colloids, which improve the
conductive properties of the composite multilayers films [41]. The
incorporation of LOx decreases k® one-order of magnitude, a similar
reduction was reported by Gamero et al. [17] for LOx adsorption on
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Fig. 3. (a) Nyquist plots for the bare and different modified gold electrodes in
the presence of 10mM [Fe(CN)g]*~/4~ in 0.1M KCl. (s ) PGE, (- ) PGE/MPS, (a )
PGE/MPS/PDDA, (+ ) PGE/MPS/PDDA/AuNP, and (- ) PGE/MPS/PDDA/AuNP/LOX. Solid
lines represent the fitted impedance curves using the Randles circuit. (b) Randles
circuit. (c) k° for (- ) Fe(CN)s>~/4~ and (o ) FcMe at different stages of surface modi-
fication.

Au-DTSP electrode (gold electrode modified with a self-assembled
monolayer of dithiobis-N-succinimidyl propionate).

Hence, the overall diffusion coefficient D=1.48 x 10~6 cm? s~1
was estimated using Eq. (6) [43], which is a typical value found for
this redox probe [44-46],

2
b (M) )

n2F2Aco

where R, T, n, F, A and c are the same as in eq. 4, ¢ is the frequency
dependence of the impedance.

Fig. 4a shows the cyclic voltammograms of 0.2 mM FcMe in
0.1M phosphate buffer pH 7.0 for the different stages of PGE

d 1.4
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< \4 -
<© oW \900 P&P&\A $QWO

) e O

* W @O N

?O?/ g Q%\ \?00
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Fig.4. (a) Cyclic voltammograms obtained at scan rate of 50 mVs~! of 0.2 mM FcMe
(in 0.1 M phosphate buffer pH 7.0) with: (_ ) PGE, (. ) PGE/MPS, (----) PGE/MPS/PDDA,
(.. ) PGE/MPS/PDDA/AuNP, and (-------) PGE/MPS/PDDA/AuNP/LOx. (b) Peak sepa-
ration, AE, and peak current, i,, variations for the different stages (oxidation: . ;
reduction: O ).

surface modification. On the bare PGE, the redox couple exhibits
the expected reversible behavior for one-electron charge transfer
reactions showing a peak separation (AEp) of 65mV and similar
anodic and cathodic peak current values ([ip,q| & |ip.c|). After con-
secutive incorporation of MPS and PDDA, the AE, increased to
178 and 237 mV, respectively, and the peak currents i, decrease
sequentially (Fig. 4b). This behavior indicates that the charge reac-
tion of the redox probe is progressively inhibited by the presence
of the alkanethiol monolayer and subsequent PDDA adsorption.
Mokrani et al. [28] have shown that MPS monolayers are not per-
meable to FcMe and, on the other hand, repulsive electrostatic
interactions have been reported between the positive PDDA out-
erlayer and the oxidized radical cation ferricinium (FcMe'*) [27].
Indeed, the charge effect is more evident for the reduction reac-
tion (|ip,c|<lip,al) because of the radical cation FcMe™* species
have to diffuse to a lesser permeable (PGE/MPS) or positively
charged surface (PGE/MPS/PDDA). The AuNP inclusion into the
multilayers reset both AE, and i, to almost the values obtained
for bare PGE. Otherwise, the enzyme adsorption increased again
AEp, and decreased i, confirming its immobilization. In addi-
tion, similar i, values were obtained for the composite multilayer
(PGE/MPS/PDDA/AuNP/LOX).

Additionally, the k9 values for FcMe (hollow circles in Fig. 3¢)
were calculated from the CV results employing the Nicholson
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Fig. 5. Cyclic voltammograms of (a): PGE/MPS/(PDDA/LOX),; and (b):
PGE/MPS/(PDDA/AuNP/LOx), in 0.1M phosphate buffer solution, pH 7, con-
taining 0.2 mM FcMe in the absence (i) and presence (ii, iii, iv) of 0.2 mM L-lactate,
where n denotes the number of multilayers, n=1 (i, ii), 2 (iii), 3 (iv). Scan rate
1mVs~1. (c) Effect of solution pH on the response of PGE/MPS/(PDDA/AuNP/LOX);
in presence of 0.2 mM L-lactate.

[47] and Lavagnini [48] procedures as described in Supplementary
Material. Despite of the different k? values for FcMe’*/FcMe and
Fe(CN)g3—/4- (see Table S2), the variation of k° with the multilayer
composition was similar for both redox probes (Fig. 3¢), indicating
that the electron charge transfer is only controlled by the surface
properties (i.e. charge, permeability, conductivity) at each modifi-
cation stage and not by the charge of the redox probe.

3.3. Electrocatalytic behavior of the PDDA/AuNP/LOx films
towards L-lactate oxidation

Fig. 5a and b compare the cyclic voltammograms of 0.2 mM L-
lactate with the presence of 0.2 mM FcMe as enzymatic mediator in
0.1 M phosphate buffer pH 7.0 for the PGE/MPS/PDDA/LOX without
and with the presence of AuNP, respectively. In all the cases, when
the L-lactate was added to the solution, well defined sigmoidal cat-
alytic waves were obtained as result of the reactions described in
rent was increased with the number of adsorbed enzyme layers,
and in the presence of AuNP an extra 2.5-times increment of the
catalytic current was obtained. This result could be attributed to
the well-recognized AuNP properties, such as large specific surface
area, reduction of the effective electron transfer distance [49], and
excellent biocompatibility [23].

6
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Fig. 6. Amperometric response at 400 mV on PGE/MPS/(PDDA/AuNP/LOx),, with
n=(a)1,(b)2and(c)3, for successive additions of L-lactate to 0.1 M phosphate buffer
pH 7.0 with 0.2 mM FcMe. Inset: Calibration plots of the respective amperometric
curves.

The effect of the pH solution on the catalytic current for
PGE/MPS/(PDDA/AuNP/LOx); shows that at pH>6 the enzymatic
activity was optimal, in agreement with [12,15,50], confirming the
biocompatibility of the multilayer.

3.4. Electroanalytical performance of the biosensor

Fig. 6 shows typical current-time plots obtained with
PGE/MPS/(PDDA/AuNP/LOX), upon successive additions of L -
lactate. For all multilayers films, well-defined steady-state current
with response time around 10-12 s was observed, indicating that,
regardless of the number of layers, the films are perfectly perme-
able toreagents and products of the enzymatic reaction. Multilayers
films sensitivities (26+3, 47+4 and 63+3 uAmM~!cm~2, for
n=1, 2 and 3; respectively) confirm that the catalytic activity
increase with the number of enzyme layers, but not linearly. This
might suggest that the same amount of enzyme is not adsorbed
in each layer or that the lower layer enzyme molecules are not
all available. Moreover, the linear range is the same for all films
(up to 0.25 mM), indicating that the limiting step is the enzymatic
reaction [51]. Considering these facts, and the balance of electrode
time preparation/sensitivity obtained, we choose the bioelectrode
with three enzyme layers for the analytical porpoises. Table 1 com-
pares the analytical parameters of PGE/MPS/(PDDA/AuNP/LOx)3
with others bioelectrodes (with different surface modification) pre-
viously reported in literature.

The Kif® value, calculated accordingly to Eadie-Hofstee plot (Fig.
S2, Supplementary Material) (4.440.2) x 10~4 M, was close to the
one for the free enzyme [52], 2.3 x 10~4 M, confirming that no sig-
nificant conformational changes occurred as a result of enzyme
immobilization into the composited multilayer.

The reproducibility of the measurement was evaluated by deter-
mining the sensitivity of five successive amperometric calibrations
assays, using the same electrode surface, obtaining a relative stan-
dard deviation (R.S.D.) of 6%. On the other hand, the reproducibility
between three bioelectrode prepared from the same batch of solu-
tions, yielded also R.S.D. of 6%. Furthermore, the evaluation of
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Table 1

Electroanalytical properties of different modified electrodes containing immobilized Lactate oxidase (LOx).

Modified electrode

Linear range (mM) Detection limit (wM) Sensitivity (WAmM~' cm?) Electroactive species Response time (s) Ref.

PGE/PDDA/AuNP/LOX 0.001-0.25 0.47 £0.09
Au/LOx 0.03-0.3 10
Au/DTSP/LOx 0.12-0.2 40
Aug/DTSP/LOx 0.007-1.2 22
Auszpom /LOX 0.049-0.6 16.2
Auspom/DTSP/LOx 0.012-1.3 3.9
Albumin and mucin hydrogel 0.002-1 0.8
PtNP/CNF/PDDA 0.025-1.5 11
Mesoporous silica/Co phthalocyanine 0.05-1.5 18.3
Polyaniline-co-fluoroaniline film 0.1-5.5 100
Carbon paste modified with Niobium oxide 0.1-5.5 0.65
a-MoO3; nanowire 0.5-8 150
Poly- L-Lysine/poly(4-styrenesulfonate) 3x1074-0.3 0.1

63+3 FcMe <10 This work
3.8+04 HMFc - [52]
34+04 HMFc - [52]
0.38 HMFc - [17]
0.73 HMFc - [53]
1.51 HMFc - [53]
17.1+0.2 H,0, 50 [54]
36.8 H,0, [55]
4.54 H,0, 90 [12]
1.18 H,0, - [56]
1 H,0; - [57]
12.43 H,0; 10 [58]
68 H,0, 5 [59]

Detection limit was calculated as 3.30/S, where o is the standard deviation of the blank signal and S the sensitivity [60].

DTSP: 3,3'-dithiopropionic acid di(N-succinimidyl ester).
Aug: Rough gold surface.
Auspom: Three-dimentional ordered.

stability of the modified PGE indicated that ~85% and ~50% of the
initial sensibility was preserved after 10 and 30 days, respectively.
(Fig. S3, Supplementary Material).

3.5. L-lactate determination in real samples

The modified bioelectrode PGE/MPS/(PDDA/AuNP/LOx); was
also used for the quantification of L-lactate in yogurt and fermented
milk. Previously, the possible interference of other compounds pre-
sented in dairy products matrix such as glucose and citric, acetic
and ascorbic acids [53] was also analyzed using amperometry.
Each potential interfering compound was added to the electro-
chemical cell containing 0.2 mM FcMe + 0.1 mM L-lactate, at a molar
ratio [interferent]/[L-lactate] = 20. None of the analyzed substances,
except ascorbic acid (AA), presented electrochemical response at
the biosensor. Nevertheless, the AA/L-lactate molar concentration
ratio in real samples is usually <0.001 [10]. Moreover, considering
the previous dilution performed in real samples, the AA concentra-
tion in the electrochemical cell is about 10 nM, while the detection
limit for AA on the modified electrode was 7 uM as calculated from
the corresponding calibration curve (Fig. S4, Supplementary Mate-
rial). Hence, the interference of AA could be considered negligible.

Before to quantify the L-lactate content in yogurt and fermented
milk, possible matrix effects were analyzed in terms of the apparent
recovery (Rp), Eq. (6) [54]:

__ x(obs, 0+S) — x(obs, O)

A = X(5) (6)

where x(obs, O+S) is the observed value for the spiked sample,
x(obs, O) the observed value for the original, unspiked sample, and
X(S) the value for the spike. In separate experiments, three differ-
ent volumes of each real sample were added to the electrolytic cell
previously containing of 0.025 mM L-lactate. Then, an extra aliquot
of 0.025 mM L-lactate was added. The R4 values expressed as per-
centage were of 99%, 93% and 70% for 10, 15 and 30 p.L of yogurt
and 94%, 90% and 85% for 5, 10 and 25 p.L of fermented milk, respec-
tively. Hence, to minimize matrix interference effects, the lowest
real sample volume was used for analytical purposes. The aver-
age L-lactate levels as the result of three replicates were 69 + 3 mM
and 128 +4 mM for yogurt and fermented milk, respectively. These
results agree with those determined with a standard spectropho-
tometric method of 72+3mM and 131+ 6 mM for yogurt and
fermented milk, respectively.

4. Conclusions

Composite multilayers films of (PDDA/AuNP/LOX) were pre-
pared by means of self-assembled multilayers methodology on
quartz and PGE surfaces. Results indicate that AuNP adsorption
onto quartz surface was a diffusion-controlled process, without
significant in-plane interactions between adsorbed AuNP, and
absorbance changes observed in the SPR band were produced by
of nano-environment change due to the presence of PDDA at the
surface.

The presence of AuNP in the modified PGE improved electroan-
alytical parameters in relation to those without AuNP, as expected
for this type of nanoparticles in hybrid bio-assemblies [55].

Compared to other L-lactate biosensors (Table 1), the
PGE/MPS/(PDDA/AuNP/LOX )3, showed a remarkable analytical per-
formance, proving that the proposed films are suitable platforms for
LOx immobilization.

The electroanalytical performance of
PGE/MPS/(PDDA/AuNP/LOx);3 was appropriate for the selec-
tive detection of L-lactate in yogurt and fermented milk, opening
the feasibility to use it with other food and beverage matrixes.
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