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An amperometric biosensor based on an L-lysine-ci-oxidase (LO) layer immobilized by co-crosslinking onto the
surface of an overoxidized polypyrrole modified Pt electrode (Pt/oPPy) and able to analyse L-lysine (Lys) in un-
treated human serum is described. The sensing electrode has been characterised and a proper enzyme kinetics
optimisation permits to use a low specific enzyme as LO from Trichoderma viride for the selective biorecognition
of Lys in the presence of other interferent amino acids; a kinetics study of LO evidenced also the allosteric behav-
iour of this enzyme, a kinetic feature which was never reported before for this enzyme. The biosensor showed a
sensitivity of 0.11 pA/mM mm?, linear responses up to 4 mM and a limit of detection of 2 uM; the within-a-day
coefficients of variation for replicate (n = 5) were 0.92% and 1.35% at 4 mM and 0.2 mM Lys levels, respectively.
The permselective behaviour of Pt/oPPy modified electrode assured an interference- and fouling-free determina-
tion of Lys even in untreated serum samples. The determination of Lys in human serum from healthy donors gave
Lys levels in good agreement with the expected values so that the use of the proposed biosensor appears prom-
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ising in the relevant clinical fields.
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1. Introduction

L-Lysine (Lys) is a well-known essential amino acid, not synthe-
sized in man and other mammals so requiring to be assimilated
through food; in fact, a Lys misbalanced diet involves severe diseases
necessitating a dietary addition to foods and drug supplementation.
Anyway, Lys has a clinical and a medical relevance as well. As
examples, Lys levels in blood seem related to the leukemic cell
proliferation [1], HIV infections [2] and ageing progression too [3].
Furthermore, impaired intestinal absorption and renal tubular reab-
sorption of Lys (as arginine and ornithine) due to a defective cationic
amino acid transport leads to a severe disease, i.e. lysinuric protein
intolerance (LPI), involving diarrhea, hyperammonemia, interstitial
pneumonia, hepatomegaly and liver cirrhosis, osteoporosis and
bone marrow involvement [4]. Oral supplementation of Lys is
known to correct plasma Lys concentration in LPI [5] but large
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amounts of extra Lys can also contribute to the total nitrogen load,
further straining the already limited capacity of the urea cycle thus
inducing acute renal failure [6]. Accordingly, monitoring of Lys in
blood seems essential in LPI (as well as in other Lys related diseases)
for a correct pharmacological Lys supplementation thus avoiding or
minimising the side effects.

Lys and, more generally, amino acid analysis in biological fluids
usually requires a significant sample pre-treatment followed by
liquid chromatography (LC) with chemical derivatization for its
detection [7,8]; recently, more sophisticated approaches based on
NMR or LC-MS have been also proposed in the relevant clinical
field [9,10]. Nevertheless, even if well established, these analytical
methods do not satisfy the requirements for a simple, fast, accu-
rate and specific analysis, usually necessary in clinical and medical
fields, since requiring a time-consuming sample pre-treatment
and, more importantly, complex and expensive instruments. In
this respect, biosensors can play certainly a significant role
because of their compactness, rapidity, low cost, simplicity of
use, high sensitivity and specificity ruling out any sample pre-
treatment as well.

Lys sensing by biosensors has been approached till now using sev-
eral Lys specific enzymes coupled to different transduction schemes
(see Refs. [11-13] for update information about) but the most successful
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approaches are the electrochemical ones using L-lysine-a-oxidase (LO)
as enzyme according to the following scheme:

L-lysine + O, — o-keto-g-aminocaproate + H,0, + NHs

where successively a-keto-g-aminocaproate spontaneously dehy-
drates to Al-piperidine-2-carboxylate. The enzyme reaction, and
hence Lys, is usually monitored amperometrically by measuring or the
dioxygen consumption with a Clark-type electrode or, more usefully,
the hydrogen peroxide formation simply with a Pt electrode. Even if
straightforwardly, this approach is not without drawbacks. For instance,
LO, the enzyme used for the Lys biorecognition, is known to catalyse to
varying extents also the oxidation of other L-amino acids other than Lys
[14] while its selectivity towards each amino acid substrate can even
differ with the method used for its immobilization [15,16]. Conse-
quently, the interfering effect from other amino acids, particularly L-
ornithine and L-arginine, is the basic drawback observed in most Lys
biosensor using LO as biorecognition element: just as examples, typical
interference bias in Lys analysis from L-ornithine ranges from 28% up to
90% while L-arginine biased Lys analysis of 15% [16-18].

A further drawback in the above approach comes from the electro-
chemical oxidation of hydrogen peroxide which requires a relatively
high potential for its detection in amperometric mode: indeed, at this
detection potential, endogenous electroactive compounds from biolog-
ical fluids (e.g. ascorbate) are oxidized as well thus interfering with Lys
determination in real sample. Lowering of detection potential can im-
prove of course the selectivity of the amperometric detection but re-
quire the use of mediators like ruthenium/rhodium [11] or Prussian
Blue [19] and further electrode modifications which complicate the bio-
sensor assembly and its analytical performances. As an alternative,
electrochemical interferences can be effectively reduced using
permselective polymers electrosynthesized directly onto the electrode
surface of the amperometric detector: indeed, this approach is surely
advantageous with respect to the classical approach using up to three
membranes resulting in e.g. a high response time [20]. Actually,
permselective films from diaminobenzene monomers were used for
the construction of interferent-free Lys biosensors [21-24] but their ef-
fectiveness appears questionable particularly if mediators were also
coupled in some cases to reduce further the electrochemical inference
effects [11,24]. Notably, none of these cited approaches were applied
for the analysis of Lys in complex samples like biological fluids but lim-
ited to simpler sample analysis (e.g. pharmaceutical products and food
samples), probably due to the limited selectivity of these biosensors.

In our laboratory, a novel amperometric biosensor able to a highly
selective determination of Lys has been developed too. This achieve-
ment was obtained by immobilising LO by glutaraldehyde co-
crosslinking with bovine serum albumin onto the electrode surface of
the amperometric detector; a thoroughly optimization of the immobili-
zation procedure also permitted us to achieve a fast response biosensor
with high sensitivity and improved long-term stability which resulted
useful also for flow-injection applications [12]. Remarkably, by
switching the pH from weakly alkaline to weakly acid values and/or
by regulating the hydrodynamic behaviour of the biosensor, it was pos-
sible to tune the overall kinetic control of the biosensor from merely dif-
fusive to enzymatic or mixed mode thus improving the enzyme
specificity and minimising significantly amino acid interferences in Lys
analysis even using a low specific commercial enzyme like LO [13].
The so developed biosensor coupled to a permselective modified elec-
trode proved suitable for the quantification of Lys in several cheese sam-
ples satisfying the demands for precise and sensitive detection of Lys
with minimal sample preparation and clean-up [25]. In the present
paper, we will show that coupling an enzyme layer based on LO
immobilized by co-crosslinking with a Pt electrode previously modified
by an overoxidized polypyrrole film permits the development of a
highly selective biosensor for the analysis of Lys in more complex sam-
ple like human serum without any sample pre-treatment.

2. Experimental
2.1. Reagents and sample

L-Lysine, L-tyrosine, L-phenylalanine, ascorbic acid, L-lysine-a-oxi-
dase (EC 1.4.3.14, from Trichoderma viride, 49.31 units per mg protein),
glutaraldehyde (grade II, 25% aqueous solution) and bovine serum albu-
min (fraction V) were purchased from Sigma Chemical Co. (USA). L-cys-
teine, uric acid and pyrrole were purchased from Aldrich (Aldrich-
Chemie, Germany). All the other chemicals were of analytical reagent
grade. Before its use, pyrrole was purified by distillation under vacuum
at 52 °C. The pyrrole and interferent solutions were prepared just before
their use. L-Lysine stock solutions were stored at 4 °C. All aqueous solu-
tions were prepared in double distilled-deionized water. Human serum
samples from healthy donors come from a local hospital (Azienda
Ospedaliera San Carlo — Potenza) and immediately frozen at —20 °C
after their collection: human serum samples from healthy donors
were collected and used by Azienda Ospedaliera San Carlo in accordance
with its local ethics committee and informed consent was obtained
from donors for experimentation and use of their serum samples; fur-
ther, our Department provided us the relevant consent to use in our lab-
oratory biological sample for research purposes in accordance with the
ethics committee of our University.

2.2. Apparatus

A Gilson Minipuls 3 peristaltic pump (Gilson Medical Electronics,
Villiers-Le-Bel, France) and a seven-port injection valve (Rheodyne
mod. 7725, Cotati, CA, USA) equipped with a 20 pL sample loop were
used for the flow-injection experiments. A PEEK tubing (0.25 mm ID,
130 cm length) was used to connect the sample injection valve to the
EG&G Model 400 electrochemical detector (Princeton Applied Research,
Princeton, N.J.). The detector included a thin-layer electrochemical cell
with a Pt disk (3 mm diameter) working electrode and an Ag/AgCl,
3 M NaCl reference electrode; in some experiments, a dual Pt disk
(both 3 mm diameter) working electrode (parallel configuration) was
used. Two thin layer flow cell dual gaskets (Bioanalytical Systems, Inc.,
USA) of 0.004 inch thickness were used. A Kipp & Zonen (Delft BV, Hol-
land) mod. BD 11 E Flatbed Yt recorder was used for flow injection sig-
nal chart recording.

Controlled electrochemical deposition of polypyrrole film was
carried on a conventional three electrode cell equipped with a SCE
reference electrode and a Pt counter electrode by using an EG&G
model 263A potentiostat/galvanostat equipped with a M270 electro-
chemical research software (EG&G) version 4.23 for data control and
acquisition.

Enzyme-layer thickness was estimated by using an Alpha-Step 200
profilometer (Tencor Instruments, Mountain View, CA, USA): in these
experiments, the stylus mass was 8 mg and the scan rate was
0.2 mm s~ '. Environmental scanning electrode microscope (ESEM)
studies were performed with an ESEM XL30 FEI (Philips Electron Optics,
Eindhoven, The Netherlands).

2.3. Biosensor preparation

Each electrode modification has been preceded by a cleaning proce-
dure consisting in dipping the Pt working electrode in hot nitric acid and
then in polishing it by alumina (0.05 um particles), extensive washing
and sonication in bidistilled water.

The electropolymerisation of polypyrrole films (PPy) was per-
formed at +0.7 V versus SCE by using a 0.4 M pyrrole solution in
0.1 M KCl supporting electrolyte until a deposition charge of typically
300 mC/cm? was achieved. The Pt/PPy modified electrode was
overoxidized at 4+0.7 V versus SCE in a phosphate buffer (pH = 7.0,
[ = 0.1 M) until a steady-state background current was obtained
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(at least 7 h). Overoxidised Pt/PPy electrodes (Pt/oPPy) were then
washed and air-dried at room temperature.

Lysine biosensors were prepared by following the procedure else-
where developed by the authors [12,13]. 26.3 units of L-lysine-a-oxi-
dase (LO) were dissolved into 250 pL of phosphate buffer, pH 7.4, [
0.1 M: 50 pL of the enzymatic solution were then used to dissolve
2.6 mg of bovine serum albumin (BSA) and carefully mixed with 5 pL
of 5% glutaraldehyde (GLU) solution (25% GLU solution diluted 1:5
with phosphate buffer pH 7.4,10.1 M). Four pL of the resulting solution
were carefully pipetted onto the Pt/oPPy working electrode surface,
avoiding air bubble formation, and carefully spread out to cover
completely the electrode surface. The modified electrode was then air-
dried at room temperature for few minutes. The resulting Pt/oPPy/LO
modified electrode was preliminarily soaked in the background electro-
lyte for a few minutes just to removing weakly bound or adsorbed en-
zyme and to permit swelling of the enzyme layer. When not in use,
the biosensor was stored in phosphate buffer, pH 7.4,10.1 M, at 4 °C
in the dark. In dual working electrode experiments, both electrodes
were modified with an equally electrodeposited and overoxidized
oPPy film: successively, one electrode was modified with the enzyme
solution as above described while the other was modified by carefully
pipetting on it 4 pL of a solution obtained by carefully mixing 50 pL of
a BSA solution (2.6 mg of BSA dissolved in 50 pL phosphate buffer
pH 7.4,10.1 M) with 5 pL of 5% GLU solution; dual electrode measure-
ments were then performed in parallel configuration.

2.4. Film morphology and thickness

Profilometric measurements and ESEM studies were performed on a
modified Pt foil (10 x 15 x 0.127 mm) 99.99% pure (Aldrich) to measure
the enzyme layer thickness and illustrate film morphology respectively.
For this, the Pt foil was modified by an oPPy/LO layer exactly as de-
scribed in the “Biosensor preparation” section to produce a surface
modification almost identical to that prepared for modified electrodes:
in particular, almost a half of the Pt foil surface was modified by an
oPPy layer (deposition charge 300 mC/cm?), so to appreciate any mor-
phological difference between the Pt substrate and the polymer, while
a LO layer of 3 mm diameter was dropped onto the oPPy layer so to re-
produce exactly the sensing layer of here developed biosensor.

2.5. Electrochemical measurement

All the flow injection electrochemical measurements were per-
formed using a detection potential of +0.7 V versus Ag/AgCl/NaCl
(3 M) in acetate buffer (pH 5,1 0.1 M). Solutions and carrier stream
were air saturated and the temperature was ambient. The flow rate in
flow-injection experiments was 0.6 mL min ™' and the injection volume
was 20 pL.

2.6. Analysis of serum sample

Just before analysis, serum samples were thawed at room tempera-
ture, diluted 1:2 with acetate buffer pH 5,10.1 M (to minimise any un-
desired artefact during detection) and 20 pL injected. Lysine analysis in
serum was performed by the standard addition method.

3. Results and discussion
3.1. Biosensor construction and modified electrode characterization

The biosensor consists of a L-lysine-a-oxidase (LO) layer
immobilized by co-crosslinking onto the surface of a Pt electrode
previously modified by an overoxidized polypyrrole (oPPy) film.

Co-crosslinking [26], ie. an inert protein-assisted enzyme
crosslinking, is a valuable and easy enzyme immobilization procedure
for biosensor construction: by simply casting a small amount of the
proper [12] co-crosslinking enzyme solution onto the electrode surface,
an immobilized enzyme layer was realised thus allowing the construc-
tion of a biosensor displaying a fast-response time, high sensitivity
and stability. In agreement with previous findings [27-29], LO co-
crosslinking produced a very thin enzyme layer strongly adherent to
the electrode surface and mechanically very stable in stirred or flowing
solutions thus permitting also in the present case a flow-injection anal-
ysis of L-lysine (Lys) sample. Notably, co-crosslinking was so effective
for LO immobilization that enzyme leaking was never observed as
proved (vide infra) from the operational and storage stability of the bio-
sensor and from dual working electrode experiments where no enzy-
matic responses were observed at the unmodified working electrode
due to e.g. enzyme release from the adjacent enzyme layer: these last
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Fig. 1. Typical ESEM images of the LO enzymatic layer onto the oPPy film (a) and of oPPy film onto the Pt substrate (b). Experimental conditions as described in the Experimental section.
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features are in agreement with previous findings where the flow pres-
sures in the electrochemical cell were surely more notable [28,29].

oPPy films have been successfully used for the construction of inter-
ference and fouling-free biosensors [27,29]. Conducting polymers like
PPy display poor selectivity but PPy can attain successful permselective
behaviours by simply discharging the pristine PPy modified electrode
for a few hours at 4-0.7 V versus SCE [30], an overoxidation process of
the polymer which render PPy in its non-conducting form, i.e. oPPy.
Permselective polymers like those derived from diaminobenzene
monomers [21-24] grow as insulating, thin (nearly monolayer) film
and cannot grow more since insulating: on the contrary, conducting,
pristine PPy film can further grow until the desired thickness thus per-
mitting a further control on the permeation of interfering species and,
hence, a modulation of the permselective properties of the resulting
overoxidized polymer.

The chemical composition and structure of PPy and oPPy films have
been already described elsewhere ([30,31] and references therein).
Briefly, the overoxidation process of PPy generates on the polymer an
increment of some oxygenated carbon species and the formation of
COOH groups, which are particularly evident onto its outer surface
with respect to bulk; furthermore, the overoxidation process is followed
by an iminic transformation of nitrogen groups influencing further the

nature of the film. This picture, thus, should be explain the
permselective behaviour of oPPy films with respect to PPy ones.

The morphology of the oPPy film and the overlying enzyme layer
have been investigated by environmental scanning electrode micro-
scope (ESEM). ESEM was here used instead of classical SEM approach
since it is known to permit the collecting of electron micrographs of
wet specimens in a gaseous environment thus eventually minimising
any drastically alteration of the enzyme immobilising gel. Fig. 1 com-
pares some typical ESEM images of oPPy and LO layer with respect to
the Pt substrate. As can be seen, both oPPy and, particularly, the enzyme
layer showed a substantial homogeneity of their surface without any
structuration or holes; incidentally, those tiny imperfections visible
onto the oPPy surface as “black points” (see Fig. 1b) were similarly
found onto the Pt surface thus suggesting that the used Pt substrate
was not perfectly flat at that magnification and its imperfections were
also translated to the polymer due to the deposition process.

ESEM evaluation of oPPy thickness gave values in the range 0.8-1.33
um which compares well with the estimated thickness value of about
0.67 um, based on the assumption that a density charge of 45 mC/cm?
during the electrodeposition process produces a film thickness of 0.1
um [30]; please note however that the observed uncertainty from
ESEM measurements was due to the oPPy deposit of our specimen
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Fig. 2. Typical flow injection peaks due to repetitive injections of L-lysine standard solutions at a Pt/oPPy/LO biosensor. L-lysine concentrations: (a) 1.75, (b) 1.50, (c) 1.25, (d) 1.00, (e) 0.80,
(f) 0.60, (g) 0.40, (h) 0.20, (i) 0.10, (1) 0.08, (m) 0.06, (n) 0.04 and (0) 0.02 mM. Scale legend at the left applies for (a-g) peaks while scale legend at the right applies for the (h-o0) peaks in

figure. Experimental conditions as described in the Experimental section.
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which, at its interface with the Pt substrate, didn't grow suddenly at its
interface (as expected for our electrodes) but gradually inwards as
Fig. 1b shows. A similar but more lengthy curvature was also observed
in the case of LO layer (see Fig. 1a) as expected for the formation of a
gel deposit starting from a liquid drop (see the relevant section in the
Experimental section for a description of the enzyme immobilization
procedure). ESEM measurements gave LO thickness values in the
range 4-8 um which were less from those obtained from profilometric
measurements in air, i.e. 10 & 2 um: quite probably, the low pressure
in the ESEM camera partially dried the gel shrinking its thickness.

3.2. Kinetic behaviour of immobilized LO

The kinetic study and the following Lys analysis were per-
formed under optimised experimental conditions (pH 5, flow

rate 0.6 mL min~!) assuring an enzymatic kinetic control of
the biosensor, thus improving the enzyme specificity and
minimising significantly amino acid interferences in Lys analysis
[13].

Fig. 2 shows typical flow injection current responses relevant to re-
peated injections of standard Lys solutions at a Pt/oPPy/LO modified
electrode. As can be seen, the responses were almost identical at each
Lys level and nicely responsive peaks permitting a high sample through-
put (about 1 sample/min) were observed due to the low response time
of the biosensor (less than 6 s when measured as tg o5 in batch solution
[12]). The flow injection system here used for Lys analysis showed a
rapid start up time (less than 5 min), no drift in signal measurements,
allowed sample sizes as low as few microliters and low carrier con-
sumption (due to the low flow rate) while being simple, flexible and
cheap.
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Fig. 3. Calibration curve (a) and normalised current response Eadie-Hofstee plot (b) of data in Fig. 2; continuous and dashed lines in (a) refer to Hill and Michaelis-Menten fitting,

respectively.
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Fig. 3a reports the calibration plot of flow injection responses illus-
trated in Fig. 2 while Fig. 3b shows the relevant Eadie-Hofstee plot
(here plotted as normalised current response). Predictably, the calibra-
tion plot displays the well-known behaviour expected for an enzyme
catalysis, with linear and saturated responses at low and high substrate
concentrations, respectively: anyway, a closer and critical inspection
showed a significant deviation from the anticipated Michaelis-Menten
model usually adopted for enzyme catalysis. Indeed, the Eadie-Hofstee
plot improperly deviates from the expected linearity normally observed
for an enzyme under Michaelis-Menten kinetic while the calibration
plot significantly deviated from the hyperbolic behaviour described by
the Michaelis-Menten equation (compare the experimental points
with the dashed line obtained with a Michaelis-Menten fitting of the
data). Accordingly, a more complex kinetic behaviour is likely for the
present enzyme.

Many enzymes are indeed oligomers composed of distinct subunits
or monomers: LO, for example, is an enzyme with a molecular weight
of about 116 kDa but consisting of two identical subunits of approxi-
mately 56 kDa [14]. Enzymes in oligomer form quite often are com-
posed of identical subunits, each one with its proper catalytic site. If
these sites are identical and independent of each other, the binding of
a substrate at one site will not affect the binding of another substrate
molecule on the other sites: if the enzyme is a dimer, for example, it
will distributed in 3 different species, E, ES; and ES, (where E and S rep-
resents the enzyme and substrate, respectively), the velocity rate will be

R. Ciriello et al. / Bioelectrochemistry 124 (2018) 47-56

doubled by the presence of the 2 subunits but the velocity curve will be
the usual hyperbola representing the Michaelis-Menten model. Con-
versely, if the presence of substrate at one site does influence the sub-
strate binding to other sites or change the catalytic rate at other
occupied sites, then the substrate itself can behave as a modifier thus
giving substrate activation or inhibition: in these cases, the enzyme is
classified as allosteric, the sites are cooperative, and the velocity curve
will no longer follow the hyperbolic Michaelis-Menten kinetics but per-
haps a sigmoidal shape. Modelling an allosteric enzyme is quite com-
plex but a simplified version, known as Hill equation, can be used as
well [32]; in fact, it can be demonstrated that for an allosteric enzyme
with n equivalent subunits, the velocity equation v will be:

Vmax - [5
(Kos +[sI")

V= ’

(1)

where [s] is the substrate concentration, V.« the maximum velocity
and Koy 5 the substrate concentration at Vi,ax/2 (which reduces to Ky,
the Michaelis-Menten constant, when n = 1). If the cooperativity of
substrate binding is not so high, the Hill equation does not apply but it
can be still used to model the enzyme kinetics even if n will no longer
correspond to the actual site number but it is considered a coefficient,
the Hill coefficient, describing the cooperativity degree between sites:
in these cases, n has usually non-integral values and will be less than
the actual site number, but the next highest integer value above the
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Fig. 4. Typical flow injection peaks due to repetitive injections of L-lysine standard solutions at a Pt/oPPy/LO biosensor. L-lysine concentrations: (a) 20, (b) 10 and (c) 5 uM; trace (d) refers

to buffer injection. Experimental conditions as described in the Experimental section.
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calculated Hill coefficient will represent the minimum number of actual
sites in the enzyme [32].

According to this view, fitting of data points by Hill equation (see
Fig. 3a, continuous line) gave better correlation results (correlation co-
efficient R better than 0.999) with respect to the classic Michaelis-
Menten fitting: this suggests that LO behaves as an allosteric enzyme,
a kinetic behaviour for LO never reported before, as far as we know,
for this enzyme. Data fitting gave a Viax value of 7.9 + 0.2 YA, a Ko 5
equal to 4.9 4+ 0.2 mM and a Hill coefficient of 1.5 4 0.1: this latter
value is lower than the expected 2 suggesting that substrate binding co-
operation between the two LO subunit sites is not high. Please note that
these data are all apparent kinetic parameters since diffusional con-
strains and enzyme interaction within the immobilising layer can surely
affect the overall kinetics of the immobilized enzyme: anyway, a prelim-
inary kinetic study performed on LO in solution confirms the allosteric
behaviour of the enzyme already observed with the immobilized en-
zyme. A detailed study of LO kinetics both in solution and in its
immobilized state will be reported elsewhere.

3.3. Analytical performances of the Pt/oPPy/LO biosensor

Fitting of the linear part of the calibration curve shown in Fig. 3a gave
aregression line (R better than 0.9998) with a slope of 0.79 + 0.01 pA/
mM (see Fig. S1 in Supplementary data) corresponding to a sensitivity
of 0.11 yA/mM mm?. Sensitivity values reported for similar biosensors
typically refer to pH 7 or higher, where LO gives higher rates of catalysis,
while the present sensitivity was observed at pH 5 and in the presence

53

of an underlying oPPy film, which certainly lower the current response:
nevertheless, sensitivity here appears higher than e.g. that reported for a
LO biosensor using a similar enzyme immobilization approach [11]. Fur-
ther, the present Pt/oPPy/LO biosensor permitted also linear Lys current
responses up to 4 mM (see Fig. S1 in Supplementary data) which ap-
pears better than other biosensors using the same Lys detection ap-
proaches [11,33]. Finally, the within-a-day coefficients of variation for
replicate (n = 5) Lys injections were 0.92% and 1.35% at 4 mM and
0.2 mM Lys levels, respectively.

Fig. 4 displays the flow injection current responses at a Pt/oPPy/LO
modified electrode due to repeated injections of standard Lys solutions
at low concentrations. As can be seen, the present biosensor is able to
provide distinct Lys responses even at micromolar concentration levels,
being the artefacts due to the injection valve the main limit to Lys detec-
tion (compare Lys responses in Fig. 4 with response (d) due to buffer in-
jection). The Lys limit of detection (LOD) estimated at signal-to-noise
ratio of 3 was 2 pM corresponding to 40 pmol of Lys injected; such a
LOD is surely lower that many Lys sensing devices already described
elsewhere [13] and satisfactory for Lys sensing in biological fluids.

An operational stability study of the Pt/oPPy/LO biosensor was per-
formed by repetitive injections of Lys sample at 1 mM level under the
continuous run of the flow injection system. No significant differences
in Lys current responses were observed during all the working day (at
least 12 h) for almost all the biosensors fabricated in this study: in the
worst cases, the biosensor current response decreased of about 5% at
the end of the day. The storage stability was studied by discontinuously
monitoring the Lys sensitivities of 3 different Pt/oPPy/LO biosensors

(€]

—

)

0.05 pA

10 min

M v e e

© ® ® M

t

Fig. 5. Typical flow injection peaks at a Pt/oPPy/LO biosensor due to repetitive injections of (a) and (c) L-lysine 0.4 mM, (b) untreated human serum (diluted 1:2 with buffer), (d) buffer,
(e) L-phenylalanine 0.4 mM, (f) L-tyrosine 0.4 mM, (g) ascorbic acid 0.1 mM, (h) cysteine 0.08 mM and (i) uric acid 0.05 mM. Experimental conditions as described in the Experimental

section.
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stored, when not in use, in a phosphate buffer pH 7.5 at 4 °C in the dark,
without using any efforts to avoid bacterial growth in the storage buffer.
No appreciable loss in Lys sensitivities were observed for all the tested
biosensors while, after more than 40 days, the sensitivities were about
the 90% of their initial values. Since the here proposed sensing device
is under enzymatic kinetic control [12, 13], these stability studies are a
clear indication of the ability of co-crosslinking (i.e. the immobilising
procedure here employed) to retain efficiently the enzyme in mem-
brane, even after several uses and in flow systems.

3.4. Analysis of Lys in human serum

The analytical performances of the herewith described biosensor en-
couraged us to investigate its application for the analysis of Lys in un-
treated serum sample.

As already pointed out in the Introduction section, LO from
Trichoderma viride shows a poor selectivity towards its substrate since
is able to oxidize to varying extents also several L.-amino acids other
than Lys; anyway, the optimization of some experimental parameters
like flow rate and pH permitted us to minimise significantly the interfer-
ence coming from other amino acids [13]. Indeed, using a flow rate of
0.6 mLmin~" and a pH value of 5, as adopted in the present work, a sig-
nificant lowering of the current response of interfering amino acids was
achieved therefore improving the specificity of the enzymatic catalysis
towards the target analyte, i.e. Lys; specifically, the relevant biases, as
measured at equimolar concentrations of Lys and amino acid interferent
and calculated as percentage, were only 1.4% and 0.90% for ornithine

and arginine, respectively [13], i.e. for those amino acids which surely
are the most interfering species in Lys biosensors based on LO from
Trichoderma viride [23]. The selectivity of the present biosensor results
so quite appealing and surely superior with respect to other Lys biosens-
ing devices, thus permitting, as it will be here shown, an interferent-free
detection of Lys even in complex sample which endogenously contains
other amino acids as well. Anyway, the flow rate and pH values here
used are not strictly mandatory since an interferent-free detection of
Lys has been observed even for values varying few percent from the op-
timal here used.

Fig. 5 shows and compares typical flow injection current responses
due to Lys standard solution, serum (only diluted 1:2 with acetate buffer
pH 5,10.1 M) and typical endogenous amino acids and serum com-
pounds that can interfere in Lys analysis. Lys standard and serum sam-
ples were injected in a repeated sequence and serum sample
injections were bracketed between Lys standard solution injections to
test for electrode fouling due to protein adsorption from serum: as
Fig. 5 demonstrates, the serum responses were practically identical,
and the Lys responses remained unchanged between the set of serum
injections showing that protein adsorption (which if present would
have lowered the flow injection responses) is absent or at least negligi-
ble. Fig. 5 also shows that the current responses due to L-phenylalanine
and L-tyrosine, i.e. those amino acids showing the major interference ef-
fects by the present biosensor [13], were negligible with respect to pre-
dictable Lys levels in human serum from healthy patients (181 + 25 up
to 232 £ 24 pM depending from the sex and the age of patients [3]):
typical L-phenylalanine and L-tyrosine levels (58-76 pM and 58-80

L

0,05uA

10 min

() (b) ()

(d) (e) (f) (8)

t

Fig. 6. Typical flow injection peaks at a (A) Pt/oPPy/LO and (B) Pt/oPPy dual electrode system due to repetitive injections of (a) and (c) L-lysine 0.4 mM, (b) untreated human serum
(diluted 1:2 with buffer), (d) buffer, (e) ascorbic acid 0.1 mM, (f) cysteine 0.08 mM and (g) uric acid 0.05 mM. Experimental conditions as described in the Experimental section.
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UM, respectively) are indeed 3 times lower that Lys so that negligible
biases are expected in Lys analysis by the present method, even for
the lower Lys levels; other endogenous amino acids are not detectable
by the Pt/oPPy/LO electrode [13], even at higher concentrations, dem-
onstrating the high selectivity of the proposed biosensor. Fig. 5 also
compares the Lys current responses with common endogenous
interferents (e.g. ascorbate) at concentration levels near the upper limits
of their respective physiological concentration ranges: also for this class
of compounds the current responses were negligible demonstrating
that the proposed Pt/oPPy/LO electrode is also an interference-free
biosensor.

To further demonstrate that the observed serum current responses
were genuine Lys signals and not deriving from other compounds in
the sample, dual working electrode experiments were performed
where both electrodes were equally modified with an overoxidized
oPPy film and only one electrode was successively modified with the
enzyme layer. As Fig. 6 shows, in absence of any enzymatic catalysis
(see the lower traces in Fig. 6) no current responses were observed ei-
ther for Lys standard solution injections either for serum sample, dem-
onstrating unequivocally that the observed responses at the Pt/oPPy/LO
electrode are only due to Lys presence in the serum sample. Further, the
absence of any fouling effect observed at the lower traces and the com-
parable current responses observed for both electrodes due to endoge-
nous interferents prove that the fouling- and interference-free
performance of the biosensor are due to the oPPy film and not to the
enzyme layer.

Lys content in untreated serum sample from healthy donors was
quantified by the standard addition method to further discriminate
any matrix effect of the sample. Again, the current responses due
to sample and Lys spiked sample injections were always reproduc-
ible and the relevant plot was linear as expected (see Fig. S2 and
S3 in Supplementary data, respectively). The Lys concentration
found in serum was 296 + 52 puM at a confidence level of 95%,
which is in good agreement with expected Lys levels in healthy in-
dividuals [3].

4. Conclusion

The present research has demonstrated that the proper coupling of a
LO layer immobilized by co-crosslinking onto the surface of a Pt elec-
trode modified by a oPPy film is effective for the development of an
highly selective amperometric biosensor able to analyse Lys even in
more complex sample like untreated serum other than simple ones as
pharmaceutical products and food: in this respect, this study represents
surely the first attempt for the analysis of Lys in human serum, a novel
analytical approach never reported before. A proper tuning of the en-
zyme kinetics permitted us to use a low specific, commercially available
enzyme as L-lysine-a-oxidase from Trichoderma viride for the selective
biorecognition of Lys even in the presence of other interferent amino
acids: a thoroughly study of LO kinetics evidenced also the allosteric be-
haviour of this enzyme, a kinetic feature which was never reported be-
fore for this enzyme. Preliminary results concerning the determination
of Lys in untreated human serum from healthy donors gave Lys levels
in good agreement with the expected values so that the use of a Pt/
oPPy/LO biosensor appears promising and a good alternative in the rel-
evant clinical fields; of course, much more studies are required to vali-
date this novel analytic approach so work in this direction is in
progress in our laboratory.
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