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ARTICLE INFO ABSTRACT

Keywords: Two dehydrogenase enzymes (glucose, GDH, and lactate, LDH, dehydrogenases) encapsulated within alginate
Enzymes hydrogels were deposited on glassy carbon electrodes. The as-prepared enzyme modified alginate hydrogels were
Electrochemiluminescence utilized as electrochemiluminescence (ECL)-based biosensors for the indirect detection of glucose and lactic acid
E;Z:;Z::;hemlmy upon reaction between NADH and tris(2,2'-bipyridyl) ruthenium (II) [Ru(bpy)3]2+. The ECL response was ob-

tained from the redox reaction between the substrate, the cofactor NAD" and the encapsulated enzyme. The
production of NADH resulting from the enzymatic reaction led to the ECL emission upon reaction with [Ru
(bpy)s]®*. The biosensors showed good stability and repeatability, with linear range between 0.56 and 4.2 uM
and limit of detection of 0.84 pM for glucose, and linear range between 5 and 30 uM with a limit of detection of
2.52 uM for lactic acid. These ECL-based biosensors showed good sensitivity when tested in the presence of
common interfering species. These biosensors were utilized in artificial sweat and were characterized by good
reproducibility and repeatability. The results herein presented suggest that the dehydrogenases encapsulated
within alginate hydrogels have potential for the development of biocompatible sensors for detection of glucose

Glucose dehydrogenase
Lactate dehydrogenase

and lactic acid in physiological fluids.

1. Introduction

Nowadays, the demand for real-time, non-invasive, and low-cost
biosensors continues to drive the bioanalytical research towards the
development of highly sensitive and selective devices [1-3]. Of partic-
ular interest is the clinical diagnostic area, where the need of novel
sensors based on the enzymatic detection represents a new method for
reliable and precise detection of vital parameters such as glucose [4],
lactic acid [5,6], and cholesterol [7]. Electrochemiluminescence (ECL)
represents one of the most used tools for the chemical analysis and
detection of these parameters due to excellent properties such as high
sensitivity, optimal spatial and temporal control, reproducibility, and
simplicity of the apparatus [8-10]. In particular, [Ru(bpy)g]2+ repre-
sents the most used luminophore due to its capability to produce ECL
with several molecules such as amines (especially tripropylamine, TPrA)
[11,12], amino acids [13], NADH [14], and oxalate [15]. The ECL of [Ru
(bpy)3]®* has been widely used for monitoring the enzymatic activity of

dehydrogenase using NADH as coreactant [2]. Hence, the ECL emission
represents a tool for monitoring the concentration of the substrates
which are directly related to the variation of the NADH concentration
due to the dehydrogenase activity. For this reason, the ECL mechanism
involving [Ru(bpy)g,]%r and NADH has been employed in bioanalytical
chemistry for ECL detection of alcohol [16,17].

Different methods for the immobilization of the enzymes are re-
ported in literature in order to improve the catalytic efficiency and
selectivity and to protect the enzymes from environmental changes like
pH, temperature and solvents added to the electrolytic solution[18]. For
example, the detection of ethanol and NADH has been achieved by
immobilizing the alcohol dehydrogenase in graphene/bovine serum
albumin composite film [19], or via glutaraldehyde crosslinking of
glucose dehydrogenase for the quantification of glucose and NADH on
platinum electrodes [20]. Other strategies include the use of electro-
deposited redox hydrogels for the immobilization of GDH and detection
of NADH and glucose [4]. The system here proposed is based on the
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interaction of the immobilized dehydrogenase enzymes with the sub-
strate and the cofactor NAD" [21-23]. NAD" is constituted by an aro-
matic amine, which does not generate ECL when reacting with [Ru
(bpy)3]2+. Instead, in the case of the NADH structure, the aromaticity of
the pyridine group is destroyed during the electrochemical reaction,
leading to the formation of an aliphatic tertiary amine which reacts with
the [Ru(bpy)s]*>* generating an ECL signal. Herein, we explored the
immobilization of the dehydrogenase enzymes into biocompatible
alginate hydrogels by studying their selectivity and catalytic action to-
wards the corresponding substrate added to the electrolytic solution
containing the cofactor NAD™' and [Ru(bpy)3]2+. These ECL-based bio-
sensors merge in this way the selectivity of the enzymes along with the
sensitivity of the luminophore for the analytical quantification of the
corresponding substrate.

2. Experimental
2.1. Reagents

Glucose dehydrogenase (GDH) from Pseudomonas sp., lactate dehy-
drogenase (LDH) from rabbit muscles; f-nicotinamide adenine dinu-
cleotide from yeast (NAD™M); Tris(2,2’ -bipyridyl) ruthenium (II) chloride
hexahydrate were purchased from Sigma Aldrich and used as received.
D-(+) glucose and L-lactic acid were purchased from Fisher Scientific.
The artificial sweat stock solution was prepared by mixing 300 mM
NacCl, 40 mM of urea, 100 mM of L-lactic acid, 100 mM of D-(+) glucose
and 100 mL of distilled water according to a well-established procedure
[24]. Finally, the enzymes solutions were prepared by mixing 1 mg/mL
of 0.01 M PBS pH 7.4. All the stock solutions were prepared with
deionized water purified using a Milli-Q (18 mQ cm) purification
system.

2.2. Apparatus

The cyclic voltammetry and ECL experiments were performed with a
CHI potentiostat model 705E connected to a conventional three-
electrode configuration electrochemical cell. The working electrodes
were glassy carbon electrodes (GCE, 3 mm diameter) purchased from [J
Cambria. The reference electrode was an Ag/AgCl (saturated KCl), with
a platinum wire serving as counter electrode. The ECL emission was
detected through the PMT purchased from Hamamatsu model H10721-
20 biased at 530 V and placed in the direction of the working electrode
surface.

2.3. Preparation of the modified GCE

Before deposition of alginate hydrogels, the GCEs were polished
using 0.05, 0.3 and 1 pm q-alumina slurry. Afterwards, the GCEs were
sonicated to remove all the impurities from the slurry and rinsed with
deionized water. Finally, the GCEs were dried with compressed air. The
encapsulation of GDH and LDH within alginate hydrogels was per-
formed using the procedure we reported previously related to the
encapsulation of oxidases in the alginate hydrogels and that we adapted
here for the hydrogenases[25]. Briefly, the enzymes were firstly
entrapped into CaCO3 microspheres matrices by co-precipitation of the
two salts CaCly and NayCO3 forming, according to the Volodkin’s pro-
cess, CaCOj3 vaterite microspheres [26]. A layer-by-layer process was
performed by alternating two polyelectrolytes, poly (dime-
thyldiallyammonium chloride) (PDDA) and poly (sodium 4-styrene-sul-
fonate) (PSS). In doing so, a thin layer with dimensions ranged between
5 and 1000 nm is formed around the CaCO3 microspheres, as result of
the electrostatic interaction between the negative and positive charges
of the two polyelectrolytes [27-29]. These nanomaterials were then
encapsulated within the alginate hydrogels obtained from a 2% alginic
salt solution. 3 pL of hydrogels were drop casted on the GCE surface and
left to dry at room temperature for 2 h. Afterwards, the crosslinking
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process was performed by drop casting D-Glucono-1,5-lactone (GDL) to
dissociate the CaCO3 molecules and release Ca®* ions [30,31]. The
electrode was dried for the second time at room temperature overnight
resulting in a successful modification of the electrode [25].

3. Results and discussion
3.1. Optimization of the experimental conditions

The diffusion of the luminophore within the alginate hydrogels
without encapsulation of the hydrogenases was studied by recording the
CVs at different scan rates and plotting the anodic peak currents vs. the
scan rates. The results reported in S1 show a linear dependence of the
anodic peak currents vs. the square root of the scan rate indicating that
the redox process is diffusion-controlled [33]. The diffusion coefficient
of the luminophore at the modified alginate hydrogel GCE was calcu-
lated as Dpydroget = (1.25 & 0.4) x 107 cm? s, whereas the diffusion
coefficient at the bare GCE was D = (3 £+ 0.2) x 10 cm? s~L. The value
of the diffusion coefficient at the bare GCE is consistent with the value (D
= (5.14 £ 0.1) x 10° cm? sh reported by Leddy et al. [32]. As ex-
pected, the value of D for the modified alginate GCE is slightly lower
than the value of D of the redox probe at the unmodified GCE. This
confirms that the luminophore diffuses easily at the GCE surface despite
the presence of the alginate on the GCE surface. This fact is not sur-
prising as the alginate hydrogels swell when immersed in aqueous so-
lution allowing ingress and egress of the luminophore with ease [33].

The pH of the electrolytic solutions represented one of the essential
parameters for the optimization of the perspective biosensor along with
the concentration of NAD™ and [Ru(bpy)s]®. It is well known that the
pH for maximum GDH activity is 8.0 [34], whereas for LDH, higher
activity occurs in the range of pH 7.0-7.8 [35]. Fig. 1 shows the CVs of
the alginate hydrogels with encapsulated GDH (A) and LDH (C) recorded
in the presence of the corresponding concentration of substrate (glucose
and lactic acid, respectively). The peaks (I) observed at 0.7 V correspond
to the irreversible oxidation of NADH to NAD™.

The intensity of this peak increases with the concentration of sub-
strates (glucose and lactic acid). In fact, NADH is the resulting product of
the enzymatic reaction of NAD™ with glucose (Fig. 1A) and lactic acid
(Fig. 1C), according to a well-established mechanism summarised in
Scheme 1 and 2, whereas the peaks (II) observed at ca. +1.1 V corre-
spond to the oxidation of [Ru(bpy)s]*>* to [Ru(bpy)sl>*.

It is well established that dehydrogenase enzymes are cofactor
dependent, hence NAD" is needed for the catalytic reaction to occur. In
doing so, NAD" undergoes reduction to NADH with the concomitant
oxidation of the glucose to glucono-1,5-lactone (for GDH) and of L-lactic
acid to pyruvate (for LDH). Then, the oxidation of NADH to NAD™ fol-
lowed by deprotonation generates radical NAD. The reaction of the
radical NAD' with the luminophore [Ru(bpy)s] 3+ leads to the formation
of an excited state, [Ru(bpy)g]Z“ which in turn produces an ECL signal
at 610 nm with concomitant regeneration of [Ru(bpy)3]2+.

It is worth to note the resulting broad ECL peak that a more detailed
analysis reported in S2 show to be the result of the sum of two distinct
ECL peaks observed at +1.1 V (peak I) and +1.4 V (peak II). While peak I
corresponds to the emission of light from [Ru(bpy)g]”* and NADH as
coreactant, instead peak II is likely due to the emission from [Ru
(bpy)g]zﬁ and some radical species formed at 1.4 V as coreactants
which are formed from the electrochemical oxidation of water occurring
at such high potential. The identification of such radical species is still
subject of intense debate in literature, as the mechanism of water
oxidation in alkaline media is still unclear [36,37].

Moreover, according to Park et al. [38], NAD™ is unstable at very
alkaline pH (from pH 9 to 11), hence it is crucial to find a compromise to
allow the enzymatic oxidation of the corresponding substrate into
products with the concomitant reduction of the cofactor in NADH in a
stable environment, while obtaining a good ECL signal. The pH has an
important role for the ECL response, particularly the highest ECL
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Fig. 1. CVs (A, C) and ECL curves (B, D) for GDH and LDH immobilized in alginate hydrogels. Supporting electrolyte: 0.01 M PBS (pH 7.4) containing 1 mM NAD™,
2.5 mM [Ru(bpy)3]2+ and 3.36 uM glucose (A, B) and 10 uM of L-lactic acid (C, D); scan rate: 0.05 Vs~ L. Dashed and red traces represent the baseline of the CVs and
ECL curves respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

[Ru(bpy)s]** < [Ru(bpy)s]** + e~ (1)

Glucose + NAD™ i glucono — 1,5 — lactone + NADH + H* (2)
NADH — NADH™* + ¢~ (3)

NADH™* - NAD + H* (4)

[Ru(bpy)s]** + NAD" - [Ru(bpy);]*** + NAD* (5)
[Ru(bpy)s]*** = [Ru(bpy)s]** +hv (610nm)  (6)

Scheme 1. Schematic of the electrochemical and ECL reactions involved
with GDH.

[Ru(bpy)s]** < [Ru(bpy)s]** + e™ (7)

L — lactic acid + NAD* et pyruvate + NADH + H* (8)
NADH - NADH* + e~ (9)

NADH™* - NAD + H* (10)

[Ru(bpy)3]3* + NAD' - [Ru(bpy);]*T* + NAD* (11)
[Ru(bpy)s]*** - [Ru(bpy)s]** +hv (610nm)  (12)

Scheme 2. Schematic of the electrochemical and ECL reactions involved
with LDH.

emissions are recorded close to the pK, value of NAD" which is 6.38
[39]. Another factor to consider for the determination of the working pH
is the optimum pH at which the enzyme catalyzes the reaction with the
corresponding substrate, which is established at pH 8.5 for GDH [34]
and pH 7.4 for LDH [40] according to literature. For both enzymes, the
ECL experiments were carried out at values of pH in the range 6-9.0
using a scan rate of 0.05 V s™. Fig. 2 illustrates the ECL response ob-
tained at different values of pH with the highest values for the GDH and
LDH obtained in the range of pH 7.5-8.5, and 7.0-7.5, respectively.
These results are in agreement with previous works [41-43]. The ECL
emission increases in the range from pH 6.0 to 8.0 for GDH and from 6.0
to 7.0 for LDH as the buffer solution has a pH close to the pKa of NAD™"
and close in both cases to the optimum pH of the two enzymes. The ECL
signals recorded are therefore, the result of both the enzymes catalysis
and the NAD™ conversion to NADH. Noticeably, at more alkaline values
of pH (e.g. pH = 8 for GDH and pH = 7 for LDH), the ECL response
decreases as NAD " become unstable [44].

For these reasons, we selected pH 8.0 for GDH and pH 7.4 for the
LDH in all forthcoming ECL experiments.

Furthermore, the concentrations of the NAD" and [Ru(bpy)g]ZJr in
solution were also investigated. The electrochemical behavior of NAD ™
was studied in the range 0.25-3.0 mM in 0.01 M PBS containing 3.36 uM
of glucose for the GDH and 10 uM of L-lactic acid for LDH. Fig. 3 shows
that the ECL intensity increased significantly with the cofactor concen-
tration showing a higher conversion to NADH during the enzymatic
reaction. The highest response was obtained at a concentration of NAD™
equal to 2.5 mM. The increase in the ECL response can be attributed to
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Fig. 2. ECL response vs. pH for GDH (A) and LDH (B) incorporated within alginate hydrogels obtained in 0.01 M PBS supporting electrolyte containing 1 mM NAD™
and 2.5 mM [Ru(bpy)s]®**. The concentration of glucose and L-lactic acid are 3.36 uM and 10 uM, respectively. Scan rate: 0.05 Vs~'. The errors bar represents
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0.05 Vs~ 1. Other conditions: pH 8.0 for GDH (A), and pH 7.4 for LDH (B). Error bars represent triplicate data points.

the higher conversion of NAD" to NADH during the reaction catalyzed
by the immobilized enzymes [45,20]. To minimize the use of the
cofactor due to its cost, a concentration of 1 mM was selected as this
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bars represent triplicate data points.
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range 0.5-4 mM in 0.01 M PBS at pH 7.4, while maintaining constant the
concentration of the cofactor NAD' at 1 mM. The results are depicted in
Fig. 4. As expected, the ECL intensity increased with the concentration of
the luminophore, reaching a plateau at a concentration of 2.5 mM. This
is likely due to the diffusion limitations of the luminophore at the
electrode surface. As a result, a concentration of luminophore of 2.5 mM
was selected for the forthcoming ECL tests.

3.2. Electrochemistry and ECL detection of NADH

To test the suitability of the alginate hydrogels with the incorporated
enzymes towards sensing applications, several ECL curves at increasing
concentrations of the substrates were recorded. Fig. 5 show the ECL
response obtained at different concentrations of glucose (Fig. 5A) and
lactic acid (Fig. 5C), respectively. The ECL signal increased linearly with
the concentration of the substrates with the curves plateauing as ex-
pected at higher concentrations of substrates. The calibrations curves
(Fig. 5B and 5D) were obtained from the mean and standard deviation
study of three repetitions for each enzyme. The linear range for the GDH-
sensor was found in the range 0.52-3.36 uM and the regression equation
wasy = 0.163 x + 0.22 [R? = 0.99), instead for the LDH-system the
linear range was between 5 and 20 uM with a regression equation y =
0.162 x - 0.076 (R* = 0.99).

These results point out the possibility to detect glucose and lactic
acid monitoring the ECL signal of NADH produced from the catalytic
reactions of the immobilized enzymes as shown in Scheme 1 and Scheme
2. For GDH, the ECL peak increases linearly with the concentration of
glucose up to 4.6 pM reaching a plateau for higher concentrations.

A)

2.0

ECL intensity
> P
1 1

o
3
1

0.0

B) 104

T T T L T T
0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6

E/V (vs Ag/AgCl)
C)

ECL intensity
o o =
[} © N
1 1 1

o
w
1

o
)
1

D) 0.,

00 02 04 06 08 10 12 14 16
E/V (vs Ag/AgCl)

Bioelectrochemistry 150 (2023) 108365

Instead, for LDH, the ECL peak increases linearly with the concentration
of lactic acid up to 20 pM, then the ECL peak does not change signifi-
cantly for higher concentrations.

3.3. Interferences study

We assessed the ECL behaviour of the two biosensors in the presence
of the most common interfering species typically found in human fluids
such as ascorbic acid, glucose, uric acid, dopamine and urea. Fig. 6
summarised the results obtained using a constant concentration of
glucose (3.36 uM) and lactic acid (10 uM) in the presence of an excess of
interfering species whose concentration was 10 mM. Both GDH and LDH
did not show any significant interference with the ECL signal showing
high selectivity in the presence of the corresponding substrate.

3.4. Real sample analysis

To test the reliability and specificity of GDH and LDH immobilised
within the alginate hydrogels, electrochemical tests were performed
using artificial sweat. The influence of glucose and lactic acid concen-
trations on the ECL signal response were investigated over the range of
concentration 0.5-4.5 mM of artificial sweat. This range has been
selected based on the average levels of glucose (0.1-1.11 mM) and lactic
acid (up to 20 mM) typically found in sweat and reported in literature
[48,49].

Fig. 7 reported the CVs (A, D) and ECL curves (B, E) recorded in
artificial sweat containing 0.01 M PBS at pH 8.0 supporting electrolyte
for GDH-glucose, and pH 7.4 for LDH-lactic acid systems. During the ECL
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Fig. 5. ECL response of GDH (A) and LDH (C) immobilized into alginate hydrogels. The concentration ranges of glucose and lactic acid are 0.56-4.2 uM and 5-30 uM,
respectively. Supporting electrolyte: 0.01 M PBS (pH = 8 for GDH and pH = 7.4 for LDH). The concentration of NAD" and [Ru(bpy)s]?>" are 1 mM and 2.5 mM,
respectively. The calibration curves (B, D) were obtained from three repetitions of the ECL experiments with the error bars representing triplicate data points.
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analysis no substrate was added to the electrolytic solution as both
glucose and the lactic acid were already included into the stock solution
of artificial sweat. The CVs showed the appearance of the peak related to
the irreversible oxidation of NADH to NAD™ at ca. 0.7 V and a much less
pronounced peak at 1.1 V corresponding to the oxidation of [Ru
(bpy)3]2+ to [Ru(bpy)3]3+. As expected, the ECL emission occurred at
the potential of oxidation of the luminophore based on the reactions
reported in Scheme 1 and 2. The calibration curves reported in Fig. 7(C,
F) show that the ECL responses are linear in the presence of different
concentrations of artificial sweat. Three repetitions for each system were
performed and with the mean and standard deviation calculated in the
curves. The limit of detections LOD were calculated following the 3.3
S8b/m method, where “m” represents the slope of the linear range of the
calibration curve and “sb” is the estimated standard deviation of the
intercept. The LOD values calculated were 0.93 mM for the GDH-system

and 0.59 mM for the LDH. The linear range for GDH was between 1 and
3mM (R? = 0.98), instead for the LDH system it was ranged between 1
and 4 mM (R* = 0.98).

The sensor reproducibility and repeatability were also tested by
studying the standard deviation of the ECL emission of the two systems
for six replicate measurements on six different GCEs (see Supporting
Information, S3). A 4 mM concentration of artificial sweat was added to
the electrolytic solution and the repeatability was calculated as 3.03%
for the GDH-system and 4.9% for the LDH-system. Finally, in order to
establish the accuracy of the proposed biosensors, the modified GCEs
were tested for the detection of glucose and L-lactic acid by using the
artificial sweat solution spiked with known concentrations of the two
substrates (Table 1).

The data reported in Table 1 showed that the recovery for the GDH-
and LDH-systems was 98% and 99%, respectively. These results
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Table 1

Calculated glucose and L-lactic acid concentrations and % recoveries obtained
from ECL analysis of spiked artificial sweat diluted in 0.01 M PBS at pH 8 (GDH)
and pH 7.4 (LDH).

Sample Avg concn caled Recovery %
Glucose spiked artificial sweat solution 2.38 yM 98%
L-lactic acid spiked artificial sweat solution 9.01 yM 99%

demonstrate a high degree of accuracy of the ECL sensor with recoveries
above the 95% threshold required for analytical methods [44].

4. Conclusions

In summary, we have demonstrated the incorporation of de-
hydrogenases such as GDH and LDH within alginate hydrogels. These
enzymes incorporated within alginate hydrogels were deposited on
glassy carbon electrodes and used for the ECL detection of glucose and
lactic acid throughout the conversion of NAD" to NADH and concomi-
tant oxidation of glucose and lactic acid operated by GDH and LDH. The
GDH- and LDH-biosensors showed suitable response for glucose and
lactic acid concentrations. The biosensors, validated utilizing artificial
sweat solution to simulate real scenario, showed good reproducibility
for both GDH- and LDH- systems. The results herein presented could be
improved by mean of immobilisation of the luminophore into a thin
polymeric matrix which will be the subject of future investigations.

In this respect, further studies are required for the immobilization of
the luminophore and NAD" within polymeric matrices to develop a
complete solid-state ECL biosensor and, in doing so, minimizing the use
of such expensive reagents. These as-prepared biosensors represent a
promising route for the development of non-invasive, low-cost, and real-
time disposable ECL-based biosensors.
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