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In this work, electrochemical methods are evaluated as a promising alternative to UV-vis spectroscopy for
monitoring Lactate Dehydrogenase (LDH) activity through amperometric detection of NADH, with the aim of
screening and assessing the efficacy of potential anticancer drugs. A Ti-modified glassy carbon electrode is used
as working electrode, demonstrating effective performance in quantifying NADH. The chronoamperometric
measurements conducted at 0.66 V yield a linear response over increasing NADH concentrations. The sensitivity
is 0.614 pA cm 2 mM'l, with a limit of detection (LOD) of 27.58 pM and a limit of quantification (LOQ) of 91.92

pM. The proposed electrochemical set-up shows good selectivity, with no interference-induced signals while
maintaining a stable amperometric response upon variations in NADH concentrations. Although the LOD may
benefit from further optimization, this electrochemical approach offers some advantages compared to optical
methods because it provides higher sensitivity and stability from interference caused by several compounds.

1. Introduction

A survey conducted by the International Agency for Research on
Cancer (IARC) predicts a significant increase in both new cancer di-
agnoses and cancer-related deaths over the next 26 years [1], high-
lighting the need for new therapeutic approaches. Cells from the most
prevalent cancer types, including pancreatic, lung, bronchial, colorectal,
breast, prostate, and tracheal cancers, adopt altered metabolic pathways
to efficiently acquire metabolites and energy [2-11]. Specifically,
inhibiting the glycolytic pathway has emerged as a promising strategy to
reduce the proliferation of cancer cells [12]. Targeting lactate dehy-
drogenase (LDH), especially its isoforms LDH-A and LDH-B, appears a
strategic approach as LDH is a key enzyme in the deregulated meta-
bolism of cancer cell. It produces lactate, which functions both as an
oncometabolite and a signaling molecule, favoring cancer cells prolif-
eration [8,13-15]. Efforts have mainly focused on LDH-A inhibition
rather than LDH-B, because LDH-A suppression is unlikely to cause

severe side effects, in fact individuals with a complete absence of LDH-A
gene only suffers of myoglobinuria after intense exercise [16,17]. Serum
LDH levels are frequently elevated in patients with advanced cancers,
and high LDH concentrations are correlated with tumor burden and poor
prognosis across different malignancies [18-20]. Clinically, LDH is
therefore considered a broad metabolic biomarker useful for prognosis
and treatment monitoring, but it is not specific enough to serve as an
early diagnostic tool [20]. Modern diagnostic technologies, including
liquid biopsy and next-generation sequencing, provide much higher
specificity and sensitivity for early detection, clearly surpassing LDH in
this respect [20-23]. In contrast, LDH, particularly LDH-A, represents an
attractive pharmacological target: recent preclinical studies have
demonstrated that LDH-A inhibition suppresses tumor growth and en-
hances chemosensitivity, supporting its relevance for anticancer drug
discovery [23-25].

LDH-A catalyzes the reduction of pyruvate to lactate while simulta-
neously oxidizing the cofactor NADH, as illustrated in Scheme 1.
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voltammetry; EIS, electrochemical impedance spectroscopy; CA, chronoamperometry; IY, immobilization yield; RSD, relative standard deviation; CPE, constant
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Scheme 1. Schematic representation of the enzymatic reaction catalyzed by
human Lactate Dehydrogenase (hLDH), showing the conversion of pyruvate to
lactate coupled with the simultaneous oxidation of NADH to NAD™.

According to Food and drug administration (FDA), the development
for new drugs to be approved and commercialized is a time-demanding
and expensive process [26]. Drug development typically requires an
average of 12 years and around USD 2.7 billion for each new drug
[27,28].

In this context, the development of a device which can be used to test
different compounds for assessing enzyme activity in the presence of
candidate inhibitors, could accelerate the new drugs screening phase
and reduce the associated costs [29,30]. The proposed device could
consist of two different sections: the first, containing the confined
enzyme, is responsible for the enzymatic reaction, while the purpose of
the second section is to measure the enzymatic activity. Enzymatic ac-
tivity can be monitored using different techniques. Among them, the
optical and electrochemical approaches enable real-time follow-up of
the enzymatic reaction [31-33]. The separation of the biorecognition
component from the transducer seems a promising approach to over-
come the issues related to the short lifetime of the enzymes and the non-
conductivity of enzyme carriers in case an electrochemical approach is
selected [31,34-38]. Strategies combining enzymes with nanozymes or
metal-organic frameworks have been shown to improve the stability
and efficiency of bioelectrochemical systems [31,32].

Moreover, covalent immobilization of enzyme on mesoporous silica
is extensively used and investigated to recover the biocatalyst and pre-
vent the leakage of the enzyme that would affect the storage and the
working stability of the biorecognition component [31,39-45].

The objective of this study is evaluating the electrochemical
approach as a possible alternative to UV-vis spectroscopy for moni-
toring the enzymatic activity of hLDH-A, specifically aimed at screening
anticancer drugs formulated as lactate dehydrogenase inhibitors.
Several NADH detection strategies have been developed, including
fluorescence-based assays and microfluidic platforms. Fluorescence
methods offer high sensitivity and selectivity but typically require
labeled reagents and sophisticated optical instrumentation, which can
limit scalability and increase costs [46,47]. Microfluidic systems provide
advantages in miniaturization and process integration; however, the
detection component is generally modular and must be specifically
tailored to the analyte and experimental conditions [48,49]. In contrast,
the electrochemical sensing approach appears as a suitable solution of-
fering high specificity and selectivity while allowing real-time mea-
surements, with label-free quantification of NADH, relatively simple
instrumentation and cost-effectiveness [31-33,35,50,51]. Since the
concentration of NADH is directly correlated with enzymatic activity,
accurately measuring NADH levels enables real-time monitoring of the
hLDH-A catalyzed reaction and consequently the estimation of enzyme
activity [52-55].

In this study, the UV-Vis spectroscopy and electrochemical approach
are both used to measure NADH concentration and, consequently, to
monitor lactate dehydrogenase activity both with and without in-
hibitors. The optical measurements are carried in a UV-Vis spectro-
photometer set at NADH absorption peak (340 nm), while the
electrochemical analyses are performed with a conventional three-
electrode set-up equipped with a Ti modified glassy carbon electrode
(GCE) as working electrode. The electrochemical characteristics of the
set-up were investigated with voltammetry, impedance spectroscopy
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and chronoamperometry techniques.
2. Materials and methods
2.1. Materials

Titanium microparticles (<45 pm), 1,2,3-trimethylbenzene (TMB or
mesitylene), Pluronic P-123, tetraethyl orthosilicate (TEOS), (3-glyci-
dyloxypropyDtrimethoxysilane (GPTMS), (3-Aminopropyl)triethox-
ysilane (APTES), sulfuric acid, hydrochloric acid (37 % wt.), ethanol,
acetone, CuSO4, KHyPO4, KoHPO4, NaHCO3, NayCO3, 1-hydroxy-6-
phenyl-4-(trifluoromethyl)-1H-indole-2-carboxylic acid methyl ester
(NHI-2), dimethylsulfoxide (DMSO), and L-lactate dehydrogenase from
human (hLDH-A, EC 1.1.1.27) expressed in Escherichia. coli were sup-
plied by Sigma-Aldrich (Merck). Potassium iodide, sodium meta peri-
odate, lactic acid, sodium pyruvate, sodium borohydride, Galloflavin,
and NADH were purchased from VWR Avantor. 10 wt% Nafion water-
based solution was purchased by Fuel Cell Earth.

2.2. Enzyme support

2.2.1. Mesoporous silica synthesis, functionalization and characterization

The mesoporous silica support was synthesized through the hydro-
thermal synthesis method and functionalized to provide amino and
aldehydic functional groups, as described by our previous work [56].
For the sake of clarity, the procedure is briefly described in the Sup-
porting Information.

As previously reported, the resulting glyoxyl groups formed on the
silica surface were quantified through the back-titration method with
NaHCO3/KI, while the amino groups were quantified by the interaction
between CuSO4 and -NH; groups [56-58].

The synthesized support was characterized in terms of morphology
and structure by high-resolution field emission scanning electron mi-
croscopy (FE-SEM) and high-resolution transmission electron micro-
scopy (HR-TEM). Surface chemical properties were investigated through
Fourier transform IR (FT-IR), while {-potential analysis was performed
to evaluate the surface charge. Textural features were evaluated through
N: physisorption at 77 K. Detailed procedures are provided in the Sup-
porting Information.

2.3. Biocatalyst

2.3.1. Lactate dehydrogenase features

The enzyme analyzed in this research is the human lactate dehy-
drogenase expressed in Escherichia coli (UniProt ID. K1TOA2) hereafter
referred to as hLDH-A. Its minimum diameter can be estimated by
applying Eq. (1) [59].

Din = 2@ (0.066 . \/M) )

where Dy, is the minimum diameter of the enzyme whose shape is
approximated to a sphere (nm) while M is the molecular weight of the
enzyme (Da), equal to 27.46 kDa for hLDH-A, according to UniProt
database. Consequently, its minimum diameter is 3.98 nm.

2.3.2. UV spectroscopic response

The enzymatic performances were evaluated at 35 °C and pH 7.5
using an UV-vis spectroscopy with a Jasco V-730 instrument. The
measurements were carried out at 340 nm, the wavelength corre-
sponding to the absorption peak of NADH. A solution of 2.9 ml con-
taining 0.24 mM NADH and 1.69 mM pyruvate in 0.1 M phosphate
buffer pH 7.5 was used as a blank. Then, 100 pl of hLDH-A solution
(0.01 mg ml~!) were added to the blank solution. The specific activity of
hLDH-A (Agg, U mggr%)t) was 379.1 £ 6.0 U mgl}lot, calculated using Eq.
.
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AAV, 1
Apg = === 2
V. ()]

where AA is the absorbance slope, € is the NADH molar extinction co-
efficient (6.22 mM ! cm’l), Lis the optical path (1 cm), V; is the volume
of the solution in the cuvette (ml), V. is the volume of enzymatic solution
(ml), and c, is the concentration of the enzymatic solution (mg ml™1).
The specific activity of the immobilized hLDH-A (A, U 85_111)1)) was
calculated using Eq. (2) as well, where V, (0.1 ml) and c. (0.02 g ml™H
represent the volume and the concentration of the immobilized enzyme
suspension, respectively.

2.3.3. Engyme immobilization

The enzyme was immobilized on the functionalized support, adapt-
ing the multipoint covalent method reported in our previous work. [56].
For clarity, the procedure is briefly summarized in the Supporting In-
formation. The immobilized enzyme hereafter is referred to as Biocat.

FT-IR spectra were acquired on Biocat, and on the functionalized
support to highlight the differences due to the covalent bonds formed
between the enzyme and the support. The IR spectra were acquired
using a Bruker INVENIO instrument equipped with a liquid nitrogen
cooled MCT detector. The samples were degassed to 102 mbar and the
analyses were performed at room temperature (range 4000-400 em ™,
64 scans, resolution 4 cm’l).

Optical fluorescence microscopy was conducted to analyze the
presence and distribution of the enzyme on the support by observing the
labeled enzyme immobilized on mesoporous silica. The procedure pre-
viously described by Rocha-Martin et al. was used to label the enzyme
[60]. The same procedure was described in our previous work [56], for
the sake of clarity it is reported in the Supporting Information.

2.3.4. Activity tests in the presence of inhibitors

Kinetic tests were performed on Biocat both with and without in-
hibitors NHI-2 and Galloflavin, as described in section 2.4 The concen-
tration of pyruvate was varied in the range 5-200 pM as indicated. These
tests were repeated with the addition of 20 pl of 3.02 mM NHI-2 solution
or 20 pl of 824.46 pM Galloflavin solution. Since both inhibitors were
diluted in dimethyl sulfoxide (DMSO), the activity of the biocatalyst was
also studied in the presence of DMSO. The results obtained with Biocat
were compared to those obtained under the same conditions with free
hLDH-A. Each data point was measured in triplicate, and the apparent
kinetic parameters were determined according to the Lineweaver-Burk
linearization method.

2.3.5. Enzyme molecular modeling

Molecular modeling simulations were performed to investigate the
interactions between NHI-2 and Galloflavin and the enzyme. Compu-
tational analyses were carried out for each ligand individually, using
Vina AutoDock. Subsequently, ligands were docked in their minimum
energy conformation, and exploratory structure analysis was imple-
mented to identify hydrogen bonds between the ligand and enzyme’s
amino acid residues. The molecular structures of ligands were obtained
from PubChem, while the enzyme molecular structure was obtained
from the Uniprot data bank (UniProt ID. KITOA2) [61].

2.3.6. Optical analysis of reagents and interferents in enzymatic reactions

The optical absorption spectra (255-745 nm) of the substrate (py-
ruvate), cofactor (NADH), and products (lactate and NAD™), along with
the inhibitors (NHI-2 and galloflavin) and their solvent (DMSO), were
recorded using a Jasco V-730 UV-vis spectrophotometer.

2.4. Electrochemical setup and measurements

Electrochemical measurements were implemented using Palmsens4
as a potentiostat, in a conventional three-electrode configuration. Ag|
AgCl, 3 M KCl was used as the reference electrode (RE), a Pt wire served
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as the counter electrode (CE), and Ti-modified glassy carbon electrode
(GCE, ID =3 mm) as the working electrode (WE). The GCE was
employed due to its widespread application in NADH detection
[55,62-64]. Ti microparticles, acting as redox-active mediators, were
deposited on the GCE surface to lower the overpotential required for
NADH oxidation, improving measurements accuracy and avoiding high-
potential side reactions, such as hydrogen evolution, radical formation,
or dimerization, that can reduce selectivity and compromise the reli-
ability of the electrochemical signal [65-67]. A total of 10 layers of Ti
suspension (10 mg ml~! in ethanol) were drop-cast on the surface of
GCE, resulting in a final amount of 0.2 mg of Ti. Subsequently, Nafion (5
ul, 10 wt%) was used as a binder to immobilize Ti on the GCE surface
[68-71]. The current density reported in the graphs was obtained by
normalizing the measured current to the geometric area of the working
electrode (0.0707 cm?).

Each electrochemical test was conducted at room temperature in 0.1
M phosphate buffer (pH 7.5). Before each test, the system was pretreated
by bubbling nitrogen at a flow rate of 30 ml min~! for 30 min and,
subsequently, performing 3 cycles of cyclic voltammetry, within a po-
tential range of 0 to 1 V with a scan rate of 20 mV s~ 1. Fig. S1 in the
Supporting Information (SI) illustrates the electrochemical setup used.

Cyclic voltammetries (CVs) were performed within the potential range
of 0 and 1 V with a scan rate of 20 mV s~ ! in the presence of 5 mM
NADH. CVs were performed both with bare and modified GCE to better
highlight Titanium microparticles role.

Linear sweep voltammetries (LSVs) were performed in the range be-
tween 0 and 1 V. The scan rate varied from 1 to 100 mV s~ ! and the
NADH concentration varied from 0.7 to 5 mM, as indicated.

Electrochemical impedance spectroscopy (EIS) was performed by
setting the DC potential (Epc) at 0.66 V and the AC potential (Exc) at
0.01 V, while varying the frequency from 10° to 102 Hz.

Chronoamperometry (CA) response was studied at 0.66 V. The current
signal was stabilized before starting the analysis. After each addition of
NADH or interferents to reach the appropriate concentration, the solu-
tion was vigorously stirred for 10 s, then the stirring was turned off and
the signal was recorded for 180 s. Throughout the analysis, nitrogen was

bubbled in the system at a flow rate of 30 ml min~.

2.5. Electrochemical response of the biocatalyst

To evaluate the suitability of the proposed electrochemical apparatus
for studying enzymatic activity, the amperometric response of 0.23 mM
NADH and 1.63 mM pyruvate in 0.1 M phosphate buffer pH 7.5 solution
was monitored at room temperature using chronoamperometry at 0.66
V. The chronoamperometric test was performed as previously described
in section 2.4 and the current signal was stabilized before adding the
enzyme (0.01 mg of free hLDH-A or 20 mg of Biocat). The test was
repeated in the presence of inhibitors at the same concentrations spec-
ified in Section 2.3.4.

3. Results and discussion
3.1. Mesoporous silica characterization

Fig S2. Section a and b in the Supporting Information reports FE-
SEM and HR-TEM images of the mesoporous silica support. The sup-
port displays rounded formations ranging from 0.7 to 1.9 pm. Moreover,
the material exhibits bent channels oriented in perpendicular and lon-
gitudinal directions; this is likely due to the high swelling/directing
(TMB/P-123) agents ratio used to synthetize this mesoporous silica
[56,72-74].

The subsequent functionalization step introduced about 1.01 mmol
g1 of glyoxyl groups and 1.30 mmol g~! of amino groups onto the
support surface. The {-potential of the functionalized silica dispersed in
a 25 mM carbonate buffer (pH 9) containing 300 mM trehalose was
measured to be —16.8 + 3.3 mV. The negative value of the {-potential
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was previously ascribed to the deprotonation of silanols groups [75,76].
The functionalization process reduces the cumulative pore volume from
0.6 cm® g1 to 0.3 em® g1, with a consistent reduction of pore diameter
from 4.2 nm to 3.8 nm, probably due to the complete or partial occlusion
of the smallest pores by APTES and GPTMS [77,78]. Similarly, the
specific surface area is reduced from 673 m? g~! to 301 m? g~*. How-
ever, in both cases, the samples exhibited type IVa isotherms with H2b
hysteresis loop according to IUPAC classification [56,79,80]. Fig. S3 of
the Supporting Information displays the N physisorption isotherms and
pore size distribution (dV/dDpre) collected on the support before and
after the functionalization.

The comparison of the FTIR spectra acquired on the pristine and
functionalized support (Fig. S4 in the SI) confirms the surface modifi-
cation resulting from the functionalization process. Evidence of suc-
cessful functionalization is observed in the 2200-1340 cm™! region,
where new absorption bands appear, corresponding to the characteristic
vibrational modes of -CO and -NH groups. In the 4000-2500 cm ™! re-
gion, chemical modifications on the silica surface are evidenced by ab-
sorption peaks around 2900 cm ™! and 3400 cm™!, corresponding to
-CH: vibrations and hydrogen-bond interactions, respectively. More-
over, the absorption signals associated with surface silanols are either
absent or significantly reduced in the functionalized sample, indicating
the involvement of these groups in forming bonds with organosilane
molecules. Table S2 in the SI reports a comprehensive list of the iden-
tified absorption peaks [56,58].

3.2. Enzyme immobilization

hLDH-A was covalently attached to the functionalized silica support
as detailed in the SI. The immobilization yield (IY) of the enzyme on the
support was 86 %, resulting in a specific activity of the immobilized
enzyme (Ajg) of 123U gs_ulpp. This corresponds to a retained activity (Ract)
of 34.7 %.

Fig. S5 in the SI depicts the images acquired through fluorescence
microscopy of the enzyme immobilized on functionalized mesoporous
silica. The presence of hLDH-A is confirmed by distinct red spots visible
in Fig. S5 (Sections a and b). Notably, red spots overlap blue (Section
c) and green fluorescence signals (Section d). Since the blue and green
spots are the results of the intrinsic emission of the functionalized silica
(as highlighted by Fig. S6, SI), the analysis confirms the presence of the
enzyme on the support as a consequence of the immobilization [56,58].

Further insights into the nature of enzyme-support interactions were
obtained by comparing the FTIR spectrum acquired on Biocat with that
of the functionalized silica. As shown in Fig. 1, the absorption peak at ca.
1600 cm™! (pink area) in the immobilized enzyme spectra is readily
attributed to the stretching signal of amide I (R-C(=0)-NR’R") [56,81].

On the other hand, the signals at 1711 cm ™! and 1723 cm™! (yellow
area) are ascribed to -CHy-C(=0)- and -C=O stretching respectively
[82,83], whereas the band at 1530 cm ™! corresponds to -Si-NHj, vibra-
tion modes. The reduced intensity of the latter peaks suggests the
involvement of both -C=0 and -NHj groups in the bond formation be-
tween the LDH and the solid support. These findings are consistent with
the multipoint covalent immobilization technique [84].

3.3. Evaluation of biocatalyst performance

Since the proposed device aims to evaluate the effect of inhibitors (e.
g., NHI-2 and Galloflavin) on hLDH-A, kinetic analyses were performed
on both free and immobilized enzyme. Fig. S7 (SI) shows the obtained
results, fitted using the Lineweaver-Burk linearization method. The ki-
netic behavior of free hLDH-A (Section a) remains consistent regardless
of the presence or absence of DMSO. An F-test comparing the two linear
models revealed no statistically significant differences. Conversely,
DMSO appears to exhibit inhibitory behavior for immobilized hLDH-A
(Section b). This effect may be due to conformational changes in the
enzyme structure caused by immobilization, which could enhance
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Fig. 1. FT-IR spectra of the immobilized enzyme Biocat and the functionalized
support (region 2070-1430 cm™!) collected in vacuum conditions at room
temperature.

secondary interactions between the enzyme and DMSO, ultimately
reducing enzymatic activity. The apparent kinetic parameters, Vyay, the
maximum achievable rate, and Ky, the Michaelis-Menten constant
which indicates the enzyme’s affinity for the substrate, can be deter-
mined by applying the Lineweaver-Burk model to activity data obtained
at varying substrate concentrations. Table S3 (SI) lists the apparent
values obtained. The values of V,,x and Ky obtained with NHI-2 and
Galloflavin are likely to describe a mixed-type inhibition. The mixed-
type inhibition is typically caused by allosteric effect. These inhibitors
may determine conformational changes of the three-dimensional
structure causing the obstruction of enzyme activity [85]. Mixed-type
inhibition may have a positive or negative modulation depending on
the values of the apparent kinetic parameters [86]. To better understand
the interaction mechanism underlying this inhibition, a molecular
docking analysis was conducted. Fig. S8 depicts the crystal poses of
hLDH-A, in complex with pyruvate and NADH, interacting with NHI-2
and Galloflavin, respectively. In accordance with what was previously
reported, both NHI-2 and Galloflavin present their minimum energy
configuration when they occupy an allosteric site separated from the
active site. The analysis of the interaction between NHI-2 and hLDH-A
does not highlight any hydrogen bond suggesting the presence of weaker
secondary interactions. By contrast, Galloflavin forms two hydrogen
bonds with ILE 47 and VAL 48 residues.

To ensure reliable use of the immobilized enzyme, its stability during
storage and repeated assays was evaluated. To evaluate the operational
lifetime, four consecutive UV-Vis assays were carried out using the same
batch of immobilized LDH. After each assay, the biocatalyst was
recovered by centrifugation at 1000 rpm for 5 min, washed, redispersed
in phosphate buffer, and reused. Each measurement lasted 600 s, and the
enzyme activity was determined from the initial slope of absorbance at
340 nm over the first 60 s. The results, shown in Fig. S9, indicate
negligible variations among the individual runs. The relative standard
deviation of the enzymatic activity across the four cycles was only 6 %,
demonstrating that the immobilized enzyme can be reliably reused for at
least four consecutive assays without significant loss of activity.

The storage stability of the immobilized enzyme was also investi-
gated. After immobilization, the biocatalyst was stored in 0.1 M
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phosphate buffer (pH 7.5) at 4 °C and periodically tested by UV-Vis.
Fig. S10 reports the residual activity, expressed as the ratio between the
activity at the sampling time and the initial activity immediately after
immobilization. After one week of storage, the enzyme retained
approximately 40 % of its initial activity, indicating a moderate but
acceptable shelf life for the intended screening applications.

To experimentally verify the suitability of UV-Vis spectroscopic
monitoring for evaluating inhibitors’ effect on enzyme activity, the ab-
sorption spectra of individual reaction components were analyzed
(Fig. S11). As observed, pyruvate exhibits negligible absorption at both
260 nm and 340 nm, while lactate displays a peak at 280 nm, which is
largely masked by the overlapping signals of NAD" and NADH. NADH is
characterized by a strong absorption peak at 260 nm, where NAD™" also
absorbs, and a distinct peak at 340 nm, at which NAD" shows no
detectable absorption. As a result, the enzymatic reaction is commonly
monitored by measuring the absorbance at 340 nm, generated by NADH
consumption which is stoichiometrically equivalent to pyruvate con-
sumption with the concomitant production of lactate and NAD™. This
method relies on the assumption that no reagents or products interfere
with absorbance variation at this wavelength.

However, while the solvent (DMSO) exhibits no significant absorp-
tion within the analyzed spectral range, both galloflavin and NHI-2
display notable absorption features. Galloflavin shows a minor peak at
400 nm, with a broad absorption band extending between 255 and 430
nm, whereas NHI-2 presents two distinct absorption peaks, one at 260
nm and another at 330 nm. Although galloflavin exhibits only moderate
absorbance at 340 nm, NHI-2 displays a significant absorption peak at
this wavelength, potentially interfering with the accurate monitoring of
NADH consumption. This spectral overlap raises concerns regarding the
reliability of UV-Vis spectroscopy as an optimal method for tracking
reaction kinetics and assessing inhibitory effects. Therefore, alternative
analytical techniques, such as electrochemical measurements, may be
required to ensure precise quantification of enzymatic activity and in-
hibitor efficacy.

3.4. Electrochemical response

Fig. 2 shows the CV curves obtained with Ti-modified GCE over 30
cycles and the LSV curves obtained at increasing NADH concentration.
As shown in Fig. 2 section a, the system demonstrated high stability,
with a relative standard deviation (RSD) of 1.27 % at the NADH
oxidation peak. The insert of Fig. 2 section a depicts the CV cycles
obtained with and without 5 mM NADH. As can be seen, no oxidation

a) 30 - NADH 5 :nM
20mVs’
13 cycles (pretreatment)
20 430 cycles

NADH 5 mM
+——NADH 0 mM
20 0.69

0.0 0?2 0.'4 D:S DYB 1.0
E vs. Ag|AgCI (V)
T r T ) T T E

0.2 04 0.6 0.8
E vs. Ag|AgCI (V)

1.0
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peak around 0.69 V was detected when the measure was performed
without NADH. The oxidation peak observed with the titanium-
modified electrode is lower than that obtained with an unmodified
GCE, as demonstrated in Fig. S12 of the supporting information, which
compares the CVs from both modified and unmodified electrodes. This
figure clearly shows that the current in the absence of titanium is
significantly higher, and the oxidation peak is more defined, albeit
occurring at higher potentials. The reduction in potential is one of the
primary reasons for modifying the working electrode with redox
mediators.

Moreover, the CV curves of the repeatability analysis performed over
6 consecutive tests are shown in Fig. S13 (SI). The RSD at the NADH
oxidation peak is 7.65 %. This result suggests an acceptable repeatability
of the modified electrode for NADH detection. The inter-electrode
reproducibility of the Ti-modified GCEs was evaluated as well by
comparing the anodic peak currents recorded on six independently
prepared electrodes under identical experimental conditions. An inter-
electrode RSD of 18.9 % was obtained, which reflects the intrinsic
variability introduced by the manual multi-layer drop-casting procedure
and slight heterogeneities in the modified layer. Although this value
indicates that the reproducibility between electrodes is not optimal, it is
fully consistent with what is typically observed for enzyme-based elec-
trochemical sensors, including screen-printed platforms, where inter-
electrode RSD values in the 10-20 % range are commonly reported
due to fabrication-related variability [87-90]. Importantly, despite this
level of dispersion, the system consistently provided reliable analytical
responses, demonstrating good sensitivity and stable electrochemical
behavior. This confirms that the sensor design is robust and functional
even in the presence of moderate variability between electrodes.

Fig. S14 illustrates cyclic CVs acquired using a bare GCE as the
working electrode. It is evident that, despite yielding a higher current
density, the unmodified electrode exhibited poor signal stability across
successive CV cycles. Specifically, the signal was characterized by sig-
nificant noise and inconsistent overlap between consecutive cycles. This
lack of reproducibility strongly suggests that the absence of a redox-
active mediator leads to unreliable measurements, likely attributable
to the formation and subsequent adsorption of side products on the GCE
surface [91].

LSV profiles were recorded at NADH concentrations comprised be-
tween 0.7 mM and 5 mM with a potential scan rate of 20 mV s~ ! (Fig. 2,
Section b). As can be easily noticed, the anodic current density
increased with the increase of the NADH concentration.

As a result of the LSV at different concentrations, the potential value
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Fig. 2. (a) Cyclic voltammograms of Ti-modified GCE in blank and 5 mM NADH solutions and (b) linear sweep voltametric response for NADH concentration

comprised in the range 0.7-5 mM recorded with a potential scan rate of 20 mV s™".
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of 0.66 V was selected for performing chronoamperometric and EIS
measurements. EIS measurements were carried out to obtain insights
concerning the charge transport mechanisms across the electrode-
electrolyte interface [92]. The impedance spectra were analyzed in
Nyquist representation (Fig. $15, Supporting information) and fitted
using equivalent circuits that account for Ry, which is the uncompen-
sated resistance of the electrolyte, determined by the distance between
the WE and RE; R, which corresponds to the charge transfer resistance
of the electrochemical reaction, assuming that the redox species are not
adsorbed on the electrode surface [31]; Zw (Warburg impedance), which
expresses the mass transport limitations of the redox species to the
electrode surface, based on a model of semi-infinite linear diffusion and
the constant phase element (CPE), used in place of an ideal capacitor to
model the charging and discharging of the electric double layer, ac-
counting for the behavior of real graphite electrodes [93]. Comparative
EIS measurements were performed under four conditions: bare and Ti-
modified GCE in pure phosphate buffer, and the same two electrodes
in the presence of 5 mM NADH (Fig. S15). In pure buffer, both elec-
trodes exhibit very large charge transfer resistances (Fig. S15 section
a), as evidenced by the absence of a closed semicircle in the Nyquist
plots. This behavior is expected since, under these conditions, no fara-
daic reactions take place at 0.66 V. Consequently, the electrode/elec-
trolyte interface behaves as a blocking interface dominated by
interfacial capacitance and solution resistance, leading to very large
semicircles that do not close within the frequency range investigated
[94,95]. The equivalent circuit used to fit these data consisted of an R-W
branch in parallel with a CPE, yielding charge transfer resistances of 3.4
x 10* Q for the bare GCE and 1.07 x 10° Q for the Ti-modified GCE. The
higher resistance for the latter is attributed to the Nafion overlayer used
as a binder, which acts as an additional barrier to charge transport and,
in turn, to charge transfer, by hindering ionic conduction and slowing
the diffusion of electroactive species [96,97]. In the presence of NADH,
the impedance spectrum of the bare GCE (Fig. S15 section b) was well
fitted by a classical Randles-type equivalent circuit, indicating fast direct
NADH oxidation (Rct ~ 4.6 x 10° Q), consistent with literature reports
for glassy carbon electrodes [98]. In contrast, the Ti-modified electrode
(Fig. S15 section c) required a two-branch equivalent circuit (R-ZW in
series, in parallel with CPE), reflecting the coexistence of charge transfer
and diffusional processes that cannot be captured by a simple Randles
model [94]. The Ti-modified electrode displayed a substantially higher
Ret (=~ 8.7 x 10* Q), indicative of slower interfacial kinetics for NADH
oxidation. This effect is actually beneficial for the sensing strategy: by
slowing the direct electrochemical oxidation of NADH, the Ti/Nafion
modification minimizes competition between the electrode and the
LDH-catalyzed enzymatic reaction, ensuring that NADH is primarily
consumed by the enzymatic pathway. This prevents uncontrolled elec-
trochemical NADH oxidation and improves the reliability of enzymatic
activity readouts [99]. This confirms also that, although the potential
required for NADH oxidation is relatively high, with the possibility of
electrode fouling, the combined use of Ti microparticles and a Nafion
overlayer changes the dominant interfacial process, stabilizing and
structuring the electrode/electrolyte interface during oxidation and
mitigating also surface fouling. In particular, the clear separation be-
tween charge-transfer and diffusional contributions in the impedance
response is consistent with the sustained electrocatalytic activity
observed over multiple measurements, supporting the robustness of the
sensing interface during NADH detection.

Fig. 3 (Section a) shows the voltammetric response at the increase of
the potential scan rate, which can give insights concerning the rate
determining step of the electrochemical oxidative process. LSVs were
considered to perform kinetic evaluation of the electrochemical system,
instead of CV, since no reduction peak was observed in the previous
shown CV (Fig. 2 section a). As it can be observed from Fig. 3 (Section
b), the increase of potential scan rate caused a displacement of the
oxidation peak toward higher potential. This result, together with the
outcomes of the EIS measurements, would support that NADH oxidation
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is an irreversible process [100]. Importantly, the irreversibility of the
NADH oxidation is further supported by the absence of a corresponding
reduction peak in the cathodic scan, as can be seen from Fig. 2 section b.
According to established electrochemical criteria [100], the difference
between anodic and cathodic peak potential is a key indicator of the
reversibility of an electron transfer reaction. In this case, the lack of a
cathodic peak within the examined potential window suggests that the
reduction process occurs at much more negative potentials, thus the
difference between oxidation and reduction potential being higher than
200/n mV, where n represents the number of electrons involved in the
redox process, confirming the irreversibility of the oxidation process
under the experimental conditions. In addition, the linear proportion-
ality between the peak current and the square root of the potential scan
rate (Section c) suggests a diffusion-controlled behavior [101].

For irreversible processes, the current is limited by the rate of charge
transfer. The peak current is related to the rate constant by Eq. (3).

In(iy) =1n(0.227 e AeF e K’ o Co) + (%) (Ep — EO') 3)

where i, is the peak current, A is the geometrical area of the WE, F is the
Faraday constant, KkC is the standard rate constant, Cy is the bulk con-
centration (5 ¢107° mol cm’3), a is the charge transfer coefficient, R is
the gas constant, T is the temperature, Ej, is the anodic peak potential,
and E? is the formal standard potential (usually known). The values of o
and k° can be derived from the slope and the intercept of the linear plot
of In(ip) vs. Ep—EO’ (Section d), respectively.

The value of « is 0.362 while the value of k® is 5.5 10 ® cm s}, in
agreement with the low values (<107° cm s~ ) typical of irreversible
systems [100]. In the case of irreversible systems, the diffusion constant
can be derived from the slope of ij, vs. yl72 plot (Section c) because the
modified Randles-Sevéik Eq. (4) can be applied [100,102].

i,=299¢10°en* 2 ea/2e AeCle 7'/?ey!/2 (@)

where & is the diffusion constant, n is the number of electrons, v is the
potential scan rate. The other terms have been previously defined.
Indeed, the diffusion constant resulted to be 3.22 ¢10~° cm? s~ 1.

Chronoamperometric measurements were performed to determine
the sensitivity and selectivity of the electrochemical apparatus as a
NADH sensor (Fig 3. Sections e and f, respectively).

Before starting with the NADH addition, a quasi-stationary current
density of 0.2104 pA cm ™2 with a standard deviation (c) of 5 10~ pA
cm~2 was achieved. The amperometric response was linear over the
entire range tested (0.05-2 mM NADH), the sensitivity (S), calculated as
the slope of the calibration curve, was 0.614 pA cm ™2 mM ™, the LOD
was 27.58 pM and the LOQ was 91.92 pM. The LOD and LOQ were
calculated by applying Eq. (5) [55,69,71,103].

LOD or LOQ = k o g 5)

where k is equal to 3 for LOD and equal to 10 for LOQ, ¢ is the standard
deviation of the blank, and S is the sensitivity of the calibration curve.

The selectivity of the proposed electrochemical apparatus toward
NADH was studied by evaluating the amperometric response to the
addition of NADH and interferents (Fig 3 Section f). The substrate and
product of the enzymatic reaction, the inhibitors tested and the solvent
used for the inhibitor compounds are considered interferents. The
electrochemical setup showed no interferences to the addition of these
compounds while keeping a reliable current signal to the addition of
NADH. It must be emphasized that NADH is a ubiquitous cofactor in
cellular metabolism, and its direct electrochemical detection would
inherently lack selectivity in complex biological fluids, where many
NADH-dependent enzymes are active [104]. The present work, howev-
er, was not designed for direct application in such matrices, but rather as
a starting point of the development of a biosensor for a cell-free, buffer-
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Fig. 3. Linear sweep voltammetric response of 5 mM NADH (phosphate buffer solution pH 7.5) at scan rates 1-100 mV s-1 (a). Variation of peak potential vs.
logarithm of scan rate (b). Variation of peak current vs. square root of the scan rate (c). Variation of logarithm of peak current vs. peak potential (d). (e) Calibration
curve of current density vs. NADH concentration. The insert shows the amperometric response with respect to the increase of NADH concentration and (f)
amperometric response of the electrochemical system with respect to the addition of NADH and different compounds necessary for the enzymatic reaction (1.63 mM
pyruvate, 1.63 mM lactate, 9.44 mM DMSO, 20 uM NHI-2, 5.46 uM galloflavin, 2 mM urea and 0.25 mM ascorbic acid).

based assay aimed at monitoring LDH activity and its inhibition. Within
this controlled environment, NADH serves as an effective and repro-
ducible reporter of enzymatic turnover, quite adequate for the intended
purpose of inhibitor screening [105-107]. Nevertheless, potential
interferents such as urea (2 mM) and ascorbic acid (0.25 mM), which are
not expected to be present under the intended screening conditions,
were also tested. Their lack of interference with the NADH current signal
suggests, however, that the biosensor could potentially be applied in
more complex environments than the controlled one envisaged for drug
screening.

An additional robustness assessment of the electrode was performed
by evaluating the inter-day reproducibility of the electrode response
toward NADH. To evaluate the robustness of the electrode, a single Ti/
Nafion-modified glassy carbon electrode was tested repeatedly over
seven days in 0.1 M phosphate buffer (pH 7.5) containing 5 mM NADH.

Each day, 15 consecutive CV cycles were recorded, and the anodic peak
current was measured. At the end of each session, the electrode was
rinsed with Milli-Q water for 10 min and subsequently stored at 4 °C in
phosphate buffer until the next measurement day.

A slight, progressive increase in peak current was observed from day
to day (Fig. S16 section a), which shows the first and the last CVs for
each day. This drift can be attributed to electrochemical activation and
hydration-induced structural rearrangements of the Nafion-Ti film.
Such behavior is well documented for Nafion-coated electrodes during
their initial use, where film swelling and ion uptake can alter the elec-
troactive surface and charge transport properties before reaching a
stable regime [108-110]. This phenomenon reflects surface stabilization
rather than degradation.

Quantitatively, the inter-day RSD of the anodic peak current was
9.57 %, whereas the intra-day repeatability remained high. This level of
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variability is fully consistent with that typically reported for manually
drop-cast electrodes, where inter-day variations in the range of 5-15 %
are commonly observed [111]. These results confirm that the sensor
exhibits adequate robustness for repeated use, supporting its suitability
for routine LDH inhibitor screening.

An additional verification of the reliability of the electrochemical
method was performed by comparing the calibrations of NADH con-
centrations obtained for current density (Fig 3 Section e) and the
UV-vis absorption (Fig. S17 of the SI). Fig 4 represents the current
density obtained for each NADH concentration (ranging from 0.05 to
0.4 mM) as a function of the absorbance measured at 340 nm.

The strong correlation obtained from the linear fitting (r = 0.986)
confirms that intrinsic experimental errors did not impact NADH con-
centration measurements in either analytical method. These results
demonstrate that both methods are effective for NADH quantification.
However, the electrochemical approach offers advantages over the op-
tical method. Despite its lower LOD, the electrochemical quantification
exhibits higher sensitivity. Moreover, the amperometric quantification
covers a broader NADH concentration range, whereas UV-vis absor-
bance saturates at concentrations above 0.4 mM (Fig. S17 of the SI).
Finally, the electrochemical system appears not affected by the inter-
ference from compounds such as Galloflavin, NHI-2 or lactate (Fig 3
Section f), ensuring a more reliable monitoring of the enzymatic reac-
tion and inhibitors’ efficacy.

3.5. Electrochemical enzymatic response

Finally, the electrochemical response corresponding to the variation
of NADH concentration obtained during the enzymatic reaction was
evaluated both for soluble and immobilized hLDH-A, with and without
NHI-2 and Galloflavin (Fig. 5). The enzymatic reactions were also
monitored using UV-vis spectroscopy, and the curves obtained from
both methods are displayed in Fig. S18.

The effect of the inhibitors was evaluated by comparing the rate of
NADH oxidation in the presence of inhibitory compounds (Sections c-f)
to that observed in their absence (Sections a and b). Table 1 summa-
rized the results obtained.

For hLDH-A, the rate of NADH oxidation observed with NHI-2 and
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Fig. 4. Current density vs. UV-vis absorption at 340 nm for NADH concen-
tration ranging from 0.05 to 0.4 mM.
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Galloflavin corresponds to 92 % and 78 %, respectively, of the value
obtained without inhibitors. These outcomes suggest that Galloflavin is
a more effective inhibitor. These findings are consistent with the
apparent kinetic parameters obtained from kinetic studies (Table $3). A
possible explanation for this phenomenon may be related to the type of
secondary bonds formed between the enzyme and inhibitors, as revealed
by molecular modeling simulations (Fig S8).

The rates of NADH oxidation observed when the enzymatic reactions
are catalyzed by the Biocat NHI-2 and Galloflavin correspond to 95 %
and 69 %, respectively, of the value obtained without inhibitors. These
findings aligned with the results achieved for hLDH-A. However, the
signal is more disturbed, likely due to the lower activity of the enzyme in
its immobilized form.

Several studies have shown that the overpotential for NADH oxida-
tion can be markedly reduced (0.0-0.2 V) using nanostructured carbons,
metallic nanoparticles, conducting polymers, or redox mediators
[99,104,112-115]. These strategies achieve excellent sensitivity but
typically involve more complex fabrication and higher costs. By
contrast, the Ti-modified GCE employed here offers a simple and robust
platform that provides stable NADH signals and accurate monitoring of
LDH activity under controlled buffer conditions. While the working
potential is higher, it does not compromise the present application.

A similar evaluation of the rate of NADH oxidation was conducted for
the enzymatic reactions monitored using UV-vis spectroscopy. Table S4
(SI) presents the results. It can be observed that when the optical method
is used, the results of the free LDH and immobilized LDH are not com-
parable to each other or with the findings of amperometric measure-
ments. Additionally, when the immobilized LDH catalyzes the reaction
in the presence of NHI-2, it appears that a higher quantity of NADH is
converted than is present. These discrepancies may be due to the ab-
sorption bands at 340 nm associated to NHI-2 and Galloflavin, which
interfere with NADH signal Fig S11.

4. Conclusions

This study evaluates an electrochemical method as promising alter-
native to traditional UV-Vis spectroscopy for monitoring the enzymatic
activity of human Lactate Dehydrogenase (hLDH-A), with particular
focus on assessing inhibitory effects of potential anticancer drugs (NHI-2
and Galloflavin). The developed electrochemical system, based on a Ti-
modified glassy carbon electrode, provided reliable amperometric
quantification of NADH with high sensitivity (0.614 pA cm™2 mM™1),
suitable selectivity, and negligible interference from reaction compo-
nents and inhibitors. Chronoamperometric analyses effectively moni-
tored enzymatic reactions catalyzed by both free and immobilized
hLDH-A, clearly distinguishing inhibitory effects. The electrochemical
method yielded consistent and reproducible results, demonstrating that
Galloflavin exhibits stronger inhibition compared to NHI-2 for both free
and immobilized enzyme forms. These findings were supported by
molecular docking analyses, indicating that Galloflavin’s more effective
inhibition likely results from specific hydrogen-bond interactions. On
the other hand, UV-Vis spectroscopic analysis faced limitations due to
spectral interferences caused by possible absorption bands of inhibitors,
leading to unreliable or non-comparable results. Particularly, NHI-2
significantly interfered with NADH detection at 340 nm. Overall, the
electrochemical approach may exhibit several advantages over the op-
tical method, providing accurate, interference-resistant, robust and
sensitive measurements suitable for real-time monitoring of LDH inhi-
bition. The proposed electrochemical sensor offers a well-balanced
compromise between simplicity, cost-effectiveness and analytical per-
formance. However, combining both UV-Vis spectroscopy and electro-
chemical methods could provide a more robust analytical strategy,
minimizing the risk of false positives and false negatives.

This makes the proposed electrochemical setup particularly prom-
ising for rapid screening of anticancer drug candidates targeting meta-
bolic pathways mediated by LDH enzymes.
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Fig. 5. Amperometric response at 0.66 V of the pyruvate reduction catalyzed by lactate dehydrogenase (a), (c), (e) in its soluble (hLDH-A) and (b), (d), (f
immobilized (Biocat) forms. The reaction was studied without inhibitors and with NHI-2 (20 pM) or galloflavin (5.64 pM).

Table 1

Rate of NADH oxidation obtained by enzymatic reaction catalyzed by the soluble
and immobilized hLDH-A without and with inhibitors monitored with chro-
noamperometric measurements. Results are expressed as moles of NADH
oxidized per minute (pmol minb).

No inhibitors NHI-2 Galloflavin
hLDH-A 1.04 £+ 0.95 0.95 + 0.88 0.81 + 0.75
Biocat 0.08 + 0.009 0.07 + 0.004 0.05 + 0.003
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