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Highlights: “Inhibited enzymatic reaction of crosslinked lactate oxidase through a 

pH-dependent mechanism” 

 Amperometric signal of crosslinked LOx shows a substrate inhibition kinetics. 

 Inhibition mechanism promotes conformational changes in LOx structure. 

 In solution, higher substrate concentration result in formation of LOx aggregates. 

 LOx inhibition outcomes from a pH-dependent mechanism promoted by substrate. 
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Abstract 

Lactate oxidase (LOx), recognized to selectively catalyze the lactate oxidation in complex 

matrices, has been highlighted as preferable biorecognition element for the development 

of lactate biosensors. In a previous work, we have demonstrated that LOx crosslinking on 

a modified screen-printed electrode results in a dual range lactate biosensor, with one of 

the analysis linear range (4 to 50 mM) compatible with lactate sweat levels. It was 

advanced that such behavior results from an atypical substrate inhibition process. To 

understand such inhibition phenomena, this work relies in the study of LOx structure when 

submitted to increased substrate concentrations. The results found by fluorescence 

spectroscopy and dynamic light scattering of LOx solutions, evidenced conformational 

changes of the enzyme, occurring in presence of inhibitory substrate concentrations. 

Therefore, the inhibition behavior found at the biosensor, is an outcome of LOx structural 

alterations as result of a pH-dependent mechanism promoted at high substrate 

concentrations. 

 

Keywords: Lactate oxidase inhibition; Amperometric biosensor; Lactic acid; 

Fluorescence spectrometry; Dynamic Light Scattering.  

 

 

1.  Introduction 

Lactate, also known as lactic acid, is a valuable analyte with great interest in the analytical 

field. Lactate is the final product of glycolysis in many organisms, being of great interest 

in food industry where is used as freshness indicator for the quality and shelf-life stability 

of products [1]. It has been also used as acidulant and flavoring agent (E270), being of 

extreme importance its monitoring in the final products. Notwithstanding, the great 

demand for lactate analysis is found for the clinical and medical fields. As a critical 

metabolite of tissue oxygenation, lactate has been used as biomarker for different 

pathologies and as indicator for exercise prescription [2,3]. Lactate is produced from the 

anaerobic breakdown of glucose in the tissues aiming energy production, resulting in the 

biochemical process known as “lactic acidosis”. Whether from chronic dysfunction or 
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excessive production, high levels of this metabolite leads to a persistent oxygen debt and 

to the overwhelming of body's buffering abilities [2,3]. 

Lactate determination has been performed by means of several sensitive and accurate, but 

also, expensive, invasive and complicated techniques, unable to perform continuous 

monitoring [1]. Addressing a simple and low-cost analysis, several lactate biosensing 

approaches were released during the last decade [4–12]. In human body, this metabolite 

can be accessed through a non-invasive analysis of saliva [5,8,9,13] and sweat samples 

[6,13]. Especially attention has been given to sweat lactate, which concentration range 

usually relies between 3.7 mM and 50 mM, constituting on average 0.28% of sweat and 

contributing for its acidity [14]. 

Most of lactate biosensors are based on L-lactate oxidase enzyme (LOx) (E.C.1.1.3.2.), a 

member of the α-hydroxyacid-oxidases flavoenzyme family. These proteins catalyze the 

flavin mononucleotide (FMN)-dependent oxidation of their respective substrates [15,16]. 

The enzymatic units are two tightly packed tetramers, each one forming a biologically 

active unit. Each monomer contains 15 α-helices, resulting in LOx subunits folded in α/β-

barrel with two short β-strands located at the bottom of the barrel, where is located the 

FMN-binding site of the active center [16]. This enzyme catalyzes the lactate oxidation 

using molecular oxygen to generate pyruvate and H2O2 , according to equation 1 [15–17]. 

𝐿 − 𝑙𝑎𝑐𝑡𝑎𝑡𝑒 + 𝑂2
       𝐿𝑂𝑥          
→       𝐿 − 𝑝𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝐻2𝑂2 (1) 

This flavoprotein displays a high level of substrate specificity, discriminating lactate 

between foreign components present in several matrices. Lactate dehydrogenase (LDH), 

has been also used as biorecognition element in biosensing strategies, however, the 

requirement of the coenzymes NADH or NAD+, prohibit a direct analysis of lactate, 

affecting the point-of-care commitment of such platforms. Also, the difficulty in 

immobilizing LDH on transducers surface, results in less selective and unstable devices 

[18]. These facts make of LOx a preferable enzyme for biosensing technology. 

Several LOx-based electrochemical biosensing platforms are described in literature [4–

6,8–13]. The majority of these works use screen-printed electrodes (SPEs) as transducers 

for biosensor fabrication, offering disposable, low-cost, easy-to-use, adaptable and point-

of-care platforms, that are able to analyze very small volumes of usually untreated 

samples [19]. 



Jo
ur

na
l P

re
-p

ro
of

4 
 

In a recent work, our group developed a LOx-based screen-printed amperometric 

biosensor, that was successfully applied to the lactate analysis in samples of red and white 

wine, sweat and saliva [13]. This electrochemical approach, allowed to register the current 

generated from the oxidation of the enzymatically produced H2O2 (equation 2), and 

correlate it with the lactate concentration present in the problem samples. 

𝐻2𝑂2
  (+ 0.15 𝑉)  
→        𝑂2 + 2𝐻

+ + 2𝑒− (2) 

This amperometric biosensor was constructed by immobilizing the LOx enzyme through 

a crosslinking assisted with a glutaraldehyde (GA), copper-metallic framework (Cu-

MOF) and bovine serum albumin (BSA) on a working electrode modified with Pt. The 

biosensor’s kinetic exhibited two linear ranges of analysis: a first catalytic zone up to 1 

mM of lactate, which increased current signal reflects the catalysis described by equation 

1; and the second linear range, from 4 to 50 mM, that shows a decrease in current signal 

due to a substrate-promoted inhibition process. Similar kinetic was found for three 

different LOx types adsorbed onto working electrodes, confirming susceptibility of the 

biomolecule to this process [20]. 

Very few reports were found concerning LOx inhibition. Some anions such as chloride, 

sulfate, nitrate, α-hydroxymalonate and high concentrations of phosphate are described 

as inhibitors of LOx. In particular, phosphate anions are described to form reversible 

complexes with the enzyme competing with lactate and therefore, avoiding the flavin 

reduction for the catalytic cycle [21,22]. Also, biological components such as oxalate and 

hydrogencarbonate result in severe but transient inhibition of this biomolecule. 

Contrarily, phthalate shows an irreversible inhibition mechanism [22]. Molecules like 8-

hydroxyquinoline, urea, ammonium, molybdate and uric acid, are also described to 

decrease LOx activity [23].  Moreover, when used as enzymatic substrates lactate [13,20] 

and 2-hydroxy-3-butynoate [24,25] are described to result, respectively, in atypical 

kinetic of reversible and irreversible inhibitions. 

In the present work, we explore the inhibition mechanism promoted by the substrate 

additions, considering the occurrence of conformational changes in LOx structure. The 

decay in fluorescence intensity, indicates that inhibitory concentrations of lactate, 

outcome in conformational changes of the biomolecule. Also, the slightly acidic medium 

obtained in the inhibition experiments, evidenced the formation of LOx aggregates by 

dynamic light scattering experiments. Gathering the structural data collected for the 
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enzyme solutions with the signal registered at the biosensor; a pH-dependent inhibition 

mechanism promoted by the high concentrations of substrate, is proposed for the 

crosslinked LOx. 

 

2.  Materials and methods 

 

2.1. Reagents and solutions 

Lactate oxidase (LOx) from pediococcus sp. (E.C. 1.1.3.2.) lyophilized powder (20 

units/mg solid), chitosan, glutaraldehyde (GA), bovine serum albumin (BSA), 

terephthalic acid (1,4 – H2BDC), triethylenediamine (TED) and N,N-Dimethylformamide 

(DMF), were purchased from Sigma-Aldrich (Steinheim, Germany). Potassium 

hexachloroplatinate (IV), potassium chloride, sodium phosphate dibasic dihydrate, 

sodium phosphate monobasic dihydrate and potassium chloride were obtained from 

Merck (Darmstadt, Germany). From Panreac-Applichem (Darmstadt, Germany) were 

purchased L-lactic acid (85%), sodium chloride and sodium hydroxide. Acetic acid from 

VWR (Briare, France). 

The copper metal framework (Cu-MOF) was synthesized according to the previously 

reported method by [26] and [27]. Briefly, 100 mL of DMF were used to dissolved 0.493 

g of copper nitrate trihydrate, 0.453 g of 1.4-H2BDC and 0.320 g of TED. The mixture 

was sonicated to obtain a homogenous solution and heated at 120 ºC for 36 h. The 

obtained blue crystalline power was collected and after cooling at room temperature, 

washed with DMF and water several times. Finally, was dried under vacuum overnight. 

All the reagents used were of analytical grade and Milli-Q water (Millipore, Bedford, 

USA) was employed for preparing all solutions. 

In the fabrication of screen-printed electrodes, the inks used, namely Electrodag PF-407 

A (carbon ink), Electrodag 6037 SS (silver/silver chloride ink), Electrodag 418 (silver 

ink) and Electrodag 452 SS (dielectric ink), were supplied by Achenson Colloiden 

(Scheemda, Netherlands). Polyester films (PET) of 0.5 mm thickness (HIFI Industrial 

Film, Dardily, France), were used as the printing substrates. 
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2.2. Screen-printed carbon electrodes (SPCE) manufacturing 

A DEK 248 screen-printing system (DEK, Weymouth, UK) was used to fabricate SPCEs 

[28]. Using polyester screens with the appropriate stencil, the sequential deposition of the 

inks was performed to define the conductive silver tracks, the Ag/AgCl pseudo-reference 

electrode, the carbon counter electrode, the carbon working electrode (geometric area ~ 

0.126 cm2) and finally a dielectric layer. 

 

2.3. SPCE modification for lactate biosensing 

First, the carbon working electrode was modified with a Pt coating (Pt/SPCE). For that, 

cyclic voltammetric measurements were performed from 0.5 V to -0.7 V (vs SPE 

Ag/AgCl), with a scan rate of 0.002 V s-1, using 200 μL drop of a 1 mM potassium 

hexachloroplatinate (IV) solution in 0.1 M KCl. After rinsed with Milli-Q water, the Pt 

modified working electrode was covered with 2.0 µL of 0.6 % chitosan (w/v) in 0.5 % 

acetic acid and dried at room temperature (CS/Pt/SPCE). Following, the enzyme was 

crosslinked onto the working electrode surface, by depositing 1.2 µL of a solution 

containing 3.0 µL of LOx (1.5 U µL-1, in 0.01 M phosphate buffer, pH 8.0), 3.0 µL of Cu-

MOF (2 mg mL-1), 0.56 µL of BSA (3 % (w/v)) and 0.56 µL of GA (2.5 % (v/v)). Finally, 

the LOx – based biosensors (LOx–Cu-MOF/CS/Pt/SPCE) were stored at 4 ºC in a 

refrigerator until use [13]. 

 

2.4. Electrochemical measurements 

A PalmSens® portable electrochemical potentiostat with the PS Trace program 

(PalmSens® Instruments BV, Houten, The Netherlands) was used for 

chronoamperometric measurements of the biosensor modified with LOx. The 

measurements were performed at room temperature in a cell containing 5.0 mL of 

supporting electrolyte, constituted by 0.1 M phosphate buffer (PB) at pH 7.0, and under 

constant stirring. The working electrode was operated at + 0.15 V (vs SPE Ag/AgCl), and 

after reaching a stable baseline, lactate concentrations were added to the electrochemical 

cell, from a stock solutions [13]. 
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2.5. Fluorescence spectroscopic measurements 

Fluorescence spectroscopic experiments were performed on a HITACHI F-7000 

fluorescence spectrophotometer (Hitachi High-Tech, Tokyo, Japan), under excitation of 

λexc = 270 nm. Several LOx solutions of 0.5 µg/µL, were prepared in 0, 2.0, 3.6, 10.0, 22.5, 

35.0 and 47.5 mM of lactate and left at room temperature during 30 min. The spectra were 

registered with FL Solutions 4.0 Software for λem = 280 - 480 nm and using a quartz micro 

cell of 500 µL (10 x 2 mm) with an optical path length of 2 mm (Hellma Analytics, 

Müllheim, Germany). The signal noise was smoothed using 3-point Savitzky-Golay 

function. 

 

2.6.Dynamic light scattering measurements 

Dynamic light scattering (DLS) experiments were performed on a Malvern Zetasizer 

Nano-ZS system. Disposable polystyrene size cells for aqueous samples were used to 

carry the enzymatic reaction at 25 °C. For that, enzymatic, lactic acid and buffer solutions 

were previously filtered. The reaction was carried out for 0.25 U of LOx in 40 µL of 0.1 

M PB (pH 7.0), and L-lactic acid concentrations added to the cell and measured at each 

addition. A minimum of three measurements were made per sample. 

 

3. Results and discussion 

 

3.1. Determination of crosslinked LOx kinetic parameters 

The reaction rate for the crosslinked LOx, is measured as a result of the H2O2 oxidation 

at + 0.15 V (vs SPE Ag/AgCl). The lactate additions to the electrochemical cell leads to 

the generation of higher amounts of this enzymatic product, consequently increasing the 

current intensity output. 

Figure 1 displays the typical amperogram and the response current vs substrate 

concentration (i vs [Lactate]), which were used to construct lactate calibration curves for 

the biosensing analysis. As a result of the lactate concentrations present in the 

electrochemical cell, the LOx exhibited two very distinct zones. The catalytic zone results 

from a first-order reaction, defined between 0 and 1 mM of lactate, in which the initial 

https://www.sciencedirect.com/topics/materials-science/quartz
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rate depends linearly on the substrate concentration. After this zone, a current output 

stabilization was found until ~ 4 mM, reflecting a zero-order reaction; which was 

followed by a current signal decrease until 50 mM. This, second zone, revealed an 

inhibition phenomenon associated with the substrate, assuming a linearity applicable to 

samples with high content of this organic acid. 

The application of kinetic models to determine the constants of immobilized bioreceptors, 

have been already used in biosensing field [20,29–31]. These models can be adapted for 

electrochemical signals, originating electrochemical equivalent equations. Regarding that 

the kinetic of crosslinked LOx for the catalytic and inhibition zones, may be represented 

respectively by equations 3 and 4, 

𝐸 + 𝑆 
 𝐾𝑀
↔  𝐸𝑆 → 𝐸 + 𝑃 (3) 

𝐸𝑆 + 𝑆
  𝐾𝐼 
↔ 𝐸𝑆𝑆  (4) 

with the definitions of KI = [S][ES]/[ESS] and KM = [S][E]/[ES], the assumption of rapid 

equilibrium yields: 

𝑖 =
𝑖𝑚𝑎𝑥[𝑆]

𝐾𝑀+[𝑆]+
[𝑆]2

𝐾𝑖

  (5) 

where, E is the free enzyme, S the substrate, ES the enzyme-substrate complex, P the 

reaction products and KM the Michaelis-Menten constant. ESS is the representation of an 

inactive complex, favored by the increment of S and KI is the respective inhibition 

constant. i is the steady state current resulting from the substrate additions, imax is the 

maximum current output registered for the saturation plateau, [S] the concentration of 

lactate [32].  

A double-reciprocal plot describes the substrate inhibition kinetic (Figure S1 – B); 

therefore, parameters such as the Michaelis-Menten constant (KM) for the catalytic range 

and the KI value for the atypical uncompetitive substrate inhibition, can be obtained 

through the biosensor response. Moreover, the value of KI was also used to determine the 

value of substrate concentration, after which the inhibition behavior initiates (Smax, 

substrate concentration resulting in the maximum reaction rate). 

First, the current intensity values corresponding to the first-order kinetic and saturation 

zones (0 – 4 mM of lactate), were fitted to Lineweaver-Burk plot, using the 
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electrochemical equivalent equation 6 (Figure S1 – A), as under these conditions [S]2/Ki 

<< 1, and inhibition effect is not observed: 

1

𝑖
= 

1

𝑖𝑚𝑎𝑥
+

𝐾𝑀

𝑖𝑚𝑎𝑥

1

[𝑆]
 (6) 

As shown in figure 2, the catalysis data fitted to equation 6 (1/i = 0.0505 (1/[Lactate]) + 

0.0426; R² = 0.9968), resulted in the average values of 21.40 ± 1.84 µA for imax and 1.05 

± 0.06 mM for KM .The KM value determined for the crosslinked enzyme, showed to be 

identical to the reported values of 0.87 mM [33] and 0.94 mM [17], both obtained for the 

free enzyme in buffered medium. Therefore, a similar intrinsic LOx activity for lactate 

catalysis is attained, with the additional advantage of the biomolecule stabilization, which 

in turn, allows to achieve a stable and a reusable device for lactate determination. 

Secondly, the inhibition noted at high substrate concentrations, resulted in alteration of 

the enzymatic activity, imposing changes in the kinetic values. High lactate 

concentrations promoted a decrease of the current signal, which is reflected in the 

increased significance of near zero values of the Lineweaver-Burk plot. As shown in 

equation 7, this contribution outcomes from the term 
1

𝑖𝑚𝑎𝑥 𝐾𝐼
 , that gain importance in 

definition of the Lineweaver-Burk plots at substrate inhibition mechanisms (Figure S1 – 

B) [32]. 

1

𝑖
=

𝐾𝑀

𝑖𝑚𝑎𝑥

1

[𝑆]
+

1

𝑖𝑚𝑎𝑥 𝐾𝐼
[𝑆] (7) 

Under these conditions, the calculation of imax and KI values was carried out assuming a 

rapid equilibrium (Figure 3). At high lactate concentrations, those values can be 

determined by plotting 1/i vs [S], as defined in equation 8 (Figure S1 – C) [32]. 

1

𝑖
=

1

𝑖𝑚𝑎𝑥
+

[𝑆]

𝑖𝑚𝑎𝑥 𝐾𝐼
 (8) 

Using the interception value obtained from the curve of 1/i vs [S] (1/i = 0.0005 [Lactate] 

+ 0.0406; R² = 0.9911), an imax of 24.94 ± 1.79 µA was obtained. This is in accordance 

with the values observed experimentally and with the one previously determined for the 

catalytic and saturation zones (21.40 ± 1.84 µA); further suggesting the evolvement of a 

substrate inhibition mechanism. Moreover, when the inhibition is dominant ([Lactate] >> 

KM), a KI value of 80.04 ± 19.61 mM was obtained from the curve slopes. To mention 

that LOx activity is restored after each new experiment, exhibiting reversibility for the 
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substrate inhibition process, which contributes to the reusable character of the device. 

Nevertheless, after ten amperometric measurements, the sensitivity for lactate 

determinations started to decrease, indicating the occurrence of permanent effects [13]. 

Under repeated exposition to inhibitory conditions, irreversible conformational changes 

of the biomolecule structure, may be the cause for the consequent activity loss. 

Finally, considering the previously determined kinetic parameters, it was possible to 

define the substrate concentration resulting in the maximum reaction rate, after which the 

inhibition process begins ([Smax]). Using equation 9, by setting di/d[S] = 0, a [Smax] of 

4.83 ± 0.30 mM was obtained (Figure S1 – D) [32]. 

[𝑆𝑚𝑎𝑥] =  √ 𝐾𝑀  𝐾𝐼 (9) 

This lactate concentration value agrees with the experimental data, where the current 

intensity output started to drop at values near to 4 mM of lactate. Thus, after the [Smax] 

the crosslinked LOx, developed a biosensing response based in inhibitory kinetics. In table 

1, are summarized the kinetic constants, determined for the crosslinked LOx at the 

different activity zones observed. 

 

3.2. LOx inhibition process 

The biosensor response showed that the linearity observed up to 50 mM of lactate, gave 

place to a titration-like curve, when this concentration value was exceeded (Figure S2). 

This may be an indicator of an altered pH value, which in turn, may be related with the 

substrate concentration added to the supporting electrolyte. Lactate was added to the 

electrochemical cell from lactic acid stock solutions, which is easily dissociated in lactate 

and protons (pKa ~ 3.86) (Figure S3). Concerning this, in figure 4 are represented the 

current intensity values registered under a continuous pH monitoring, as function of the 

lactate concentrations. These plots showed that the current signal for the catalytic range 

(from 0 to 1 mM of lactate), increased under a stable pH of 7.0. At these conditions the 

previously determined KM of 1.05 ± 0.06 mM, indicates an intrinsic LOx activity. In 

contrast, the data obtained for saturation and inhibition zones, showed a decreased rate 

for lactate conversion, which can be related with the alteration of the pH value. The pH 

is decreased to values of 6.1, indicating that the crosslinked LOx activity may be driven 

by the supporting electrolyte pH, rather than by an atypical substrate inhibition.  
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To confirm that no additional substrate inhibition is occurring, amperometric 

measurements were performed using more concentrated buffer solutions, such as 0.5 M 

and 1.0 M of phosphate buffer at pH 7.0 (Figure 5). Since the buffering capacity of a 

system depends on the concentration of its components, the increased amount of the 

acidic and basic phosphate salts, should improve the pH stabilization during the lactic 

acid additions. Therefore, using these buffered solutions, the LOx catalytic activity should 

be isolated from the inhibition kinetic.  

The amperometric signals registered for the substrate additions in strong buffer solutions, 

exhibited lower current intensities. This seems to be related with the LOx inhibition 

promoted at high concentrations of phosphate anions [21]. Despite that, it is noticeable 

that the biosensor response displayed an extended saturation plateau, presenting stable 

current values until 50 mM of lactate, thus, avoiding the development of the inhibitory 

linear range. Considering that these solutions presented an increased buffer capacity, the 

LOx inhibitory response observed in 0.1 M of phosphate buffer at pH 7.0, derives from 

the controlled perturbation of this buffer equilibrium, allowing to obtain a quantitative 

relation with the substrate added to the system. This characteristic is very significant, 

since it can be used to perform a biosensing analysis of samples containing high lactate 

concentrations. Therefore, to understand the behavior of the crosslinked biocatalyst in the 

inhibitory conditions, the influence of the substrate concentrations was studied regarding 

the LOx structure when in solution. 

 

3.3. LOx structural changes promoted by substrate 

It is well known that the charge of the biomolecules is dependent of the pH. An inadequate 

pH value can be usually associated with the decrease of the biological activity. Since the 

charges plays an important role maintaining the correct conformation of the enzymes, its 

alteration outcomes in conformational changes of the protein structure. These 

conformational alterations also affect the active center configuration, leading to the 

affinity loss for the substrates. Moreover, when the substrate present electric charges, its 

catalysis is also dependent of the active center residues charges, existing an equilibrium 

between pH value and the catalytic activity. Indeed, the majority of enzymes are 

recognized to have an optimal pH value, at which the formation of enzyme-substrate 

complex is favored and the catalytic activity is maximal [32]. 
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Some mechanisms can occur after an alteration of the protein conformational state, 

occasionally resulting in the formation of protein aggregates, induced by partially 

unfolded intermediaries in solution. Moreover, the changes in protein structure, can also 

result in the biomolecule adsorption to solid-liquid interfaces [34]. 

Considering the influence of pH value in proteins structure and the overall data presented, 

LOx solutions were studied by fluorescence spectroscopy to explore changes in the 

biomolecule conformational state, and the results associated with the amperometric signal 

registered for the crosslinked LOx. 

 

3.3.1. Fluorescence spectroscopy 

LOx is a particular case of intrinsic fluorescence associated with the reduced form of FMN 

in the biomolecule structure. The reduced FMN presents higher fluorescence than the 

oxidized form, being suitable to access the kinetic of lactate metabolization [35,36]. 

However, LOx structure holds aromatic amino acid residues, such as tryptophan (Trp) and 

tyrosine (Tyr), that can be also probed using intrinsic fluorescence. Such residues can be 

easily related with the conformational state of the biomolecule, being preferable in 

structural studies. This polypeptide contain respectively, five and sixteen residues of Trp 

and Tyr [37]. Such residues are generally located within the hydrophobic core of the 

protein, presenting a high quantum yield and therefore, a high fluorescence intensity. In 

contrast, in presence of a hydrophilic environment the fluorescence intensity for these 

residues is decreased. Thus, the fluorescence emission spectra of a protein, reflect changes 

in the environment of the aromatic amino acids residues, indicating a tertiary structure 

alteration due to improper folding; being consequently associated with the activity loss 

of the enzymes [38,39]. To inspect the inactivation behavior promoted at inhibitory 

concentrations of lactate, the LOx intrinsic fluorescence spectra was evaluated under 

increased concentrations of this substrate. 

As shown in figure 6, the fluorescence emission spectra of LOx after excitation at a λexc = 

270 nm, presents a decreased fluorescence intensity (λem =330 nm) at higher substrate 

concentrations. The fluorescence recorded for the enzyme solutions in absence of lactate, 

was considered the one associated with the full active LOx structures, giving a 

fluorescence intensity value of 914.6 ± 19.4. Moreover, between 2.0 and 3.6 mM of 
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lactate, the LOx solutions exhibited respectively, 94.08 % and 92.40 % of the native 

structure fluorescence. Comparing these data with the signal registered at the biosensor 

during the saturation plateau, the high fluorescence values reveal an active and correct 

conformational state of the biocatalyst. In fact, LOx displayed the maximum catalysis rate, 

generating the maximal current signal obtained in the biosensor analysis. 

On the other hand, contrasting information was found for the fluorescence data in the 

inhibitory lactate levels. In presence of lactate at 10.0 mM, a fluorescence intensity value 

of 759.9 ± 25.7 was observed, evidencing the presence of biomolecules with about 20 % 

less fluorescence. Thus, the slightly acidic conditions reached in presence of high 

substrate concentrations, led to alterations on the enzymatic core environment, and 

consequently, resulted in changes of the biomolecule conformational state. Furthermore, 

regarding the amperometric response registered for 10.0 mM of lactate, it is possible to 

associate the decreased enzymatic activity with the conformational changes detected in 

fluorescence experiments. 

Lactate concentrations higher than 10.0 mM, presented a slower decay of the fluorescence 

values of the LOx solutions; however, displayed a strong inhibition in the amperometric 

response. This indicate that, after this point, different processes are occurring at the LOx 

structural conformation. Therefore, there is the possibility that the immobilized enzyme 

is undergoing conformational changes at the electrode surface, resulting in the inhibitory 

zone observed. The nearly steady state of fluorescence observed after 10.0 mM, specify 

that the surrounding environment of the aromatic aminoacidic residues does not undergo 

in extensive modifications. Accordingly, these data point to the formation of aggregates, 

in which the hydrophobic residues are usually present in the interior of these structures. 

Thus, dynamic light scattering (DLS) of LOx solutions was used to evaluate and identify 

the formation of protein aggregates in inhibitory conditions. 

 

3.3.2. Dynamic light scattering 

Dynamic light scattering (DLS) is a well-established and widely used tool, to evaluate 

hydrodynamic size and size distribution of several type of particles such as proteins, 

protein aggregates, polymers or nanoparticles. Based on the scattering of light from 

particles and their Brownian motion, this technique allows to determine a broad range of 

hydrodynamic sizes [40]. The destabilization and unfolding phenomena of proteins 
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typically result in the displaying of aminoacidic residues that create nucleation points for 

aggregates growth. These aggregates, generally show a lack of catalytic activity and can 

be formed from a combination of hydrophobic interactions, hydrogens bonds and/or Van 

der Waals forces [34], all favored with changes on the medium pH. Accordingly, it is 

possible to identify such aggregates through the increase of the hydrodynamic size of 

species in solution (Figure S4).  

DLS experiments were carried out in LOx and 0.1 M PB (pH 7.0) solutions, and the size 

distribution evaluated under different lactate concentrations. In absence of substrate, it 

was found a monodisperse solution; however, the polydispersity started to be evident 

when lactate was added to the medium. This polydispersity is associated with the presence 

of a nonpure hydrodynamic size distribution, therefore, indicating the presence of 

different sizes in solution. 

Relying in distribution, the DLS data were collected into three main hydrodynamic size 

families: the smallest size of 8.99 ± 0.55 nm (Family 1); an intermediary size of 56.64 ± 

12.43 nm (Family 2), and finally, with a size of 263.63 ± 23.90 nm the larger particles 

(Family 3). This size distribution can be related with LOx aggregation, as a result of the 

alteration in solution properties during lactate additions. 

Estimated with a molecular weight of 80 kDa, the smallest particles of family 1 are 

representative of non-aggregated and full active LOx structures, which displays the same 

molecular weight in gel filtration. As can be seen in figure 7, the presence of this 

hydrodynamic size prevailed between 0 and 3.6 mM of lactate, after which the percentage 

started to decrease, marking the beginning of the inhibition zone observed for the 

crosslinked enzyme. The homogeneous distribution of the family 1 during the catalytic 

and saturation zones, showed that the major contribution for the electrochemical signal 

generation, is due to the native structures of LOx, which offer intrinsic activity for lactate 

conversion. 

Despite the prevalence of these active structures during the catalytic and saturation zones, 

the presence of intermediary species (Family 2), was noticeable since the beginning of 

substrate additions. The size distribution of family 2, remained lower than 0.2 % during 

the catalytic and saturation zones of the amperometric response, contributing to the 

polydispersity of the solution. The presence of this family showed insignificant effects on 

the global activity registered in the catalytic and saturation zones for the crosslinked LOx.  
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The homogeneity of sizes distribution suffered a drastic change in lactate range from 3.6 

and 22.5 mM. For 10.0 mM of lactate, the family 1 distribution dropped to 98.8%, the 

family 2 was kept at 0.2 %, and a new family 3 of larger hydrodynamic sizes appeared in 

solution. The presence of the family 3 confirmed, that the native structures of LOx are 

aggregating, due to the destabilization of the medium pH. At 22.5 mM of lactate, the 

solutions’ size distribution was completely changed, with only 34 % of family 1, also 

showing an increased presence of family 2 intermediary species (65 %) and nearly 0.5 % 

of family 3 prevalence. The family 2, with the intermediary structures, played an 

important role in the aggregation mechanism, acting like a trigger for the formation of 

larger and inactive protein aggregates. At this point, the decrease in amperometric signal, 

can be associated with the low availability of active and non-aggregated LOx structures 

that, in solution, have been mainly converted into larger and inactive aggregates. Indeed, 

at higher substrate concentrations, the family 3 prevailed as the main species in solution. 

DLS experiments, also indicate that, the native LOx structures and the intermediary 

species of family 2, were totally depleted at the highest substrate concentrations tested. 

In fact, a monodisperse solution of larger LOx aggregates was noticed. 

Gathering the DLS and amperometric results with the fluorescence data, it is possible to 

associate the fluorescence intensity decay, observed between 10.0 and 47.5 mM of lactate, 

with the formation of the larger LOx sizes from family 3 (Figure 7). These aggregates 

internalize the hydrophobic residues, stabilizing the fluorescence intensity values. 

Moreover, concerning this effect, the inhibited enzymatic reaction of crosslinked LOx 

reflect conformational changes on the tertiary structure of the immobilized protein, that 

present a decreased affinity to the substrate, due to a pH-dependent mechanism. 

 

4. Conclusions 

The results obtained in this work explore the substrate inhibition mechanism detected for 

the crosslinked LOx. Conformational alterations of the enzyme structure in solution were 

accompanied during the course of the catalytic and inhibitory reactions. 

Throughout the analysis performed with the biosensor, it was found that substrate 

additions to the electrochemical cell, resulted in slightly acidic supporting electrolyte. The 

change in the supporting electrolyte buffering equilibrium, affected the crosslinked LOx 

activity, giving place to lower rates for substrate catalysis. The use of concentrated 
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phosphate buffer solutions as supporting electrolyte in amperometric measurements, 

allowed to observe an enzymatic saturation extended up to 50 mM, demonstrating that 

such inhibition mechanism was related with a pH variation, rather than with a substrate 

inhibition. 

The decay in LOx intrinsic fluorescence intensity, evidenced conformational alterations 

on the enzyme tertiary structure, with dependence of substrate concentrations. Moreover, 

the presence of a fluorescence steady state for inhibitory zone, indicated the 

internalization of hydrophobic residues into different protein structures. Moreover, the 

DLS data, showed that the hydrodynamic size detected in LOx solutions, was also highly 

dependent of lactate concentrations. For the catalytic range (0 – 1 mM of lactate), the 

enzymatic solutions evidenced the native form of LOx. However, during the saturation 

zone the availability of non-aggregated LOx structures started to drop, giving place to 

intermediary species. These intermediaries, were noted as transitional stages for the 

nucleation into larger aggregates, demonstrating its importance in the aggregation 

mechanism in solution. In fact, substrate concentrations that exhibit a stronger inhibition, 

resulted in the formation of larger and inactive LOx aggregates, which constitute 100% 

of the solution hydrodynamic size distribution.  

Accordingly, it was possible to establish a relation between the conformational changes 

and the consequent aggregation of the enzyme in solution, with the supporting electrolyte 

pH, perturbed by the substrate additions. Therefore, these factors are the main 

contributors in the crosslinked LOx activity loss, and consequently, the main cause for 

inhibitory range observed in the biosensing approach. 
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Figure Captions: 

 

Figure 1. Electrochemical response of LOx–Cu-MOF/CS/Pt/SPCE biosensor. (A) 

Amperogram registered at + 0.15 V (vs SPE Ag/AgCl) for successive additions of lactate 

in PB (0.1 M, pH 7.0); and (B) Plotting of current vs lactate concentration (n=5). Inset: 

calibration curve for lactate concentration range from 0 to 1.0 mM. 

 

Figure 2. Determination of the crosslinked LOx kinetic constants. Lineweaver-Burk model 

fitting to the catalytic range using the amperometric response for lactate additions at 0.1 

M PB, pH 7.0 (n=5). 
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Figure 3. Determination of the crosslinked LOx kinetic parameters in inhibition range 

assuming a rapid equilibrium. Representation of 1/i vs [S], in lactate additions at PB (0.1 

M, pH 7.0) (n=5). 
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Figure 4. LOx–Cu-MOF/CS/Pt/SPCE biosensor kinetic registered at + 0.15 V (vs SPE 

Ag/AgCl) and pH variation with lactate concentration in supporting electrolyte (0.1 M 

PB at pH 7.0). 



Jo
ur

na
l P

re
-p

ro
of

25 
 

 

Figure 5. Influence of phosphate buffer concentration in the amperometric signal. (A) 

Current registered at + 0.15 V (vs Ag/AgCl), using the LOx–Cu-MOF/CS/Pt/SPCE 

biosensor; (B) Variation of the calibration curves’ slope with the phosphate 

concentration in supporting electrolyte.  

 

Fig. 6. Fluorescence spectroscopy for LOx solutions. (A) Fluorescence spectra of LOx 

(0.5 µg/µL) in 0.1 M PB (pH 7.0), containing 0, 2.0, 3.6, 10.0, 22.5, 35.0 and 47.5 mM of 

lactate (λexc = 270 nm); (B) LOx conformational changes monitored by collecting the 

fluorescence intensity at 330 nm for increased lactate concentrations (n=3). 
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Figure 7. DLS analysis. Hydrodynamic size distribution by volume for LOx solutions in 

presence of different lactate concentrations (0.1 M PB, pH 7.0). Data obtained from the 

distribution results. 
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Tables and captions: 

 

Table 1. Kinetic parameters obtained for LOx in normal catalysis and in the atypical 

substrate inhibition obtained with the biosensor (n=5). 

Lactate Oxidase Catalytic Kinetic Inhibition Kinetic 

   

Crosslinked 
imax = 21.40 ± 1.84 µA 

KM = 1.05 ± 0.06 mM 

imax = 24.94 ± 1.79 µA 

KI = 80.04 ± 19.61 mM 

[Smax]= 4.83 ± 0.30 mM 

 

 

 


