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Highlights: ABSTRACT:

* D-lactic acid . .

«  Covalent In this study, D-lactate dehydrogenase (D-LDH) from Leuconostoc mesenteroides was
immobilization covalently immobilized onto 3-aminopropyl-functionalized silica gel using glutaraldehyde as a

bifunctional crosslinker, with the aim of developing a catalytically active and thermally stable
biocatalyst for D-lactic acid production. The immobilization protocol achieved an efficiency of
86% using 1 mg/mL of enzyme and 0.250 g of support material. Comparative biochemical

* Reuse stability

K : o . o . .

.—e%e characterization of both free and immobilized D-LDH was performed, assessing optimal pH
dehvdrogenase and temperature, thermal stability and kinetic parameters. The immobilized enzyme preparation

. 3-ar¥1inogro | silica exhibited an optimal pH of 6.5 and a temperature optimum of 45°C. These values
gel propy corresponded to 7.0 and 37 °C for the free enzyme. Kinetic analysis revealed a Michaelis

constant (Ky) of 0.37 mM and maximum velocity (Vmax) of 86.9 U/mg protein for the free
enzyme, whereas the immobilized enzyme displayed a significantly reduced K, of 0.08 mM
and a lower Vma of 19.2 U/mg protein, indicating increased substrate affinity but reduced
catalytic turnover. Thermal stability assays demonstrated enhanced resistance of the
immobilized D-LDH to elevated temperatures. Furthermore, reuse studies in a batch reactor
showed that the immobilized enzyme preserved 38% of its original activity after 10 successive
uses, underscoring its potential for repeated use in biotechnological applications.
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INTRODUCTION

Enzymes are biocatalysts that facilitate complex chemical transformations under relatively mild
physiological and environmental conditions, thanks to their functional properties such as activity,
selectivity, and specificity (Alagoz et al., 2021; Tan et al., 2022). Although enzymes have widespread
industrial applications, including food, chemical analysis, pharmaceuticals, cleaning, cosmetics,
textiles, and paper (Chapman et al., 2018; Meghwanshi et al., 2020), their uses are often limited by
various issues, such as their short lifespan and lack of reusability (Tiilek et al., 2023; Cavalcante et al.,
2021; Vidhya et al., 2024). The most common and effective way to overcome these limitations is the
use of enzyme immobilization techniques (Umari et al., 2021; Lubek-Nguyen et al., 2022; Kim et al.,
2024). The goal of enzyme immobilization is to make the immobilized enzyme more resistant to
environmental conditions such as pH and temperature, easily separable from the reaction medium at
the end of the process, reusable, improving the enzyme's kinetic properties, controlling the product
formation, and making it applicable to multi-step reactions and continuous processes (Ashkan et al.,
2021; Bié et al., 2022; Zhou et al., 2021).

Lactic acid fermentation plays a significant role in the food industry, as well as in medical and
chemical applications (Zaboli et al., 2021). It is an optically active molecule and produced through
microbial fermentation, chemical synthesis, and enzymatic reactions (Inoue et al., 2024; Cheng et al.,
2022). Lactate dehydrogenase (LDH) is an enzyme that plays a crucial role in cellular metabolism. It
catalyzes the reversible conversion between pyruvate and lactate, with the simultaneous
interconversion of NADH and NAD". L-LDH reduces pyruvate to L-lactate, while D-LDH (EC
1.1.1.28) catalyzes D-lactate formation (Jin et al., 2023). D-LDH activity is observed in conditions
such as acute appendicitis, bacterial infections, and kidney damage. Elevated D-LDH concentrations in
urine or serum are used as biomarkers to diagnose this illness. The optically pure D-lactic acid was
used in the bioplastics industry to produce polylactic acid, which is a thermoplastic and biodegradable
polyester used in applications ranging from medicine and agriculture to packaging. Hence, D-LDHs
were immobilized on various supports to determine the amount of D-lactate present, to enhance their
thermal stability or to synthesize enantiopure D-lactic acid derivatives. For example, the D-lactate
sensing electrode was fabricated by immobilizing thermostable dye-D-LDH and multi-walled carbon
nanotubes (MWCNTs) within a Nafion membrane. A clear electrocatalytic response was observed
upon exposure to D-lactate (Satomura et al., 2018). D-LDH exhibited enhanced thermal stability when
immobilized on carbon nanotubes (CNTs) and functionalized carbon nanotubes (fCNTs). Compared to
the free enzyme, the immobilized form showed significantly improved stability at elevated
temperatures (Zaboli et al., 2019). D-LDH was encapsulated within the metal—organic framework ZIF-
90 via a one-pot embedding approach, yielding a biocatalyst with high catalytic activity for the
efficient synthesis of D-phenyllactic acid (Wang et al., 2022).

In recent years, 3-aminopropyl silica gel has become one of the preferred derivatized support
materials for enzyme immobilization due to its presence of propylamino groups, which are easily
modified by glutaraldehyde before covalent immobilization of enzymes (Chikurova et al., 2023; Milek
et al., 2019). Enzymes immobilized on this support material show higher thermal stability and
reusability compared to those immobilized on other supports (Sosa et al., 2020; Donga et al., 2022;
Putz et al., 2021).

In this study, the covalent immobilization of Leuconostoc mesenteroides D-lactate
dehydrogenase onto silica support containing 3-aminopropyl functional groups through a
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glutaraldehyde spacer arm was investigated for the first time. The optimum pH, temperature, kinetic
parameters, thermal stability, and reusability of the immobilized enzyme were determined.

MATERIALS AND METHODS

Materials

D-Lactate dehydrogenase enzyme (recombinant Leuconostoc mesenteroides; Mr: 36.5 kDa,
specific activity: 1500 U/mg) was purchased from Megazyme (USA). Sodium pyruvate, nicotinamide
adenine dinucleotide (reduced form), 3-aminopropyl functionalized silica gel, glutaraldehyde (50 %,
w/w), ammonium sulfate, sodium hydroxide, Folin-Ciocalteu reagent, copper(Il) sulfate, sodium
carbonate, bovine serum albumin, glacial acetic acid, phosphoric acid (85%, v/v), and hydrochloric
acid (37%, v/v) were purchased from Sigma (USA). All other chemicals were used without further
purification.

Covalent Immobilization of D-LDH

The covalent immobilization of D-LDH was performed using 3-aminopropyl-functionalized
mesoporous silica activated with glutaraldehyde, as described by Tiilek et al. (2023). Initially, surface
functionalization of mesoporous silica particles was carried out by silanization with 3-
aminopropyltriethoxysilane (APTES) to introduce primary amine groups. One gram of mesoporous
silica was treated with 25 mL of a 4% (v/v) APTES solution in acetone and incubated overnight at
45°C. Following silanization, the support was activated by incubation with 25 mL of 2.5% (v/v)
glutaraldehyde solution, prepared in 0.1 M sodium phosphate buffer (pH 7.0), for 2 hours at room
temperature under continuous stirring. The glutaraldehyde-activated support was then thoroughly
washed with distilled water until the absence of free glutaraldehyde was confirmed in the filtrate, and
subsequently dried at 60°C for 2 hours. For enzyme immobilization, 1 mL of D-LDH solution (1
mg/mL protein in 0.1 M sodium phosphate buffer, pH 7.0) was added to 0.25 g of the activated
support. The immobilization reaction was conducted at 4°C for 2 hours under gentle stirring. After
immobilization, the support was washed repeatedly with distilled water until no protein was detected
in the filtrate, and the immobilized enzyme preparation was dried overnight at 4 °C. Protein
determination in the filtrate was performed according to Lowry et al. (1951).

Activity of D-LDH

The activity of the free enzyme was determined at 37°C by measuring the decrease in NADH
absorbance at 340 nm using a spectrophotometer (UV-1800, Shimadzu, UV spectrometer) in the
presence of sodium pyruvate and NADH, after a 2.5 minutes reaction. In the activity determination
method, 100 pL of a 0.33 mM pyruvate solution prepared in 2.8 mL of 0.1 M pH 7.0 sodium
phosphate buffer, 100 pL of a 0.498 mM NADH solution, and 10 pL of the free enzyme solution with
a protein concentration of 0.551 mg/mL were added to the reaction mixture. One unit of activity is
defined as the amount of enzyme capable of catalyzing the oxidation of 1 umol of NADH per minute
under standard conditions (37°C, pH 7.0).

To determine the activity of the immobilized D-LDH, 5 mg of the immobilized enzyme
preparation was incubated in a reaction mixture containing 2.8 mL of 0.1 M sodium phosphate buffer
(pH 6.5), 100 uL. of 0.33 mM pyruvate solution, and 100 uL of 0.831 mM NADH solution. The
reaction was carried out at room temperature, and after 15 minutes, 1 mL of the reaction medium was
withdrawn for analysis. Enzyme activity was quantified by tracking the reduction in NADH
absorbance at 340 nm, corresponding to the enzymatic reduction of pyruvate. The activity of the
immobilized enzyme was expressed in units per milligram of immobilized preparation (U/mg), while
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specific activity was reported as units per milligram of enzyme protein (U/mg protein). One unit (U) of
D-LDH activity was defined as the amount of enzyme required to catalyze the conversion of 1 pumol of
pyruvate per minute under the assay conditions.

Determination of the Optimum Enzyme Concentration for D-LDH Immobilization

D-LDH solutions were prepared with final concentrations of 0.5, 1.0, and 2.0 mg/mL of enzyme
protein and added to 100 mg of support. The amount of enzyme protein bound to the 100 mg support
was determined by a protein assay performed in the filtrate. Then, the specific activity (U/mg protein)
was calculated, and the enzyme protein concentration that yielded the highest specific activity was
determined.

Effect of Nicotinamide Adenine Dinucleotide Concentration on Activity

After determining the activity of the free and immobilized enzymes, the NADH concentration
that yielded the highest activity was determined. To do this, the pyruvate concentration in the reaction
mixture was kept constant at 0.33 mM, and NADH solutions with final concentrations ranging from
0.016 to 0.667 mM were used to measure the activity. The NADH concentration that resulted in the
highest activity was then identified.

Determination of the Optimum Immobilization Time for D-LDH

To determine the optimum immobilization time, D-LDH was incubated in the immobilization
medium for 0.5, 1, 2, and 4 hours, after which unbound protein was removed by washing. The amount
of D-LDH bound to the support was expressed as a percentage of the total amount of D-LDH added to
the immobilization medium. The time at which the maximum amount of protein bound to the support
was evaluated.

Determination of the Optimum pH and Temperature

To determine the effect of pH on the activity of free and immobilized D-LDH, 0.1 M buffers at
different pH values were prepared for the reaction mixture. Activity measurements were made using
sodium phosphate buffers (pH 5.0-8.0) and carbonate buffers (pH 9.0-10.0), and the pH values at
which the highest activity was determined. The catalytic activities were evaluated across a temperature
range of 25-60 °C, and the temperature corresponding to the maximum activity was identified for each
preparation.

Determination of the Kinetic Parameters

After determining the optimum pH and temperature for free and immobilized D-LDH, activities
were measured at these conditions using different substrate concentrations. In these measurements, the
NADH concentration in the reaction mixture was kept constant, and 100 uL of pyruvate solutions with
concentrations ranging from 1 to 20 mM was added to the mixture. At the end of the reaction, Ky, and
Vmax values were calculated using the Lineweaver-Burk plot.

Determination of the Thermal Stability

To determine the thermal stability of free and immobilized enzymes, the enzymes were
incubated at 45°C and 60°C for 24 hours, and the remaining activities were measured at specific time
intervals (1, 2, 4, 8, 16, 20, and 24 hours) and calculated as relative activities. The previously
determined optimum pH values and NADH concentrations were used for the activity measurements.

Determination of the Reusability Stability of Immobilized D-LDH
For the reusability studies of immobilized D-LDH in a batch reactor, a reactor with a diameter of
1.5 cm and a length of 8 cm was used. Five milligrams of immobilized D-LDH were placed inside the
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column, and 2.8 mL of pH 6.5 sodium phosphate buffer was added. After adding 100 pL of pyruvate
and NADH solutions with a concentration of 10 mM to the reaction mixture at 25°C, the solution was
rapidly removed from the column after 15 minutes. The decrease in NADH absorbance at 340 nm was
measured to determine the activity. The procedure was repeated 10 times to calculate the activity
change associated with reuse.

RESULTS AND DISCUSSION

Optimum Enzyme Concentration and Immobilization Time

To identify the optimal enzyme concentration for immobilization, D-LDH solutions with protein
concentrations of 0.5, 1.0, and 2.0 mg/mL were tested. The amount of D-LDH bound to the support
was calculated as the percentage ratio (%) of the enzyme protein bound to the support relative to the
total amount of enzyme protein initially added to the medium. As shown in Table 1, the highest
relative specific activity was obtained when the enzyme solution with a total protein amount of 1 mg in
the immobilization medium was used.

Table 1. Determination of the optimum enzyme concentration of immobilization on silica gel support

Initial Protein Concentration Bound protein Relative Activity
(mg) (mg) (%)

0.25 0.21 61

0.5 0.15 78

1.0 0.19 100

2.0 0.66 35

In the selection of the optimum enzyme concentration for D-LDH immobilization, the enzyme's
activity value and the amount of bound protein were considered. When 0.5 mg of protein was added to
the immobilization medium, the relative activity was 78%. However, when 1 mg of protein was added,
the activity reached its highest level. Further increase in initial protein amount resulted in a decrease in
the activity of immobilized D-LDH. To date, there have been no studies in the literature on the
immobilization of D-LDH on activated silica gel support. Alagéz et al. (2021) reported the
immobilization of Rhizomucor miehei lipase (RML) on silica gel support by adding different amounts
of RML protein (4, 8, and 16 mg) to the immobilization medium. They calculated that the highest
activity was achieved when the RML protein amount in the immobilization medium was 4 mg. They
also reported that the calculated specific activity decreased when the protein amount increased, this
situation was explained by an increase in substrate diffusion limitation (Alagéz et al., 2021). After
determining the optimum enzyme concentration for immobilization, the free enzyme was incubated in
the immobilization medium for 0.5, 1, 2, and 4 hours. As seen in Fig. 1, the relative activity was
calculated as 49% at 30 minutes, 87% at 1 hour, 100% at 2 hours, and 90% at 4 hours. Based on these

results, the optimum immobilization time was determined to be 2 hours.
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Figure 1. The change of the relative activity depends on the immobilization time
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Determination of the Optimum pH and Temperature
To examine the effect of pH, a series of 0.1 M buffer solutions were prepared, including
phosphate buffers (pH 5.0-8.0 and carbonate buffers (pH 9.0 and 10.0), and their activities were
measured at 25°C. The optimal pH was determined to be 7.0 for free D-LDH, while the optimal pH
was found to be 6.5 for immobilized D-LDH (Fig. 2). This can be explained by the effect of changes in
the microenvironment of D-LDH covalently bound via glutaraldehyde (Carlsson et al., 2014). It was
observed that free D-LDH had high activity from pH 5.0 to 9.0, and its activity decreased to 60% at pH
10, while the immobilized D-LDH maintained 80% of its activity under the same conditions. Zaboli et
al. (2021) obtained the D-LDH gene from Leuconostoc mesenteroides through recombinant E. coli
BL21 strain and calculated its optimum pH to be 8.0. In another study, Zaboli et al. (2019) reported
that after immobilizing D-LDH on carbon nanotubes (CNT), the optimum pH remained at 8.0 for
immobilized D-LDH. Torkzadeh-Mahani et al. (2020) reported the optimum pH for free D-LDH was
8.0, whereas the optimum pH was determined to be 7.0 when it was adsorbed onto a metal-organic
framework (FesO4sNPs@Ni-MOF). In a different research study, Jin et al. (2023) characterized mouse
D-LDH (mLDHD) and they examined the dependence of the activity on the pH of the reaction
solution. The results showed that mLDHD had maximum specific activity at pH 7.4.
110

—&— Free D-LDH —O— immobilized D-LDH

100 ~
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80 -

Relative activity (%)

70

60 -
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Figure 2. Changes in the activities of free and immobilized D-LDH depending on pH

As depicted in Fig. 3, free D-LDH exhibited maximum activity at 37 °C, whereas the
immobilized form showed a peak activity at 45 °C. Although no significant difference in activity was
observed for the free enzyme between 20°C and 50°C, its activity decreased to 53% at 60°C. In the
literature, Torkzadeh-Mahani et al. (2020) reported that the optimum temperature for recombinant D-
LDH was 30°C. After adsorbing the enzyme onto a metal-organic framework (Fe;O4sNPs@Ni-MOF),
they found that immobilized D-LDH maintained its enzymatic activity between 30-50°C; its optimum
activity did not decrease within this temperature range. In the literature, Zaboli et al. (2021) observed
that the optimum temperature for recombinant D-LDH from Leuconostoc mesenteroides at 30°C. In
another study published in 2019, Zaboli et al. reported that the both free D-LDH and immobilized D-
LDH on carbon nanotubes (CNT) exhibited optimum activity at 30°C. In the study of Yuping et al.
(2024), the optimum pH and optimum temperature of D-LDH in Leuconostoc citreum KM20 enzyme
were shown as 8 and 40 °C respectively.

1416



Nazli Ece VARAN & Seyhan TUKEL 15(4), 1411-1422, 2025

Immobilization and Characterization of D-Lactate Dehydrogenase onto 3-aminopropyl Silica Gel Support

120

—C— Free D-LDH  —@— immobilized D-LDH

100 +

80 A

60

Relative activity (%)

40 +

20 A

020 30 40 50 60 70

Temperature (°C)

Figure 3. Changes in the activities of free and immobilized D-LDH depending on temperature

NADH Concentration for Free D-LDH Activity

Under optimal pH and temperature, the reaction rates were measured by varying NADH
concentrations while maintaining a constant pyruvate concentration (0.33 mM) in the reaction medium.
As demonstrated in Fig. 4, the maximum relative activity was observed at an NADH concentration of
0.332 mM. In contrast, the immobilized D-LDH exhibited optimal activity at pH 6.0 and 45 °C. To
determine the optimal NADH concentration for the immobilized enzyme, a series of NADH solutions
(ranging from 0.25 to 30 mM) were tested, with the pyruvate concentration kept constant at 0.33 mM.
As illustrated in Fig. 4, the immobilized D-LDH reached its maximum activity at a final NADH

concentration of 0.831 mM.
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Figure 4. The activity of free and immobilized D-LDH depending on NADH concentration

Kinetic parameters

After determining the optimum NADH concentrations of 0.498 mM for free D-LDH and 0.831
mM for immobilized D-LDH, pyruvate solutions at different concentrations were prepared, and kinetic
parameters were established. As given in Table 2, the Ky, values were 0.37 mM for free D-LDH and
0.08 mM for immobilized D-LDH, while the Vimax values were calculated as 86.9 U/mg protein and
19.2 U/mg protein, respectively. After immobilization, Vimax decreased by approximately 4.5 times.
The keat and kea/Km values were calculated and they were 3173 1/dak and 8576 1/dak mM for free D-
LDH, while after immobilization, they were 699 1/dak and 8738 1/dak mM. The results obtained in
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this study were compared with those from the literature. Zaboli et al. (2019) determined the kinetic
parameters for both free D-LDH and D-LDH immobilized on carbon nanotubes (CNT) using NADH
and pyruvate as substrates. They reported that under optimum conditions, the K value for free D-
LDH was 0.390 mM. With immobilization of D-LDH, the Ku value for pyruvate increased
approximately five times to 1.92 mM. Gu et al. (2014) calculated the K, value for free D-LDH as 0.05
mM. They calculated the kear and kea/Km values as 370.8 1/s and 7.3 x 10* 1/mM s, respectively.
Torkzadeh-Mahani et al. (2020) determined the Ky, and kear values as 0.44 mM and 0.733 x 10* 1/s,
respectively, using different pyruvate concentrations as the substrate solution for recombinant (from E.
coli BL21 strain) D-LDH. They reported that the affinity of immobilized D-LDH for pyruvate
decreased by approximately 1.75 times when D-LDH was immobilized onto a metal-organic
framework (FesO4sNPs@Ni-MOF).

Table 2. Kinetic parameters of free and immobilized D-LDH

Km Vmax kcat kcat/ Km
Enzyme (mM) (U/mgprotein) (1/dak) (dak.mM)
D-LDH 0.37 86.9 3173 8576
Immobilized D-LDH 0.08 19.2 699 8738

Thermal Stability

In industrial settings, enzyme thermal stability is crucial. To evaluate this, the relative activities
of both free and immobilized D-LDH were measured after incubation at 45°C and 60°C for various
durations. The results indicated that immobilized D-LDH exhibited greater thermal stability at 60°C
than its free counterpart (Fig. 5). The free and immobilized D-LDH retained 90% and 89% of their
initial activities, respectively, after 4 hours of incubation at 45°C. After 24 hours of incubation, the
corresponding retained activities were 52% and 20%. The free D-LDH retained 12% of its initial
activity, while immobilized D-LDH retained 32% after 24 hours of incubation at 60 °C. Zaboli et al.
(2019) investigated the thermal stability of free and CNT-immobilized D-LDH across a temperature
range of 30-70°C and calculated the relative activities after incubating for 10 minutes at each
temperature. After 10 minutes of incubation at 70 °C, free D-LDH preserved just 6% of its original
activity whereas CNT-immobilized D-LDH retained 24%. Torkzadeh-Mahani et al. (2020) incubated
recombinant D-LDH at 40°C and found that the free D-LDH preserved just 7% of its original activity,
while D-LDH adsorbed onto (Fe3O4sNPs@Ni-MOF) retained more than 50% of its activity after 60

minutes.
120
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Figure 5. Change of activity of free and immobilized D-LDH depending on incubation time at 45 °C and 60 °C
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Reusability Stability of Immobilized D-LDH

Figure 6 illustrates the reuse stability of D-LDH in a batch-type reactor. The immobilized
enzyme retained 90% of its initial activity after four cycles of use and maintained 38% of its original
activity after ten cycles. The decrease in initial activity may be due to the conformational change of D-
LDH depending on the washing step after each cycle. D-LDH immobilized on Cu3(PO4)2-based

inorganic hybrid nanoflowers remained 78% of its initial activity after 8 cycles (Liu et al., 2024).
120
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Figure 6. Change in the activity of immobilized D-LDH due to reuse
CONCLUSION

The covalent immobilization of D-LDH from Leuconostoc mesenteroides onto 3-aminopropyl-
functionalized silica gel using glutaraldehyde as a cross-linker was optimized to enhance enzyme
stability and reusability. The immobilization process achieved an efficiency of 86%, and the resulting
biocatalyst exhibited shifts in optimal pH and temperature, indicative of enhanced thermal stability and
a slight preference for more acidic conditions. Although immobilization resulted in a decrease in Vmax,
a notable reduction in Km was observed, suggesting an increased affinity for the substrate.
Additionally, the immobilized D-LDH demonstrated improved operational stability, retaining 38% of
its initial activity after 10 consecutive reuse cycles in a batch reactor. These findings underscore the
potential of this immobilized enzyme system for sustainable and efficient D-lactic acid production in
industrial bioprocesses.
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