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ABSTRACT: Cancer is the second leading cause of death worldwide,
with a dramatic impact due to the acquired resistance of cancers to used

chemotherapeutic drugs and treatments. The enzyme lactate dehydro- Py ) 4 “
genase (LDH-A) is responsible for cancer cell proliferation. Recently the -] > - ./Q o
development of selective LDH-A inhibitors as drugs for cancer treatment P v

has been reported to be an efficient strategy aiming to decrease cancer Pyruvate ® Lactate

cell proliferation and increase the sensitivity to traditional chemo-
therapeutics. This study aims to obtain a stable and active biocatalyst
that can be utilized for such drug screening purposes. It is conceived by
adopting human LDH-A enzyme (hLDH-A) and investigating different
immobilization techniques on porous supports to achieve a stable and
reproducible biosensor for anticancer drugs. The hLDH-A enzyme is
covalently immobilized on mesoporous silica (MCM-41) functionalized with amino and aldehyde groups following two different
methods. The mesoporous support is characterized by complementary techniques to evaluate the surface chemistry and the porous
structure. Fluorescence microscopy analysis confirms the presence of the enzyme on the support surface. The tested immobilizations
achieve yields of >80%, and the best retained activity of the enzyme is as high as 24.2%. The optimal pH and temperature of the best
immobilized hLDH-A are pH S and 45 °C for the reduction of pyruvate into lactate, while those for the free enzyme are pH 8 and 45
°C. The stability test carried out at 45 °C on the immobilized enzyme shows a residual activity close to 40% for an extended time.
The inhibition caused by NHI-2 is similar for free and immobilized hLDH-A, 48% and 47%, respectively. These findings are
significant for those interested in immobilizing enzymes through covalent attachment on inorganic porous supports and pave the way
to develop stable and active biocatalyst-based sensors for drug screenings that are useful to propose drug-based cancer treatments.

KEYWORDS: human lactate dehydrogenase, hLDH-A, covalent attachment, enzyme immobilization, MCM-41, mesoporous silica, NHI-2

hLDH-A covalently
> immobilized on
MCM-41

1. INTRODUCTION Lactate dehydrogenase (LDH) is the enzyme that catalyzes
the conversion of pyruvate into lactate. LDH-A is the isoform
of lactate dehydrogenase which is overexpressed in cancer
cells.” It is fundamental for cancer cell proliferation because it
preferentially converts pyruvate into lactate.*'” This reaction
regenerates the NAD" necessary for glycolysis and produces
lactate that behaves as a signaling molecule, allowing aerobic

According to the International Agency for Research on Cancer
(IARC) survey, in 2040 new cancer cases are expected to
increase to 30.2 million and the number of deaths is assumed
to become 16.3 million."” The most common are lung,
bronchus, colorectal, breast, prostate, and finally tracheal

cancers. Moreover, pancreatic cancer is one of the most lethal.® glycolysis to occur.'"* Due to the role of lactate dehydrogen-
The cells of all these cancer typologies are subjected to aerobic ase in cancer cell proliferation, in recent years there has been
glycolysis or Warburg effect.’™ As a whole, cancer cells an increasing interest in the inhibition of LDH-A. The
metabolize glucose into pyruvic acid and then convert it to inhibition of this enzyme seems to be a promising strategy
lactate, even in the presence of oxygen. As schematized in for chemotherapy.” In fact, the development of selective LDH-
Figure 1, healthy cells transform pyruvate into lactate only A inhibitors as drugs for cancer treatment aims to obtain
under hypoxic conditions. By contrast, cancerous cells

metabolize glucose to pyruvic acid, which is then converted Received: May 2, 2023 ACSSteaeie
to lactate even in aerobic conditions.” Cancer cells take Accepted: September 28, 2023

advantage of this accelerated fermentation processlo to obtain Published: October 19, 2023
the large amount of necessary energy (ATP molecules) and the

required precursors (such as nucleic acid, proteins, and lipids)

for cell proliferation."’
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Figure 1. Scheme of the Warburg effect in cancer cells in comparison with glycolysis in healthy cells adapted from ref 9 (the enzyme structure was

created with BioRender.com).

chemotherapeutic agents, which are able to decrease cancer
cell proliferation ability and have less serious side effects than
traditional chemotherapies. In addition, LDH-A inhibition
increases the sensitivity of cancer to traditional chemo-
therapeutic agents.'”'> Figure 2 provides a scheme of the
reaction catalyzed by hLDH-A, in the presence of inhibitors,
the production of lactate is hampered.

o] NADH NAD
e ” ch\/”\
[ o [ o
0 OH
Pyruvate Lactate
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Figure 2. Scheme of the reaction catalyzed by hLDH-A (the enzyme
structure was created with BioRender.com).

Currently, the only procedure to test the efficiency of
chemical compounds in inhibiting enzymes is to perform an
enzymatic assay for each individual molecule.'® During the
screening phase, several thousand compounds are typically
tested. For example, a study carried out in 2019, by Zhou et
al,'” tested about S000 molecules to develop new LDH-A
inhibitors. These facts imply the necessity of high amounts of
enzyme and therefore high costs. In order to reduce the cost of
this screening phase, the enzyme should be recovered after
each test. The immobilization of enzymes on solid supports is a
possible strategy to simplify continuous operations because it
allows recovering the enzyme from the reaction solution
avoiding its disposal and reducing the overall cost.'®"’

As a whole, different strategies for immobilization have been
proposed over the years. These can be divided into reversible
(adsorption and formation of disulfide bonds) and irreversible
(covalent coupling, entrapment, and cross-linking) methods.”
To obtain a stable and durable biocatalyst, irreversible methods
are more appropriate, because the strength of the formed
bonds provides higher stability than the reversible techniques.
Among the possible irreversible immobilization techniques,
covalent binding provides the least enzyme leakage and
potentially the greatest stabilization.”” To perform a covalent
coupling, the used support must present proper functional
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groups (such as amino and aldehyde groups) that react with
the amino acid residues of the enzyme to form covalent bonds.

Mesoporous silicas have shown great potential as ideal
materials for the covalent immobilization of enzymes.”" In fact,
mesoporous silica such as MCM-41, MCF, and SBA-15
possess high specific surface areas”” and pore volumes, as well
as large pores, good mechanical and chemical stability in
aqueous media, and tunable morphology, along with the
possibility of being activated postsynthesis with different
functional groups (such as amino, aldehyde, or epoxy groups)
to form the support—enzyme covalent bond.”"*’

In this work, the human lactate dehydrogenase enzyme
(hLDH-A) was immobilized through covalent coupling
methods on functionalized mesoporous silica to obtain
hLDH-A immobilized on MCM-41 (imm-hLDH-A) to
evaluate if it could be used as a biosensor for the screening
of hLDH-A inhibitors. This device could accelerate the test of
drugs’ efficiency and would allow the recovery of the enzyme,
with a consequent reduction in the cost of the screening phase.
To the best of the authors” knowledge, this is the first time that
human lactate dehydrogenase is immobilized on mesoporous
silica to realize a biosensor for the test of hLDH-A inhibitors.
Amino-aldehyde and amino-MCM-41 are used to immobilize
hLDH-A using two different techniques that form covalent
bonds between the enzyme and the support. The resulting
imm-hLDH-A samples were characterized by retained activity
(R,t) and the immobilization yield (IY). The activity of the
best performing imm-hLDH-A was studied by varying the
values of pH and temperature, along with its thermal stability.
The results obtained were compared to those obtained for free
hLDH-A. Finally, some preliminary tests were carried out to
evaluate the feasibility of using imm-hLDH-A as a catalyst in a
LDH-based biosensor. The reusability of the imm-hLDH-A
was investigated through a 4-cycle batch reaction. Then, the
reliability of the inhibition tests performed on imm-hLDH-A
was studied by comparing it with the inhibition efficiency
achieved on the free hLDH-A.

2. MATERIALS AND METHODS

2.1. Materials. MCM-41, (3-glycidyloxypropyl)trimethoxysilane
(GPTMS), (3-aminopropyl)triethoxysilane (APTES), sulfuric acid,
hydrochloric acid (37% wt.), poly(ethylene glycol), toluene, acetone,
CuSO,, KH,PO,, K,HPO,, NaHCO3,, Na,CO;, H,NaO,P, Na,HPO,,

https://doi.org/10.1021/acsbiomaterials.3c00582
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1-hydroxy-6-phenyl-4-(trifluoromethyl)-1H-indole-2-carboxylic acid
methyl ester (NHI-2), dimethyl sulfoxide (DMSO), and L-lactate
dehydrogenase from human expressed in E. coli (hLDH-A, EC
1.1.1.27) were supplied from Sigma-Aldrich (Merck). Potassium
iodate, glutaraldehyde (S50% in water solution), sodium meta
periodate, lactic acid, sodium pyruvate, sodium borohydride, NAD,
and NADH were purchased from VWR avantor.

2.2. Methods. 2.2.1. Activity Assay. The activity tests were
performed using a UV—vis spectrophotometer (Jasco V-730) by
monitoring for 60 s the decrease in absorbance at 340 nm, which
corresponds to the peak of NADH. The absorbance variation in time
(AA) can be correlated with the specific activity, of the free (Ag;, U
mgpmfl) or immobilized enzyme (A, U gsupp’l), using eq 1 and eq 2,
respectively.

_AAV1
TR 1)

AA V1

IE~ -+ -,
eL Vi g, (2)

where AA is the absorbance slope, € is the NADH molar extinction
coefficient (6.22 mM™! cm™), L is the optical path (cm), V; is the
volume of the solution in the cuvette (mL), V, and V;, are the volume
of enzymatic solution and suspension of the imm-hLDH-A,
respectively (mL), and ¢, and ¢, are the concentration of the
enzymatic solution (mg mL™") and suspension of the imm-hLDH-A
(g mL™"), respectively. In order to measure the enzyme’s activity, 100
uL of hLDH-A solution (0.01 mg mL™', according to Bradford
assay”*) or 100 uL of imm-hLDH-A suspension (20 mg mL™") was
added to the solution present in the cuvette for analysis containing
100 pL of 7 mM cofactor (NADH) solution (in 0.1 M phosphate
buffer, pH 7.5) and 100 uL of 49 mM pyruvate solution (in 0.1 M
phosphate buffer, pH 7.5) dispersed in 2.7 mL of 0.1 M phosphate
buffer, pH 7.5, kept at 35 °C.

2.2.2. Kinetic Studies of Lactate Dehydrogenase. hLDH is a
tetrameric enzyme that presents five main isoforms composed of four
subunits of type A or B.” The two principal isoforms are
homotetramers: hLDH-A and hLDH-B.” The first preferentially
converts the pyruvate into lactate, while LDH-B mediates the reverse
reaction.”® To examine the different affinity of free FLDH-A toward
pyruvate and lactate, the kinetic parameters of these two reactions
were studied. For the pyruvate reduction, the analysis was performed
following the same procedure used for the activity assay, varying the
concentration of the substrate solution from 0.1 to 30 mM (the
pyruvate concentration in the cuvette of analysis ranges from 0.003 to
1 mM). The kinetic parameters were obtained through the Hanes—
Woolf linearization for the pyruvate reduction.”® To study the kinetic
parameters of the lactate oxidation, the enzymatic assays were
performed at 45 °C adding 100 L of hLDH-A (0.01 mg mL™") to a
solution formed by 2.7 mL of 0.1 M phosphate buffer, pH 8, 100 uL
of 20 mM cofactor (NAD) solution (in 0.1 M phosphate buffer, pH
8), and 100 uL of the substrate (lactate) solution (in 0.1 M phosphate
buffer pH 8) with concentrations from 0.5 to 100 mM (the lactate
concentration in the cuvette for analysis ranges from 0.02 to 2.67
mM).

2.2.3. Support Functionalization. 2.2.3.1. MCM-41 Activated
with Amino Functional Groups (MCM-41,). To functionalize the
mesoporous silica with amino groups, 1 g of MCM-41 was put in
contact with 30 mL of APTES solution (APTES 5% v/v in toluene)
and then vigorously stirred at 105 °C for 5 h.*® The support was
filtered and washed with acetone (30 mL) and water at the end of the
reaction, and finally it was dried at room temperature. A scheme of
the functionalization process is displayed in Figure S1. The moles of
amino groups grafted on the silica surface were estimated through the
adsorption of CuSO, on -NH,.*”*® The amount of CuSO, in the
solution was analyzed through UV—vis spectroscopy and the moles of
amino groups were calculated by eq 3:
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mol 1
—2 = —chso4[cuso4]m

Absg,, ]
sup

Abs,

in

.[1 _
®)

where molyy, are the moles of amino groups (mmol), My, is the

msup

amount of characterized MCM-41, (g), Vo, is the volume of

copper sulfate solution (mL), [CuSO,];, is the concentration of
CuSO, in the solution (mmol mL™"), and Abs,, and Absg, are the
values of absorbance measured at 750 nm for the supernatant at the
beginning and the end of the reaction.

2.2.3.2. MCM-41 Activated with Amino and Glyoxyl Functional
Groups (MCM-41,5). To have both amino and glyoxyl groups, the
MCM-41 was functionalized with a three-step procedure, following
the method re)ported by Cocuzza et al,, and the process is schematized
in Figure $1.” The first phase is the same used for the activation with
amino groups, with the addition of GPTMS to the solution: 1 g of
MCM-41 was put in contact with 30 mL of APTES and GPTMS
solution (APTES 5% v/v and GPTMS 5% v/v in toluene) and
strongly stirred at 105 °C for S h. The support was filtered and
washed with acetone in the same amount of toluene and abundant
distilled water. At the end of the first step, MCM-41 was
functionalized with amino and epoxy groups. The epoxy groups
were hydrolyzed during the second phase: the material obtained (1 g)
was put in contact with 0.1 M H,SO, (30 mL) and vigorously stirred
for 2 h at 85 °C. The material obtained was filtered and washed with
abundant distilled water. At the end of this phase, the epoxy group
was hydrolyzed to two diols. During the last step, the modified MCM-
41 (1 g) was put in contact with 0.1 M NalO, (30 mL) and
vigorously stirred for 2 h at room temperature. In this phase, the diols
are oxidized to obtain glyoxyl groups. At the end of the reaction,
MCM-41, was filtered, washed with abundant distilled water, and
dried at room temperature. The number of glyoxyl groups on the
silica surface was quantified through the back-titration method with
NaHCO,/KL*® The moles of glyoxyl groups were determined by eq
4:

mol,; 1 _ Absg,,
o1y oy e
msup sup Al Sin (4)
where moly, are the moles of glyoxyl groups (mmol), my,, is the

amount of functionalized MCM-41 (g), Vio- is the volume of

metaperiodate solution (mL), [IO,”] is the concentration of 10,~
ions in the NaIO, solution (mmol mL™"), and Abs;, and Absg,, are the
values of absorbance measured at 420 nm for the supernatant at the
beginning and the end of the reaction, respectively.

2.2.4. Support Characterization. The specific surface area (Sgpr)
and the micropore volume (Vp) of the unmodified MCM-41, MCM-
41,, and MCM-41,; were estimated by N, physisorption at —196 °C,
with Micromeritics ASAP TriStar II 3020 instrument, after pretreat-
ment at 200 °C for 2 h. The specific surface areas were calculated by
applying the Brunauer—Emmet—Teller method, and the micropore
volumes were evaluated by applying the Barrett—Joyner—Halenda
approach to the desorption phase.

The morphology of the samples was investigated through high-
resolution transmission electron microscopy (TEM, Jeol JEM 3010
UHR, LaB4 gun, operating at 200 kV). The microscopies obtained
were analyzed with Gatan software.

Powder X-ray diffractograms of MCM-41, MCM-41,, and MCM-
41,5 were acquired with an EMPYREAN diffractometer, Cu Ka
radiation, 26 range of 1°—5°, angle step size 0.013, and 120 s time per
step. The diffractograms were examined using the Powder Data File
Databases (PDF-2 Release 2004, COD_Mar10).

To verify that MCM-41 was properly functionalized, Fourier
transform IR (FT-IR) spectra were collected on the unmodified
support, MCM-41,, and MCM-41,¢. The IR spectra were acquired
with a Bruker INVENIO instrument equipped with liquid nitrogen
cooled MCT detector. The samples were pretreated at 300 °C in
standard vacuum conditions for 1 h, and the analyses were performed
at room temperature (range 4000—400 cm™, 64 scans, resolution 4
cm_l).

https://doi.org/10.1021/acsbiomaterials.3c00582
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2.2.5. Immobilization of hLDH-A on Support. 2.2.5.1. Immobili-
zation on MCM-41, Preactivated with Glutaraldehyde (MCM-41 ,-
GA). To immobilize hLDH-A on MCM-41,, the support was
preactivated with glutaraldehyde, adapting the procedure reported
by Alagoz et al. (a detailed scheme of the immobilization is reported
in Figure $2a).*° The support (1 g) was incubated in 25 mL of
glutaraldehyde solution (1 or 2.5% v/v in SO mM sodium phosphate,
pH 7) and kept under vigorous stirring at room temperature for 2 h.
At the end of the preactivation step, the support was filtered, washed
with distilled water, and immediately used to immobilize hLDH-A.
Two milligrams of hLDH-A (according to Bradford assay) was put in
contact with 1 ¢ of MCM-41,-GA in 40 mL of 25 mM sodium
phosphate, pH 7,”" keeping the mixture at 10 °C under gentle stirring.
Regularly samples were collected to estimate the immobilization time
by monitoring the activity of the supernatant. To check whether the
enzyme was inactivated by the immobilization conditions, the activity
of the suspension and the activity of an enzymatic solution, which was
kept under the same conditions as the immobilizing mixture but not
put in contact with the support (used as a blank), were monitored.
The immobilization ended when the supernatant activity dropped to
zero or remained constant for two consecutive measurements. The
solution was filtered under vacuum and washed with 25 mM
phosphate buffer, pH 7.5, and a sample of the filtered solution was
collected to monitor if the phosphate buffer caused the enzyme
leakage. Finally, the imm-hLDH-A was washed with distilled water
and dried at 4 °C.

2.2.5.2. Immobilization on MCM-41,5 The immobilization of
hLDH-A, schematized in Figure S2b, was performed by adapting the
procedures described by Jackson et al** and Cocuzza et al*’ The
immobilization was carried out in the absence and presence of
additives to improve the enzyme’s stability.*” Poly(ethylene glycol)
(PEG) was used as a stabilizer in different concentrations: 50 mg
mL™}, 10 mg mL7™} 1 mg mL7, 0.5 mg mL~, and 0.05 mg mL™%
One milligram of hLDH-A was put in contact with 1 g of MCM-41,¢
in 40 mL of 25 mM carbonate buffer, pH 9 (with PEG in various
amounts), and the mixture was kept at 10 °C and gently stirred. The
immobilization was monitored as described for the immobilization on
MCM-41,-GA, vide supra. When the supernatant activity dropped to
zero or remained constant for two consecutive samplings, the Schiff
bases created between the enzyme and the support were reduced in
sodium borohydride solution (0.1 mg mL™" in 100 mL of 25 mM
carbonate buffer pH 9 with PEG) for 15 min. Finally, the mixture was
filtered under vacuum and washed with 25 mM phosphate buffer, pH
7.5. As previously described, a sample of the filtered solution was
collected to monitor whether the phosphate buffer washed away the
enzyme. Finally, the imm-hLDH-A was washed with distilled water
and dried at 4 °C.

2.2.5.3. Immobilization and Immobilized Enzyme Parameters
(IY, Ry). To estimate the immobilization yield (IY), namely, the
amount of protein attached on the support surface, the activity of the
solution was determined at the beginning (A;py,) and the end

(Arpyy,) of the immobilization process, as expressed in eq 5.%

Arph,, — AbH

IY (%) = X 100

©)

The efficiency of imm-hLDH-A, obtained by immobilizing the
enzyme on the support, was valued according to its retained activity
(Ryt)- Ryt is determined as the ratio between the specific activity of
the imm-hLDH-A and the specific activity of the free enzyme
multiplied by the enzymatic load adopted during the immobilization,
as expressed in eq 6:

ArpHy,

A
R, (%) = =% x 100
9Agg (6)
where A is the specific activity of the immobilized LDH (U gsupp’l) s
q is the enzymatic load provided during the immobilization (mgpmt
gSupP_l) , and Agg is the specific activity of the free LDH (U mgpm_l) ,
equal to 214 + 292 U mgpm_l.
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2.2.6. Inmobilization of Fluorescence-Labeled Enzyme. Optical
fluorescence microscopy was performed with the aim of obtaining
information about the enzyme presence and distribution on the
support. With this purpose, (LDH-A was labeled with fluorescence
dye (ATTO 488). To label the enzyme, a protein labeling kit and a
separation column (purchased from Merck) were used following the
procedure provided by the manufacturer; an analogous method was
previously employed by Rocha-Martin et al.*> The enzyme solution
was incubated with ATTO 488 at room temperature in 0.1 M sodium
bicarbonate buffer, pH 9.5, for 2 h, the mixture was protected from
light and kept under gentle stirring, and finally, it was purified with the
separation column. The labeled enzyme was then immobilized
according to the immobilization procedure that gave the best results
in terms of R, and IY, avoiding interaction with light. The imm-
hLDH-A obtained was observed with a Nikon Eclipse Ti-e
fluorescence optical inverted microscope, equipped with a super
bright wide-spectrum source (Shutter Lambda XL), a high-resolution
camera (Zyla 4.2 Plus, 4098 X 3264 pixels, Andor Technology), and
an objective 100X (Nikon) suitable for oil immersion. Brightfield,
green, and blue emission images were acquired. The support was
observed as a control under the same conditions of analysis.

2.2.7. FT-IR and XRD Characterization of Immobilized hLDH-A.
A FT-IR spectrum was acquired on imm-hLDH-A and compared with
the spectrum of the functionalized mesoporous silica obtained under
the same conditions. The IR spectra were acquired with a Bruker
INVENIO instrument equipped with a liquid nitrogen cooled MCT
detector. The samples were degassed to 10> mbar, and the analyses
were performed at room temperature (range 4000—400 cm™, 64
scans, resolution 4 cm™).

In addition, an XRD measurement was carried out on imm-hLDH-
A with an EMPYREAN diffractometer, Cu Ka radiation, 26 range of
0.75°—5°, angle step size of 0.013, and 120 s time per step.

2.2.8. Temperature and pH Profile of Free and Immobilized
hLDH-A. As is known, temperature and gH are two key parameters for
the activity and stability of enzymes.*>*> Therefore, activity tests were
performed on both the free (LDH-A and the most active imm-hLDH-
A (as previously described in section 2.2.1), with varying pH and
temperature. To obtain solutions at pH S and pH 8, 0.1 M phosphate
buffer was used, while 0.1 M carbonate buffer was used for the pH 11
solution. To evaluate the temperature parameter, activity tests were
carried out in a temperature range of 25 to 65 °C. The activity is
expressed as a percentage of the maximum value obtained.

2.2.9. Thermal Stability of the Free and Immobilized Enzyme.
With the purpose of obtaining information concerning the thermal
stability of hLDH-A in the free and immobilized form, enzymatic
assays were performed at different times on the enzymatic solution
and the best imm-hLDH-A suspension both incubated at pH 7.5 and
45 °C for at least 64 h. For both samples, an incubation temperature
of 45 °C was chosen because, from the studies of the pH and
temperature profiles, the highest activity for both the free and
immobilized enzyme was registered at this temperature vide infra. The
activity tests were executed at 35 °C as specified in section 2.2.1.

2.2.10. Cyclic Batch Reaction. With the purpose of obtaining
information about the stability of the immobilized enzyme during
continuous operations, a cyclic activity test was executed. The imm-
hLDH-A (0.67 mg mL™") was dispersed in a solution of 1.63 mM
pyruvate and 0.23 mM NADH (in 0.1 M phosphate buffer pH 7.5),
kept at 30 °C for 60 min. The proceeding of the reaction was followed
by using a UV—vis spectrophotometer (Jasco V-730) by monitoring
periodically the absorbance at 340 nm and, consequently, by
evaluating the concentration of NADH in the solution. After 60
min, the immobilized enzyme was collected by centrifuge and
redispersed in a solution with the same concentrations of pyruvate
and NADH. The procedure was repeated four times. At the end of
each reaction, an activity test on the supernatant was performed to
determine whether enzyme leaching occurs.

2.2.11. Inhibition Test with NHI-2. In order to obtain information
about the inhibition efficiency of LDH inhibitors on the immobilized
enzyme, an imm-hLDH-A activity test was performed in the presence
of 5.3 uM NHI-2, a well-known LDH inhibitor compound.** The
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Figure 3. Experimental results achieved for (a) pyruvate reduction and (b) lactate oxidation reactions, along with the corresponding kinetic models.
The charts plot the rate of product formation (U mgpmt_l) as a function of the substrate concentration (mmol L™").

same test was repeated using free hLDH-A to evaluate the reliability
of the inhibition results obtained with imm-hLDH-A. The activity
tests were carried out as previously described in the section 2.2.1
adding 20 uL of 0.8 mM NHI-2 diluted in DMSO. The results were
presented in terms of activity percentage (%), the activity obtained in
the absence of NHI-2 was considered as 100%, and the activity
obtained in the presence of the inhibitors was compared to the
respective maximum activity. Each test was repeated three times, and
results were presented in terms of the average value.

3. RESULTS AND DISCUSSION

3.1. Kinetic Studies of Lactate Dehydrogenase. The
kinetic studies performed on the free enzyme provide
information concerning the affinity of "LDH-A. As previously
described, lactate dehydrogenase is an enzyme consisting of
four subunits, which enables it to bind up to four substrates
and cofactor molecules.”” As with other oligomeric enzymes,
lactate dehydrogenase enzyme exhibits allosteric features,”**”
namely, its activity is influenced by the binding of ligands that
cause a change in its configuration.”® When the activity of
allosteric enzymes is increased by ligand binding, they
demonstrate a cooperative effect.” The kinetic behavior of
cooperative enzymes can be properly described by the Hill
model, as shown in eq 7.

[s]"

R =R, —>
’ S R N

()
where R, is the rate of product formation (U mgpmt_l), R,  is
the maximum rate of product formation (U mg,,'), [S] is
the substrate concentration (mM), K, is the substrate
concentration that gives 50% of R, (mM), and h is the
adimensional Hill’s coefficient. Consequently, the Michaelis—
Menten kinetic model can be described by the Hill equation in
the particular case where h is equal to 1.** The Michaelis—
Menten model is reported in eq 8:

R =r 81
P e+ [S]

'max

(8)
where R, is the rate of product formation (U mg,, '), R, is

the maximum rate of product formation (U mg,, '), [S] is
the substrate concentration (mM), and K, is the Michaelis

'max
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constant (mM). Figure 3 shows the results obtained for both
pyruvate reduction (Figure 3a) and lactate oxidation (Figure
3b).

In accordance with findings from Pasti et al,* KHLDH-A
exhibits Michaelis—Menten kinetics when pyruvate reduction
is studied at a temperature of 35 °C and pH 7.5, as depicted in
Figure 3A. Otherwise, the kinetic behavior of the enzyme
approximates a sigmoidal trend described by Hill's equation.
The kinetic parameters for pyruvate reduction are calculated
using the Hanes—Woolf linearization method. This approach
minimizes experimental errors and results in a better fit of the
experimental data compared with the Lineweaver—Burk
model, as shown in Figure S3. Conversely, Hill's parameters
(h and Ky for lactate oxidation are estimated using standard
regression techniques by analyzing the data graphically. A
summary of the kinetic parameters can be found in Table 1.

Table 1. Kinetic Parameters (R, , Ky, and Hill's

Coefficient) Estimated for Both Pyruvate Reduction and
Lactate Oxidation Reactions

substrate R, (Umg,, ") Kipe (mM) h
pyruvate 237.7 0.13 1
lactate 10.7 0.56 2.59

Hill's coefficient for lactate oxidation is greater than 1,
indicating positive cooperativity with respect to lactate binding.
Conversely, Hill's coeflicient for pyruvate is equal to 1,
indicating no substrate binding cooperativity. In the latter case,
it can be assumed that multiple binding sites are present that
do not interact cooperatively. As previously mentioned, the
initial enzyme concentration is the same for both pyruvate
reduction and lactate oxidation tests, but the asymptotic value
of R, is much higher in the case of pyruvate. The lower value of
Ki¢ for pyruvate reduction suggests a higher affinity of the
enzyme for pyruvate than that for lactate as a substrate. These
findings are consistent with the earlier statement regarding
LDH-A’s affinity for pyruvate.

3.2. Support Characterizations. The MCM-41 was
modified by introducing amino and glyoxyl groups necessary
for the immobilization process. The amino groups of MCM-
41, (quantified as described in section 2.2.3) are equal to 0.96
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mmol gsup_l. The method used to quantify the amino groups is
based on the different concentrations of CuSO, before and
after the interaction with MCM-41,. As illustrated in Figure
S4, CuSO, can be adsorbed on -NH, in different
configurations, resulting in an overestimation of the amino
group number. The number of glyoxyl groups of MCM-41,
(quantified as described in section 2.2.3) is equal to 1.32 mmol
gsup_l. The structure of the samples was examined through
TEM analysis, and the obtained outcomes are shown in Figure
4. No significant changes emerge in MCM-41, (Figure 4b)
and MCM-41,; (Figure 4c) in comparison with commercial
MCM-41 (Figure 4a). In addition, the channel distances
estimated through the Gatan software of TEM reveal no inner
transformation in the materials. It can be concluded that the
functionalization process does not modify the morphology of
the mesoporous silica.

The unmodified (MCM-41) and functionalized (MCM-41,,
MCM-41,) silica were characterized through N, physisorp-
tion at —196 °C, as shown in Figure 5. MCM-41 displays a
type IV adsorption isotherm (Figure Sa), according to the
TUPAC classification, characteristic of mesoporous materials.*'

On the other hand, MCM-41,¢ shows a type II adsorption
isotherm and MCM-41, presents a combination of type II and
type IV adsorption isotherms.

As a result of the functionalization process, the specific
surface area decreases by ~53% for MCM-41, and ~95% for
MCM-41,g, as does the total pore volume. These effects may
be due to the occlusion of the smaller pores by APTES and
GPTMS."" As can be seen in Figure Sb, MCM-41 presents
pores of two sizes; after the functionalization the minor pores
are partially reduced by the presence of organosilanes (MCM-
41,), while for MCM-41,; the pores around 2 nm
disappeared, in agreement with dgy; reported in Table 2.

Table 2 summarizes the results of N, physisorption at —196
°C.

The minimum diameter of the enzyme can be estimated by
using eq 9, where D, is the minimum diameter of the enzyme
whose shape is approximated to a sphere (nm) and M is the
molecular weight of the enzyme (Da).*®

Dy = 2 % (0.066 X M) ©)

The molecular weight of hLDH-A is reported to be 27.46
kDa (Uniprot ID. K1T0A2). Consequently, the minimum
diameter of hKLDH-A is 3.98 nm; therefore its size is
comparable to the largest pores of the supports, ie., 3.8 nm
as obtained for the MCM-41, from Table 2 and Figure Sb.

Figure 6 shows the XRD patterns. As a whole, the
unmodified silica presents three peaks in the 26 range 1°—5°
ascribed to (100) at 20 = 2.36°, (110) at 20 = 4.03°, and (200)
at 20 = 4.62° characteristic of MCM-41.*

As previously reported in the literature, the diffractograms of
MCM-41, and MCM-41,; look like those typical of
amorphous materials and present (100) peaks of lower
intensity and slightly shifted to higher 260 values (2.37° and
2.38° for MCM-41, and MCM-41,, respectively). These
results can be attributed to the organic groups of APTES and
GPTMS attached to the mesoporous silica surface which
reduce the scattering intensities of the material.**~*

To confirm the successful functionalization of the materials,
the functionalized samples were analyzed using FT-IR and
compared to the unmodified MCM-41 (Figure 7).

As a whole, MCM-41, and MCM-41, present a peak at
3428 cm™" due to -NH stretching™ and two signals at 2936
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MCM-41

Figure 4. HR-TEM images highlighting the channel distances
identified on the MCM-41 (a), MCM-41, (b), and MCM-41,; (c).

and 2882 cm™' ascribed to symmetric and asymmetric
stretching of —CH, present in GPTMS and APTES."** At
lower wavenumbers, the band centered at 1661 cm™' can be
assigned to the carbonyl group signal,*® whereas peaks at 1594
and 1448 cm™' are attributable to -NH, deformation
vibrations.”” The signal at 1467 cm™' can be ascribed to
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Figure S. (a) N, physisorption isotherms at —196 °C of pristine and functionalized MCM-41. (b) Pore size distributions of MCM-41, MCM-41,,

and MCM-41,¢. All the samples were pretreated at 200 °C for 2 h.

Table 2. Results of Nitrogen Physisorption at —196 °C of
MCM-41, MCM-41,, and MCM-41,,¢

Sper” (m? g Vpb (em® g dB]HC (nm)
MCM-41 1085 0.74 2.7
MCM-41, 509 0.29 2.3
MCM-41,q 58 0.06 3.8

“Specific surface area calculated through the BET method. bTotal
pore volume calculated through the BJH method. “Mean pore
diameter calculated through the BJH method.

= —— MCM-41
S ——MCM-41,
——MCM-41,
=\

Intensity (a.u.)

(200)

26 (°)

Figure 6. X-ray diffractograms of MCM-41, MCM-41,, and MCM-
41,¢ at low angles (20 range 1°—5°) and scheme of the MCM-41 cell

parameters: inter-reticular distance (d,), cell parameter (a,), and wall
thickness (§).

—CH, bending vibration,** and the peak at 1408 cm™ can be
ascribed to -Si-CH, deformation.”” On the other hand, the
commercial MCM-41 presents an intense peak at 3745 cm™
assigned to isolated silanols.”® This last peak is not present in
the spectra of MCM-41, and MCM-41,; due to the
functionalization process during which organosilanes react
with the SiOH groups.

3.3. hLDH-A Immobilization on MCM-41, Preacti-
vated with Glutaraldehyde and MCM-41,¢. The enzyme
was immobilized on MCM-41, and MCM-41,. following the
two different procedures described in section 2.2.5.
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Figure 7. FT-IR spectra of MCM-41, MCM-41,, and MCM-41,. On
the left is shown the magnification of the range of 1750—1350 cm™.
The spectra were acquired at room temperature after being pretreated
at 300 °C in standard vacuum conditions for 1 h.

hLDH-A was immobilized on MCM-41, activated with 2.5%
v/v and 1% v/v glutaraldehyde, a bifunctional cross-linking
agent reactive with lysine residues of the enzyme.””***" A two-
step immobilization procedure was adopted to prevent the
deactivation of hLDH-A due to inter- and intra-cross-linking
by glutaraldehyde, a molecule sufficiently small to reach the
active site of hLDH-A and react with the groups involved in
the catalytic process.”’ In the first step the support was
activated separately from hLDH-A; subsequently, MCM-41,-
GA was introduced in the enzymatic solution.

Otherwise, multipoint immobilization of hLDH-A was
performed by putting it in contact with the heterofunctional
mesoporous silica (MCM-41,) in a carbonate buffer at pH 9.
The alkaline pH is required to deprotonate the lysine residues
and make them react with the support glyoxyl groups. The
immobilization was carried out at pH 9 which provides the
alkaline environment necessary to obtain the enzyme
immobilization (it is usuallgf made at pH 10) and avoid the
denaturation of the protein.””** The isoelectric point of lactate
dehydrogenase is around pH 8; at higher pH the enzyme is
negatively charged.”’ The immobilization was performed in the
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Table 3. Immobilizations Conditions Tested and Activities Obtained for Immobilized hLDH-A

support immobilization condition IY (%)
MCM-41,—GA-1“ no stabilizer 95.7
MCM-41,—GA-2.5" no stabilizer 94.8
MCM-41,¢ no stabilizer 99.1
PEG 50 mg/mL 79.6
PEG 10 mg/mL 79.8

PEG 1 mg/mL 100
PEG 0.5 mg/mL 95.9
PEG 0.05 mg/mL 91.1

activity (U) A (Ug™) Q (mgpror Goup ) R, (%)
0.11 + 0.04 559 +21.5 2 13.1
0.07 + 0.01 371 + 5.1 2 8.7
0.06 + 0.03 289 + 14.5 1 13.5
0.03 + 0.02 15.1 + 7.9 1 7.0
0.04 + 0.02 217 +7.6 1 10.1
0.08 + 0.03 39.1 + 147 1 183
0.05 + 0.03 26.5 + 14.6 1 124
0.10 + 0.01 S1.8 + 59 1 242

“Concentration of glutaraldehyde in solution during the preactivation step, namely, 1% v/v and 2.5% v/v.

presence of PEG in different concentrations, used as a
stabilizer to protect the enzyme from the alkaline environment.
The same immobilization was conducted without the stabilizer
to evaluate the role of PEG on the activity of the imm-hLDH-
A. Table 3 summarizes the parameters obtained by the two
methods. In all of the conditions, no enzyme was detected in
the filtered solution after washing,

All the immobilizations resulted in immobilization yields
(IY) higher than 79%, with the majority of them exceeding
90%. Despite the high values of immobilization yields, the
retained activities (R,.) range from 7% to 24.2%, with most
values close to 10%.

As can be seen, by increasing the glutaraldehyde
concentration of the preactivation step of MCM-41,, the R,
decreases. This effect may be due to the stiffening of the
protein resulting from the excessive binding between the
enzyme and the support.'® Unexpectedly, for the multipoint
covalent immobilization, increasing the stabilizer concentration
seems to worsen the retained activity, while at a low
concentration, the presence of PEG improves R . A possible
explanation for this phenomenon is that PEG, when present in
concentrations exceeding 10 mg/mL, obstructs the interaction
between the enzyme and the support. Consequently, the
immobilizations carried out with S0 and 10 mg/mL have
demonstrated the lowest immobilization yields. On the other
hand, concentrations of 1 or 0.5 mg/mL of PEG do not hinder
the interaction of the protein with the functional groups of the
support, but it can interfere with the hydrophobic pockets of
the enzyme changing its structure, as previously reported in the
presence of glycerol by Braham et al>® In particular, the
positive effect of stabilizing obtained with a concentration of 1
mg/mL of PEG may be greater than the negative phenomenon
of enzymatic pocket obstruction. The best result in terms of
R, was obtained through the multipoint covalent immobiliza-
tion over MCM-41, in the presence of 0.05 mg/mL of PEG.
Therefore, the following characterizations of the imm-hLDH-A
were carried out using these latter immobilization conditions.

3.4. Characterizations of the Immobilized Lactate
Dehydrogenase. To verify the presence and distribution of
the enzyme immobilized on MCM-41,, optical fluorescence
microscopy was conducted. The resulting images of the imm-
hLDH-A were collected in the green emission channel (Figure
8a), the blue emission channel (Figure 8b), and brightfield
(Figure 8d), as shown in Figure 8. Additionally, the support
alone was analyzed with optical fluorescence microscopy to
assess the intensity of its intrinsic fluorescence emission
(Figure SS).

The enzyme can be easily distinguished in Figure 8a,c as
spots of very intense green emissions. The blue spots appearing
in Figure 8b,c allow the localization of MCM-41,, particles in
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a)

Figure 8. Optical fluorescence microscopy images of hHLDH-A labeled
with ATTO 488 immobilized on MCM-41,¢ in the green channel
(a), blue channel (b), green and blue channels overlapped (c), and
brightfield (d). The brightness and contrast of the images were
corrected.

the images. The images obtained by fluorescence microscopy
confirm the presence of the enzyme on the silica surface,
verifying the success of the immobilization (Figure 8c). While
it is obviously not possible to distinguish individual enzymatic
macromolecules due to the limitations of optical microscopy,
the enzymatic spots appear well-distributed in the image,
suggesting a macroscopically homogeneous immobilization
(Figure 8a). The support itself, observed as a control, has a
negligible emission in the green channel and a slight
fluorescence emission in the blue channel (Figure SS), which
increases when the concentration of particles is high. The blue
emission fluorescence of MCM-41, can be a side effect of the
functionalization process, which is carried out in a toluene
solution and provides —COH and amino groups.”” The images
obtained by fluorescence microscopy confirmed the presence
of the enzyme on the silica surface and, therefore, the fact that
immobilization has occurred (Figure 8c).

In order to obtain information about the covalent bond
established between hLDH-A and MCM-41,c and further
evidence of the presence of the enzyme on mesoporous silica,
FT-IR and XRD measurements were acquired on imm-hLDH-
A. Figure 9 shows the IR spectra collected on imm-hLDH-A
and MCM-41,¢. The imm-hLDH-A spectrum displays a peak
at 1600 cm™}, which can be correlated to the stretching signal
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Figure 9. MCM-41,¢ and imm-hLDH-A FT-IR spectra collected at
1073 mbar in the range 1350—2150 cm™.

of amide I, whose general formula is R-C(=0)-NR'R".>>>*
Moreover, the MCM-41, spectrum presents a shoulder at
1722 cm™' that can be correlated to —CH,—C=0 stretching
signal provided by the third functionalization step (Figure S1
for further details).”” The absence of the carbonyl group signal
at 1722 cm™ in the imm-ALDH-A spectrum can suggest that
C=O0 support groups are involved in the covalent bonds
between carbonyl groups of the support and the -NH, groups
of the enzyme (as schematized in Figure S2b).

Concerning the XRD diffractogram of imm-hLDH-A
(Figure S6), new peaks related to the enzyme are not
observed.”> The intensity of the (100) peak is further
decreased by the presence of the enzyme™ and shifted to a
higher 260 value. This phenomenon can be related to the
occlusion of MCM-41 pores by the organic layer of hLDH-A,
which amplifies what was previously observed after the
functionalization with APTES and GPTMS, previously
described for MCM-41, and MCM-41,; diffractograms
(section 3.2).

The enzymatic activity is greatly affected by the temperature
and pH, highlighting the importance of operating under

appropriate conditions for both factors.”* To gather insights
into the activity of hLDH-A in both free and immobilized
configurations under different pH and temperature values,
multiple tests were conducted by varying these experimental
parameters. These tests aimed to identify the environment that
would result in maximum enzyme activity.

The tested pH and temperature values are listed in Figure
S7, while the graphical representation of the results and the
corresponding activity (%) values are shown in Figure 10 and
Table S1, respectively.

The free enzyme exhibits the highest activity at pH 8 and 45
°C, while the immobilized enzyme has its maximum activity at
pH S and 45 °C. The activity of the free enzyme is more
affected by the pH than by the temperature, as evidenced by
the lowest activities recorded at pH 11. In contrast, the activity
of the immobilized hLDH-A exhibits a fluctuating trend with
an absolute value (pH 5 and T 45 °C) and two relative
maximum values (pH 8 and T 25 °C; pH 11 and T 45 °C).
Previous studies have reported that mesoporous silica surfaces
can buffer the surrounding environment, resulting in a less
acidic surrounding than the bulk solution.”” It is therefore
reasonable to suppose that although the test was performed at
pH S, the environment of the enzyme was closer to a neutral
pH value. At the extreme boundaries of the pH range (i.e., at
pH S and 11), the imm-hLDH-A’s activity seems to follow the
same trend as the free enzyme at the temperature variations,
and its activity seems to be favored by a temperature of 45 °C.
However, at lower temperatures, slightly alkaline conditions
(pH 8) promote imm-hLDH-A’s activity.

To investigate the thermal deactivation of lactate dehydro-
genase in both its free and immobilized conditions, the hFLDH-
A solution and imm-hLDH-A suspension were incubated at 45
°C (the temperature at which the highest activity was
registered for both forms) for at least 64 h before being tested
at 35 °C. The results of these tests, presented as a percentage
of the initial activity, are shown in Figure 11.

Both free hWLDH-A and the imm-hLDH-A display an
exponential inactivation curve, expressed by eqs 10 and 11,
respectively:

A(96E0

100
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.00

Figure 10. Activity (%) map as a function of pH and temperature for free (a) and immobilized hLDH-A (b).
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Figure 11. Thermal inactivation evaluated for both free (a) and immobilized (b) lactate dehydrogenase. Both the enzymatic solution and the
biocatalyst suspension were incubated at pH 7.5 and 45 °C. The activity tests were performed at 35 °C.

A —kpt

=4pe (10)

(11)

where A is the activity, A, is the initial activity, « is the residual
activity at infinite time, kp, is the deactivation constant (h™"),
and t is the time (h). The models reported were previously
described by Illanes et al.>® The residual activity (@), the
inactivation constant (Kp), and the halflife (t,,,) are
summarized in Table 4.

A=A (1 —a)e™ +a]

Table 4. Thermal Inactivation Results for Free and
Immobilized Lactate Dehydrogenase Obtained after
Incubation at 45 °C

Kp (™) a (%) ti (h)
free hLDH-A 0.007 103
immobilized hLDH-A 0.962 38 2
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Figure 12. NADH concentrations during the cyclic test comprising
four consecutive cycles.

The initial slope of the curve interpolating the experimental
data is greater for the immobilized enzyme than the free one.
This outcome is in accordance with the obtained values of the
inactivation constant, because a higher Ky implies a faster
deactivation of the enzyme. Despite the lower half-life, the
immobilized hLDH-A maintains a residual activity () of 38%
for an extended period of time, whereas the free enzyme has a
half-life of 103 h and will eventually lose all its activity. In the
perspective of the realization of a biosensor, imm-hLDH-A
should have high long-term stability to perform reliable
comparison among the different hWLDH-A inhibitor com-
pounds.

Further research should be undertaken to investigate how
the different immobilization conditions (e.g, the amount of
functional groups on the surface of support, concentration and
type of stabilizer during the immobilization procedure) affect
the activity and the long-term stability of the imm-hLDH-A
obtained.

3.5. Preliminary Tests of Biosensor Feasibility. In
order to study the stability of the immobilized enzyme in
continuous operations, imm-hLDH-A was subjected to a cyclic
test comprising four consecutive cycles, each lasting 60 min

(Figure 12).
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After an initial decrease, the NADH concentration
fluctuates. This phenomenon is attributed to an equilibrium
condition with the reverse reaction during which NADH is
oxidized to NAD*.*® The activity of imm-hLDH-A remains
quite stable during the four cycles, and the NADH
concentration measured at the end of the fourth cycle (195
+ 6 uM) is very similar to the concentration at the end of the
first cycle (192 + 9 uM). No activity was detected in the
supernatant at the end of each cycle. Therefore, it can be
supposed that enzyme leaching does not occur. This test may
suggest that reuse of the imm-hLDH-A is feasible; by contrast,
the free enzyme could not be recovered at the end of the
reaction.

With the purpose of obtaining information about the
effective employment of imm-hLDH-A as a catalyst used in a
biosensor for the screening of hLDH-A drug inhibitors, an
activity test in the presence of 5.3 yM NHI-2 was performed
on both free h"LDH-A and imm-hLDH-A. Figure 13 displays
the outcomes obtained.

The activity inhibition of imm-hLDH-A caused by the
presence of NHI-2 is 48%, and a similar result is obtained for
the free hLDH-A whose activity is inhibited by 47% by the
presence of the drug. Therefore, it can be assumed that the
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Figure 13. Activity (%) of hLDH-A and imm-hLDH-A in the
presence and absence of NHI-2.

inhibition efficiency of NHI-2 is not affected by the fact that
the enzyme is in its immobilized or free form.

These outcomes suggest that the realization of a biosensor
based on imm-hLDH-A for the screening of LDH-A inhibitors
is possible.

4. CONCLUSIONS

In this study, the lactate dehydrogenase enzyme (hLDH-A, EC
1.1.1.27) from humans, expressed in E. coli, was covalently
immobilized on functionalized MCM-41. The results of
support characterization analyses confirmed the effective
functionalization of mesoporous silica. Two immobilization
procedures were employed for the enzyme immobilization, and
different immobilization conditions were tested for each
procedure. The best results in terms of retained activity (R,
= 24.2%) were obtained by immobilizing hALDH-A on MCM-
41 functionalized with amino and glyoxyl groups in the
presence of a concentration equal to 0.05 mg/mL PEG. This
immobilization was also repeated with a fluorescent-dye-
labeled enzyme, and the resulting imm-hLDH-A was observed
using optical fluorescence microscopy. The acquired images
confirmed the presence of the enzyme on MCM-41. The imm-
hLDH-A was characterized to study its activity as a function of
pH and temperature as well as its thermal stability. The
outcomes of the imm-hLDH-A characterization analyses were
compared with those of the free enzyme: the highest activity of
the best imm-hLDH-A was obtained at pH 5 and 45 °C for the
reduction of pyruvate into lactate, while the free enzyme
showed its highest activity at pH 8 and 45 °C. Concerning the
thermal stability, despite a low half-life time, imm-hLDH-A has
a residual activity equal to 38%. The activity test performed in
the presence of NHI-2 reveals a similar inhibition both for the
free (47%) and for the immobilized hLDH-A (48%). These
findings provide insights into the development of a biosensor
based on immobilized lactate dehydrogenase. The results
obtained are also of interest to those who wish to immobilize
multimeric enzymes on mesoporous silica. The retained
activity obtained in this study was 24.2%, which indicates
that future work should focus on further optimizing the
immobilization procedure to enhance the activity and stability
of the biocatalyst. Furthermore, customized mesoporous silica
can be ad-hoc synthesized and used as a support for this
enzyme, because the appropriate support can improve the
biocatalyst’s properties.
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