POLITECNICO DI TORINO
Repository ISTITUZIONALE

Synthesis and characterization of mesoporous silicas with dendritic and spongy-like structures: potential
supports for human lactate dehydrogenase-based microreactors

Original

Synthesis and characterization of mesoporous silicas with dendritic and spongy-like structures: potential supports for
human lactate dehydrogenase-based microreactors aimed at anticancer inhibitor screening / Cocuzza, C., Vincenzi, C.,
Ottone, C., lllanes, A., Fino, D., Cauda, V., Piumetti, M.. - In: MICROPOROUS AND MESOPOROUS MATERIALS. -
ISSN 1387-1811. - ELETTRONICO. - 376:(2024), p. 113182. [10.1016/j.micromes0.2024.113182]

Availability:
This version is available at: 11583/2988964 since: 2024-05-23T18:05:00Z

Publisher:
Elsevier

Published
DOI:10.1016/j.micromes0.2024.113182

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

22 June 2026



Microporous and Mesoporous Materials 376 (2024) 113182

Contents lists available at ScienceDirect

MICROPOROLS AMD
MESORORDUS MATERIALS

Microporous and Mesoporous Materials

journal homepage: www.elsevier.com/locate/micromeso

Synthesis and characterization of mesoporous silicas with dendritic and
spongy-like structures: Potential supports for human lactate
dehydrogenase-based microreactors aimed at anticancer

inhibitor screening

Clarissa Cocuzza®, Chiara Vincenzi®, Carminna Ottone ”, Andrés Illanes ", Debora Fino?,
Valentina Cauda®, Marco Piumetti *

@ Department of Applied Science and Technology, Politecnico di Torino, Corso Duca Degli Abruzzi, 24, 10129, Turin, Italy
Y Escuela de Ingenieria Bioquimica, Pontificia Universidad Catélica de Valparaiso, Av. Brasil 2085, Valparaiso, Chile

ARTICLE INFO ABSTRACT

Keywords:

Spongy-like supports

Dendritic mesoporous silica
Multipoint covalent immobilization
LDH-A enzyme

Biosensor

Mesoporous silica are versatile materials with wide-ranging potential. Notably, they excel as enzyme supports.
This work examines the influence of three distinct siliceous mesoporous materials used as supports for the
enzyme human lactate dehydrogenase (hLDH-A). Drugs with inhibition effects have recently shown favorable
effects on diminishing the proliferation of cancerous cells. The ultimate goal of this research is to produce a stable
and effective biocatalyst suitable for being employed in a microreactor for the screening of hLDH-A inhibitors.
The synthesized mesoporous silica exhibited distinctive structural features, including a quasi-mesocellular
network, bent-channels structure, and a dendritic geometry with radial symmetry, as evidenced by FESEM
and HR-TEM. These materials were functionalized with amino and aldehyde groups to covalently immobilize
hLDH-A. Characterization of both pristine and functionalized materials involved a comprehensive examination of
their physico-chemical properties. The CO dosing revealed Brgnsted acidity characteristic of mesoporous silica,
while FT-IR spectroscopy and Ny physisorption at 77 K confirmed their successful functionalization. Enzyme
immobilization on the functionalized supports, performed with stabilizing agents such as PEG (0.05 mg mL ™) or
trehalose (300 mM), produced promising results. The immobilization yield consistently exceeded 80 %, with
retained activity reaching values as high as 15 %. The immobilization of the enzyme on mesoporous silica
increased the stability of hLDH-A against alkaline and organic solutions. These findings hold significance for
those exploring siliceous porous supports for enzyme immobilization, paving the way for the development of
stable and active biocatalysts.

1. Introduction

In light of the survey conducted by the International Agency for
Research on Cancer (IARC), which projects a surge in new cancer cases
to reach 30.2 million by 2040, understanding the metabolic pathways of
cancer cells becomes crucial [1]. Aerobic glycolysis is the metabolic
pathway common to cancerous cells of different tissues, such as lung,
bronchus, colorectal, breast, prostate, tracheal, and pancreatic [2]. In
these cells, the isoform A of the enzyme lactate dehydrogenase (hLDH-A)
is overexpressed. hLDH-A preferentially converts pyruvate into lactate;
in cancerous cells this reaction is carried out even in aerobic conditions,
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producing an accumulation of lactate which acts as a signaling molecule
that makes aerobic glycolysis to proceed [3,4]. Recent studies have
shown that inhibiting hLDH-A can diminish the proliferation of
cancerous cells, this treatment presents fewer severe side effects than
conventional chemotherapy [5-7]. Moreover, the inhibition of lactate
dehydrogenase can increase the sensitivity of cancer to traditional
chemotherapeutic agents [5,6].

Despite significant advancements in biotechnology and medicine,
searching for new compounds with chemotherapeutic properties re-
mains a persistent challenge. Indeed, discovering new anticancer drugs
is both time-consuming and financially demanding due to the several

Received 23 February 2024; Received in revised form 27 April 2024; Accepted 17 May 2024

Available online 18 May 2024
1387-1811/© 2024 Published by Elsevier Inc.


mailto:marco.piumetti@polito.it
www.sciencedirect.com/science/journal/13871811
https://www.elsevier.com/locate/micromeso
https://doi.org/10.1016/j.micromeso.2024.113182
https://doi.org/10.1016/j.micromeso.2024.113182
https://doi.org/10.1016/j.micromeso.2024.113182

C. Cocuzza et al.

thousands of compounds that are usually tested, typically requiring an
average of 12 years and USD 2.7 billion for the development of each new
drug [8,9]. The construction of a device that can test different com-
pounds speeding up the screening phase and allowing the recovery of
the enzyme could reduce the overall cost of the process [10,11]. In this
scenario, electrochemical sensors are gaining interest due to their
several benefits. In fact, their cost is lower than traditional analytical
methods (such as spectroscopy, chromatography, or electrophoresis),
they are easy to use, specific, and selective, they allow real-time on-sight
measurements, and their sensitivity towards biomolecule detection
[12]. Tvorynska et al. [13] suggested the possibility of building up an
amperometric sensor constituted of two different sections: a miniature
bioreactor, composed in this case of hLDH-A immobilized on an inor-
ganic support and an amperometric sensing device.

This research aims to evaluate the effectiveness of different meso-
porous silica used as support for hLDH-A with the purpose of realizing a
stable microreactor unit for the aforementioned amperometric biosensor
that could be employed for the screening of hLDH-A inhibitors. Exten-
sive literature has been dedicated to the utilization of mesoporous silica
as a support for covalent immobilization of enzymes [14-19]. Indeed,
ordered mesoporous silica, including SBA-15, MCM-41, and MCEF,
among others, exhibit notable characteristics, such as high specific
surface areas, substantial pore volumes, and tunable pores [20-22].
These materials showcase chemical stability in aqueous environments
and offer the flexibility of morphology adjustment [23]. In fact, by
modifying the synthesis parameters and the precursors involved,
different geometry of the inorganic network can be obtained. Moreover,
a swelling agent can be added to the previously mentioned solution to
increase the dimension of the pores [14,22]. Another advantage of
mesoporous silica is the possibility of being activated post-synthesis
with almost any functional group, a fundamental property to attach
enzymes permanently [23,24]. Among various immobilization strate-
gies proposed over time, irreversible methods proved to be more suit-
able than reversible ones for achieving a stable and enduring biocatalyst.
Specifically, covalent binding appears as the most appropriate because it
provides minimal enzyme leakage and potentially higher stabilization
[25].

In this work, three mesoporous silicas have been prepared to be used
as supports for the immobilization of lactate dehydrogenase (LDH).
Indeed, a mesocellular foam (MCF) structure, a SBA-15-like material
(mSBA-15), and a silica with dendritic topology (DPS) were chosen for
this study. In particular, MCF and mSBA-15 were selected because their
pores size is generally between 5 and 40 nm (5-15 nm for SBA-15 and
15-40 nm for MCF), and this could enhance the enzyme loading and
stability of the immobilized enzyme [26,27]. Additionally, the synthesis
method for the SBA-15-inspired material was refined to mitigate limi-
tations associated with its one-dimensional cylindrical pore structure,
namely addressing enzyme diffusion challenges and mass transfer con-
straints for large molecules [28]. On the other hand, dendritic particle
silica, have recently received attention as enzyme carriers due to their
radial porous structure featuring expansive pore openings [28]. The
utilization of materials with diverse textural and structural character-
istics enables the exploration of how the support’s features affect the
immobilized enzyme. The three materials have been functionalized with
amino and aldehyde groups in order to perform the covalent immobi-
lization of hLDH-A. The pristine and functionalized materials have been
characterized with different techniques to gain knowledge about their
chemical and physical properties. The enzyme was immobilized on the
functionalized mesoporous silica via multipoint covalent attachment in
the presence of two different stabilizing agents (polyethylene glycol and
trehalose). For the sake of brevity, the result of the best immobilization
procedure, hereafter referred to as imm-hLDH-A, was further analyzed.
This analysis aimed to acquire data on the stabilization effect provided
by the support and to assess the feasibility of employing imm-hLDH-A in
a microreactor for evaluating lactate dehydrogenase inhibition.
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2. Materials and methods
2.1. Materials

1,2,3-trimethylbenzene (TMB or mesitylene), Pluronic P-123, tet-
raethyl orthosilicate (TEOS), urea, hexadecyltrimethylammonium bro-
mide (CTAB), (3-glycidyloxypropyltrimethoxysilane (GPTMS), (3-
Aminopropyl)triethoxysilane (APTES), sulfuric acid, hydrochloric acid
(37 % wt.), polyethylene glycol (PEG), toluene, acetone, CuSOg,
KH2P04, K2HP04, NaHC03, N32C03, HzNaO4P, NazHPO4, 1—hydr0xy—6—
phenyl-4-(trifluoromethyl)-1H-indole-2-carboxylic acid methyl ester
(NHI-2), dimethylsulfoxide (DMSO), and 1-lactate dehydrogenase from
human expressed in Escherichia. coli (hLDH-A, EC 1.1.1.27) were sup-
plied by Sigma-Aldrich (Merck). Potassium iodide, glutaraldehyde (50
% in water solution), sodium meta periodate, lactic acid, sodium pyru-
vate, sodium borohydride, and NADH were purchased from VWR
Avantor.

2.2. Methods

2.2.1. Synthesis of the mesoporous silica

MCF (mesocellular silica foams) was synthesized using a direct hy-
drothermal synthesis method previously reported by Pietricola et al.
[18] and Piumetti et al. [20]: 4 g of P-123 (templating agent) was added
to 1.6 M HCI solution (150 mL). The solution was kept at 40 °C under
vigorous stirring until a homogeneous solution was obtained. Subse-
quently, 3 g of mesitylene (swelling agent) and 8.5 g of tetraethyl
orthosilicate (TEOS) were added drop-wise to guarantee a good
dispersion of the components. The solution was stirred at 40 °C for 24 h
for nucleation to occur. The suspension obtained was transferred into a
Teflon autoclave to be hydrothermally treated at 100 °C for 24 h. The
suspension was separated by centrifugation, washed several times with
ethanol and MilliQ water, and dried at 60 °C overnight. The obtained
powder was calcined at 550 °C for 5 h (heating ramp equal to 45 °C/h).

A modified SBA-15 material (hereafter referred to as mSBA-15) was
prepared following the same procedure adopted for mesostructured
silica-type materials [18], modifying the ratio between the reagents:
3.75 g of P-123 (templating agent) was added to 2 M HCI solution (150
mL). Then 0.94 g of mesitylene (swelling agent) and 7.97 g of tetraethyl
orthosilicate (TEOS) were added drop-wise. A swelling/templating
agents ratio different from the traditional one was used to increase the
pore diameters [27].

DPS (Dendritic Particle Silica) was synthesized by adapting the het-
erogeneous oil—water biphase method previously reported [29]. 8 mL of
TEOS were added to 63 mL of butanol solution (5 % v/v) in cyclohexane,
and the solution was vigorously stirred at room temperature. 5.6 g of
CTAB were added to a urea solution (2 % w/w.) and vigorously stirred at
room temperature. When a homogeneous CTAB solution was obtained,
it was poured into TEOS solution and vigorously stirred at room tem-
perature for 30 min. The suspension obtained was transferred into a
Teflon autoclave to be hydrothermally treated at 130 °C for 5 h. The
suspension was separated by centrifugation, washed several times with
ethanol and MilliQ water, and dried at 60 °C overnight. The powder
obtained was calcined at 550 °C for 5 h (heating ramp equal to 45 °C/h).

2.2.2. Silica functionalization

The mesoporous silica were functionalized to provide amino and
glyoxyl groups with a three-step procedure, adapting the method pre-
viously reported by Cocuzza et al. [2]. 1 g of mesoporous silica was
added to 30 mL of APTES and GPTMS solution (APTES 5 % v/v and
GPTMS 5 % v/v in ethanol) and strongly stirred at room temperature for
5 h. The first step provided the amino and epoxy groups. The epoxy
groups were hydrolyzed to diols in the second phase during which the
material obtained (1 g) was put in contact with 0.1 M HaSO4 (30 mL) and
vigorously stirred for 2 h at 85 °C. During the last step, the modified
mesoporous silica (1 g) was put in contact with 0.1 M NalO4 (30 mL) and
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vigorously stirred for 2 h at room temperature. In this phase, the diols
were oxidized to obtain glyoxyl groups. At the end of each step, the
support was separated by centrifugation, washed with acetone and
abundant MilliQ water, and dried at room temperature. The glyoxyl
groups on the silica surface were quantified through the back-titration
method with NaHCOs/KI [30]. The moles of glyoxyl groups were
determined by Equation (1):

molgly 1 - ( Abe)
By - - [107]. - 1- 6h)
msup msup 10, [ 4] in AbSO

where molgy are the moles of glyoxyl groups (mmol), mgy;, is the amount
of functionalized silica support (g), Vio; is the volume of metaperiodate
solution (mL), [IO4] is the concentration of IO ions in the NalO4 so-
lution (mmol mL™!), and Absg and Abs; are the values of absorbance
measured at 420 nm, for the supernatant at the beginning and the end of
the reaction, respectively. The number of amino groups grafted on the
support surface were evaluated through the interaction between CuSO4
and -NHj; [2]. The moles of amino groups were determined by Equation
(2):

mOlNH 2 1
Myyp Mgyp

Abs
- Veuso, * [CuSO4;,: (1- Absof> (2)

where molyy, are the moles of amino groups (mmol), mgyy, is the amount
of functionalized silica support (g), Vcuso, is the volume of CuSO4 so-
lution (mL), [CuSOy] is the concentration of CuSO4 (mmol mL ), and
Absg and Abs¢ are the values of absorbance measured at 750 nm.

2.2.3. Materials characterization

The morphology of the synthesized mesoporous silica was investi-
gated through high-resolution field emission scanning electron micro-
scopy (ZEISS Merlin® FE-SEM equipped with a Gemini-II column,
operating at 3 kV).

The structure of the samples was investigated through high-
resolution transmission electron microscopy (HR-TEM, Talos Thermo
Scientific, LaBe gun, operating at 200 kV). The powder was dispersed in
isopropanol and deposited on copper grids equipped with Lacey Carbon
films.

The pristine and functionalized MCF, mSBA-15, and DPS were
analyzed by Ny physisorption at —196 °C with Micromeritics ASAP
TriStar II 3020 instrument, after pretreatment at 200 °C, atmospheric
pressure in Ny atmosphere for 2 h. The specific surface areas (Sggr) were
calculated by applying the Brunauer-Emmet-Teller method, the micro-
pore volumes were evaluated by applying the Barrett-Joyner-Halenda
(Vp) approach to the adsorption phase.

Powder X-ray diffractograms of the synthesized and functionalized
samples were acquired with EMPYREAN diffractometer, Cu Ka radia-
tion, angle step size 0.013. MCF and mSBA-15 were analyzed in the 26
range of 0.2°-5° in the presence of a divergence slit fixed of 0.38 mm.
DPS was analyzed in the 20 range of 10°-50° in the presence of a
divergence slit fixed of 0.76 mm. The diffractograms were examined
using the Powder Data File Databases (PDF-2 Release 2004,
COD_Mar10).

The synthesized and functionalized mesoporous silica were inspec-
ted through Fourier transform IR (FT-IR) spectroscopy with Bruker
INVENIO instrument equipped with liquid nitrogen cooled MCT detec-
tor. The samples were pretreated at 150 °C and 300 °C in standard
vacuum conditions for 1 h the analyses were performed at room tem-
perature (range 4000-400 crn’l, 64 scans, resolution 4 cm’l).

In order to study the chemical properties, and in particular the
acidity of the silica, the samples were outgassed at 150 °C for 1 h, before
dosing probe molecules (CO and NH3s). The CO was dosed from 0.001 to
20 mbar keeping the sample at —196 °C, and finally, the reversibility of
the interaction was evaluated [21]. The acidity can be connected with
the hydroxyl population, which is involved in the formation of the
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covalent bonds with the organosilanes. The results are displayed as
normalized difference spectra, obtained by subtracting the correspond-
ing spectra of the bare sample. To obtain information on the chemical
properties of the surface of the supports on which the enzyme will be
immobilized, and in particular, to evaluate the nature of the acidic sites
present, ammonia was dosed from 0.01 to 20 mbar at room temperature,
because it interacts more strongly than CO [31,32]. The reversible
fraction of the NH3 adsorbed was then removed by prolonged evacua-
tion. The results are displayed as normalized difference spectra, ob-
tained by subtracting the corresponding spectra of the bare sample.

The instrument Zetasizer Nano ZS90 (Malvern Panalytical) was used
to inspect the {-potential of the functionalized silica in the immobili-
zation conditions since it is a key physical parameter for gaining insights
into the immobilization mechanisms. The functionalized silica were
dispersed in 25 mM carbonate buffer pH 9, with 0.05 mg mL~! PEG or
300 mM trehalose, resulting in a final concentration of 200 pg mL™?, the
reported value is an average of three measurements.

2.2.4. Characterization of LDH-A and activity assays

As previously mentioned, the synthesized mesoporous silica were
used as supports hLDH-A from human expressed in E. coli (UniProt ID.
K1TOA2) hereafter referred to as hLDH-A. UniProt database reports a
molecular weight equal to 27.46 kDa for this enzyme. Consequently, its
minimum diameter, estimated by applying Equation (3) [33], is 3.98
nm.

Dyin —2 o (0.066 . \3/1\71) )

where Dy, is the minimum diameter of the enzyme whose shape is
approximated to a sphere (nm) while M is the molecular weight of the
enzyme (Da).

The activity tests were performed in 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) is directly proportional to the specific activity of the bio-
catalyst. The specific activity of the free (Apg, U mggr{)t) was calculated
using Equation (4).

App =—— @

where AA is the absorbance slope, ¢ is the NADH molar extinction co-
efficient (6.22 mM~! crn’l), L is the optical path (cm), V; is the volume
of the solution in the cuvette (mL), V. is the volume of enzymatic so-
lution (mL), and c. is the concentration of the enzymatic solution (mg
mL™D, respectively. To perform the test, a solution (2.9 mL) of 0.24 mM
of NADH and 1.69 mM of pyruvate in 0.1 M phosphate buffer pH 7.5 was
used as blank, then 100 pL of hLDH-A solution (0.01 mg mL™1) were
added to the blank solution and the reacting system was kept at 35 °C.
Agg, of the free hLDH-A was 407.9 + 16.1 U mg;rlot. The specific activity
of imm-hLDH-A (A, U gs’ulpp) was calculated using Equation (4) after
applying the proper modifications: V. is the volume (mL) and c. is the
concentration (g mL 1) of the imm-hLDH-A suspension. To perform the
test, 100 L of imm-hLDH-A suspension (20 mg mL ™) were added to the
blank solution.

2.2.5. Immobilization

The functionalized supports prepared were used to immobilize
hLDH-A following the procedure previously reported by Cocuzza et al.
[2]. The immobilization was carried out by incubating the enzyme with
the functionalized support in an alkaline environment that is required to
deprotonate the lysine residues and to allow them to react with the
aldehyde groups present on the support surface [25]. The immobiliza-
tion process was conducted at pH 9 instead of pH 10, despite the pKa of
lysine being at pH 10 [34], due to the tendency of the protein to dena-
ture in a more alkaline environment. At pH 9 the 9 % of e-amino groups
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Fig. 1. Scheme of the immobilization procedure adopted to attach hLDH-A to silica surface. 47.

of lysine is estimated to be in e-NH; form, and the overall charge of the
enzyme is positive [35]. The immobilization was accomplished in the
presence of additives to improve the enzyme’s stability and to protect it
from the alkaline environment [36]. In particular, PEG at a concentra-
tion of 0.05 mg mL ™! or 300 mM trehalose was used. 1 mg of hALDH-A
was adjoined to 1 g of functionalized mesoporous silica in 40 mL of 25
mM carbonate buffer pH 9 (with PEG or trehalose in the proper
amounts). The resultant mixture was maintained at 10 °C under gentle
agitation. Fig. 1 presents a scheme of the immobilization procedure.
Regularly, samples were collected to monitor the activity of the super-
natant and to check that the enzyme was not inactivated by the immo-
bilization conditions [37]. This was carried out by monitoring the
activity of the suspension and the activity of an enzymatic solution,
which was kept at the same conditions as the immobilizing mixture but
not in contact with the support. 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 a
sodium borohydride solution (0.1 mg mL~! in 100 mL of 25 mM car-
bonate buffer pH 9 with PEG) for 15 min. Subsequently, the resulting
mixture was subjected to vacuum filtration and rinsed with a 25 mM
phosphate buffer at pH 7.5. A sample of the filtered solution was
collected to monitor if the phosphate buffer washed away the enzyme.
Finally, the imm-hLDH-A was washed with MilliQ water and dried at a
temperature of 4 °C.

To assess the immobilization yield (IY), which quantifies the amount
of protein attached to the support surface, the activity of the solution
was determined at the beginning (A;ps,,) and at the end (Ajpn ) of the
immobilization process, as expressed in Equation (5) [36].

1Y (06) = ot Ao g

LDH,to

(%)

The efficiency of the imm-hLDH-A was valued according to its
retained activity (Ract). Ract Was 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 used in the immobilization, as
expressed in Equation (6) [30]:

AIE

q-Afg

-100

Ract (0/0) = (6)

where Apg is the specific activity of the immobilized hLDH-A (U g;llp), qis
the enzymatic load provided during the immobilization (mgprot g;ulp),
and Agg is the specific activity of the free hLDH-A (U mg;r%)t).

2.2.6. Characterization of the immobilized enzyme

With the aim of obtaining information about the covalent bonds
formed between the enzyme and the support, FT-IR spectra were ac-
quired on the functionalized silica and compared with the spectra

acquired with hLDH-A immobilized on the supports with the two
different stabilizing agents. The IR spectra were acquired with Bruker
INVENIO instrument equipped with liquid nitrogen cooled MCT detec-
tor. The samples were degassed to 10~ mbar and the analyses were
performed at room temperature (range 4000-400 cm’l, 64 scans, res-
olution 4 cm ™).

Optical fluorescence microscopy was performed to obtain informa-
tion about the enzyme presence and its distribution on the support; for
the sake of brevity, the analysis was performed only following the
immobilization procedure that gave the best results in terms of R, and
IY. With this purpose, hLDH-A was labeled with ATTO 550 fluorescence
dye. To label the enzyme, the procedure provided by the manufacturer
(Merck) was followed, as previously employed by Rocha-Martin et al.
[38] The enzyme solution was incubated with ATTO 550 at room tem-
perature 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 separated with a gel filtration column (PD-10). The labeled enzyme
was then immobilized according to the immobilization procedure pre-
viously described, avoiding the contact 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 100 x (Nikon)
suitable for oil immersion. Brightfield, green, and blue emission images
were acquired. The support was observed as a control at the same
conditions of analysis.

With the purpose of obtaining information concerning the stability of
hLDH-A in the free and immobilized forms, enzymatic assays were
performed on the enzymatic solution and the best imm-hLDH-A sus-
pension both incubated at pH 10 or 30 % v/v ethanol (in 0.1 M phos-
phate buffer pH 7.5) at room temperature for 3 h. The test was then
performed at pH 7.5.

2.2.7. Inhibition tests

Enzymatic activity tests varying the concentration of NADH and
pyruvate were performed on the free and the immobilized hLDH-A.
These tests were carried out in the presence and the absence of the well-
known inhibitor NHI-2 to obtain information about the inhibition ach-
ieved on the immobilized hLDH-A compared with its free form. The
pyruvate concentration was varied in the range from 0.05 to 1 mM,
keeping constant the concentration of the cofactor at 0.23 mM. The
NADH concentration was varied in the range from 0.05 to 0.4 mM
keeping the substrate pyruvate at its saturating concentration (1.63
mM). As previously stated, these tests were repeated in the presence of
the inhibitor by the addition of 20 pL of 3.02 mM NHI-2 diluted in
DMSO. Each data point was triplicated and represented as the mean of
the acquired values for the Lineweaver-Burk linearization fitting.
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a)  — b) N

Fig. 2. Schematization of sponge-like (a) and dendritic (b) structures. 48.

Interpolation lines were computed and outcomes were validated using
Origin 2018.

3. Results and discussion
3.1. Mesoporous silica characterization

Three different mesoporous siliceous materials were prepared as
hLDH-A supports. MCF and mSBA-15 structures could be associated to a
sponge; the assumed schematic minimal unit of these materials is shown
in Fig. 2a. On the other hand, DPS should present a more ordered and
regular configuration with a dendritic development and a radial sym-
metry; the assumed schematic minimal unit of this material is shown in
Fig. 2b.

The FE-SEM images acquired on the synthesized mesoporous silica
are reported in Fig. 3 to display the morphology of the prepared samples.

1pm
H
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MCF support (Fig. 3a) exhibited a sponge-like structure [18]. The
detectable round structure diameters measured 3-4.5 pm and were
sintered to form much bigger conglomerates. Also, the structure of the
mSBA-15 support (Fig. 3b) appeared to be more sponge-like rather than
having the usual ordered hexagonal appearance. This is due to the
higher TMB/P-123 ratio used to expand the porosity [27]. The round
structures were smaller than that of MCF with a size range from 0.7 to
1.9 pm. Otherwise, the DPS support (Fig. 3c) presents smaller spherical
particles (size range: 100-200 nm) with radial symmetry, as can be seen
in the magnification [29].

Fig. 4 depicts the HR-TEM images acquired on the prepared siliceous
supports. As previously suggested by FESEM images, MCF (Fig. 4a)
presented a disordered structure due to the TMB/P123 ratio equal to
0.75. The appearance suggests that pores have a hybrid structure be-
tween channels and mesocellular sponge, in accordance with what was
previously reported by Zhou et al. [27]. Likewise, due to swelling/dir-
ecting agent ratio, mSBA-15 (Fig. 4b) displayed bent channels oriented
in perpendicular and longitudinal directions [27]. The image acquired
on DPS (Fig. 4c) confirms the spherical shape of the particles, and
especially the center-radial mesopore channels distributed along the
three spatial directions [28,29].

The powder X-ray diffractogram acquired on DPS agrees with what
was previously reported by Chen et al. [29]. However, the XRD of
mSBA-15 and MCF did not exhibit the well-defined reflection peaks
typical of mesoporous silica due to the absence of a long-range order
structure, in accordance with TEM images [39]. Fig. S1 of the Sup-
porting Information shows the powder X-ray diffractograms of the
pristine silica.

The functionalization method adopted proved to be effective across
all mesoporous silica; therefore, all the supports prepared have a

Fig. 3. FE-SEM images acquired on a) MCF, b) mSBA-15, and c) DPS, along with their magnifications. 49.
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Fig. 4. HR-TEM images acquired on a) MCF, b) mSBA-15, and c) DPS, along with their magnifications. 50.

Table 1
Quantification of glyoxyl and amino groups obtained after the functionalization
process performed on the silica supports.

Support Glyoxyl groups (mmol g~ !) Amino groups (mmol g~ 1)
MCF 0.70 £ 0.09 1.55 + 0.01
mSBA-15 1.01 + 0.05 1.30 + 0.01
DPS 1.18 + 0.02 1.09 + 0.01

quantity of both amino and glyoxyl groups in the order of 1 mmol g7},
Table 1 reports in detail the amount of amino and glyoxyl groups ob-
tained. Significantly, the material with an average content of both amino
and glyoxyl groups exhibits intermediate values of Brgnsted acidity, as
evidenced by the CO dosing (vide infra). The acidity of the silanols
present in the support plays a key role in the attachment of organo-
silanes to the surface of silica [40].

Fig. 5 shows the Ny physisorption isotherms and pore size distribu-
tion (dV/dDpore) collected on pristine and functionalized supports. MCF
and mSBA-15 displayed type IVa isotherms, according to the IUPAC
classification, which is typical of mesoporous materials. Particularly,
MCF and mSBA-15 exhibited type IVa isotherms due to the presence of a
hysteresis loop caused by condensation. Concerning the hysteresis loops,
both MCF and mSBA-15 are characterized by type H2 attributed to
material with complex pores arrangement such as networks with ink-
bottle shape pores [41]. Specifically, the H2b hysteresis loop can be
associated with MCF while the H2a loop can be related to mSBA-15 [41].
By contrast, DPS revealed an almost completely reversible type II iso-
therms, suggesting the absence of significant mesopores the adsorbate
distribution (Fig. 5) describes the amount of volume condensed in
slit-like nanospaces [42].

As a result of the functionalization process, the specific surface area
decreased by ~50 % for all the studied materials, specifically: 47 % for

MCF, 55 % for mSBA-15, and 34 % for DPS. An analogous trend is
evident for the cumulative adsorbed pore volume too, as can be
observed in Table 2. These outcomes can be a consequence of the oc-
clusion of the smaller pores by APTES and GPTMS, as previously re-
ported [43,44].

FT-IR spectra, displayed in Fig. 6 were acquired on functionalized
and non-functionalized mesoporous silica to inspect thoroughly the
chemical modifications in the support surface as a result of the func-
tionalization process. In the region from 4000 to 2500 cm ™, all the
pristine supports pretreated at 150 °C for 1 h presented isolated (3743
cm‘l), vicinal (3710 em™Y), and geminal (3530 em™Y) silanols absorp-
tion bands. Fig. S2 of the Supporting Information shows a scheme of the
different silanols [45]. These signal intensities were significantly lower
or absent in the spectra of the functionalized silica, due to the formation
of bonds between the silanols of silica and the organosilanes molecules.
The absorption bands at 3405 cm™ !, and around 2900 cm ™, visible in
the functionalized supports, are the results of the functionalization
process and can be ascribed to -NH and —CH; vibrations respectively.
The absorption bands correlated to the silanols and -NH vibrations were
significantly reduced after the outgassing at 300 °C [21]. The peaks of
lower intensity around 2900 cm™! identified in the unfunctionalized
spectra can be related to alkyl groups (CHy, CHg) [46,47].

The effect of the functionalization is particularly apparent in the
region 2200-1340 cm ™!, where numerous absorption bands correlated
to ~CO and -NH vibrations emerged in the functionalized silica spectra.
The intensities of the absorption peaks correlated to carbonyl and alkyl
groups decrease after the outgassing at 300 °C. Table 3 reports a com-
plete list of the absorption peaks identified in functionalized and non-
functionalized silica spectra.

As previously stated, FT-IR spectra recorded on CO adsorption allow
to study the strength of acid sites [55]. Fig. 7 displays the normalized
difference spectra acquired on the three pristine supports outgassed at
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Table 2
Textural properties of functionalized (F) and non-functionalized (NF) MCF,
mSBA-15, and DPS materials.

Support Sper (m? g~ 1)* Vp (em® g1)" D, (nm)*
MCF_NF 691 1.6 8.2
MCF_F 369 1.1 4.8; 6.8
mSBA-15_NF 673 0.6 4.2
mSBA-15_F 301 0.3 3.8
DPS_NF 224 0.4 -

DPS_F 147 0.3 3.7

@ Specific surface area calculated through the BET method.
b Cumulative adsorbed pore volume calculated through the BJH method.
¢ Pore diameter.

150 °C as the result of CO dosage. The CO absorption is perfectly
reversible as demonstrated by the expansions in Fig. S3 of the Sup-
porting Information. Moreover, the adsorption of CO molecules on
mesoporous silica was confirmed by the presence of three distinct peaks
visible in the insets in Fig. 7. The peak at 2110 cm ™! is correlated to the
CO coordinated to the SiOHs through its oxygen atom [55], the band at
2138 cm ! is due to CO condensed on the silica surface, and the signal at
2157 cm™! is ascribed to CO adsorbed onto the mildly acidic silanol
groups [56]. Two negative signals can be observed in the silanols region
(3800-3000 cm 1), whereas two new absorption bands appeared at
lower wavenumbers. The negative bands are the result of the interaction
between CO and the hydroxyl of the silanols through hydrogen bonding,
those originally absorbing at 3742-3740 cm™! (isolated silanols) shifted
to 3636-3610 cm ™! while those initially absorbing at 3715-3713 cm ™!
(vicinal silanols) shifted to 3463-3424 cm™'. The calculated red-shift
(Av) between the negative and positive band of a specific type of sila-
nols is a measure of the Brgnsted acidity of the related hydroxyls: the
larger the Av, the more acidic are the hydroxyls [21,31,32]. Table 4
reports the red-shift measured for the isolated and terminals silanols of

the pristine MCF, mSBA-15, and DPS.

The red-shifts listed in Table 4, suggest that the acidity is higher for
vicinal than isolated silanols for all supports. In particular, the Brgnsted
acidity order seems to be: MCF > mSBA-15 > DPS. The average acidity
observed in mSBA-15 may be caused by an optimal balance between the
quantity and acidic strength of its silanol groups. In order to study how
functionalization changes the samples’ acidity, the CO dosage was car-
ried out on functionalized mSBA-15. Fig. S4 of the Supporting Infor-
mation displays the comparison between pristine and functionalized
silica after CO dosage. The silica’s acidity was reduced after the func-
tionalization step, as evidenced by the lower intensities of the subtracted
spectra and by the intensity of the peaks in the inset. In fact, in contrast
to the spectra of pristine mSBA-15, the functionalized material pre-
sented an absorption peak at 2138 cm ™! with higher intensity than that
at 2157 cm ™, suggesting that the CO mainly condensed on the sample.

Ammonia was dosed on functionalized silica to analyze the chemical
properties of the surfaces of the supports on which the enzyme will be
immobilized. As previously reported by Piumetti et al., ammonia
allowed to discriminate between Brgnsted and Lewis sites, by the for-
mation of ammonium ions or Lewis acid-base adducts, respectively [31].
Fig. 8 displays the subtracted spectra obtained by the interaction of
ammonia with the functionalized silica. The absorption of ammonia
causes three negative bands, two in the case of mSBA-15, (3740-3505
em™!) due to NHj interacting with different hydroxyl species. Accord-
ingly, this caused a broad intense peak at 2920 cm ! [31,32]. The ab-
sorption peak at about 3390-3370 cm™! may be assigned to the
asymmetric stretch vibrations of N-H groups of the ammonia molecule
[31]. The range at the lower wavenumbers exhibited a peak at about
1641 cm™! ascribable to acid-base adducts (Lewis sites) and a peak at
about 1461 cm ! ascribable to NHZ (Brgnsted sites) [31,32,46]. The
smoothed absorption band at about 1560 cm™! may correspond to the
signal from deprotonated functional groups, where the hydrogen ions
(H") were removed by NHj;. The ammonia absorption was not
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Table 3
Absorption peaks for functionalized and non-functionalized MCF, mSBA-15, and
DPS.

Vibrational features Wavenumber Reference
(em™)
Isolated silanols 3743 [2,21]
Vicinal silanols 3710 [21]
Geminal silanols 3530 [21]
Hydrogen bonding between —-NH, and silanols ~ 3405 [2]
Symmetric and asymmetric stretching ~-CH, 2930, 2885 [2,30]
Overtones and combination of silica 1972, 1870 [48]
framework
Stretching -C—=0 1722 [49]
Stretching ~C(=0)-OH 1711 [50]
Bending -C(=0)-NH_ 1666 [511
Stretching modes -Si-NH, 1530 [31]
Bending -NH 1512 [50]
Bending —~CHj 1470, 1451 [52]
Vibration -Si-CH, 1410 [53]
Bending -CH 1391 [50]
Vibration -CN 1354 [54]

completely reversible for all the examined samples, as shown by the bold
line in Fig. 8. The functionalized silica showed a very similar acidity.
However, the higher intensity of the absorption bands of functionalized
mSBA-15 suggests a slightly higher acid nature.

Fig. 9 shows the (-potential calculated for functionalized silica
dispersed in 25 mM carbonate buffer pH 9, with 0.05 mg mL~! PEG or
300 mM trehalose. As previously reported, the functionalized silica had
a negative {-potential when measured in an alkaline environment (pH
9), probably due to the deprotonation of residual silanols or the func-
tional groups [57,58].

3.2. Immobilization and characterization of lactate dehydrogenase

The functionalized mesoporous silica were used as supports to
immobilize hLDH-A through a multipoint covalent attachment, as pre-
viously described in section 2.2.5. Fig. 10 summarizes the results ob-
tained from the immobilizations on the three different supports in the
presence of the two additives previously mentioned. Fig. S5 of the
Support Information shows the immobilization parameters (the activity
of the suspension, the activity of the supernatant, and the activity of the
control enzymatic solution) measured as a function of time, in the tested
immobilizations. Moreover, a study concerning enzyme immobilization
on the pristine supports has been carried out by monitoring the activity
of the supernatant of an enzymatic solution put in contact with the
unfunctionalized silica at the same conditions of the immobilization
protocol previously described. IYs exceeded 70 %, with values higher
than 98 % in most cases. Despite this, the retained activity of the hLDH-A
immobilized on the unfunctionalized silica is zero. These results suggest
enzyme adsorption on the silica surface due to secondary interactions
(electrostatics, hydrogen bonding, and van der Waals forces) [59].

As previously stated the alkaline environment can provoke the
instability of the soluble enzyme, the use of stabilizing agents, such as
ethylene glycol, polyethylene glycol, trehalose, dextran, can improve
the enzyme stability during the immobilization [34]. As easily deduced
from Fig. 10, the specific activity of the imm-hLDH-A is higher for all
supports when the enzyme is immobilized in the presence of trehalose,
an organic osmolyte which has been observed to provide protection to
different proteins. In this context, while the exact stabilization mecha-
nism remains unclear, previous studies have proposed that the cumu-
lative interactions between amino acid side chains and osmolytes may
promote protein unfolding. Conversely, unfavorable interactions be-
tween the enzyme and the osmolyte could potentially induce an overall
stabilization effect [60]. Moreover, as depicted in Fig. 9, the {-potential
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Table 4
Red-shifts calculated for isolated and vicinal silanols on pristine MCF, mSBA-15,
and DPS (outgassed at 150 °C for 1 h) after CO dosing at —196 °C.

Support Aliolated sitanols (cm ™) Ayicinal sitanols (€m ™)
MCF 130 297
mSBA-15 123 289
DPS 106 250

of all the functionalized supports shifted toward less negative values
when trehalose was used as a stabilizing agent, consequently reducing
the repulsive charges between the enzyme and the support surface [35].
In accordance with the previous statement, the best results were ach-
ieved when mSBA-15 was used as support in the presence of PEG or
trehalose, being mSBA-15 the support with the less negative {-potential
in both cases. A possible explanation can be sought in the morphology
and structure of this material [61]. The morphology of DPS can affect
the conformation of the enzyme. In addition, functionalized mSBA-15
support has a pore diameter lower than MCF (see Table 2 for further
details), which can provoke the presence of the enzyme on the external
surface of the support or in the outer section of the pores, reducing the
substrate diffusion-related problems [62]. In fact, due to the small size of
the studied enzyme, it could be immobilized both inside or on the outer
part of the pores and on the surface of the materials. In particular,
hLDH-A can be immobilized more easily inside the pores when MCF is
used as support due to its higher mean pore diameter (4.8 nm and 6.8
nm) than mSBA-15 (3.8 nm). On the other hand, as regards to the MCF
support, the interconnected tridimensional pore system can provoke
substrate diffusion related problems, as previously suggested. Specific

activity similar to that obtained for mSBA-15 (~62 U g™1) was previ-
ously observed for hLDH-A immobilized on commercial MCM-41 (~52
U g’l) [2]. MCM-41 was functionalized with APTES and GPTMS (both in
5 % v/v in toluene) and the immobilization was conducted by incu-
bating the enzyme and the functionalized support in 25 mM carbonate
buffer pH 9 in the presence of 0.05 mg mL ™" of PEG. Both mSBA-15 and
MCM-41 possess similar pore diameters (3.8 nm and 3.9 nm respec-
tively), suggesting the key role of this parameter in achieving an active
immobilized enzyme.

The number of functional groups can also play a role. mSBA-15 has
intermediate values of both amino and aldehyde groups (see Table 1),
the former could provide an effective electrostatic interaction that can
bring the protein closer to the support, while the glyoxyl groups guar-
antee the correct stabilization avoiding the protein stiffening that could
be obtained with a greater amount of covalent bonds formed between
the support and the enzyme [11].

The covalent bond established between the enzyme and the support
was investigated using FT-IR measurements. Fig. 11 displays the region
2120-1370 cm ™! of the IR spectra acquired on the immobilized hALDH-A
in the presence of PEG or trehalose comparing it with the corresponding
functionalized mesoporous silica. The spectra acquired on the immobi-
lized enzyme exhibited a characteristic peak at 1600 cm ™!, not present
in the spectra of the functionalized silica, that can be associated with the
stretching signal of amide I (general formula R-C(=0)-NR'R") [63].
Conversely, the peak (1710 cm’l) correlated to —~CHy-C(=0)- stretching
[50,64], in the functionalized silica spectra disappeared after enzyme
immobilization. The absence of the carbonyl group signal suggests that
these functional groups are involved in the covalent bonds between the
enzyme and the support. In fact, when a multipoint covalent
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immobilization is performed under alkaline conditions, the aldehyde
groups of the support react with the e-NH; group of the lysine residue of
the enzyme forming a Schiff’ base which can be subsequently stabilized
through the interaction with NaBH4 [25].
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Fig. 12. Optical fluorescence microscopy images of hLDH-A labeled with ATTO
550 immobilized on mSBA-15 in the merged red and green channels (a), red
channel (b), brightfield (c), and green channel (d)2. The brightness and contrast
of the images were corrected. 58.

As previously stated, fluorescence microscopy was performed on
hLDH-A immobilized on mSBA-15 to obtain information concerning the
presence and distribution of the enzyme on the support. The same
analysis was repeated on the bare functionalized silica (Fig. S6 of the
Supporting Information) to analyze its intrinsic fluorescence phenom-
ena. The support itself had a slight emission in the green channel and a
negligible emission in the blue channel; for this reason, the latter is not
reported for the imm-hLDH-A. Otherwise, the support had no emissions
in the red channel. Fig. 12 shows the optical fluorescence microscopy
images acquired on hLDH-A immobilized on mSBA-15.

The enzyme is recognizable as red spots, clearly visible in Fig. 12a
and b, and located in correspondence with the silica particles, distin-
guishable in Fig. 12¢ and d as green spots. Although this analysis does
not allow the differentiation of individual enzyme molecules due to the
low magnifications, it affirms the enzyme’s presence on the support after
the immobilization.

The stability of both the free and immobilized forms of the prepared
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biocatalyst was tested in an organic solvent and at alkaline pH,
considering that the biocatalyst would be used in a microreactor for
screening different inhibitors, which could potentially alter the reaction
media. Acidic environments were not tested since hLDH-A has previ-
ously shown higher activity in acidic pH compared to alkaline pH [2].
The biocatalyst activity was periodically tested after incubation in 30 %
v/v ethanol solution and in 0.1 M carbonate buffer pH 10. The outcomes
obtained are visible in Fig. 13 as expected, the multipoint covalent
attachment on mesoporous silica support increased the stability of the
enzyme [65]. Specifically, the residual activity measured for the
immobilized enzyme was approximately 20 % and 35 % after the in-
cubation in ethanol (Fig. 13a) and carbonate buffer pH 10 (Fig. 13b),
respectively. By contrast, the residual activity of the free enzyme
dropped to zero after 5 min. The support’s nature may enhance the
stability effect of immobilization. A further examination of the buffering
properties of silica can be found in the Supporting Information. Earlier
studies have shown that the surface of mesoporous silica can create a
buffered environment with a pH around neutrality (within the pH range
from 6 to 8). Moreover, it has been suggested that silica surface can
produce an aqueous environment in its proximity when put in organic
solvents/water mixtures [14].

3.3. Inhibition tests

To further analyze the behavior of imm-hLDH-A as a microreactor for
the screening of chemotherapy drugs, explorative activity tests were
carried out on free and immobilized forms of the enzyme, in the pres-
ence of the hLDH-A inhibitor NHI-2. In the case of imm-hLDH-A, only the
apparent kinetics parameters can be directly derived due to microen-
vironmental effects, like mass transfer limitations and partition of sub-
strates, caused by the immobilization which changes the enzyme phase
[66]. The internal diffusional restrictions can be assessed and conve-
niently expressed through the effectiveness factor (). The effectiveness
factor can be calculated in terms of observable parameters, as reported
by Bahamondes et al. [67] and for a Michaelis-Menten kinetics it can be
determined through Equation (7):

(1 + By) X Tobs

" Vdy @

Where f is the dimensionless substrate concentration calculated as the
ratio between the molar concentration of the substrate (mM) and the
intrinsic Michaelis-Menten constant (mM) [66], rops is the reaction rate
observed for each substrate (or cofactor) concentration (pmol min~!
mg 1), and Vyy is the maximum rate obtained for the enzyme in the free
form (pmol min~! mg™?).

The experimental data were fitted through Lineweaver-Burk
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Fig. 13. Stability of hLDH-A free and best-immobilized when incubated in 30 % v/v ethanol solution (a) or carbonate buffer pH 10 (b) at room temperature for 3 h.

The activity tests were carried out at 35 °C and pH 7.5. 59.
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Fig. 14. Comparison of kinetic curves, linearized by Lineweaver-Burk methods, in the presence of NHI-2 (20 uM) by varying the concentration of pyruvate or NADH
keeping the other reagent constant. The tests were repeated on the free enzyme and hLDH-A immobilized on mSBA-15. The tests were carried out at 35 °C and 0.1 M

phosphate buffer pH 7.5. 60.

Table 5
hLDH-A apparent kinetic parameters obtained with the Lineweaver-Burk plots in
the presence of 20 pM NHI-2 by varying the concentration of pyruvate or NADH.

1

Enzyme form Limiting NHI- Vimax (pmol min~ Kpaif
reagent 2 mg™) (mM)

Free Pyruvate No 442 0,26

Yes 182 0,24

NADH No 694 0,15

Yes 629 0,10

Immobilized on Pyruvate No 182 0,41

mSBA-15 Yes 148 0,15

NADH No 240 0,31

Yes 234 0,28

linearization as shown in Fig. 14.

Table 5 reports the apparent kinetic parameters obtained via the
Lineweaver-Burk plots. Additionally, employing a Michaelis-Menten
model, the effectiveness factor for imm-hLDH-A was computed, and
the results are visualized in Fig. S7 of the Supporting Information. The
trend of the effectiveness factor, as depicted in Fig. S7a, suggests a lower
pyruvate concentration within the silica pores compared to the bulk
concentration, attributable to internal diffusional restrictions (IDR),
causing a reduced rate compared to the soluble enzyme. In contrast,
when NHI-2 is added to the solution, no diffusional restrictions are
detected. This effect is likely due to the higher diffusional rate of the
inhibitor than the reaction rate. Conversely, NADH presents similar IDR
both in the presence or in the absence of NHI-2, as illustrated by the
trend of the effectiveness factor shown in Fig. 7b. This observation seems

to align with the findings reported in Table 5.

The apparent parameters seem to describe mixed-type inhibition
mechanisms [68], in accordance with what was previously reported by
Granchi et al. [69]. As described by Piumetti et al. [70], this type of
inhibition is generally due to an allosteric effect which provokes a
change in the structural conformation of the enzyme. Fig. 15 represents
the enzymatic pocket of hLDH-A when the enzyme interacts with the
cofactor and the substrate (Fig. 15a and b) and with the inhibitor
(Fig. 15c and d), realized with BIOVIA Discovery Studio [71]. The amino
acids implied in the interaction with pyruvate, NADH, and inhibitor are
listed in Table S1.

As suggested by the simulation shown in Fig. 15, the inhibitor
located in the enzymatic pocket can hamper the formation of the
enzyme-substrate-cofactor complex. Moreover, it can be noted that the
lysine residues are quite evenly distributed. From this graphical analysis
it can be deduced that an improper covalent binding with the silica
surface can cause an inactive biocatalyst or a partial alteration of the
three-dimensional structure of the enzyme. The latter can explain the
different variation of the apparent kinetic parameters obtained on imm-
hLDH-A with respect to the free enzyme by varying the pyruvate
concentrations.

4. Conclusions

The present research aimed to examine the use of three different
mesoporous silicas as support for the enzyme hLDH-A in order to obtain
a stable and durable LDH-based microreactor. This study has shown that
the synthesis procedures adopted were effective in preparing
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Fig. 15. Simulation results for hLDH-A complex with NADH and pyruvate (a) and magnification (b) and with the inhibitor NHI-2 (c¢) and magnification (d). The
highlighted amino acid residues in the three-dimensional structure of hLDH-A are involved in interactions with the cofactor (blue) and pyruvate (purple). Moreover,
the lysine residues implicated in the immobilization are depicted in green. The molecules of pyruvate, NADH, and NHI-2 were obtained from the PubChem online
library while the hLDH-A three-dimensional structure was obtained from the AlphaFold Protein Structure Database. The simulation was performed by using BIOVIA

Discovery Studio (DS) software. 61.

mesoporous silica with spongy-like networks and dendritic structure.
With all the tested supports, immobilization yields higher than 80 %
have been obtained. Overall, the retained activities were higher in the
presence of trehalose used as a stabilizing agent than with PEG. The best
result (Ryet ~ 15 %) was achieved when mSBA-15 was used as support,
which is probably due to a balanced number of functional groups, the
less negative value of {-potential, and the morphology of this material
which seems to cause fewer conformational changes of the enzyme and
substrate diffusion related problems compared to MCF and DPS. The
findings of this research suggest that this mesoporous silica used as
support was successful in increasing the durability and stability of imm-
hLDH-A with respect to the free form. This is demonstrated by the out-
comes achieved from the inactivation tests. Indeed, after incubation in
30 % v/v ethanol and alkaline pH solutions, imm-hLDH-A has residual
activities of 20 % and 35 % respectively, after 3 h of incubation. In
contrast, the enzyme in the free form was completely inactivated after 5
min of incubation at the same conditions. Finally, the apparent kinetic
parameters obtained through Lineweaver-Burk linearization in the
presence of NHI-2 inhibitor seem to describe mixed-type inhibition
mechanisms. Both in the free and immobilized enzyme forms, the
reduction of the apparent Vi, was higher when pyruvate concentration
was varied and NADH concentration was kept constant and in excess.
The results of this research support the idea that the covalent immobi-
lization of enzymes on mesoporous silica is a viable strategy to increase
the stability and durability of hLDH-A. Despite the evident improve-
ments in stability and durability post-immobilization, there exists sig-
nificant potential for further enhancing the activity of imm-hLDH-A. In
fact, the covalent bonds formed between the enzyme and the support
during the immobilization process might induce conformational
changes or increase rigidity within the biomolecule, as suggested by the
position of the lysine residues, (which is noticeable in the visual simu-
lation) changing the response of the enzyme in the presence of NHI-2.
Further research should focus on studying the conformation of the
hLDH-A when immobilized on mesoporous silica for refining the
immobilization process to optimize enzyme performance, and
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consequently a more precise measurement of its inhibition.
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