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Resumen

La nanobiotecnologia se ha beneficiado recientemente del uso de nanobiocatalizadores
inmovilizados aplicados a la biorremediacion, bioprocesos sintéticos y biomedicina,
entre otros campos. La integracion enzimatica en materiales hibridos permite
capitalizar las ventajas sinérgicas de los diferentes materiales estructurales para mejorar
las propiedades del biocatalizador. En esta tesis, hemos estudiado la sintesis de
nanoparticulas nanohibridas [silica biomimética + nanoparticulas magnéticas (MNPs)]
como un vehiculo de peroxidasa de rdbano picante (HRP) para su uso en la terapia
dirigida de profarmacos de enzimas (DEPT). DEPT usa enzimas exdgenas introducidas
artificialmente en el cuerpo con el objetivo de convertir profarmacos en su forma activa
en el sitio deseado del organismo y, por lo tanto, tiene una ventaja sobre las terapias
estandar no especificas por su selectividad potencial. EI uso de enzimas enzapsuladas
0 unidas a nanoparticulas (NPs) ha ganado interés en este tipo de terapia ya que permite
mejorar la estabilidad y reducir la inmunogenicidad de la enzima terapéutica, a la vez
que mejorar la bioacumulacion y retencién de la enzima en el tejido tumoral. Esto es
debido al efecto de retencion y permeabilidad aumentada (EPR) por la presencia de una
abundante vascularizacion inmadura en el tumor que hace que de forma pasiva se
acumulen mayor cantidad de NPs que en tejidos sanos. Por tanto, las enzimas
terapéuticas transportada por NPs tienen una mayor facilidad en acumularse en tejidos
tumorales que la misma enzima administrada en forma libre. Sin embargo, las NPs no
pueden evitar la distribucion no selectiva en el cuerpo, sobre todo en drganos que para
filtrar la sangre también usan el efecto EPR (higado, bazo)., Por lo tanto, el uso exitoso
de modalidades de DEPT que utilicen nanomateriales como vehiculos de la enzima
terapéutica depende de la implementacion de estrategias que puedan proporcionar un

control espaciotemporal sobre su actividad enzimatica.

Para esto, en esta Tesis se ha optimizado la co-encapsulacion de MNP junto con la
enzima terapéutica HRP en nanoparticulas de silica biomimética. Se eligié HRP debido
a su capacidad para convertir el &cido indol-3-acético (hormona vegetal) en radicales
peroxilados con actividad citotdxica en varias lineas celulares tumorales. Sin embargo,
la HRP tiene una temperatura 6ptima de 45°C y a la temperatura corporal su actividad
biocatalitica no es maxima. Debido a que las MNPs pueden absorber energia en
presencia de un campo magnético alterno externo (AMF) y liberarla al medio ambiente

en forma de calor, nuestra hip6tesis de trabajo se centra en lograr utilizar este calor para



alcanzar la temperatura Optima de la HRP de forma localizada (en una escala
nanomeétrica), y asi incrementar su actividad enzimatica. Tradicionalmente, el
desencadenar el aumento macroscopico de la temperatura de tejidos tumorales ha sido
la estrategia mas difundida para utilizar el gradiente muy alto de temperatura que se
genera por calentamiento magnético en pocos nandmetros desde la superficie de la
MNPs. Esto ha permitido el desarrollo de una nueva terapia para el tratamiento del
cancer, conocida como hipertermia magnética (MHT), ya que las células tumorales
tienen una mayor sensibilidad al calor que las células normales. En esta Tesis sin
embargo proponemos aprovechar este gradiente de temperatura localizado alrededor de
las MNPs no para desencadenar que se eleve de forma macroscopica la temperatura de
un tejido tumoral sino para modular la aactividad de enzimas co-entrapadas con las

MNPs en nanohibridos de silica biomimética.

El uso de silica biomimética en el nanohibrido se plante6 bajo la premisa de utilizar un
medio para estabilizar la enzima, que permita su probable inmunoaislacién y, como se
demostré mas tarde, alcanzar a su vez un posible efecto de aislamiento térmico que
disminuya la rapida disipacion de calor que ocurre a pocos nm de la superficie de las
MNPs y asi sea posible modular la actividad de enzimas que no se encuentren unidas a
la superficie de las MNPs. Es asi que efectivamente la estrategia de co-encapsulacion
facilitdé un aumento selectivo en la actividad biocatalitica de HRP al alcanzar
localmente su temperatura Optima. Para llegar a esta conclusién, hemos optimizado la
sintesis de los nanohibridos variando diferentes parametros tales como: i) tamafio del
catalizador aminado requerido para la formacion de NP de silica (polietilenimina MW
~ 1300, 2000, 25000, 60000 Da), ii) metodologia de inmovilizacion de la HRP
(adsorcidn / union covalente en MNP antes de la encapsulacion, co-encapsulacion con
MNP), iii) relacion HRP/ MNP. La inmovilizacién de HRP y los rendimientos de
actividad después del atrapamiento son similares con o sin MNP (~60 £ 4%y 78 + 1,
respectivamente). Sin embargo, la estabilidad térmica de la enzima (50°C) aumentd
532 (Factor de estabilizacion) cuando la HRP se co-encapsula con MNP. El uso de PEI
de diferentes tamafios no afecto los rendimientos de la inmovilizacion de HRP ni el
tamafo (diametro hidrodinamico) de los hibridos. Sin embargo, las MNP parecen
actuar como plantillas para la deposicion de silice ya que su co-encapsulacion con HRP
reduce el tamafio radio de los biohibridos (de ~ 800-1000 a 500-600 nm). Todos los
nanohibridos obtenidos pudieron oxidar 1AA, pero no se observo citotoxicidad en



ausencia del profarmaco usando diferentes lineas celulares. También hemos estudiado
el efecto del tamafio del catalizador aminado requerido para la formacion del
nanobiocatalizador (polietilenimina MW ~ 1300, 2000, 25000, 60000 Da), en su
eficiencia de calentamiento magnético macroscopico (SAR, Specific Absorption Rate
0 tasa de absorcion especifica) y nanoscopico (activacion enzimatica). Los
nanohibridos (500-600 nm) mostraron activacion enzimatica (250-300%) sin un
aumento significativo de la temperatura macroscopica y conservaron su actividad
completa después de la aplicacion de un ciclo de AMF (829 kHz, 25.2 mT) durante 20
min. Sin embargo, para que los nHs desarrollados puedan tener potencial para ser
utilizados en DEPT es clave que presenten buena estabilidad coloidal en medios
biol6gicos complejos. Para ello fue necesario bloquear grupos amino primarios
presentes en la superficie de los mismos con glucosa. Este mondsocaraido no solo
permitié mejorar la estabilidad coloidal de los nHs en medio de cultivo completo, pero
también sirve de biomoléculta para vectorizacion activa de células tumorales. Los
nanohibridos funcionalizados con glucosa lograron diferencias significativas en la
reduccion de la viabilidad celular de una linea celular de cancer de colon humano
(HCT-116) después de la exposicion a un ciclo de AMF (80% versus 30% de reduccion
en controles sin aplicacion de AMF). Estos resultados muestran por primera vez que s
posible controlar de forma remota la actividad de HRP co-atrapada con MNP mediante
calentamiento magnético para una potencial aplicacion en terapia antitumoral DEPT.
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Abstract

Nanobiotechnology has recently benefited from the use of a number of immobilized
nanobiocatalysts applied to bioremediation, synthetic bioprocesses and biomedicine
among other fields. Enzyme integration in hybrid materials capitalizes the synergic
advantages of the structural builders for improved biocatalyst properties. In this thesis,
we have studied the synthesis of nanohybrid nanoparticles (biomimetic silica +
magnetic nanoparticles (MNPs)) as a vehicle of horseradish peroxidase (HRP) for its
use in Directed Enzyme Prodrug Therapy (DEPT). DEPT uses foreign enzymes
artificially introduced in the body with the aim of converting prodrugs into their active
form at the desired site of the organism and therefore has an edge over standard non-
specific therapies for their potential selectivity. However, nanoparticles cannot avoid
unselective distribution in the body and consequently, the successful use of DEPT
depends on the implementation of strategies that could provide spatio-temporal control
over the activity of the therapeutic enzyme. For this, the co-encapsulation of MNPs
together with HRP in biomimetic silica nanoparticles has been optimized. HRP was
chosen because of its ability to convert indole-3-acetic acid (IAA) (vegetable hormone)
into peroxylated radicals with cytotoxic activity in several tumour cell lines. However,
HRP has an optimum temperature of 45°C and at body temperature the biocatalytic
activity is not at its maximum. MNPs can absorb energy in the presence of an external
alternating magnetic field (AMF) and release it to the environment in the form of heat®.
This property has led to the development of a therapy for the treatment of cancer, known
as magnetic hyperthermia (MHT) since tumour cells have a higher sensitivity to heat
which makes them more susceptible than normal cells?In this thesis, we proposed that
the heat generated by AMF is used to locally reach an optimal temperature that triggers
the activity of the therapeutic enzyme. The use of biomimetic silica in the nanohybrid
provided a means to stabilize the enzyme, putative immuno-isolation and as later
proved, a thermal insulated effect that decreased heat loss and allowed for modulation
of the enzymatic activity. Therefore, the co-encapsulation strategy facilitated a selective
increase in HRP biocatalytic activity by reaching locally its optimum temperature. To
arrive to this conclusion we have optimized the synthesis of the nanohybrids by varying
different parameters such as: i) size of the required aminated catalyst for the formation
of silica nanoparticles (polyethyleneimine MW~1300, 2000, 25000, 60000 Da), ii)



HRP immobilization methodology (adsorption/covalent binding onto MNPs before
encapsulation, co-encapsulation with MNPs), iii) HRP/MNPs ratio. HRP
immobilization and activity yields after entrapment are similar with or without MNPs
(~60£4% and 78x1, respectively). However, the enzyme thermal stability (50°C)
showed a stabilization factor (SF) of 532 when HRP wass co-encapsulated with MNPs.
The use of PEI of different sizes did not affect the yields of HRP immobilization neither
the hydrodynamic size of the NPs. However, MNPs seem to act as templates for silica
deposition as their co-encapsulation with HRP reduces the hydrodynamic radius of the
biohybrids (from ~800-1000 to 500-600 nm). All the obtained nanohybrid NPs were
able to oxidize IAA but in the absence of the prodrug cytotoxicity using different cell
lines was not observed. We have also studied the effect of the size of the required
aminated catalyst for the formation of the nanobiocatalyst (polyethyleneimine
MW~1300, 2000, 25000, 60000 Da), on their magnetic heating efficiency (SAR and
enzyme activation). The nanohybrids (~500-600 nm) showed enzyme activation (250-
300%) without a significant rise of the “overall” temperature and preserved their full
activity after application of an AMF (829 kHz,25.2 mT) for 20 min. Surface engineered
nanohybrids, for better colloidal stability in cell culture media, achieved significant
differences in the reduction of cell viability of a human colon cancer cell line (HCT-
116) after the exposure to the AMF (80% versus 30% reduction in controls). Our results
demonstrated that it is possible to remotely increase the activity of HRP co-entrapped
with MNPs.



General Introduction

Surgery, chemotherapy and radiotherapy are currently the most used strategies in the
treatment of cancer, a disease whose worldwide incidence and mortality had risen to
18.1 million new cases and 9.6 million deaths in 2018. In turn, these numbers will
increase considerably over previous projections as 27.5 million new cases of cancer are
expected each year by 2040 (61.7% increase from 2018)3. Recent investigations on
cancer treatment gravitate towards the use of alternative therapies that overcome the
problem of classical ones viz. insufficient concentration of the drug at the tumour site,
limited biodistribution, systemic toxicity, lack of selectivity or differentiation between
cancer and normal cells, and development on cancer therapy resistance*. Among those
alternative therapies, strategies modelled on the use of enzymes and prodrugs, known
as directed enzyme prodrug therapy (DEPT) gives enzyme therapy an edge over
standard non-specific therapies for their potential selectivity. DEPT uses foreign
enzymes artificially introduced in the body with the aim of converting prodrugs into
their active form at the desired site of the organism. DEPT strategies may allow to
reduce the systemic toxicity of drugs, being produced mainly at the site of interest
which could potentially increase its selectivity and minimize unwanted side effects®®.
Moreover, DEPT presents an amplifying effect since a single enzyme can activate many
prodrug molecules which enables high drug concentrations in the tumour area
generating cell death on adjacent tumoral cells (bystander effect) with no need of
enzymatic internalization’. However, the success of this therapeutic approach depends
on a highly selective delivery vehicle for the enzyme to the tumour site that ensures
sufficient binding of enzymes to targeted cells.

Differently from the sole use of the therapeutic enzyme or the direct attachment of the
enzyme to vectorizing agents (ex. antibodies, lectins), enzyme encapsulation emerged
as an approach that improves accumulation and retention of the therapeutic enzyme
within the tumour®. The size of the particles generated by encapsulation is advantageous
for exploiting the well-known enhance permeability and retention (EPR) effect that
provokes the accumulation of particulates due to a combination of fenestration in the
vasculature and poor lymphatic drainage from tumours®. Additionally, immuno-

isolation provided by encapsulation aids the treatment by decreasing the clearance of



the enzyme from plasma, also a known cause of low concentrations of the enzyme at
the tumour site. Last but not least, encapsulation improves proteolytic stability
preserving the enzyme activity in vivo and provides a means to generate high volumetric
activity nanocomposites®. It also provides a cover shell that may serve as a surface for
anchoring active targeting agents such as glucose, folic acid, antibodies, etc, that could

potentially improve the interaction with target cells.

Nevertheless, nanoparticles cannot avoid non-selective distribution. Particularly,
liver/spleen accumulation is a predominant problem of therapeutic nanovehicles as
fenestration in endothelial cells is the mechanism to remove foreign material in a similar
manner to the EPR effect!!. Therefore, therapy activation outside the target site is
unavoidable when using encapsulated enzymes, as mesophilic enzymes that are highly
active at body temperature, are the choice for DEPT. The implementation of strategies
that could provide spatio-temporal control over the activity of the therapeutic enzyme
through external stimuli is, therefore, a new ground-breaking concept to surpass the
current paradigm in DEPT*?,

MNPs can absorb energy in the presence of an external alternating magnetic field
(AMF) and release it to the environment in the form of heat. This effect is called
magnetic hyperthermia (MHT) and has emerged as a potential treatment for cancer. The
main mechanism in hyperthermia is the ablation of tumour cells by destroying the
protein and cell structure by heat which results in the shrinkage of the tumour size.
Hyperthermia (HT) in different approaches has been combined with radiotherapy
during the last decades, however, its implementation as a clinically relevant treatment
has been restricted by its inability to effectively and preferentially target malignant
cells. The importance of an effective and homogenous delivery of hyperthermia is
highlighted by the fact that even half a degree rise in temperature can have a significant
impact on cell viability®. The temperature reached its influenced by evident factors
such as duration of the HT, frequency and force of the field. However, it is also affected
by inherent properties of the NPs such as size, shape, functionalization or integration
of MNPs into other materials. HT is not restricted to cell ablation for cancer treatment
as it can be also utilized as an external stimulus to trigger drug payload release from

nanocarriers, as a mean of biosensing®® and biocatalysts control?®.
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In this thesis, we have studied a new strategy based on magnetic heating to increase the
activity of an encapsulated therapeutic enzyme to gain spatio-selectivity control that
could serve for a more effective DEPT treatment. For that, we have co-encapsulated
horseradish peroxidase (HRP) and MNPs in biomimetic silica under the hypothesis that
the heat generated by AMF could be used to locally reach an optimal temperature that
triggers the activity of the therapeutic enzyme. HRP was chosen because of its ability
to convert indole-3-acetic acid, a vegetable hormone, into peroxylated radicals with
cytotoxic activity in several tumour cell lines!’. HRP has an optimum temperature of
45°C and therefore at body temperature the biocatalytic activity is not at its maximum.
The selected co-encapsulation strategy could facilitate a localize “on and off”
modulation of HRP activity by locally reaching its optimum temperature when the
AMF is applied.

Therefore, the general hypothesis of this thesis is that a new material based in silica,
MNPs and an entrapped HRP will be able to increase the activity of the immobilized

enzyme after AMF application for the conversion of a pro-drug into its active form.

In order to achieve our objective, we have conducted a methodological approach and

obtained results that have been divided in this work in three different chapters:

In chapter I, an introduction to the world of biocatalysis and directed enzyme
prodrug therapy (DEPT) was covered with a focus on the development of a stable,
efficient and versatile nanohybrid for its use in nanomedicine. The process for solely
physically entrapping the enzyme through different immobilization strategies that
involved pre and post modifications were applied in order to co-entrap the enzyme with
MNPs within a biomimetic material, in turn enhancing the stability, reusability and

efficacy of the enzyme compared to the soluble enzyme.

In chapter I, we characterised the nanohybrids with an aim to understand the
physico-chemical properties, magnetic behaviour, surface properties and the ability to
bioconvert a prodrug into toxic radicals. It focused on the applicability of the MNPs in

nanomedicine combined with biocatalysis.

In chapter 111, we studied the cytotoxicity of the nHs in the presence of prodrug on
the viability of the two different cancerous cell lines. Following which the effect of

hyperthermia mediated cytotoxicity was studied in a selected cell line.
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Abbreviations

°C- degree Celsius

Hg-Microgram

pL- microliters

Abs-Absorbance

ABTS - 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)
AMEF-Alternating Magnetic Fields
BET-Brunauer-Emmett-Teller

cm- centimetros

Da- Dalton

DEPT- Directed Enzyme Prodrug Therapy
DLS-Dynamic Light Scattering

DMEM- Dulbecco's Modified Eagle Medium
DNA-Deoxyribonucleic acid
EDC-1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
EDX-Energy Dispersive X-Ray Analysis
ESEM-Environmental Scanning Electron Microscopy
f - Frequency

FBS-Fetal Bovine Serum

GA-glutaraldehyde

H-Gauss Magnetic field

h-Hour
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HAADF-High-Angle Annular Dark-Field Imaging
HPLC-High Performance Liquid Chromatography
HRP- Horseradish peroxidase
HRTEM-High-resolution transmission electron microscopy
HT-Hyperthermia

IAA-Indole-3-acetic acid

IONPs-Iron oxide Nanoparticles

IU-International unit for enzyme

kDa- kilo Dalton

kHz-kilo Hertz

M-Molar

mg-Milligram

MHT-Magnetic hyperthermia

min-Minute

mM-Millimolar

MRI- Magnetic Resonance Image

mT-milliTesla

mV-MilliVolt

MW-Molecular weight

nH-Nanohybrid

NHS-N-hydroxysuccinimide

nm-Nanometer

NP- nanoparticle

PAA-Poly-aspartic acid



PDI-Polydispersity Index

PEI-Polyethyleneimine

RNA-Ribonucleic acid

RT-Room Temperature

SAR-Specific Adsoprtion Rate

SF-Stabilization Factor

Si-Silica

SLP-Specific Loss Power

SNP-Silica NanoParticle

SPIONs-Superparamagnetic Iron Oxide Nanoparticles
SQUID-Superconducting Quantum Interference Device
STEM-Scanning Transmission Electron Microscopy
TMOS-Tetramethyl orthosilicate

XRD-X-Ray Powder Diffraction

ZP-Zeta Potential

pumol/min — micromol per minute
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Chapter 1

Development Of A Hybrid Nanobiocatalyst
Of HRP
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Introduction

Enzymes as nanobiocatalysts

The use of enzymes as catalysts offers several advantages compared to classical
organic-chemical synthesis. As enzymes are highly substrate- selective the formation
of unwanted side products can be reduced or even prevented and cost- intensive
purification processes can be simplified. Moreover, as enzyme reactions mostly occur
in aqueous media, preferring mild reaction conditions, their application can be a
substantial contribution to green and sustainable production processes.'® Therefore,
enzymes are biocatalysts with outstanding prospects as catalysts in industrial and
biomedical processes 1%%° They also provide advantages over the use of microorganisms
as biocatalysts, such as greater specificity, better standardization, easy handling and
storage and are independent of bacterial growth rates. However, there are many
drawbacks that impede their practical use such as lack of long-term operational stability
and shelf-storage life and their unwieldy or impossible recovery and re-use. Scientists
have developed several strategies to overcome these drawbacks among which
integration of enzymes to different materials stand out as one of the most widespread
21 The possibilities for practical applications of immobilized enzymes are continuously
growing and a steady number of immobilization methods have been recently developed
to preserve the activity of biotechnologically important enzymes in unnatural

environment?2:2324.25,

Enzyme association to insoluble materials, commonly called as enzyme
immobilization, provides a number of advantages to the applied use of enzymes:
immobilized enzymes can be reused, it minimizes costs and time of analysis, it
facilitates the continuous use of the biocatalyst and may improve enzyme properties

such as operational or thermal stability?6:2’,

A wide variety of techniques are now available for the preparation of immobilized
enzymes that may include chemical or physical mechanisms, addition of aiding agents
during immobilization or combination of different strategies to obtain more active and

stable preparations?!. Moreover, investigations on material science have contributed
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with a plethora of new supports compatible with enzyme activity, with better physical
and mechanical properties. Such is the case of nanosupports, rapidly adopted for
enzyme immobilization as they reduce diffusion limitations and maximize the
functional surface area to increase enzyme loading. Active immobilized enzymes in
nanomaterials, also known as nanobiocatalysts, have been studied for a wide variety of
applications in biosensing and biotranformations?®. As intensive research in these fields
developed, it became clear that integration of the enzyme to the different materials and
through different interactions affected significantly the performance of the
nanobiocatalysts while they impact aspects such as stability, storage, reusability in

industrial and biomedical applications (Table 1)°.
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Table 1. Summary of enzyme immobilization techniques investigated showing

their advantage, disadvantages, and various applications?*. Adapted from Homaei,

A. Aetal.

Immobilization
Principle
Deposition on
solid

Immobilization on
polyketone by
hydrogen bonds

Advantages

Retaining most of
its activity

Easy
immobilization,
high binding
capacity, high

Disadvantages

Low enzyme
loading

Negligible
increase in Km
value

Applications

Inversion of
carbohydrates

Applicable for
large enzyme viz
peroxidases, amine
oxidases

References

30

stability

Classic covalent
immobilization

Physical
entrapment

Moderately stable
to hydrolysis at
neutral pH

Avoid negative
influence on
enzyme surface,
thermally and
mechanically
stable

Esters unstable in
aqueous solutions

Diffusion and
partition of
substrate and
product is
restricted

Immobilization of
antibodies,
proteases and
oxidases
Applicable for
most enzymes,
antibodies and
development of
biosensor

Variable pore size

Adsorption on
Mesoporous
silicates

Immobilization
using affinity tag

Immaobilization on
biodegradable
polymers

Encapsulation
with lipid vehicles

Support is
chemically and
mechanically
stable and resistant
to microbial attack

In-situ
immobilization
possible

Longer circulation

in blood stream

High
reproducibility

preparation in
harsh conditions
causing
denaturation of
enzyme

Low activity

Low entrapment
efficiencies, burst
release and
instability of
enzyme

Enzyme
inactivation by
shear force

Scaffold of
mesoporous carbon
MEIEELS

Capture of proteins
during purification
in affinity
chromatography
Biomedical control
release for enzyme
replacement
therapy

Medical,
biomedical,
enzyme
replacement
therapy, ripening

process

Strategies for the immobilization of enzymes

Organic solvents and harsh conditions in biotechnological applications result in the
deactivation or denaturation of the enzyme which significantly reduces the catalytic
activity and enzyme efficiency. Enzyme stability is one of the most important requisite
for a potential biocatalyst and stabilization may be achieved by medium engineering,
chemical crosslinking, protein engineering or enzyme immobilization*®. When using
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immobilization, the main goal is to develop an enzyme compatible support, to provide
a higher surface area to increase the enzyme loading, achieve high stability and
reusability of the biocatalyst with a simple and mild methodology. In principle,
enzymes are immobilized via three major routes: (i) binding to a support; (ii)

encapsulation or entrapment*?; or (iii) cross-linking*'.

A wide variety of techniques are now available for enzyme attachment to a variety of
supports*24344 - Immobilization techniques generally include chemical or physical
mechanisms. Chemical immobilization methods mainly include enzyme attachment to
the matrix by covalent bonds or other interactions and cross-linking between the
enzyme and the matrix. Physical methods involve the entrapment of the enzymes within
an insoluble matrix. A combination of chemical and physical methods has facilitated in
certain occasions for the immobilization of different enzyme species in the same
composite*>464748 The requirements of different enzymes are inherently varied and
specific conditions are often needed for a defined application. Unfortunately at the
present time, although in silico tools may help predict a certain behaviour of an enzyme
towards a support, there is no generic method for enzyme stabilization that will be
optimal for all enzyme systems, but a toolbox of versatile methodologies are now well

documented in the literature®®,

Biomimetic silica as a support for enzyme immobilization

Physical entrapment is defined as an irreversible method of enzyme immobilization
where enzymes are entrapped in a support or inside of fibres, either the lattice structure
of a material or in polymer membranes that allows the substrate and products to pass
through but retains the enzyme®. Physical entrapment in biomimetic silica can yield
nanostructured material with divergent morphologies within minutes under mild and
green conditions. The use of silaffin proteins by unicellular diatoms, has inspired
several studies to identify alternate aminated molecules as candidates for inducing silica
precipitation from precursor compounds in vitro®. The influence of templates in silica
biomineralization has been studied in vitro using biological and nonbiological
molecules®’. The use of biomimetic silica has various advantages such as it is a mild
and fast reaction wherein the formation of the nanoparticles takes place within minutes
and under neutral pH and ambient temperatures. Due to its rigid structure it provides

stability and enables the reuse of enzyme. Any material contained in the synthetic
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mixture may become entrapped within the biomimetic Si nanoparticles® >3, The mild
synthetic approach (room temperature, neutral pH, free of organic solvents) is
compatible with a range of enzymes for which the strategy has also resulted in
stabilization °*°°. Moreover, for biomedical applications such as enzyme replacement
therapies or direct enzyme prodrug activation, encapsulation of enzymes in a Si
nanocarrier could reduce the immunogenicity of the enzyme. However, synthetic
strategies for biomimetic Si nanobiocatalysts are not universal as they provide distinct
properties to different enzymes and may be tailored to improve a desired attribute °’.

Post-immobilization modifications in enzyme immobilization

Chemical modification of enzymes after immobilization such as chemical cross-linking
is a widely used strategy to gain stability of insoluble biocatalysts as well as reduce
enzyme leakage overcoming a common problem in non-covalently attached enzymes
to supports*. The enzyme is generally immobilized onto a support and then cross-
linked with a bifunctional agent such as glutaraldehyde (GA) or a polymer 8, In
particular, GA may react with different enzyme moieties, mainly involving primary
amino groups of proteins, although it may eventually react with other groups (thiols,

phenols, and imidazoles)®°. This approach can improve the enzyme stability.

General properties of the enzyme horseradish peroxidase.

The enzyme horseradish peroxidase (HRP) (E.C. 1.11.1.7), found in the roots
of horseradish, is a plant grown in the temperate regions of the world mainly for the
culinary value of its roots. It is a metalloenzyme with many isoforms, of which the most
studied type is C. It contains a heme group and uses hydrogen peroxide to oxidize a
wide variety of organic and inorganic compounds. The production of this enzyme from
the roots of horseradish occurs on a large scale because it is widely used for commercial
purposes, for example as a component of clinical diagnostic kits and in

immunoassays®.

A variety of physiological roles have been assigned to the horseradish peroxidase
isoenzymes, including 3-indole acetic acid metabolism, lignification, cross-linking of
cell wall polymers, suberin formation and resistance to infections®-%23, However, very

little is known about their specific functions in the plant.
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Welinder K. determined the dominating HRP amino acid sequence of HRP which
constituted of a single polypeptide chain of 308 amino acids with a molecular mass of
33890 Da®. The N-terminus is blocked by a pyroglutamate residue and peptides at the
C-terminus can occur with or without the C-terminal serine residue. The enzyme also
contains a heme prosthetic group, eight carbohydrate side chains and two calcium ions,

s0 the total molecular mass is close to 44,000 Da®.

From literature, it is known that HRP exists as group of distinctive peroxidase
isoenzymes which are classified into three major groups- acidic, neutral and basic,
depending on their respective isoelectric points. The most abundant isoenzyme, HRP-
C, has a netural pl, and accounts for more than half of peroxidase activity in horseradish
roots and is used in most clinical and analytical applications®®. This was confirmed by
Maehly 1955 wherein the isoelectric point was determined to be 7.2%. From the general
enzyme database, the pl of HRP isoenzymes depends on the species it is derived from

and thus can vary between 3.0-9.0.

As mentioned above, eight of the nine potential N-glycosylation sites that can be
recognized in the primary sequence of the enzyme are occupied. The total carbohydrate
content of the HRP depends on the source from which the enzyme is obtained and

typically varies between 18 and 22%°°.

The three-dimensional structure of HRP C, reported by Gajhede M. et al.%®, was
elucidated by X-ray crystallography using crystals of the recombinant enzyme
produced in E. coli, in its non-glycosylated form. The structure of the enzyme is
constituted mainly by a-helices, with a small region of B sheets (Fig. 1). Two domains
are distinguished, distal and proximal, among which is the heme group. The HRP has
an active centre in which a heme b group (protoporphyrin IX) is found as a prosthetic
group, to which the metal cation Fe®* and two Ca?* ions are coordinated; together, they

are essential for the functional and structural integrity of the enzyme®%67,
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Figure 1. Three-dimensional representation of the X-ray crystal structure of
horseradish peroxidase isoenzyme C (Brookhaven accession code 1H5A).

The heme group (coloured in red) is located between the distal and proximal domains
which each contain one calcium atom (shown as blue spheres). a-Helical and B-sheet
regions of the enzyme are shown in purple and yellow, respectively. The FO and FOO o

-helices appear in the bottom right-hand quadrant of the molecule.®

Mechanism of action
Majority of the reactions catalysed by HRP can be expressed according to the reaction

presented in the following equations:
HRP+H202—HRP-1+H20 [1]
HRP-I+AH2—HRP-II+AH* [2]
HRP-1I+ AH2—HRP+AH*+H20 [3]
Wherein, AH> y AH* represent a reducing substrate and its radical product.

HRP catalyses the oxidation of a large variety of substrates in the presence of H.O>
which include reducing substrates such as aromatic phenols, acid phenols, indoles,
amines and sulfonates. The detection of HRP activity is widely used in marking systems
and a variety of procedures have been developed for that purpose. Although H20: is
the natural substrate of HRP, several reducing molecules are available that can be used
to monitor enzymatic activity. The reaction is a three-step cyclic process, in which the
enzyme is first oxidised by H2>02 and then reduced back to the native form in two
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sequential steps involving the formation of two enzyme intermediates, Compounds |
and I1. In the first step, the cleavage of the H202 molecule, results in the concomitant
production of water and incorporation of one of the oxygen atoms of H2O: into
Compound I. Compound | contains two oxidising equivalents and an iron(V) state
compared to the native enzyme and Compound Il one equivalent. It is now known that
Compound | contains an oxoferryl group (Fe'V=0), in which the iron is in +4 oxidation

state, and a porphyrin p-cation radical®®.

0
N——=N  HOOH H,0 N-H—.rw

L R4
N"i—_; Nn“ :‘N

Native HRP Compound |

O
Nﬂ—r N
. /FEN /
HO + A NN AH
f:q H+ AI
=

I A

Compound [l

Figure 2. Reaction cycle of HRP, showing the enzyme intermediates, Compounds
I and 11%°. Adapted from Azevedo, A. et al

Compound | now capable of reducing a variety of substrate molecules (AH equation
and Fig) by transferring a single electron n-cation radical is first discharged, leading to
the formation of the second enzyme intermediate, Compound Il. Compound Il an
oxoferryl group (Fe'V=0) undergoes a single electron reduction by the second substrate
(AH) to a native ferric enzyme, the ferryl iron returns to its ferric state, whereas the

oxygen accepts two protons to form a water molecule and is released from the heme®®.

H20; is the usual oxidizing substrate of HRP'. Many chromogenic substrates can also
be used in colorimetric and fluorimetric assays. These substrates are hydrogen donors
that upon oxidation forming a coloured product that can be monitored
spectrophotometrically. Almost all phenol and aniline derivatives (e.g. alkyl, halo) are

able to reduce HRP Compound | to the native enzyme®®. Chemiluminescent assays
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commonly involve the oxidation of luminol or its derivatives, to give rise to 3-amino-
1,2-beneenodicarboxylic acid and light molecules; these are particularly sensitive and
widely used. Regarding colorimetric assays, it is common to use the TMB substrate
(3,3, 5,5'-tetramethylbenzidine), a colourless substance that when oxidized gives rise
to the formation of a blue product or [2,2'-azino-bis-(3-ethylbenzthiazoline-6-sulfonic
acid)] ABTS that regenerates peroxidase giving a radical-cation (ABTS-+) with an
absorption maximum at 414 nm (Fig. 3)’X. The rate of oxygen production by
peroxidases is greatly enhanced by the addition of ABTS, which is oxidized to cation
radicals by peroxidases. It generates a green soluble product when oxidized and can be

read in a spectrophotometer at 405 nm.

(0]

A\ POD, H:0 \

CX =
O\JC[%N/JN ﬂ%/ /
Ho/s\\O ) HO/\\S\\ 7 s J
ABTS ABTS*

Figure 3. Colorimetric assay of the oxidation of ABTS by HRP in the presence of
H202". Adapted from Schulte-Ladbeck R. et al.

Immobilization of HRP

From literature, it is known that the HRP has been applied in the various fields of
medicine, biotechnology and life sciences. It was traditionally used as a reporter
enzyme in histochemical staining’s and various diagnostic assays®. Immobilization
onto appropriate carriers has not only facilitated reusability but also has known to have
a direct effect on the activity and the stability of the enzyme and therefore, optimization
will certainly play a role in its future. A recent patent application issued, demonstrated
the use of immobilized recombinant HRP and its variants for the treatment of
wastewater, for the removal of endocrine-disruption compounds such as synthetic
estrogens’?.

The absence and presence of glycan structures determines the convenience of enzyme
immobilization”® and in turn its effect on enzyme stability’*. Surface lysine residues, on

the other hand, play a role in directed enzyme immobilization via covalent linkages.
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Hiner et al. observed that on the surface of HRP isozyme C1A, three (Lys174, Lys232,
Lys241) out of six lysine residues were found to be accessible to chemical
modifications’®. Whereas in another study, arginine residues, opposite to those of the
active site, were mutated to lysine to form a batch of reactive groups suitable for
increased and directed enzyme immobilization. Notably, the stabilities of the studied
mutants in combination with stabilizing mutations resulted in a link favourable for

immobilization behaviour with high enzyme stability®.

Magnetic Nanoparticles (MNPs) in biocatalysis and biomedicine

According to the definition provided by the European Union Commission
(recommendation of 18 October 2011), nanomaterial is any natural, incidental or
manufactured material containing particles, where for 50% or more of the particles in
the number size distribution one or more external dimensions is in the size range 1
nm-100 nm. It can occur in an unbound state, as an aggregate or as an agglomerate.’’
In the case of nanomaterials designed for biomedical applications, most of the existing
ones as well as those that are currently under clinical studies correspond to 0D
compounds, where all the dimensions are below 100 nm. Among the most commonly
used nanomaterials for biomedical applications are liposomes, polymer NPs, gold

NPs, magnetic NPs, silica NPs and quantum dots (Fig. 4)"8.

Nanomaterials in biomedicine:

Liposomes Polymeric NPs

Magnetic NPs Silica NPs Quantum dots

Figure 4. Most commonly used nanomaterials for biomedical applications:
liposomes, polymeric nanoparticles, gold nanoparticles, magnetic nanoparticles,
silica nanoparticles and quantum dots.

MNPs can be divided into pure metals, metal alloys and oxides, the most common

composites are iron, nickel and cobalt. Among all of them iron oxide NPs are the most
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extensively studied. The main advantages are their unique magnetic properties and are
considered biocompatible as well as to their unique size and physicochemical
properties. Because of the widespread applications of MNPs in biotechnology,
biomedical, material science, engineering, and environmental areas, much attention has
been paid to the synthesis of different kinds of MNPs.”® For biomedical uses, the
application of particles that present superparamagnetic behaviour at room temperature
is preferred®. From literature, we know that superparamagnetism appears in small
ferro- or ferrimagnetic NPs and in sufficiently small NPs the magnetization can
randomly flip direction under the influence of temperature. The time between tow flips
is known as the Néel relaxation time and in the absence of an external AMF the value
of magnetization of these MNPs will be zero thus said to be in a superparamagnetic
state. Normal ferri- and ferromagnetic are dependent on the Curie temperature for their
transition to the superparamagnetic state but superparamagnetism is different from this
standard transition since it occurs below the Curie temperature of the material®. This
allows superparamagnetic nanoparticles to significantly avoid magnetic aggregation
due to lack of net magnetization in the absence of field thus making them tuneable and
in turn invaluable for biomedical applications®’. Currently, MNPs are widely studied
for their applications in biology and medicine, including magnetic bioseparation and
detection of biological entities (cell, protein, nucleic acids, enzyme, bacterial, virus,
etc.), clinic diagnosis and therapy, such as MRI (magnetic resonance image), targeted
drug delivery and biological labels, RNA and DNA purification, magnetic cell
separation and purification and magnetically controlled transport of anti-cancer drugs,
as well as hyperthermia generation. The maghemite particles are preferred because of
their grater saturation magnetization®. Maghemite (y-Fe203) are biocompatible
superparamagnetic materials that have low toxicity and strong magnetic properties.
They have been widely used for in vivo examination including magnetic resonance
imaging, contrast enhancement, tissue specific release of therapeutic agents,
hyperthermia, magnetic field assisted radionuclide therapy, as well as in vitro binding
of proteins and enzymes®®. Most of the studies with MNPs have been dedicated to the
improvement of enzyme activity and loading. Additionally, many studies the inclusion
of MNPs have contributed to the enhancement of the stability and the ease of separation
from the medium which is an added attribute. Kouassi GK et al® demonstrated that

when glucose oxidase was covalently immobilized on MNPs it enhanced its binging
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efficiency 94-100% as well as improved its kinetic and stability when subjected to

thermal denaturation and various pH conditions.

Hybrid materials for enzyme immobilization.

As previously discussed, selection of the support material for enzyme immobilization
IS a critical aspect due to its major impact on the properties of the biocatalyst. Its shape
and textural characteristics of hydrophilicity/hydrophobicity  properties,
biocompatibility, toxicity or physicochemical stability can directly influence the
performance and utility of the immobilized enzyme®38485 Consequently, the discovery
and use of new support materials with desired properties has become extremely
important in the design of immobilized biocatalysts.

In this regard, scientific attention has been directed towards hybrid and composite
materials, which combine properties of both composite precursor and maximize their
advantages®®®’. Upon integration of the different materials, it is desired that the intrinsic
characteristics of each individual component are preserved, exhibiting new additional
properties due to the synergetic effect between the structural builders. When
immobilizing an enzyme in composite supports, scientists aim for a combined benefit
of the materials on the properties of the biocatalyst. Cao et al. demonstrated this in their
work, wherein, a novel biocompatible magnetic cellulose nanocrystal (MCNC)
composite was in situ was prepared via a simple co-precipitation-electrostatic-self-
assembly technique. This resulted not only an increased thermal stability of the
immobilized preparation in comparison to its counterpart but also enhanced catalytic
efficiency, ease of separation through magnetic forces, thus possessing all the
prerequisites for a potent composite for biocatalysis®. Similarly, Pavlovic et al.
demonstrated that highly stable dispersions of enzyme-clay HRP nanohybrids using
double layered hydroxide nanoclay synthesized and functionalized with heparin
polyelectrolyte to immobilize the horseradish peroxidase enzyme. It resulted in greater
affinity through electrostatic and hydrophobic interactions of the enzyme to the surface
of the modified platelets preventing leakages but no hindering its functional integrity

and enhanced colloidal stability?®.
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Objective

Preparation of an active and stable immobilized nanohybrid of horseradish

peroxidase.

Specific Objectives

Study different strategies for the entrapment of HRP in biomimetic silica
Study the co-entrapment of MNPs within the Si-HRP immobilized preparation

Evaluate the activity and stability of the different immobilized preparations.
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Materials and Methods

Materials

Horseradish peroxidase (HRP) Type VI (EC 1.11.1.7), polyethylenimine (PEI) (MW
1300, 2000, 25000 and 60000), 2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) and hydrogen peroxide were from Sigma Aldrich (St. Louis,
MO). Tetramethyl orthosilicate (TMOS), trehalose and potassium phosphate
monobasic were from MERCK (Whitehouse Station, NJ). Dibasic sodium phosphate
and sodium acetate were from Biopack (Buenos Aires, Argentina). Gel filtration PD10-
Columns were from GE Healthcare (Buckimghamshire, UK). Magnetic nanoparticles
(MNPs) fluidMag-PAA (200 nm of aggregate size) were from Chemicell (Berlin,
Germany). All other chemicals used were analytical grade reagents.

Methods

Determination of HRP activity

The activity of the free and entrapped enzyme preparations was measured by a
colorimetric assay using 9.1 mM ABTS, (€m = 36.8 mM™cm™), as a substrate. The final
assay contained 1.7 mL of 0.1 M potassium phosphate, pH 5.0 at 25°C, 0.1 mL of 9.1
mM ABTS, 0.2 mL 0.3% (w/w) hydrogen peroxide solution (H2O2) in deionized water
and 10 pl of the soluble and nanohybrid preparations. The oxidation of ABTS was
measured in a spectrophotometer at a wavelength of 405 nm for 2 minutes (Unico SQ-
2800 UV-Vis).

One enzyme unit was defined as the amount of HRP able to oxidize 1 pumol of ABTS

in the above-mentioned conditions.

Oxidation of HRP

To enhance the stability of the soluble HRP it was oxidized using a modification of
Zalipsky’s PEGylation protocol . Peroxidase (3 mg) was dissolved in 1.8 mL of 10
mM sodium phosphate containing 154 mM sodium chloride, pH 7.2. Simultaneously,
8.6 mg of sodium periodate was dissolved in 200 pL of distilled water and protected

from light. The sodium periodate solution was immediately added to the enzyme
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solution, and the sample was gently agitated. The mixture was incubated in the dark for
1 h at 25°C with constant agitation. The reaction was then quenched by the addition of
2.5 pL of glycerol and the oxidized enzyme was then purified by using a desalting PD10
column equilibrated with 100 mM sodium phosphate pH 6.0 containing 154 mM
sodium chloride yielding a concentration of Img/mL of soluble enzyme. The oxidised

enzyme is noted as HRPox.

Immobilization strategies

Entrapment of HRP in biomimetic Si nanoparticles

HRP stock solution (1 mg/mL) was prepared in 0.1 M sodium phosphate buffer, pH
8.0. A stock solution of PEI of different MW (PEI, 10%) was prepared in deionized
water. Silicic acid was prepared by hydrolysing 154 uL of tetramethyl orthosilicate
(TMOS) 1 M in 1 mL of 1 mM hydrochloric acid. The precipitation mixture consisted
of 0.4 mL 0.1 M sodium phosphate dibasic buffer pH 8.0 (containing 300 mM trehalose
when stated in the text), soluble enzyme (10 1U/mg), 0.1 mL PEI 10% and 0.1 mL
hydrolysed TMOS. Initially, the enzyme, buffer and PEI were mixed and gently
agitated in an end-over-end roller for 15 min at 25°C. Then, the hydrolysed TMOS was
added and this mixture was kept standing for 5 min at 25°C. The resultant entrapped
HRP preparation was then centrifuged (13 500 rpm) for 5 min, washed five times by
centrifugation and resuspension with sodium phosphate buffer 0.1 M and sonicated in
an ultrasonic cleaner with the power and frequency of 130 W and 20 kHz, respectively,
(SONICS & MATERIALS, INC.) for 5 min. The immobilized nanobiocatalysts
entrapped in Si are noted as BioSI@HRP.

Immobilization percentage was defined as:

%I (Initial activity — Activity in supernatant) * 100
(1] =

Initial activity
Immobilization yield was defined as:

% Y (Activity in immobilized preparation) * 100
0 =

Initial activity — Activity in supernatant
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Cross-linking with glutaraldehyde (GA)

To the previously entrapped HRP, 0.1 g (wet weight) of pellet, 2 ml of 0.5%
glutaraldehyde solution (v/v) in sodium phosphate buffer 0.25 M, pH 7.0 and was
agitated for 1 h at room temperature (RT). It was then washed thrice with sodium
phosphate buffer 0.025 M, pH 7.0 and left in agitation overnight at RT. From here on,
referred to as BioSI@HRP_GA.

Immobilization of HRP onto MNPs

100 ul MNPs (2.5 mg/mL) of commercial MNPs fluidMAG-PEA and fluidMAG-
Amine were incubated with 50 ul HRPox (1 mg/mL) for 60 min. Aliquots were
measured at spectrophotometrically at 420nm for 2 min at time intervals of 0, 15, 30,
45 and 60 min. The final solution was separated using a magnetic rack and resuspended

in buffer of sodium acetate 0.25 M, pH 5.0 and measured spectrophotometrically.

Aminated MNPs were functionalized using the glutaraldehyde. 250 ul of sodium
phosphate buffer 0.2 M, pH 7.0 containing 15% (v/v) of glutaraldehyde was incubated
overnight with 250 ul of MNPs. The next day it was washed thrice with the sodium
phosphate buffer 0.025 M to remove the excess glutaraldehyde. To the 450 pl of MNP-
GA solution, 50 ul of the soluble HRPox (1 mg/mL) was added and aliquots of the
supernatant were measured at 0, 15, 30, 45 and 60 min spectrophotometrically at 420
nm. After 60 min the MNPs were separated using a magnetic rack and the final

suspension containing the soluble HRPox was measured spectrophotometrically.

Similarly, MNPs were activated using carbodiimide. Equal parts of 100 mM 1-Ethyl-
3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 150 mM N-hydroxysuccinimide
(NHS) were mixed to form an activator solution and were left in agitation at RT for 10
min. Following which 40 ul of MNPs in 1 mL of MES buffer 100 mM pH 5.5 were
washed using a magnetic rack and was kept standing for 1 min. To this 1 mL of the
activator solution was added and kept on an end-to-end roller in agitation of 30 min at
RT. Using a concentrator (MWCO 30 kDa, Vivaspin, GE Healthcare) at 4000 rpm for
10 min at 25°C the mixture was filtered to remove the excess EDC-NHS. To this filtered
mixture of MNPs, 10 ul of HRPox (1 mg/mL) was added incubated at 24°C for 2 h.
The reaction was guenched using ethanolamine. Following which the MNPs with the

adsorbed enzyme were separated using a magnetic rack and the suspension and
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supernatant were measured spectrophotometrically at 405 nm. The conjugate was

further used in the entrapment within Si procedure mentioned above.

Covalent three-dimensional immobilization of the entrapped HRP

Soluble HRP was oxidised using a modification of Zalipsky’s PEGylation protocol %
as mentioned above. The oxidised enzyme was then entrapped within Si using the
above-mentioned protocol. Following the entrapment, the enzyme was incubated in
0.25 M sodium bicarbonate, pH 10.0 (R 1:10) overnight at 4°C to facilitate the
formation of Schiff's bases between the aldehyde groups generated in the enzyme and
unreacted amino group from the support. The Schiff's bases were finally reduced using
sodium borohydride (Img/mL, 1:10) during 30 min at 25°C. The nanoparticles were
then washed by centrifugation thrice and resuspended in 0.1 M sodium phosphate buffer
pH 8.0. From here on, referred to BioSi@ THRPox.

Additionally, a stabilizing agent, trehalose, known for its ability to provide added
stability to protein was added. The 10 pL of HRPox was preincubated with 400 uL of
sodium phosphate buffer 0.1 M, pH 8.0 containing 300 mM of trehalose. Following
which the above-mentioned protocol was carried out. The obtained nHs were referred
to as BioSi@THRPox.

Co-entrapment with magnetic nanoparticles

10 pL of a 25 mg/mL solution of MNPs (Chemicell FluidMAG-PAA, 200 nm) were
brought to a magnetic separation rack during 5 min. The supernatant was removed and
the MNPs were washed thrice and resuspended in the same volume of 0.1 M sodium
phosphate buffer, pH 8.0. The co-entrapment procedure was the same as described
above for the entrapment of HRPox with the addition of the washed 10 pL MNPs
suspension just before the addition of TMOS. The resultant immobilized preparation
BioSi@HRP_MNP was washed five times by centrifugation (13 500 rpm) for 5 min,
and resuspended in sodium phosphate buffer 0.1 M and sonicated in an ultrasonic
cleaner with the power and frequency of 130 W and 20 kHz, respectively, (SONICS &
MATERIALS, INC.) for 5 min and finally reduced using the above-mentioned
protocol. From here on, shall be referred to as BioSi@ THRP_MNP_PEI (1300, 2000.
25000, 60000)
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Co-entrapment with in-house laboratory synthesised MNPs.

The MNPs used were poly (maleic anhydride-alt-1-octadecene) with a diameter of 7-8
nm (PMAO), dimercaptosuccinic acid with a diameter of 6-8 nm (DMSA) and Nano-
flower with a diameter of 15 nm (NF-4) nanoparticles from the Instituto de
Nanotecnologia Aragon (INA), Zaragoza. The co-entrapment procedure was the same

as mentioned above.

General procedures for nHs characterization

Kinetics parameters of the nHs and free enzyme

First proposed by Michaelis and Menten, the catalytic event that converts substrate to
product involves the formation of a transition state. The complex that forms, when
substrate and enzyme combine, is called the enzyme substrate (ES) complex.

Between the binding of substrate to enzyme, and the reappearance of free enzyme and
product, a series of complex events must take place. For example, the ES complex must
pass to the transition state (ES*); and the transition state complex must advance to an

enzyme product complex (EP).

Km and Vmax are determined by incubating the enzyme with varying concentrations

of substrate; the results can be plotted as a graph of rate of reaction (v) against
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concentration of substrate ([S], and will normally yield a hyperbolic curve, as shown in
the graphs above.

The relationship is defined by the Michaelis-Menten equation:

Vmax
LS
[S]

v =
(1 +(

The Lineweaver-Burk double reciprocal plot rearranges the Michaelis-Menten equation
as:
1 1 Km 1

— K —

v Vmax * Vmax [S]

Where, plotting 1/v against 1/[S] gives a straight line

The measurements of the basic kinetic parameters maximum reaction rate (Vmax) and
Michaelis constant (Km) were performed using different concentrations of ABTS in the
assay (0.325, 0.350, 0.380, 0.400, 0.455 mM) and 0.03% of H20-. These concentrations
are the concentrations in the final assay of 2 mL. For the assay, 1.7 mL of potassium
phosphate 0.1 M pH 5.0. 100 uL of ABTS (6.5, 7.0, 7.6, 8.0, 9.1 mM), 200 uL of 0.3%
H20; and finally 10 pL of HRP and the immobilized preparations was added. Changes
in absorption were detected in a spectrophotometer (UV- 1800, Shimadzu Duisburg,
Germany) at 420 nm and 30°C for 120 sec.

Temperature profile of the nanoabiocatalysts

To study the optimum temperature, the reactants were heated in a water bath to a
range of temperatures (20°C to 60°C). For the lower temperatures the
spectrophotometer temperature was controlled to the desired temperatures up to 40°C.
For the higher temperatures, the reactants were incubated in a water bath and up on
reaching the temperature were immediately added to the cuvette and the measurement
was carried out. 10 puL enzyme was added to the reactant mixture and measured

spectrophotometrically at 405 nm for 2 min.

To analyse the thermal stability, 10 pl of the enzyme was incubated in 0.1 M sodium
phosphate pH 8.0 for 1 h at the aforementioned temperatures (20 to 60°C) after which
the activity was measured spectrophotometrically at 405 nm for 2 min.
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pH stability analysis of the nanobiocatalysts

HRP preparations were incubated in 0.1 M sodium phosphate buffer pH 7.0 and 8.0, 25
mM sodium acetate pH 3.0, 4.0, and 5.0, and 25 mM sodium bicarbonate pH 10.0.
Aliquots of soluble and entrapped suspensions were withdrawn, and their residual

activity was measured as previously described after 1 h of incubation.

Thermal Stability of the nanobiocatalysts
The thermal stability was carried out at 50°C, wherein, aliquots of soluble and entrapped
suspensions were withdrawn at different time intervals and their residual activity was

measured as previously described. Residual activity was defined as:

Residual Activity = ai (@)
0

Where a are the 1U at a time point and ao is the initial activity in IU. Biocatalysts
inactivation was modelled based on the deactivation theory proposed by Henley and
Sadana® using Graph Pad Prism. Inactivation parameters were determined from the
best-fit model of the experimental data which was the one based on two-stage series
inactivation mechanism without residual activity, as represented in the following

scheme:

E—2 L p 25 (2

where ki and ko are first-order transition rates constants. E, E1 and Eq are the
corresponding enzyme species of progressively less specific activity, being the last one

completely inactive. The mathematical model that represents this mechanism is:

se (e () ©

where «a is the enzyme specific activity. Inactivation parameters were determined from

the best-fit model of the experimental data. Half-life (time at which the residual enzyme
activity is half of its initial value; t12) was used to compare the stability of the different
biocatalysts, being determined by interpolation from the respective model described by
Eq. 2. The stability factor (SF) was the parameter used for a quantitative comparison of

the stability of the biocatalysts and was found by

Stabilization factor = =L 4
t1/20
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Where t1/2 is the half life time of the more stable sample and t1/2, is the half life

time of the less stable sample.

Reuse of nanohybrid by magnetic separation

The reusability of the immobilized enzyme nanohybrids was studied by repeated usage
for 10 enzymatic cycles. Enzymatic reactions using 9.1 mM of ABTS and 0.3 %
hydrogen peroxide as substrates were performed in a 2 mL reaction volume containing
potassium phosphate buffer pH 5.0, and a fixed amount of immobilized enzyme (20
IU). Between each cycle, the nanohybrids were carefully separated using a magnetic
separator (Chemicell- MagnetoPURE BIG SIZE) and then resuspended in the reaction
mixture. The reactions were measures spectrophotometrically at 405 nm for 2 min. The
activity determined during the first cycle was considered 100% for the calculation of

remaining percentage activity after each use.
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Results and discussion

Sol-gel and functionalized mesoporous Si have been previously used for enzyme
immobilization. These methods have some inherent limitations such as harsh synthetic
conditions or poor retention of the immobilized enzyme different from biomimetic Si
synthesis*. The immobilization approach follows a one-pot procedure, wherein, Si
synthesis and the entrapment of the enzyme in our case HRP, occurs simultaneously .
As a first approach we study the behaviour of the enzyme immobilized in a biomimetic
Si environment in order to evaluate further possible strategies for stabilization of the
enzyme.

The entrapment of HRP solely in biomimetic Si and the properties of the obtained
immobilized preparation was studied wusing the poly aminated catalyst
polyethyleneimine (PEI) (MW ~ 1300 Da) and derivatives of silicic acid in mild
reaction conditions (Scheme 1). PEI is a polymer containing primary, secondary and
tertiary amino groups, having a strong anion exchange capacity, and the capability to

chemically react with different chemical groups on either an enzyme or a support. %,

NH, N/\/NHZII
PRIN Motw 0
e ) N/\/N/\/.\/\/N/\/ NH,
PR P + He”
N
H,N N\NH, H,C o)
— —n
POLYETHYLENIMINE TETRAMETHYL ORTHOSILICATE HRPENTRAPPED
(PEI) (TMOS) IN SILICA

Scheme 1. Schematic representation of the synthesis of silica and the entrapment
of the HRP.

The procedure resulted in an immobilized preparation (BioSi@HRP) with percentages
of immobilization and yield of 52 + 4% and 100 + 2%, respectively (Table 3). No
enzyme leakage was detected as measured in the supernatant of a suspension incubated
at 4°C for 1 month while the immobilized nanobiocatalyst retained 74+2% of its initial

activity.

A range of starting HRP concentrations were used to evaluate its impact in the
immobilization parameters in silica entrapment (Table 2). A concentration of 1 mg/mL
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of enzyme was the minimal amount of enzyme that allowed a preparation with a high

specific activity (IU/mg) and therefore it was selected for further experiments.

Table 2. Entrapment of different concentrations of HRP in biomimetic silica

nanoparticles.

HRP Immobilization Immobilization Specific activity
(mg/ml) (%) yield (%) (1U/mg)
0.5 94+3 50+2 1.042 + 4E-03
1 85+2 59 +2 1.025 + 2E-03
3 8342 53+3 1.286 + 4E-03
5 82+4 49+6 1.700 + 7E-03
7.5 63+4 42+ 2 2.125 + 5E-03
10 54+3 12+ 3 1.887 + 8E-03
20 34+5 10+5 1.900 + 7E-03

In order to improve the stability of the immobilized enzyme, pre and post-entrapment
strategies were carried out seeking to achieve covalent attachment of the enzyme to the
support. Considering the degree of glycosylation of this enzyme®, we performed a
standard mild oxidation via NalO4 of the enzyme. This treatment generates aldehyde
groups on HRP sugar residues that could form Schiff’s bases with amino groups of the
PEI used as a catalyst for the Si deposition. Similar to the chemistry used to immobilize
proteins on glyoxy! activated supports %, a further reducing step via NazBHa, would
transform the first reversible interaction between the enzyme and the matrix into a three
dimensional multiple covalent attachment of HRP within the Si particles (Scheme 2).
This strategy managed to immobilize 74 + 3% of HRP in compared to the first strategy
and recovered 100 * 1% (Table 3) of the activity in the preparation. Differences in the
amount of enzyme immobilized within the particles could be due to the chemical

changes generated on the surface of the enzyme after the oxidation treatment.
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Variations in the isoelectric point or the interaction of surface residues with the PEI

could alter the integration of the enzyme during silica matrix polymerization.

o V.‘.N\HZ" O—CH
) 2 H,C—0, =
NNAANANT NN NH 3 3 3 e
N )\/\/"/\/ 2 2 \Si/ . * s Covalent links in
\ ' h, atri
+ / \ l ‘ | \ the matnx

N
H,N™ “NH, H,C—0 O—CHj;

HRP covalently linked

Polyethylenimine (PEI) Tetramethyl orthosilicate Oxidised enzyme
(TMOS)

Scheme 2. Schematic representation of the entrapment of the enzyme (HRP) and
further covalent attachment in biomimetic silica.

A second post-immobilization strategy was studied wherein the enzyme trapped in
silica nanoparticles was incubated with glutaraldehyde. This incubation was intended
to generate covalent bonds between amino groups from the surface of the enzyme and
unreacted amino groups from the PEI in the vicinity of the enzyme within the
nanoparticle. We were able to recover only 30 £ 5% of the activity after glutaraldehyde
crosslinking and therefore, as the other strategies yields were higher, we discarded this
strategy for further experiments (Table 3).

Table 3. Immobilization parameters of nHs with different immobilization
strategies.

% Immobilization % Yield
Immobilization | [y Applied-1U [(1U Applied-1U
strategy Supernatant) * 100 /IU | Supernatant) * 100
Applied] /1U Applied]

BioSi@QHRP Physical 52 +4 100+1
BioSI@QHRP_GA Cross-linking 89+2 30+5
BioSI@THRP Stabilizer 78+3 69 £ 2
BioSi@THRPox Covalent 74 +3 100+ 1

Seeking a further improvement in the properties of the nanobiocatalysts, we included
trehalose during the entrapment process, a common additive to gain protein stability®.
A direct correlation between the surface tension of trehalose solutions and the thermal

stability of various proteins has been established and it is also known that trehalose
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significantly increases the half-life of HRPZ. The immobilization parameters were
improved after the addition of using trehalose, as immobilization and yield were 78 £

3% and 69 + 2%, respectively.

The size of the aminated catalysts for the deposition of biomimetic silica has proven in
the past to play a role in the physical properties of the final material formed®®. Under
the premise that this could also affect the properties of the immobilized enzymes we
performed the synthesis using PEI with different MW (MW ~ 2000, 25 000 and 60 000
Da). Except for PEI 25000 Da, which has been declared by the supplier is branched) all
other PEIls are linear. Except for the BioSi@THRP_60000, the immobilization
percentage (%Il) and immobilization yield (%Y) of the different HRP were above 70%.
The nH obtained with PEI MW 1300 displayed the higher results for %l and %Y (Table
4). The lower yield for the BioSi@ THRP_60000 could be due to the higher molecular
weight which could change the formation of Si during the synthesis forming a denser
cover around the enzyme making it inaccessible to the substrate or decreasing the
enzyme Kinetics due to partition of substrates and products problems.

Table 4. Immobilization parameters of nHs with different sizes of PEL.

Immobilized preparation Immobilization (%) Yield (%)
BioSI@THRP _1300 60+4 78+1
BioSI@THRP_2000 61+3 7T7+£2
BioSi@ THRP_25000 64 +2 70 £5
BioSi@ THRP_60000 702 335

*BioSI@THRP is the immobilized preparation in the presence of trehalose with
different PEI
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Co-entrapment of enzyme and MNPs within biomimetic silica
We first studied the immobilization of HRP on the surface of MNPs that could serve as

an initial step in their integration within the biomimetic silica matrix.

We investigated various strategies such as ionic adsorption on the MNPs and the
functionalization of the MNPs with EDC and activation with NHS for covalent
attachment of the enzyme on the nanoparticle surface. We initially used aminated
commercial MNPs (fluidMAG-PEA and fluidMAG-Amine) with our previously
oxidised enzyme. We were able to achieve an adsorption of 14% of the applied enzyme
(1 mg/mL, 10 IU) onto the MNPs but no enzymatic activity was found after adsorption
(Table 5). We also used carboxylated commercial MNPs (fluidMAG-PAA) and
achieved an adsorption of 6% with no remnant enzyme yield. We noted that on
increased incubation time with the free enzyme the remnant activity in the supernatant

decreased with no yield in the immobilized suspension.

Following these results, we thought that an additional functionalization of the surface
could aid in the recovering of the enzymatic activity. We used carboxylated commercial
MNPs (fluidMAG-PAA), a coupling agent EDC, a zero-length crosslinking agent used
to couple carboxyl or phosphate groups to primary amines, and the addition of -NHS
which stabilizes the amine-reactive intermediate by converting it to an amine-reactive
sulfo-NHS ester, thus increasing the efficiency of EDC-mediated coupling reactions.
We were able covalently bind of 87 = 3% with a final enzymatic yield of 15 + 4% but
after synthesis of Si we lost all enzymatic activity (Table 5). From the literature it is
known that HRP on immobilization with EDC-coupled MNPs has not resulted in
favourable results due to the inactivation of the enzyme. In the study of F. Kazenwadel
et al.” it was shown that the coupling process with HRP lead to a partial inactivation
of HRP yielding an activity of less 6% after optimization of the protocols. The main
reason for the unusually low activity yield is the tendency of HRP to be inactivated by
simple physical adsorption to the particle surface. This strategy was not used in further

investigations.

Finally, we attempted to functionalize aminated MNPs with GA. It was possible to
achieve a 68 + 2% of the enzyme was cross-linked with the MNPs but the yield of the
enzyme recovered was only 0.48 = 0.04% and consequently entrapment in silica was

not feasible.
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Table 5. Immobilization parameters of HRP onto MNPs

MNPs Technique % | of HRP onto MNP | % Yield (Y)
MNPs_Amine Adsorption 14 -
MNPs_PAA Adsorption 6 -
MNPs_PAA EDC coupling 87 15
MNPs-Amine Glutaraldehyde 68 0.48

As the strategy of a covalent attachment of the enzyme to the surface of the MNPs were
not successful we tested a one-pot procedure in an attempt to co-entrap the enzyme and

MNPs within biomimetic silica while the silica matrix was being formed (Scheme 3).
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| : 3 ! 3
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HyC—O
OXIDISED HRP POLYETHYLENIMINE TETRAMETHYL MAGNETIC NANOHYBRID
(PEI) ORTHOSILICATE (TMOS)  NANOPARTICLES (MNPs) (nH)

Scheme 3. Schematic representation of the co-entrapment of MNPs and HRP in
biomimetic silica.

Using PEI MW 1300, we studied the effect of various concentrations of MNPs of
(FluidMAG-PAA, 200 nm) in the synthesis and on the final yield observing a direct
correlation with the enzymatic activity of the immobilized preparations (Table 6). With
increasing concentration of MNPs in the synthesis there was a decline in the final
activity observed. Thus, from the results we chose 0.25 mg/mL of MNPs for all further

experiments.
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Table 6. Effect of concentrations of MNPs in the synthesis of nHs

Concentration of MNPs (mg/mL) Yield (%)
0.25 74+2
0.62 50+1
1 31+2
1.25 3B+1
2 292
2.5 22+1

The strategy was studied using PEIs of different sizes.

Except for the

BioSi@THRP_60000, the immobilization percentage (%l) and immobilization yield
(%Y) for all the preparations were above 60%. The nH obtained with PEI MW 1300
displayed the higher results for %l and %Y (Table 7). None of the immobilized

preparations obtained showed enzyme leakage as measured in the supernatant of a

suspension incubated at 4°C for 1 month.

Table 7. Immobilization parameter of nHs.

Entrapment Immobilization Immobilization yield
(%) (%)
BioSi@ THRP_MNP_1300 83+5 71+2
BioSi@ THRP_MNP_2000 76 + 2 69 + 4
BioSi@THRP_MNP_25000 772 70 £5
BioSi@THRP_MNP_60000 69 + 2 57+5

When adding MNPs to the synthesis mixture, we observed that for the nH with PEI
MW 60000 there was an increase in the %Y from 33+5% to 57+5% compared to the

experiments where HRP was entrapped without MNPs. The presence of MNPs could
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act as a template in directing the Si deposition in a more compact polymeric shell,

reducing mass transfer limitations.

To understand the effect of the type of MNPs on the final yield of the nHs, a co-
entrapment of the enzyme with laboratory synthesised, single domain and varying in

size was performed.

Table 8. Immobilization with laboratory synthesised MNPs.

MNPs | Conc. | Diame lron 1% R% lron 19 Y%

of ter in in
Iron (nm) Syn- Syn-
(mg of thesis thesis
Fe/ml)

DMSA | 26 7-8 10.0025 | 91+3 | 15+2 | 0.0005 | 911 | 21+3

PMAO | 43 6-8 |0.0025|80+1 | 101 | 0.0005 | 80+3 | 201

NF-4 5.6 15 0.0025 | 90+2 | 13+2 | 0.0005 | 90+3 | 19+2

The MNPs used were PMAO poly (maleic anhydride-alt-1-octadecene), DMSA
dimercaptosuccinic acid and NF-4 Nano-flower nanoparticles from the Instituto de
Nanotecnologia Aragon (INA), Zaragoza. The results showed a drastic decrease (Table
8) in the final enzymatic yield compared to the commercial MNPs. The yield was
directly proportional to the concentration of MNPS in the synthesis (Table 8). This
decrease could be attributed to the diameter of the MNPs which are 10 times smaller
than the commercial MNPs. The MNPs could be blocking the active site of the enzyme
causing a reduction in the yield. This could be corroborated with the above table when
there a is reduction in the amount of MNPs offered to the synthesis there is an increase
in the yield. Similar results were observed when we tried to ionically absorb the enzyme
onto the MNPs. In the light of these and previous results, we selected the commercial
MNPs for future experiments.
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Activity (%)

Characterization of the nHs

Effect of pH on the activity and stability of the nHs

Enzymes are affected by changes in pH. For any biocatalytic study it is of utmost
importance to study the pH at which the enzyme is optimally active. pH stability is also
important to study as it often restrains the applicability of enzymatic preparations due
to its profound impact on the loss of structural integrity of many proteins. All the
immobilized preparations resulted more stable than the soluble enzyme at acidic pH
(Fig. 5A) and there was no observed effect of the MNPs on the pH stability (Fig. 5B).
No loss of integrity of the nanoparticles was observed after 1 h of incubation at the
different pH. From literature it is known that the linear PEI despite its simple structure
displays intricate solution dynamics. Solution conditions affect the balance between
inter- and intra-chain repulsion eg. pH increases the charge of the polymer, while added
salt reduces charge repulsion due to screening the electrostatic interaction®. The
ramification of the PEI could play an important role in the inter and intra chain repulsion

on account of pH changes.
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Figure 5. A) Effect of pH on the stability of HRP preparations: A) pH stability of
the different soluble and entrapped HRP: soluble enzyme (m), BioSi@HRPox (m),
BioSi@T_HRP (m) and BioSi@T_HRP_ 1300 (m). B) pH stability of the co-
entrapped nHs with MNPs and distinct PEIl: soluble enzyme (m),
BioSI@THRP_MNP_1300 (m), BioSI@THRP_MNP_2000 (m).
BioSI@THRP_MNP_25000 (m), BioSI@THRP_MNP_60000 (m). After 1 h incubation
at the different pH 3, 4, 5, 7, 8, 10.
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After entrapment and chemical modifications, the enzyme maintained its optimal
activity at pH 4.0. The nHs with different PEI also showed the same optimal pH with
an exception of BioSiI@THRP_MNP_25000 which was optimally active at pH 5.0 (Fig.
6B).
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Figure 6. A) Optimum pH of the different nHs. A) Optimum pH of the different
nHs: soluble enzyme (m), BioSi@HRPox (m), BioSi@T HRP (m) and
BioSi@T_HRP_ 1300 (m). B) Optimum pH of the co-entrapped nHs with MNPs
and distinct PEIl: soluble enzyme (m), BioSI@THRP_MNP_1300 (m),
BioSI@THRP_MNP_2000 (m). BioSi@THRP_MNP_25000 (m),
BioSI@THRP_MNP_60000 (m).

Thermal stability of the nHs

Stabilization of enzymes is a key factor to determine their full potential as biocatalysts.
Our studies on thermal stability of the entrapped enzyme demonstrated that, after fitting
the experimental data to the exponential model from Henley and Sadana®, the
physically entrapped HRP (BioSi@HRP) had a half-life time of 65.4 min at 50°C
compared to the soluble enzyme that reached 50% of its initial activity after only 2.4
min (Fig. 7A). Thermal stabilization improved considerably after chemical
modification of the nanobiocatalysts (Fig. 7B). When using PEI MW 1300, modified
nanoparticles showed a half-life time of 150 min compared to 65.4 min of the
unmodified entrapped HRP. The effect of trehalose and the chemical crosslinking on
the thermal stability of the immobilized HRP was additive, as the preparation had a
stabilization factor (SF) of 176 (Fig. 7B). Since the Si NP is a porous material, we
excluded the possibility of trehalose leakage by incubating an immobilized preparation
in suspension at 4°C for 1 month and determination of reducing sugars in the
supernatant. No trehalose was detected under these conditions in the supernatant.
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Moreover, a suspension of BioSI@THRP_MNP_1300 containing 12.5+0.3 1U/mL in
sodium phosphate buffer 0.1 M pH 8.0, retained 84%=z3 (10.5+0.4 1U/mL) of its initial
activity after 6 months of shelf storage at 4°C.
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Figure 7. Thermal stability at 50°C of different HRP preparations. A) Soluble
enzyme (HRP) (o), BioSi@HRP (m). Aliquots were taken at mentioned time intervals
and measured spectrophotometrically at 405nm. The half-lives were determined as 0.04
h and 1.09 h for the soluble and immobilized preparations, respectively. B) Thermal
stability of the BioSi@HRP (m), BioSi@HRPox (@), BioSi@THRP_1300(A) and
BioSiI@THRP_MNP_1300 (V) showing half-lives 1.09 h, 2.5 h, 7.02 h, 21.3 h using
Graphpad Prism v6.0.

We believe these results demonstrate that a three-dimensional rigidification of the
enzyme structure is a determinant factor to a drastic improvement in its stability. Some
indications of this effect had been previously obtained by immobilization of enzymes
on matrixes modified with polymeric molecules in which it was believed that regions
of the biomolecules were embedded within the support, improving their stability®.
However, an entrapment process assures that most of the enzymatic molecules lay
within the matrix which is fundamental to reinforce our three-dimensional stabilization
hypothesis. When stability of nanohybrids including MNPs was studied at 50°C, we
observed a 532 SF of the enzyme entrapped in Si  with MNPs
(BioSi@THRP_MNP_1300) compared to the soluble enzyme (Fig. 7B).

Considering that the MNPs contain primary amino groups that could further react with
the aldehyde generated upon mild oxidation in the HRP, we believe the presence of the
MNPs provided an additional source of functional groups for multi-point covalent
interaction. Moreover, the MNPs offer a more rigid surface to the enzyme to the flexible
Si network formed as a shell of the nanohybrid. This may restrain enzyme distortion

and contribute to a greater stabilization.
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The nanohybrids with distinct PEIs showed an increase in the half-life similar to
nanohybrids with PEI MW 1300 respect to the soluble with an exception of PEI MW
25000 which showed a SF of 20 with respect to the soluble enzyme (Fig. 8). The
branched nature of this PEI amplifies the loading enzyme but could leave the enzyme

more exposed to degradation caused by temperature increase.

120
1004
80
60+

40-

Residual Activity (%)

204

Time (h)

Figure 8. Thermal stability of the enzyme preparations with distinct
polyethyleneimines (PED). (BioSi@THRP_MNP_1300 (V),
BioSI@THRP_MNP_2000 (A), BioSI@THRP_MNP_25000 (#),
BioSi@THRP_MNP_60000 (e) entrapped in silica with a magnetic core. The half-lives
were determined as 21 h, 20 h, 8 h, 22 h, respectively using Graphpad Prism v6.0.
Repeated uses of the nHs

Operational stability is a key factor in the design of a nH. The activity of
BioSI@THRP_MNP_1300 was assessed after several enzymatic cycles using the
chromogenic substrate ABTS and hydrogen peroxide. In all studied cycles, the
immobilized enzyme was magnetically separated and was assessed for its remnant
catalytic activity. After 5 reuses the nanohybrids maintained 30% of its initial activity.
(Fig. 9) Depending on the support and chemical modifications the cycles of reuse may

vary from enzyme to enzyme or even within the same enzyme.
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Figure 9. Operational stability of BioSI@THRP_MNP_1300. Residual enzyme
activity after 6 reuses with substrates (ABTS and H20>) and separation using a magnetic
separator.

Kinetic parameters of free and encapsulated HRP

The kinetics parameters of the free and encapsulated HRP were investigated. Kinetics
analysis of HRP activities in the immobilized suspensions revealed that the apparent
Km of the nHs for H202 was slightly higher than that of the soluble enzyme (Table 9).
Modifications of Km values for immobilized enzyme preparations can be attributed to
substrate diffusion limitations and steric hindrances compared to the soluble forms®.,
The Vmax values were approximately three times lower for all the immobilized
preparations compared to the 0.033+7e-03 mmoles/min of the soluble HRP. Despite the
differences in the kinetic parameters of the immobilized and soluble enzyme, the
dramatic thermal and operational stabilization achieved by the strategy followed herein
for immobilization would balance any negative effect of these parameters on the
reaction.

Table 9. Kinetic parameters of the nHs and free enzyme.

Preparation Km (mM) | Vmax (mmol/min) kcat (sY)
HRP 3.4+1.71 0.033+7e-03 6.68
BioSi@THRP_MNP_1300 4.4+1.09 0.013£1e-03 2.57
BioSi@THRP_MNP_2000 5.8+1.03 0.014+5e-03 2.82
BioSI@THRP_MNP_25000 | 4.5+0.79 0.013+2e-04 2.71
BioSi@THRP_MNP_60000 | 5.7+0.43 0.015+4e-03 3.00
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Conclusions

In this Chapter, we demonstrated the preparation of a new nanosized hybrid material
that combined MNPs, biomimetic silica and the enzyme HRP after exploring various
strategies of immobilization. The addition of the disaccharide trehalose and a post
immobilization chemical modification of the organic/inorganic material provided
exceptional stability to the enzyme without compromising its activity surpassing
previous reports for HRP stabilization %1%, The immobilization did not affect the
magnetic properties of the MNPS which facilitated the nHs separation in repeated batch
transformations of a synthetic substrate. In summary, the unprecedented approach for
the preparation of a nanohybrid biocatalyst provided excellent properties that could
facilitate its applied use. Although out of the scope of this Thesis, further experiments
on conversion of alternate substrates of immobilized HRP would broaden the range of
applications of the system.
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Chapter 2

Physico-chemical Characterization and Remote

Magnetic Heating Activation of Biohybrids
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Chapter Summary

It is well known that there is clear relationship between the biological behaviour of
nanoparticles and their physicochemical properties. Therefore, we performed an extensive
physicochemical characterization of the optimized biohybrid nanoparticles (biomimetic
silica+magnetic nanoparticles (MNPs)) which should act as a vehicle for the entrapped
horseradish peroxidase (HRP) for its application in Directed Enzyme Prodrug Therapy (DEPT).
For all the optimized biohybrids (Chapter 1), a number of techniques have been used in order
to determine their: i) size by Dynamic Light Scattering (DLS), Transmision &Scanning
Electron Microscopy (TEM&SEM), ii) porosity by Brunauer, Emmett and Teller (BET), iii)
net surface charge by zeta-potential, and iv) magnetic properties by Superconducting
Quantum Interference Device (SQUID) magnetometry.

The final aim of this thesis is the use of this biohybrids to trigger, by magnetic heating, the
conversion of the non-toxic plant hormone indole-3-acetic acid (IAA) to toxic agents able to
induce cell killing. Therefore, besides their characterization in buffered aqueous media, the
behaviour of the biohybrids in complex biological environment (complete cell cultured
media) was also studied. This is a key aspect to be considered as molecular interactions of
nanomaterials with biological environments are highly complex on a molecular scale. Thus, in
this Chapter, we also have focused on the colloidal stability of the developed biohybrids in cell
culture media as well as on the formation and characteristics of protein coronae that have
recently been shown to significantly modify the properties of pristine particles. In this line, their
surface modification with glucose was optimized as this monosaccharide could act not only as
a blocking agent for increasing the biohybrids colloidal stability but also as a targeting agent of
cancerous cells.

Finally, we have also clearly demonstrated that is possible to increase enzyme activity by
exposing the biohybrids to alternating magnetic fields (AMF). While the global temperature
of the media where the biohybrids were suspended does not significantly increased, their
exposure to AMF triggered the local heating of HRP molecules microenvironment up to its
optimal temperature (45°C). So, this is the first time it has been shown that it is possible to
tune by magnetic heating the activity of enzymes that are not directly attached to magnetic
nanoparticles (MNPs) surface but co-entrapped within a silica shell. The demonstration of this
concept and the optimization of AMF application conditions were carried out using 2,2'-azino-
bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) as substrate, as HRP facilitates the
reaction with hydrogen peroxide, turning it into a green and soluble end-product. Altogether
the obtained results show a great potentiality of the obtained biohybrids for DEPT anti-tumour
therapy.
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Introduction

Biomedical application of nanomaterials

The use of nanomaterials in biomedicine in the past decade has exponentially increased.
The most important biomedical applications of nanoparticles (NPs) are in disease
diagnostics and treatment. Nanoparticles (NPs) are solid colloidal particles (1 to 100
nm) and are comparable with those of cells, viruses, proteins, and genes, and have
opened the potentiality of interacting with fundamental biological processes'® (Fig. 1).
The potential of these new generation NPs in targeted drug delivery has revolutionized
safe and effective pharmacotherapies for complex diseases Associated with nanometre
sizes is there is a large surface area to mass ratio that improves loading capacity of
drugs. The same nanoscale properties also increased propensity to diffuse across
biological membranes, overcome several anatomic barriers that usually hampers drug
biodistribution, and finally, crossing the fenestrations of the blood capillaries in order
to penetrate tissues. Indeed, not only their size but also their shape, and surface features
of NPs determine their biological distribution. Other advantage on improving drug
delivery, is that different specific molecules, ligands or linkers could be attached to
their surface to reach the target tissue decreasing the cytotoxicity in healthy cells (multi-
functionalization). Indeed, the control of their surface characteristics is also decisive to
obtain a non-toxic and stable colloidal suspension in physiological solutions, and to
ensure a well sustained cellular uptake!®. Furthermore, nanocarries are interesting as
therapeutic agents improving properties as poor solubility, instability,
pharmacokinetics and adverse side effects of drugs that are encapsulated or conjugated

to their surfacel.
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Figure 1. Key features of NPs for their use in biomedical applications. Adapted

from Goesmann and Feldmanni®’,

Tremendous efforts have been made in the past decades in the development of several
therapeutic platforms that have been approved for cancer treatment, mostly organic
ones such as liposomes and albumin nanoparticles. In comparison with these organic
NPs, inorganic nanoparticles have more diverse and distinct physical properties closely
correlated to their size and composition'®®. Among the many nanomaterials in
biomedicine, magnetic nanoparticles (MNPSs) has taken the lead as they exhibit not only
high biocompatibility but also an integrated design capability for cell targeting, imaging
and therapy'®. MNPs are interesting due to their magnetic properties (magnetic
moment, remanence and coercitivity) that make them interesting for the development
of novel therapeutics strategies safer and more effective for cancer treatment. Indeed
they present several advantages as theragnostics (treatment + diagnosis) agents: i) they
could be visualized by Magnetic Resonance Imaging (MRI), ii) MNPs could be guided
by controlled magnetic field gradients, and iii) they could be heated in the presence of
an alternating magnetic field (AMF). However, one of the most challenging goals is the
development of new strategies to finely tune the unique properties of MNPs, in order

to improve their effectiveness in the biomedical field°,

58



Magnetic nanoparticles

MNPs can be divided into pure metals, metal alloys and oxides, whereas the most
common composites of those are iron, nickel and cobalt but iron oxide NPs (IONPs)
are the most extensively studied. That which sets them apart, other than their unique
magnetic properties, is their biocompatibility and their capability of being injected
into the body and with time their incorporation into the natural metabolic pathways!**.
Whereas, materials such as cobalt or nickel are of less interest for in vivo applications
as there are considered potentially toxic'!2, The most common biocompatible MNPs
are iron oxides, such as maghemite and/or magnetite (y-Fe>Os and Fes0s). A key
feature of MNPs that enables their application in biomedicine is related with their
magnetic properties due to the electron orbital and spin angular moments. The
response to an applied magnetic field (H) is measured by the magnetization, that is,
the density of generated magnetic dipoles (M). The relation between the two
magnitudes is defined as the magnetic susceptibility: y= M/H. Depending on the
magnetic behaviour in response to magnetic field, magnetic materials can be classified
into: paramagnetic, ferromagnetic, diamagnetic, antiferromagnetic,
superparamagnetic and ferrimagnetic materials''3. The following can be represented

in the following diagram.
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Figure 2. (A) Schematic illustration of the arrangement of the magnetic dipoles of

various types of magnetic materials (diamagnetic, paramagnetic, ferromagnetic,

antiferromagnetic, and ferrimagnetic), and their response in the absence and in the
presence of an external magnetic field. (B) Representative hysteresis loops that

illustrate the magnetic behaviour of materials when an external field is applied (Hc,
coercive field; Mr, remnant magnetization; Ms, saturation magnetization). Adapted

from Christos Tapeinos*.

All materials in nature display a type of weak repulsion to a magnetic field known
as diamagnetism. Diamagnetic materials have a negative susceptibility (x < 0) and
weakly repel an applied magnetic field (e.g., quartz SiO2) *°. For paramagnetic
materials, there exist magnetic dipoles as illustrated in Fig 2, but these dipoles are
aligned only upon application of an external magnetic field. For the balance of the
magnetic properties, the magnetization in the absence of an applied field reveals
their fundamental character '°. Ferromagnetic materials have net magnetic dipole
moments in the absence of an external magnetic field. Ferrimagnetic and
ferromagnetic materials are the most interesting ones, as they exhibit remarkable
magnetic properties. Ferromagnetic materials show a high magnetization M during
the interaction with the applied field H. The magnetization does not increase
indefinitely, but reaches asymptotically the saturation magnetization Ms. After
turning off the external field H a little amount of residual magnetization, My
remains, and the applied magnetic field required to reduce to zero the magnetization

of the material is called coercive field or coercitivity Hc. This relationship between
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H and M is explained above (Fig. 2), showing the magnetic hysteresis loop. In
contrast to dia- or paramagnetic ones, ferro- or ferrimagnetic materials retain a
memory of an applied field once it is removed. Magnetic properties are highly
dependent on the size and temperature thus when the size of a ferro- or ferri- magnet
decreases to a certain critical value (Dc), the particles change from a state where
they are composed by multiple magnetic domains to a single domain state. Further
decrease in the size (Do), implies that the thermal energy becomes comparable with
that required for spins to flip directions, leading to the randomization of the
magnetic dipoles in a short period of time. In such small particles the reversal of
magnetization is spontaneous, therefore, in the absence of an external field they
lose they magnetism but can rapidly respond once it is reapplied. Frenkel and
Dorfman (1930) suggested this very same principle of the superparamagnetism
theory, stating that ferromagnetic materials transfer from multi-domains to a single-
domain state by particle resizing to nanoscale "8 (Fig. 3). Nanoparticles that
present these unique magnetic properties are called superparamagnetic iron oxide
nanoparticles (SPIONSs) and are extremely attractive in the biomedicine field.

Single-domain Multi-damain

Coercitivity (Hc)

Ds De MNP diameter

Figure 3. Magnetization behaviour of ferromagnetic and superparamagnetic NPs
under an external magnetic field. Adapted from Ansari et al 17,

Domains of a ferromagnetic NP align with the applied fields. The magnetic moment of
single domain superparamagnetic NPs aligns with the applied field. In the absence of
an external field, ferromagnetic NPs will maintain a net magnetization, whereas
superparamagnetic NPs will exhibit no net magnetization due to rapid reversal of the
magnetic moment. The relationship between NP size, the magnetic domain structures,
and coercive field is shown. Ds and Dc are the ‘superparamagnetism’ and ‘critical’ size

threshold.
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SPIONSs and magnetic Hyperthermia

Hyperthermia (HT) is a way to improve the efficiency of chemotherapy or radiotherapy
by raising the temperature of a tumour to 41-45°C using different physical mechanisms
(eg. microwave irradiation applied via radiofrequency antennas, optical laser irradiation
via fibres, water bath heating, etc)!'®. However, in clinical oncology, hyperthermia is
currently regarded as the fourth line of therapy and is mainly applied as an adjunct,
ranked below surgery, chemotherapy and radiotherapy. The technical challenges that
are associated with the currently available hyperthermia modalities mainly include the
difficulty of uniform heating within the tumour region until the required temperature is
reached, without damaging the adjacent normal tissues. The use of MNPs in magnetic
hyperthermia HT has become increasingly common in the treatment of cancer, and
indeed had supposed a recent breakthrough in the field. Indeed, magnetic-mediated
hyperthermia (MHT) may bring new alternatives for cancer locoregional hyperthermia

by confining the heat to within the tumour site!?°,

MHT usesa combination of alternating magnetic fields (AMF) and MNPs
as heating agents. The objective is specifically and exclusively heating the region of a
local tumour by means of the magnetic losses of magnetic nanoparticles in an external,
alternating magnetic field, without damaging the surrounding healthy tissue. The
confinement of the dissipated heat is a key factor and can be controlled using SPIONs
and their ability to “switch-off” on removal of AMF. The energy loss in the magnetic
material can be defined by two different effects: Magnetic losses through domain wall
displacements (in multi-domain particles) called Neel losses; and energy loss from
mechanical rotation of the particles, acting against viscous forces of the liquid medium
(Brown losses). These effects add-up, converting the lost energy into heat. Many
techniques involving hyperthermia are laser, ionizing radiation, and microwaves to
heat up body (malignant) tissues. They can rise the intracellular temperature causing
cell ablation, but they have unwanted collateral effects such as ionization of genetic
material (radiation) or lack of selectiveness (microwaves) that affect the surrounding
healthy tissues. In the recent years, MNP mediated hyperthermia has gained

importance.
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Figure 4. The major mechanisms of heat generation by MNPs. (A) Rotation of
the moment within the MNPs overcoming their anisotropy energy barrier that leads
to Néel Loss. (B) Mechanical rotation of the MNPs creates frictional losses with

the environment and leads to Brown loss. (C) Movement of domain walls in
multidomain MNPs leads to hysteresis loss. Adapted from Colombo et al*?.

Though MH seems simple there are many factors that contribute to achieving the desire

therapeutic effect. The employed MNPs should present a saturation magnetization high

enough to efficiently heat on application of AMF and is related to the particle size and

distribution of the SPIONSs. The efficiency of the transformation of magnetic energy

into heat can be described using the specific absorption rate (SAR) which is measured

in is measured in terms of the rise in temperature per unit time and per gram of magnetic

material, multiplied by the calorific capacity of the sample

SAR [W/g] = C*(dT/dt)*1/m,

Where,‘C’ is the specific heat capacity (eg. water 4185 W*s/1*K) (assuming 1 L=1 kg

water), (dT/dt) is the heating rate in Kelvin per second, and ‘m’ is the concentration of

the nanoparticles in g/L.

SAR depends not only on the amplitude (H) and frequency (f) of the AMF, but it
is also closely correlated to the particle size and shape'??. Besides, the increasing
polydispersity of NPs implicates SAR reduction due to a decrease in the
proportion of particles contributing to total heat generation'?3, The nature of the
coating is important, as it might significantly reduce the magnetic properties of
the core, by influencing on the relative thickness of the shell and the overall size
of the NP2, The SPIONSs physio-chemical properties are also tightly connected
with the in vivo performance. Therefore, a suitable balance between the NPs

optimal magnetic properties and the desired behaviour in vivo should be found.
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DeNardo et al. demonstrated decreased tumour growth rates after applying AMFs
to nude mice injected with antibody tagged, dextran- and PEG-coated, 20 nm
diameter, superparamagnetic, iron oxide particles. It is worth noting that the
applied fields used were quite large at 700,1000 or 1300 Oe (56, 80, 104 KA/m).

The study also demonstrated that the nanoparticles had no observable toxicity*.

Additionally, Munir T. et al. demonstrated using different capped iron oxide
nanoparticles, the HRTEM, XRD, and DLS analysis showed that the average
diameter around 20 nm, 20.5 nm, and 30 nm, respectively, and the particles were
highly monodispersed with spherical morphology and additionally on exposure to
alternating magnetic field of 15 mT and frequency 100 kHz for 1 h caused rise in
temperature from 37 to 48 °C and resulted in cellular damage with subsequent
apoptotic cell death. In an overall assessment, functionalized MNPs exhibited
reduction in particle size, increased magnetization properties and enhanced
efficacy for carcinoma treatments by hyperthermia®?®,

Although, MNPs as nanoheaters has been mostly being developed for MHT
application, it is ganing momentum non-traditional applications of magnetic
heating such as triggering drug delivery or modulation of cell functions and
responses by activating signal transduction mechanisms through stimulation of
cells or sub-cellular entities'®. In this sense, this Thesis want to explore a
completely novel use of magnetic heating that is to gain spatio-temporal control
over bioconversion of pro-drugs by therapeutic enzymes, such as the use of
horseradish peroxidase in the conversion of indole-3-actetic acid into cytotoxic

radicals.

Bioconversion of pro-drugs: Oxidation of IAA by HRP
Over the past decade, the combination of indole-3-acetic acid (IAA) and horseradish

peroxidase (HRP) has recently been proposed as a novel cancer therapy. 3-indole acetic
acid (IAA), which is the main form of plant growth factor, is capable of producing
cytotoxic species when oxidized by the action of the HRP enzyme!?’. This system gives
rise to an enzyme / prodrug combination with potential to be used as a basis in the
development of new anti-cancer therapies. 3-indole acetic acid is a phytohormone
involved in plant growth that is present in plants in picomolar quantities, but which

influences multiple properties of plant growth, such as cell elongation, division and
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differentiation, and also on senescence and abscission of the leaves. IAA is a derivative
of indole, containing a carboxymethyl substituent. The activity of IAA in plant
metabolism is regulated by the irreversible elimination of the molecule, which can
occur through two alternative routes: the first depends on oxidation by peroxidases that
cause decarboxylation and the second consists of non-decarboxylating reactions that

form non-reactive compounds'?,

In the past decade, the decarboxylation pathway catalysed by HRP, which is known to
be highly complex, has been extensively studied. P. Wardman et al. describes a 10-step
mechanism in which HRP compound I and 11 will oxidise IAA (Fig. 5.1) at neutral pH
to an indolyl radical cation (Fig. 5.2). This cation dissociates to form an indolyl radical
(Fig. 5.3) with aradical pKa of 5.1 for dissociation of the indole N-H group. The radical
cation (Fig. 5.2) but not the dissociated radical (Fig. 5.3) decarboxylates to form a
skatoyl radical (Fig. 5.4). This carbon centered radical is very reactive towards oxygen,
rapidly forming a peroxyl radical (Fig. 5.5). The peroxyl radical decays in two ways.
Reduction and protonation form skatole hydroperoxide (Fig. 5.8), which reacts further
with HRP compound I to form indole-3-carbinol (Fig. 5.7). The hydroperoxide can also
decompose non-enzymatically to oxindole-3-carbinol (Fig. 5.9) and 3-methylene-2-
oxindole (Fig. 5.10). In addition, combination and elimination by the Russell
mechanism, in which two peroxyl radicals combine, form indole-3-aldehyde (Fig. 5.6),
indole-3 carbinol (Fig. 5.7), and singlet oxygen, although this may not occur at
physiological pH. The reactivity of various indoles with HRP compound | has been
shown to be closely related to the reduction potentials of the indolyl radical with an
increase in rate constant of approximately 300-fold for a decrease in reduction potential

(radical/ground state) of only 0.1 V*%°,
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Figure 5. Reaction pathways involved in oxidative activation of 1AA to toxic
species. Adapted from Wardman et al*?°,

In literature, there are many reports showing that the hormone, when activated by the
action of HRP, gives rise to a potent cytotoxic drug that can be used as an anti-cancer
agent. Gupta et al. demonstrated that using magnetic iron oxide NPs encapsulating
HRP, the enzyme entrapment efficiency of HRP was found to be as high as 92%, and
in the presence of solely IAA in two cell lines there was no cytotoxic effect, however,
it was active only after oxidative decarboxylation by HRP. The benign substrate IAA
reaches the cells and is then oxidized by HRP. IAA, on reacting with HRP, forms free
radicals such as indolyl, skatole and peroxyl radicals. This creates severe oxidative

stress in the cancer cells, resulting in cell death.

However, HRP optimal temperature is 45°C, that means that at the corporal temperature
HRP is not working at its maximum efficiency. That is why we proposed the use of
magnetic heating generated by MNPs, co-encapsulated with HRP within biosilica NPs,
to increase enzyme activity without raising the macroscopic temperature of the targeted

tumoral tissue.

In this chapter, the characterization of the developed nanohybrids (Chapter 1)

determining their magnetic properties is being studied. Even entrapped the HRP
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molecules were capable to bioconvert IAA. Besides, local magnetic heating of co-
entrapped HRP is demonstrated using an artificial colorimetric substrate for the proof
of concept. Last by not least, thinking on their in vitro/potential in vivo use for DEPT,
their stabilization in complex biological media (complete cell culture media) has been
achieved by neutralization of their positive surface charge by blocking primary amine
groups with glucose. Glucose has de advantage of not only being used as blocking agent

but also could act as active-targeting molecule for tumoral cells.
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Objective
To study the physicochemical properties of the nanohybrids obtained in Chapter
1 and showed that by magnetic heating is possible to tune the enzyme activity

of co-entrapped HRP.

Specific Objectives

Determine the size, porosity, net surface charge and magnetic properties of the

nHs.

Study the colloidal stability of the nHs in complex media and developing

solutions to mitigate possible aggregation due to protein corona formation.

Study the effect of AMF on the enzyme activity entrapped in the nHs
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Materials and Methods

Physicochemical characteristics of the nanohybrids (nHs)

Analysis using Environmental Scanning Electron Microscopy (ESEM).

The morphology and particle size distribution of the resulting nanoparticles (NPs) were
characterized by Environmental Scanning Electron Microscopy (ESEM) images were
obtained using a QUANTA-FEG 250 microscope in “wet-mode” using a Peltier stage
and a gaseous secondary electron detector (GSED). The secondary electron images
were taken at a voltage range between 10-15 keV, low temperature (1°C), high chamber
relative humidity (100%) and high Pressure (659 Pa) to maintain the wet sample
hydrated avoiding the sample damage during the observation. The sample was prepared
in milliQ water in a dilution of 100 pg and sonicated prior to measurements for 3 min

to improve its polydispersity.

Dynamic Light Scattering (DLS) and Z-potential measurements.

The measurements were performed on a Malvern ZS nano instrument at 25°C. Each
sample was prepared by diluting the sample 100 pug with milliQ water of which 1 mL
was added to a cuvette. The measurement was repeated 10 times, with a combination
of 3 runs per measurement. The data was analyzed using Zetasizer software. Similarly,
the z-potential was measured using the same sample in a Folded Capillary Zeta Cell

and the sample was measured 10 times and analyzed using the software.

Analysis using Scanning Transmission Electron Microscopy (STEM).

Using a QUANTA-FEG 250 microscope an aliquot of the sample was centrifuged and
resuspended in distilled water and sonicated for 3 min. The sample was mounted on a
stub of metal with adhesive, coated with 40-60nm of gold and fixated. The

measurements were carried out at RT and in solution.

Analysis using Transmission Electron Microscopy (TEM) and EDx.

Transmission Electron Microscopy (TEM) micrographs were acquired using a Tecnai

F30 (FEI). TEM grids were prepared by drying a 10 mg of nHs suspended in water onto
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a carbon coated copper grid at room temperature. Iron oxide cores were easily identified
by STEM-HAADF (scanning transmission electron microscopy - high-angle annular
dark-field imaging), due to the higher contrast of iron in comparison with the rest of the

elements forming part of the nanoparticles.

Porosimetry by Brunauer-Emmett-Teller (BET) Surface Area

Textural properties of the nHs were characterized by nitrogen adsorption isotherms at
—196°C of the samples using automatic adsorption equipment (ASAP2010
micromeritics). 150 Before the measurements, samples were lyophilized and then
calcined 151 under air flux in a HOBERSAL oven at 600 °C for 6 h using a heating
152 rate of 7 °C -minL. Lyophilized and calcined samples were then outgassed under
vacuum at 150 °C until the pressure was stable and lower than 5 umHg. The apparent
BET surface area (SOBET) was calculated by fitting nitrogen adsorption data to the
BET equation. The micropore volume (Vm) was calculated by the t-plot method. The
Barrett—Joyner—Halenda (BJH) method was also applied in order to determine the pore
size distribution in the mesopore range (2—50 nm). The total pore volume was directly
recorded from 159 the isotherm. The free space measurements were performed using

helium gas. Nitrogen and helium gases used in the experiments were 99.9995% pure.

Physical characterization of the nHs

Alteration of the order during synthesis.

To study if the order of reagents used would affect the synthesis, kinetics and
conformation of the nHs we altered the order in which they would be added to the
synthesis. We added to buffer with trehalose the MNPs and the enzyme and incubated
it for 10 min in agitation at RT. Following which the PEl (MW 1300 and 60 000) was
added and incubated for 15 min at RT in agitation. And finally, the TMOS was added
and the protocol followed the as before.

Inertisation of surface of nHs with Glucose.

To the previously optimized synthesis, mentioned in Chapter 1, for the co-entrapment
of the MNPs and enzyme in silica to counter the problem of aggregation observed in
the nHs a blocking with glucose 1 M was carried out. Prior to reduction with sodium
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borohydride, the particles were washed, and a solution of 1 M glucose dissolved in

distilled water was added (R1:10) and was placed on a roller shaker at RT for 1 h.

Magnetic characterization of the nHs

Analysis using Superconducting Quantum Interference Device (SQUID).

100 pl of each sample were placed inside a polycarbonate capsule and sealed with
vacuum grease for their magnetic characterization. The magnetic characterization was
performed in a Quantum Design (USA) MPMS-XL and MPMS-5S SQUID
magnetometers equipped with an AC (Alternating current) magnetic susceptibility
option. Both DC (direct current) and AC measurements were performed.

For the DC measurements, field dependent magnetization was recorded at 300 K under
decreasing field starting from 5 T, and at 10 K in the field range between -5 Tand 5 T.
These measurements allow the evaluation of the magnetic properties of the material, in
particular to verify if the particles are superparamagnetic at room temperature, if their
hysteresis loop is close, with negligible coercivity. This kind of measurements also
allow comparing the saturation magnetization with that of the bulk material (around 80
emu/g for magnetite), to evaluate if there is any effect of the particle size on the
magnetic properties of the material.

AC measurements were performed with AC amplitude of 0.41 Oe, in the temperature
range between 2 and 300 K and at a frequency of 11 Hz. These measurements are useful
to verify the aggregation of the particles and the impact that this process could have on
their magnetic behavior.

Quantification of Fe in the nHs.

Iron concentration was determined using a standard colorimetric procedure. For the
MNPs (1 mg/mL), an aliquot was digested with aqua regia for 15 min at 60°C and
diluted with Milli-Q water. For the nHs, a digestion of the nHs was performed heating
with HNO3 (Panreac) and then with H2O> (Panreac) (both steps at 90 °C and during 1
h each). A calibration curve was prepared by dilution of an iron standard solution of 1
mg/mL of Fe in 2% HNO3s (Acros Organics, USA). The digested samples were
incubated at room temperature for 15 min after the addition of KOH (4 N),
4,5dihydroxy-1,3-benzenedisulfonic acid disodium salt monohydrate (Tiron), and

sodium phosphate buffer (0.2 M, pH 9.7). Finally, sample absorbance (480 nm) was
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measured on an UV/vis spectrophotometer (Thermo Scientific Multiskan GO MA,

USA) and compared to a calibration curve.

Analysis the Specific absorption rate (SAR).

The heating capabilities of MNPs under external AC magnetic field are quantified by
the specific absorption rate (SAR) parameter (also referred to as specific loss power
(SLP) to describe the same physical reality), which provides a measure of the rate at
which energy is absorbed per unit mass of the magnetic nanoparticles.

SAR [W/g] = C*(dT/dt)*1/m,

Where,“C’ is the specific heat capacity (eg. water 4185 W*s/1*K) (assuming 1 L=1 kg
water), (dT/dt) is the heating rate in Kelvin per second, and ‘m’ is the concentration of

the nanoparticles in g/L

Hyperthermia measurements were recorded with a magnetic heating system nB
nanoscale Biomagnetics DM 100 series (nB nanoscale biomagnetics, Zaragoza, Spain).
The samples, 1 mL of pure FesOs MNPs suspensions at different concentrations, 0.5
and 1 mg/mL were placed in a vial, at the centre of an 8-turn coil, connected to the
remote heat station of the device. With this setup, alternating magnetic fields with
strength of 25.2 mT at a frequency of 829 kHz were generated. The temperature was
measured using a fiber-optic probe, placed in the centre of the vial, connected to a
computer, providing the temperature values each second and the data fitting for instant

ZAR calculations was calculated using the in-built MaNiac Software.
Activation of the enzyme using hyperthermia.

To demonstrate the activation of the enzyme on application of a magnetic field we
studied the increase in enzymatic activity using the colorimetric assay during a period
of 20 min. Using nB nanoscale Biomagnetics DM 100 series (nB nanoscale
biomagnetics, Zaragoza, Spain), a maximum frequency of 829 kHz and field of 25.2
mT for different time intervals of 2, 5, 10, 15 and 20 min was applied to a solution of
nanohybrids with activity of (63.13 U/mg) containing the substrates 50 uL of ABTS
and 100 uL of H2O> with 850 pL of activity buffer potassium phosphate 0.1 M pH 5.0.
Immediately following which the absorbance was measured spectrophotometrically at

420 nm and a linear graph of the absorbances was plotted. Similarly, controls were
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analysed, using a thermoblock which was set to different temperatures of 30°C, 45°C
and 55°C, with Eppendorf’s containing the same enzymatic reaction assay. At the time
aforementioned intervals, the Eppendorf tubes were removed, and the absorbance was
measured. The data was analysed using GraphPad Prism 6.0 software and the increase

in temperature was calculated and compared with the nHs exposed to hyperthermia.

Thermal stability of the enzyme using hyperthermia.

The stability of the enzyme was similar to the activation experiment wherein
hyperthermia was measured using the equipment at its maximum field (25.2 mT) and
frequency (829 kHz). The vial contained only 10 pL of the enzyme solution in 850 pL
of the activity buffer and was exposed to the magnetic field for 5, 10 and 20 min without
the substrates. The global temperature of the solution in the equipment was maintained
below 30°C (~26-27°C). After exposure for the aforementioned time intervals the
substrates (H20> and ABTS) were added, and the slope was measured
spectrophotometrically with constant agitation for 10 min at 420 nm. Similar controls
were incubated for 5, 10 and 20 min at 30°C, 45°C and 55°C and were measured
spectrophotometrically at 420 nm for 10 min in constant agitation. The data was
analysed using GraphPad Prism 6.0 software and the increase in temperature was

calculated and compared with the nHs exposed to hyperthermia.

Biochemical characterization of the nHs

HPLC analysis of the conversion of 3-1AA by HRP.

Using a modification from Chui et al.*3 the oxidation of 3-indole acetic acid (3-1AA)
by soluble and immobilized preparations (1 IU) was carried out in 100 mM sodium
acetate buffer pH 5.0 containing 500 mM of 3-1AA at 25°C for 2 h. An aliquot of
reaction mixture was injected into a reverse-phase HPLC on a C18 Columbus column
at 25°C using an isocratic elution buffer of methanol/1 % acetic acid mixture (40:60,
v/v) at a flow rate of 0.6 mL/min. The eluted products were monitored at absorbance of
250 nm using an Agilent 1100 series detector. The retention time for 3-1AA was 22 min

and the reactive oxygen species were eluted from 3 min to 20 min.
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Results and Discussion

Nanomaterials, which are similar to biological molecules in scale, can be used as
diagnostic and therapeutic nanomedicines3!. Many methods have been used for
evaluating manufactured nanomaterials, including techniques in optical spectroscopy,
electron microscopy, surface scanning, light scattering, circular dichroism, magnetic
resonance, mass spectrometry, X-ray scattering and spectroscopy, and zeta-potential
measurements, as well as methods in the categories of thermal techniques,

centrifugation, chromatography, and electrophoresis'®,

In the previous chapter we described the different pre and post strategies used to
develop nHs that were active and provided a significant thermal, pH and operational
stabilization of the HRP. Given the importance of physicochemical properties of
nanodevices for biomedical applications, in this Chapter we focused on the
investigation of the physicochemical characterization of the nHs using varied
techniques. Although from previous studies we have learned that certain synthesis
conditions favoured the activity and stability of the entrapped enzyme, characterization
of the different nHs from the use of several PEI size were performed as could not

anticipated which strategy could provide additional improved properties.

Analysis using Scanning Electron Microscopy (SEM) and Dynamic Light
Scattering (DLYS)

The analysis by SEM showed that when the entrapment of HRP using PEI MW 1300
was performed without chemical modification, biomimetic Si formed as preferentially
disperse particles with a nanosized diameter range of~ 300-550 nm with a sharp

accumulation of ~400 nm diameter particles Fig 6A and B.
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Figure 6. Analysis by scanning electron microscopy (SEM) of nanohybrids using
PEI MW 1300 Da. A) BioSi@HRP, C) BioSi@HRPox E) BioSi@ THRP_1300. B, D
y F) correspond to histograms of frequency of particles versus their particle size in each
case. Histogram was plotted using Origin Pro 8.0.

When oxidized HRP was entrapped and the resulting particles submitted to NaBH4
reduction, biomimetic Si formed as interconnected randomly agglutinated particles of
approximately~300-800 nm Fig 6C and D. In this case, the Gaussian fitting of the
nanoparticle size histogram showed a wider size distribution of the material,
demonstrating an effect of the chemical modification of the enzyme on the synthesis of
biomimetic silica. The oxidation of enzymatic sugar residues may have changed the
ionization state of the enzyme at pH 8.0 which could alter the Si deposition process.
Previous reports have already conferred a fundamental role of the interplay of
attractive/repulsive electrostatic interactions during Si synthesis on the particle size and
distribution of the material®>**3, The presence of trehalose during Si synthesis also
affected the size distribution of the particles obtained with diameters ranging from 100
to 1000 nm. Moreover, trehalose significantly impacted the homogeneity of the sample
Fig 6E and F. Given that the amount of protein used in all the entrapment experiments
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was the same (1 mg/mL), size dispersion can be attributed solely to trehalose. These
results corroborate with Rodriguez et al ** that found that the addition of carbohydrates
to standard hydrostatic solutions altered the size of the spherical Si particles obtained
from in vitro polycationic peptide-mediated biosilicification. Although their findings
were obtained after Si precipitation without protein in the synthetic mixture, it became
clear that sugar molecules imparted some degree of morphological control on the

deposited silica.

Table 1 shows the results for DLS analysis of the different nanohybrids with and
without MNPs. Addition of MNP in the synthesis mixture provided nanohybrids with
smaller hydrodynamic sizes making the final diameter of the hybrid independent of the
size of the PEI used (~500-600 nm). This correlates with the results obtained for an
increase in %Y after addition of MNPs and the analysis by SEM of the samples that
included MNPs Fig 7. The samples that included MNPs one again showed
interconnected particles of a mean hydrodynamic radius of 400-450 nm Fig 7. The
particle size distribution has a high dispersity that correlates with increased PDI results

Table 1 that did not impact on the activity of the nHs.

Table 1. Dynamic light scattering and net charge analysis of nanohybrids.

Hybrids Hydrodynamic Poly dispersity index Zeta potential
size (PDI) (mV)
(r.nm)
MNP (-) [ MNP MNP (-) MNP(+) | MNP(-) [ MNP (+)
)

BioSI@THRP_1300 | 630+26 | 684+8 | 0.199+0.136 | 0.311+0.03 | 6.7940.791 | 23.4+4.68
BioSI@THRP_2000 | 81552 | 589428 | 0.104+0.067 | 0.321+0.04 | 6.87+0.701 | 21.5+4.24
BioSI@THRP_25000 | 535+23 | 491426 | 0.129+0.063 | 0.402+0.08 | 8.31+0.701 | 11.6+5.46
BioSi@THRP_60000 | 1026+83 | 543+21 | 0.207+£0.089 | 0.354+0.05 | 9.81+1.12 | 15.5+4.00
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Analysis using Transmission Electron Microscopy (TEM), Scanning Transmission
Electron Microscopy (STEM) mode and EDX

From the TEM results we were able to determine the approximate localization of the
MNPs within the matrix. The original commercial MNPs from Chemicell used for nHs
synthesis are not isolated MNPs but clusters of MNPs embedded in a polyaspartic acid
(PAA) matrix of 200 nm of mean diameter. The MNPs encapsulated within the nHs are
easily identified (blue arrows) also as clusters but it is evident that the distribution is
not uniform within the Si particles. From Fig. 8 we can conclude that except for
BioSi@T_HRP_MNP_60000 the rest of nHs showed a majority of MNPs located both
deep inside the Si matrix as well as on the Si matrix surface but always linked to them
(meaning that no isolated magnetic nanoparticles were found on the grid). Nevertheless,
as it will showed below, the heterogeneous location of the nanoparticles does not seem
to be an important factor to achieve the required local temperature during AMF for

application for tuning HRP activity.

Figure 8. Transmission electron microscopy (TEM) images of the nanohybrids
synthesised using different PEI. (A) and (B) BioSi@ THRP_MNP_1300, (C) and (D)
BioSI@THRP_MNP_2000, (E) and (F) BioSi@THRP_MNP_25000, (G) and (H)
BioSI@THRP_MNP_60000.

Both the magnetic nanoparticles and the silica matrix can be easily distinguished from
the STEM images, being the magnetic particles the smaller and brighter particles and

the Silica matrix the bigger balls. Elemental mapping using EDX analysis showed Fe
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content in all the nHs,proving a successful entrapment of the MNPs (blue boxes) (Fig
9). As the MW 1300 and 2000 are similar we analysed only the lowest, intermediate
and highest MW PEI nHs. The composition of both parts has been confirmed by EDX,
obtaining a clear signal from iron for the magnetic particles and for Si for the rest of

the nanohybrid structure. The Cu signal observed in the image corresponds to the grid

used for the sample preparation. (Fig. 9)

n;...._A"".L.AA. N hededs e
n

Figure 9. TEM EDX microanalysis showed the confirmed presence of iron (Fe)
entrapped within the silica matrix using (A) BioSI@QTHRP_MNP_1300 and (B)
BioSi@THRP_MNP_25000 (C) BioSi@THRP_MNP_60000.

Quantification of Fe in the nHs.
In order to quantify the concentration of Fe in nHs, a colorimetric assay described in
Beola L et al.™*® was used by evaluation of initial Fe concentration in the synthetic mix
and total Fe after digestion of the nHs. It was clear that all the MNPs offered were
encapsulated as the concentration of Fe in the nHs were like that of the pure MNPs
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(Table 2) offered in the synthesis. Initial concentration of MNPs offered in the

synthesis was maintained the same.

Table 2. Concentration of Fe present in the various synthesis.

Concentration of Iron (Fe) (mg/mL)
Pure MNPs offered to the synthesis 1.29 £ 0.02
Bio@ THRPox_MNP_1300 1.39 £ 0.02*
Bio@ THRPox_MNP_2000 1.22
Bio@ THRPox_MNP_25000 1.15+0.01
Bio@ THRPox_MNP_60000 1.08

* The difference in the BioSI@THRP_MNP_1300 could be due to an error in
manipulation of the sample.

BET surface analysis

Textural properties of the formed organo-silicas were determined by gas adsorption
using nitrogen at 77 K as sensing probe. The formed nHs following the typical synthesis
using PPEI MW of 1300, 2000 and 60000 present an apparent surface area of 21, 14
and 13 m2g-1 respectively. These values are increased after the thermal removal of the
organic molecules achieving up to 75 m2g-1 for the PEI MW 1300, 45 m2g-1 for the
PElI MW of 2000 and 27 m2g-1 when a larger molecule is used (60000) (fig. 10).
Interestingly, a different trend is detected by using a branched molecule (PEI MW
25000). The textural properties of this kind of nHs present almost two times the
apparent surface area (35 m?g™) of the linear molecules that form the nHs that is
reduced to negligible values after the treatment. Their respective pore size distribution
also present significant differences. When, PEI MW of 1300, 2000 and 60000 Da are
used, the nHs present a main pore size distribution centred at ca. 2.2 nm meanwhile for
those where PEI MW 25000 was used larger pores centered at 10 nm were obtained.
The higher surface area in addition to the presence of larger and thus more accessible
cavities using PEI MW 25000 Da did not relate to an increase in yield after HRP
immobilization. However, it could provide certain differences in its behaviour under

AMF compared to its counterparts.
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Table 3. Pore size distribution from Surface BET analysis of the nHs

Surface area (mz2/g)

Pore size distribution
centered at (hm)

BioSI@THRP_MNP_1300 21.4046 + 0.5035 2
BioSI@THRP_MNP_ 2000 13.9684 + 0.1236 2
BioSI@THRP_MNP 25000 |  35.3540 + 0.3742 10
BioSI@THRP_MNP_60000 |  13.8196 + 0.1803 2

Quantity Adsorbed (cm3g™) STP)
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Figure 10. BET surface analysis of the nHs A) BioSi@THRP_MNP_1300 B)
BioSI@THRP_MNP_2000
BioSi@THRP_MNP_60000

C)

Inertisation of the surface with Glucose 1 M

BioSI@THRP_MNP_25000

D)

Judging from SEM and dynamic light scattering analysis it was clear that there was

aggregation among Si nanoparticles. This effect could be even more severe in the

presence of biological fluids whose high ionic strengths and high content in

biomacromolecules (proteins) usually affect NPs colloidal stability. A common strategy

to achieve stable NPs dispersion is their surface modification using inert molecular
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coatings. Therefore, considering the final objective of this work and given that the
methodological approach required experiments in complex biological media we tried
various inertisation agents such as dextran, bovine serum albumin (BSA) and glucose.
These agents have previously proven to improve the overall colloidal stability of the>
NPs.

Dextran is natural polymer, neutral, branched polysaccharide composed of glucose
subunits with a high biocompatibility and due to its resistance to enzymatic degradation
is sort after for biomedical use'®**’. It aids the coupling of other ligand groups and
MNPs coated with dextran were showed to have a high MRI contrast and cellular
uptake of these MNPs was reported to be 2-4 times higher than unmodified ones. The
ability of proteins to generate a hydration shell via hydrogen bonds with water
molecules prevents the adhesion of other proteins and therefore improves NPs
stability!®. Moreover, functionalization of NPs with glycans not only ensures colloidal
stability in protein-rich physiological media but also prevents phagocytosis by
macrophages and exhibits excellent selectivity toward carbohydrate binding proteins.

BSA is also a largely used as stabilizing agent to avoid non-specific interactions and
improve colloidal stability of NPs. Xia et al. showed that albumin coating of silica NPs
enhanced their water-dispersibility and long-term stability under physiological
conditions. Additionally, it reduced non-specific cellular uptake in vitro and prolonged

blood circulation in vivo upon intravenous injection in mice!®,

Monosaccharides such as glucose could also act as stabilizing agent for NPs40-141
indeed it present several advantages over other stabilizing agents such as that: i) it do
not increase the global hydrodynamic size of the NP, ii) it is easy to work with, and iii)
is inexpensive. Furthermore, its small size does not give rise to the shielding of other
conjugated ligands, in contrast to what occurs within higher MW stabilizing agents.
Lastly, monosaccharides could be used as passivation molecules but may also serve as
targeting molecules, as carbohydrates present in the organism play a major role in many
biological processes. In particular in the case of glucose it is well known that it could
be used for active targeting of tumoral cells. As glucose is a major source of energy in

mammalian cells, tumoral cells overexpressed glucose receptors®.

We therefore assayed and compared the inertisation of the nHs with Dextran, BSA and

glucose (Table 4). From the results obtained we observed that the most promising agent
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was glucose (1 M) which recovered almost all the enzymatic activity after inertisation.
The increment in activity from the previously synthesised NPs could be due to the fact
of a more homogenous dispersion of the NPs in the solution thus enabling the passage
of substrate freely yielding a higher activity. The DLS results corroborated this with the
decreased polydispersity index as compared to the control.
In the case of dextran, the nHs lost all their activity, as dextran is a large polymer it
could have blocked all the active sites of the enzyme or hindered the access of the
substrate to the pores of the nHs (Table 4). Additionally, an increase in aggregation of
nHs was observed in comparison with the control, which may be due to the large
polymeric nature of dextran, composed of glucose chains that could cause the NPs to
generate agglomerates. BSA showed an average yield (Table 4) in comparison to the
control but was discarded as it did not improve the aggregation. (Table 4).

Table 4. Inertisation of the surface of the nHs.

Agent Activity Activity  [HydrodynamiclPolydispersity Zeta
offered post- diameter index Potential
(V) blocking
(nm) (PDI) (mV)
(1V)
BioSi@THRP_MNP_1300 5.0 3.5* 684 + 68 0.311+0.03 | 23.4+4.68
w/o blocking
Dextran (0.1 g/ml) 55 0.32 5158 + 93 1.09+£1.09 -
BSA (600 pg) 4.8 1.7 2237 £ 65 0.93+2.06 -
Glucose (1 M) 5.0 4.9 574 £ 55 0.198 +0.09 | 5.36 £ 3.39

*Final yield after immobilization.

The aim of this experiment was to ensure the colloidal stability in various mediums
with its final use in culture medium for the cytotoxicity assays. NP aggregation will
significantly alter in vitro behaviour (dosimetry, NP uptake, cytotoxicity), as well as in
vivo fate (pharmacokinetics, toxicity, biodistribution). Thus, understanding the factors
driving NP colloidal stability and aggregation is paramount!3, Unlike regular salt
solutions used for storage, culture medium, specifically DMEM (Dulbecco's Modified
Eagle Medium), is more complex consisting of 6 salts and glucose, supplemented with
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13 essential amino acids, and 8 vitamins developed to maintain and grow cell culture.
Once stable NPs can become unstable by molecule/protein adsorption or loss of surface
functionality, resulting in the formation of aggregates due to electrostatic
interactions*®. It was observed that the surface inertisation with glucose 1 M added in
diminishing the aforementioned effects with an overall ZP of 5.36 £ 3.39. In the image
below, the control in DMEM with 10% FBS (Fetal bovine serum) showed large clusters
of aggregated nHs whereas after surface inertisation with glucose the aggregated were
smaller in size and more dispersed in the media. For all further experiments, the nHs
were modified with glucose.

L
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Control nHs with Glucose 1 M

Figure 11. Aggregation in DMEM in an optic Microscope image.

Bioconversion of the pro-drug by nHs

In addition to colloidal stability and other feature that is necessary for the developed
nHs for a potential use in DEPT is to show that they could indeed carry out the
biotransformation of the prodrug indole-3-acetic acid (31AA). Although we know that
similar low molecular substrates molecules (such as ABTS) can be catalysed by the co-
entrapped HRP, it is mandatory to show the activity of the nHs for this prodrug. This
non-toxic plant hormone has been examined as a prodrug as upon transformation to its
oxidized species, it induces cellular apoptosis in cancerous lines. HRP has been
proposed as oxidizing enzyme of this compound for the so-called DEPT. The
biocatalytic performance of the BioSI@QTHRP_MNP_1300 was tested in batch
conversion of 3-1AA into its oxidized species. HPLC elution profiles showed that the
nanohybrids catalysed the complete oxidation of a 500 mM prodrug solution within 30
min of reaction at the rate of 4 pmoles/min with the generation of at least five oxidized
products Fig. 12A and 12B.
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Figure 12. Oxidation of 3-1AA by the nanohybrids. A) Conversion of 3-1AA by
nanohybrids BioSI@THRP_MNP_1300 at different intervals of time B) Conversion
kinetic of 3-IAA by the nanohybrids. Reactions were carried at 25°C using 1 IU in a
100 mM sodium acetate buffer at pH 5.0 containing 500 mM of 3-1AA.
Further details are described in Methods.
Inset- Increment in the concentration (area) of the radical 3-ox-indol-carbinol.

The soluble enzyme however was 4 times faster (1 pmoles/min) and oxidised 3IAA
within 15 min. This is because the enzyme is freely available to the substrate. The major
product is expected to be oxindol-3-yl carbinol for its distinctive spectra and matching

retention time from previous works using the same HPLC analysis condition®*,
SQUID analysis

As MNPs have the function to act as nanoheaters once entrapped within the biosilica
shell, it is critical to study the magnetic properties of the obtained hybrids. The
encapsulation of the MNPs could lead to their aggregation and this could alter their
magnetic properties thus affecting their efficiency as nanoheaters. The magnetic
characterization was performed in a Quantum Design (USA) MPMS-XL and MPMS-
5S SQUID magnetometers equipped with an AC (Alternating current) magnetic
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susceptibility option. From the hysteresis curves we evaluated the saturation
magnetization of the samples (Ms), the coercive field (Hc) and the remanence (MR).
At 300 K, all nHs samples display superparamagnetic behaviour with very small
coercivity at 0 field, meaning that most of the nHs display a superparamagnetic
behaviour at this temperature. The saturation magnetization of the different samples
was determined at 5 T, after a correction of the diamagnetic contribution. At this field,
nearly all magnetic moments are aligned in field direction and thus dipolar interactions
between the particle's magnetic moments are negligible. Saturation magnetization is
defined as the complete alignment of magnetic moment vector in the direction of
magnetic field. Values obtained for these samples are along the reported for bulk
magnetite or maghemite, confirming the ferrimagnetic behaviour of the material. Fig.
13A showed the magnetic hysteresis loop of MNPs of nHs prepared using linear 60000
Da PEI (BioSi@THRPox_MNP_60000 nHs), however similar results were obtained

for all the developed nHs.

Figure 13. SQUID analysis A) Field dependent magnetization of sample
BioSi@THRPox_MNP_60000 nHs showing almost negligible coercivity (see inset for
more detail). B) Temperature dependence of the out-of-phase susceptibility for the four
samples.

The AC susceptibility measurements were performed in the four samples of the
different nHs prepared using different the PEIs to evaluate the impact that the different
synthetic procedures could have on the magnetic properties of the nanohybrids. All
materials present a similar behaviour, an out-of phase susceptibility maxima located
between 240 and 260 K and an in-phase susceptibility maxima located at higher
temperatures (around 340-350 K). This behaviour is the typical relation phenomenon

145

displayed by assemblies of magnetic nanoparticles**. AC susceptibility measurements
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are interesting because different aggregation degrees of the particles affect the
temperature location of the susceptibility maxima. For example, previous results for 9
nm magnetite nanoparticles prepared by thermal decomposition showed variation in the
out-of-phase location in temperature from 30 to 100 K depending on the aggregation

degree!*s,

In the case of the all developed nanohybrids, no big differences are observed (Fig. 13
B) the temperature dependence of the out-of-phase susceptibility is shown for the four
samples. Therefore, the differences observed in the SAR values by nHs with respect to
the original MNPs used for the synthesis, will not be due to a variation of its magnetic
properties but it will be most likely due to an isolation phenomenon caused by the silica

matrix.

Analysis of Specific absorption rate (SAR).

Another key feature that is necessary to study in order to be able to achieve our final
aim (tuning HRP activity against 3IAA by magnetic heating) is their efficiency of
heating when AMF is applied.

A key characteristic of MNPs used for clinical hyperthermia is a high specific
absorption rate (SAR), which depends on the MNPs' size, shape, composition, magnetic
interaction, and concentration, as well as the applied magnetic field frequency and
strength'?3147, The heating capacity of MNPs is a fundamental parameter in magnetic
hyperthermia and is typically defined as the specific absorption rate (SAR), it can be
found in the specialized literature also as specific loss power (SLP)'*8. However, most
existing MNPs require a high frequency or high AMF strength to deliver an adequate
thermal dose to the tumour. For the use of our nHs in biomedicine in the treatment of
cancer using hyperthermia it is important to study the superparamagnetic behaviour
after entrapment as the entrapment procedure could cause loss in movement of the
MNPs impeding the heating efficiency (Brown relaxation). Another factor is the size-
dependent influence of concentration on SAR. The MNPs used in this work are
commercial fluidMAG-PAA nanoparticles with a hydrodynamic diameter of 200 nm
which have a multi-domain core and in-batch separability by an external magnetic field
(magnetic separator) facilitating a fast and easy magnetic isolation. Upon exposure of
MNPs to an AMF, the reorientation of the magnetic moments can produce energy in
the form of heat by a variety of mechanisms. When MNPs are present in a suspension,
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the movement of the whole particle can generate frictional losses with the environment,
provided that the viscosity of the medium allows the MNPs to rotate freely (Brown
relaxation). However, this could not occur in the same way once they are co-entrapped
within nHs were the viscosity could be much higher. Besides, the silica shell could act
as a heat insulator. This that could act negatively thinking on the use of nHs for
traditional MHT applications should be beneficial for triggering magnetic heating of
co-entrapped HRP molecules that are not linked directly to the surface of the MNPs.

Firstly, we study the ability of the obtained nHs to raise the macroscopic temperature
of an agqueous solution to study applying two different amplitudes of 25.2 and 30.0 mT
with increasing field. All the samples had the same iron concentrations (Table 2). The
pure MNPs at very low frequency did not show any heat generation on application of
AMF. However, as the frequency increased at a constant amplitude of 25.2 mT the SAR
increased exponentially. The heating efficiency was maximum at an amplitude of 25.2

mT and frequency of 829 kHz for a duration of 3 min.
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Figure 14. SAR (W/g) of commercial MNPs (1 mg/mL) at distinct amplitude (mT)
25.2 (m) and 30.0 (=) and field 419, 542, 710 and 829 (kHz).

The heat performance of MNPs was measured at room temperature (24°C) with a

maximum SAR of 151.15 W/gre (Fig. 14) and an increase in global temperature from
24°C to 33°C after 3 min.

Similarly, we studied each of the nHs and observed that with an exception for the
BioSi@THRPox_MNP_25000 all the other nHs showed a low heat generation
performance  when compared to the pure MNPs (Table 5A).
BioSi@THRPox_MNP_25000 exhibited a higher heating efficiency and this could be
corroborated to the results from TEM wherein we have a higher majority of MNPs
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clusters outside the Si matrix and being a branched polymer could be that the MNPs
have more freedom of movement in the matrix. At a maximum frequency of 829 kHz
the temperature at increased from 24.4°C to 25.5°C a whole degree in comparison to
the other nHs. For all the nHs the increase in frequency was directly proportional to the
increase of SAR and the increase in MW of the PEI was inversely proportional to the
SAR. From the SAR values obtained the difference between the MNPs solo and the
nHs, it is evident that the Si cover does contribute to the overall heating efficiency at
the global environment with a minimal increase in the temperature thus acting as a
heating insulator. The lower SAR values can also be attributed to the fact that the MNPs
entrapped with the matrix impede the free rotation (Brown relaxation) as well as the
aggregation of the MNPs lowers the SAR. From literature it is known that the SAR
values could shrink from 50-90% depending on surface they are absorbed to the
location, whether, inside cells or tissues'*°. Since SAR values are strongly dependent
on the use of an AC field strength and frequency, the amplitude of 25.2 mT and
frequency 829 kHz was selected for further studies which presented the best
combination (Table 5A and 5B).

Table 5. A. Determination of SAR at a maximum field of 25.2 mT

. SAR
Frequency Field
(W/kg) re
(kHz) (mT)
PEI MW 1300 PEI MW 2000 | PEI MW 25000 | PEI MW 60000
419 0.00 0.00 0.00 0.00
542 7.25 0.00 6.751 4.065
25.2
710 14.33 14.49 3541 14.6
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Table 5. B. Determination of SAR at a maximum field of 30.0 mT

) SAR
Frequency Field
(W/kQ) re
(kHz) (mT)
PEI MW 1300 PEI MW 2000 | PEI MW 25000 | PEI MW 60000

419 0.00 7.29 0.00 0.00
30.0

710 10.86 3547 65.98 7.25

Activation of the enzyme using hyperthermia.

For the SAR measurement of the nHs, it is clearly observed that MNPs encapsulated
decreased their efficiency to raise the macroscopic temperature of the aqueous solution
in which they are suspended. But are they able to raise the temperature inside nHs and
thus increased the activity of HRP molecules that are co-entrapped within the matrix.
In order to determine this localized heating efficiency of the nHs we studied the increase
in enzymatic activity after the application of an AMF cycle at maximum amplitude and
frequency (25.2 mT and 829 kHz). Using a colorimetric substrate (ABTS), the increase
in the slope of the activity of the enzyme when exposed to MHT was determined. The
achieved activity was correlated with the activity obtained when incubating the nHs in
a water bath at different temperatures. This allowed us to know the local heating that
the entrapped HRP is sensing although the global temperature (24°C) of the solution
did not showed an increase during AMF application. The plotted slope demonstrated
that there was a direct relation between the increase in temperature and the activity of
the enzyme. For the controls, it’s a given, as we know that the enzyme is optimally
active at 45°C when compared to 30°C. When HT was applied, we noticed an even

bigger augment in the activity when compared to 30°C. (Fig. 15)
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Table 6. Augment in activity (%) of the nHs after application of after application a
maximum amplitude and frequency (25.2 mT and 829 kHz) at a global temperature of
24°C.

Incubation with a water bath
AMF application
at
30°C 45°C Global temperature= 24°C
BioSIi@THRP_MNP_1300 100 103 174
BioSi@THRP_MNP_2000 100 85 173
BioSi@THRP_MNP_25000 100 101 209
BioSi@THRP_MNP_60000 100 64 145
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Figure 15. Augment in activity after application a maximum amplitude and
frequency (25.2 mT and 829 kHz) at a global temperature of 24°C.
BioSi@THRP_MNP_1300 (»),BioSI@ THRP_MNP_2000 (m),
BioSi@THRP_MNP_25000 (=), BioSI@ THRP_MNP_60000 (=)

oo vy

The activity obtained at 30°C incubation in a water bath was considered as nHs"s 100%
activity, and we compared the activity observed when incubated for 20 min at 45°C in
water bath and when subjected for a cycle of AMF for 20 min. In the last case, there
was an increase in the activity of 174% and 145% for the lowest and highest MW PEl,
respectively, maintaining the global temperature at 24°C but with local environment
temperatures inside the nHs exceeding 55°C (theoretically). A control of activity by
incubation in a water-bath higher than 45°C was not possible as the substrate H2O>
undergoes thermal degradation and the results would not be reliable. Even in the case
of the branched PEI (25000 Da) an increase of the enzymatic activity after MHT (Table
6) was observed. The results demonstrate that applying AMF it is possible to reach local
temperatures greater than 45°C within the enzymes microenvironment without an

increase in the overall temperature of the reaction medium. These results show that it
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is possible to think about developing a novel "on/off" switch approach for the remote
conversion of pro-drugs in cancer therapy by enzymes of thermal origin that show little
or no activity at 37°C. This would allow a precise remote control of the therapy that
solves a limitation of the current strategies that could not avoid its activation outside
the target site.

Stability with HT

The marginal stability of biocatalysts in many types of reaction media often has
prevented or delayed their implementation for biomedical applications. As the local
temperatures reached within the nHs exceeds 55°C it is important to the ensure the
stability of the enzyme MHT post-activation and guarantee the efficacy of the
conversion. In the previous chapter many measures have been taken in order to optimize
the stability of the nHs.

120+

- 100 5 k3 L] x L
= B4
£
> 604
£ 404
-
=
-
=204
[i]
\{} o -2 &
o o =% B
o o -
& & . .7
W & & &
Y ‘o n. »
oL oL ot a
& & o &
oY oY

Figure 16. Stability of the nHs at after application after application a maximum
amplitude and frequency (25.2 mT and 829 kHz) at a global temperature of 24°C.
The global heating temperatures were maintained at 30°C (m=) and 45°C (m) and local
temperature was achieved after application of a maximum amplitude and frequency
(25.2 mT and 829 kHz) (m) was applied.

All the nHs maintained above 60% of their initial activity except for the
BioSI@THRP_MNP_25000 (Fig. 16) after applying AMF for 20 min. As observed
from the activation that BioSi@ THRP_MNP_25000 yielded a higher activity achieving
a higher temperature at the microenvironment in turn denaturing the enzyme. Therefore,

although in all cases an activation of the encapsulated enzyme triggered by MHT was
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observed due to a lower stability after MHT treatment for further in vitro experiments
BioSi@THRP_MNP_25000 were not used. Due to the similar behaviour observed
among the nHs obtained with linear PEI, we decide to work only with
BioSI@THRP_MNP_1300 and 60000, as examples of the lowest and highest MW sizes

used.

Conclusions

In this chapter we have determined the physico-chemical properties of the optimized
nHs. The diameter and polydispersity of the in situ prepared nanoparticles demonstrated
a dependence on the size of the aminated polymer PEI used to deposit the siliceous
material and the addition of the magnetic nanoparticles during synthesis. The different
strategies used to determine the size were consistent showing a radius of approximately
600 nm for three of the PEI used. Incorporation of Fe in the nHs was demonstrated by
different techniques and its ability to generate local heat after application of an AMF
was demonstrated as HRP seems to sense a local temperature higher (around its
optimum) than the macroscopic temperature of the solution in which the nHs is
suspended. Our findings demonstrated that it was of paramount importance to
functionalize the surface of the nHs with glucose to prevent aggregation in future
studies under complex cell growth media. All in all the results in this chapter encourage
us to continue with further studies of application of our designed nanodevice in in vitro

cell studies.
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Chapter 3

In Vitro Cytotoxicity Mediated By
Magnetic Heating
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Chapter Summary

In this chapter, we have evaluated the in vitro cytotoxicity of the optimized nHs with
and without the effect of the AMF using a colon carcinoma cell line (HCT 116). First,
surface engineered nanohybrids, for better colloidal stability in cell culture media were
tested for cytotoxicity using different cell lines and in the absence of the prodrug. Cell
viability was preserved up to concentrations of 20 ug/mL of nHs. Then we have studied
the cytotoxicity effect generated by co-entrapped HRP due to bioconversion of 3-1AA
in the presence or not of AMF. Although the global temperature of the cell culture was
maintained at 37°C during the application of a 30 min cycle of AMF (829 kHz and 25.2
mT), an 80% decrease in cell viability in the presence of the nanobiocatalyst (2 Ul, 10
mM IAA) was observed while only 30% cell death was detected when no AMF was
applied.

TEM images of the HCT 116 cells after application of AMF in the presence of nHs and
3IAA demonstrated the presence of nHs inside the cells and a significant effect on the
cellular integrity in the case of application of the AMF-cycle as compared to TEM
images with and without 3IAA with no AMF application. Our results thus demonstrated
that it is possible to locally increase the activity of the HRP co-entrapped with MNPs
remotely via magnetic heating for a potential application of the nanobiocatalyts in
DEPT anti-tumour therapy.
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Introduction

Cancer and hyperthermia

Cancer is a major burden worldwide with an incidence among tens of millions of people
and a mortality rate of more than half worldwide. Colorectal cancer (CRC) is acommon
and lethal disease and the risk of development is influenced by both environmental and
genetic factors. According to GLOBOCAN 2018 there will be an estimate 18.1 million
new cancer cases with an incidence of 6.1% and a mortality of 9.2% solely in colorectal
cancer 1%°, Although there have been improvements in surgical treatment approximately
40% of patients still eventually die. This is due to metastasis to other organs, mainly
the liver'®®, If detected at an early stage, CRC can be prevented by the removal of
adenomatous polyps!®2. Although a variety of screening modalities, including fecal
occult blood test’, sigmoidoscopy®®, optical colonoscopy'® and virtual
colonography®® have been developed; the miss rate of CRC is still considerable. For
instance, the overall miss rate of colonoscopy is 24% and specially, potentially invasive
flat and depressed lesions or adenomas smaller than 5 mm are easily missed™’. Thus,
due to the relative sensitivity and specificity of conventional screening methods, almost
70% of CRC patients are diagnosed with metastatic disease. For the treatment of
metastatic CRC, systemic injection of chemotherapeutics is considered a viable
treatment option. However, this strategy has an insufficient therapeutic efficacy due to
undesirable biodistribution of anticancer drugs that causes severe side effects and
systemic toxicity. Thus, there is a real urgent clinical need for developing novel systems

that enable targeted therapy to really affect survival for this disease.

Many therapies have been explored using targeted nanoparticles loaded with cytotoxic
drugs or small interfering RNA (siRNA) aiming to induce cytotoxicity and anti-
proliferative effects of cancerous cells without accumulation in normal organ
tissues!®® 1%, In these examples the NPs acted only as vehicles that play an active role
in improving biodistribution, bioaccumulation and internalization of the therapeutic
agents. Other nanotherapy-based approach, relatively recently explored, benefit from
locally injected or systemically administered nanoparticles that are activated by
extrinsic energy sources (light or AMF) to generate heat, which in turn is coupled and
transmitted to the tissues the nanoparticles reside within'®, Several factors can

influence the extent of this heating (e.g. magnitude of the energy source, size and
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characteristic of the MNPs, concentration of MNPs in the tumour, the depth of the
tumour within the body, etc). In this sense, it has been shown that triggering local
heating through nanomaterials that act as heat mediators could directly induce cell death
via necrosis and/or apoptosis and even ablation of cancer cells 1161, In the last case,
NPs induced destruction of protein and cell structure by heat which results in the

shrinkage of the tumour size'®?,

In particular, in recent years, magnetic hyperthermia (MHT)!%3, has emerged as a
potential treatment for cancer 4. Indeed, the fact that magnetic nanoparticles (MNPs)
have been approved by the Food and Drug Administration (FDA) of the USA as
magnetic resonance imaging (MRI) contrast agents®®, and could be careful designed to
be nontoxic, no immunogenic, biocompatible, stable, and possibly biodegradable have

boost their application as nanoheaters for MHT266,

Molecular mechanisms involved in cellular damaged triggered by Hyperthermia
Conventional Hyperthermia (HT) has been defined as an antitumor treatment modality
based essentially on the local global increase of tumours temperature through the heat
transferred within cells from a heated environment. It is an already approved therapy
for cancer %78 aiming to achieve selective damage of the tumour tissue based on the
fact that normal cells are less sensitive to heat and, therefore, their survival rate is higher
when exposed to HT. The heating of biological tissue can be achieved by several
physical mechanisms including microwave irradiation applied via radiofrequency
antennas (dielectric heating), ohmic heating via electrode-applied high frequency

currents, optical laser irradiation via fibres, water bath heating, etc'®?,

The molecular mechanisms involved in the cellular damage caused by conventional HT
treatment are well known and the effect on cancer cells is multifactorial. Hyperthermia
application can cause a wide range of changes at the cellular level which lead to loss of
the cellular homeostasis'®. Indeed, the aim of achieving heating processes able to reach
global temperatures >43°C is in order to trigger protein denaturation, heat shock protein
production, specific immunomodulation, and DNA cross-linking, eventually leading to

cell death by apoptosis/necrosis (Scheme. 1).
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eDirect cytotoxicity: Minimal growth arrest

eImmune effects: I Heat shock proteins, Signal to immune system,
Activation of dendritic cells, Cross-priming of CD8+ T cells, Improved
lymphocyte trafficking , 1 cell adhesion molecules, Chemokine release, NK
cell activation, T"NKG2D receptors, Cytokine changes, 1 IL-6 and IL-10

38°-41°C eVasclar effects: Improved tumour blood flow, Vasodilation

eThermosensitization: 1> Drug delivery

eDirect cytotoxicity: Linear growth arrest (reversible), M and S phase ell \
cycle arrested, Reduced RNA synthesis (brief), Reduced DNA synthesis

*Vascular effects: Improved blood flow to tumour, Improved tumour
oxygenation, Improved drug delivery

eImmune effects: Same as above

o o *Thermosensitization: Radiation sensitivity, Better blood flow and

41°-43°C oxygenation, P Efficacy of some chemotherapies, Alkylating agents:

Cisplatin,Doxorubicin, Mitomycin C, Gemcitabine . { Efficacy of some j

nB

chemotherapies: Etoposide. 1*Sensitivity to heat, Lidocaine, Amphoterici

eDirect cytotoxicity: Exponential growth arrest (irreversible),Protein denaturation,
Impaired DNA repair, Apoptosis

eVascular effects: Reduced tumour blood flow, Endothelial cell swelling,
Microthrombosis, Increased vascular permeability, Adjacent vasodilatory

eImmune effects: Heat shock protein expression immunosuppression , Inactivation of
lymphocytes, Inactivation of NK cells
*Thermosensitization: Same as above

Scheme 1. Mechanisms of actions of hyperthermia. Adapted from Rampersaud et.
a|170.

There are two phases of direct cytotoxicity associated with heat exposure a reversible
(linear metabolic arrest); and an irreversible one (exponential phase). Irreversible
cytotoxicity is easier to achieve with increasing temperatures and is directly related to
the duration of exposure. (Figure 1A & 1B). The transition from the linear to the
exponential phase occurs at temperatures above 43°C and has a clear dose-response
relationship between temperature and cell death!’®. Although, the requisite thermal dose
for exponential cell death varies among tumour types, the experimental threshold
required for protein denaturation and cell membrane disruption occurs at a dose of 140
kcal/mol*™, Hildebrandt et. al demonstrated when exponentially growing cultured cells
(e.g. Chinese hamster ovarian (CHO) cells were exposed to a defined temperature
between 41 and 47°C, a dose-effect curve was defined by plotting the rate of cell death

against the duration of hyperthermial’. The corresponding survival curves showed a
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typical ‘shoulder’ that reflected the two-step process of cell ablation, as explained
above. It’s marked by a linear growth arrest in the beginning of heat exposure
(reflecting a reversible, non-lethal heat damage), which is followed by exponential cell
death (Fig. 1A). One fundamental observation is, that the capability to induce cell death
at lower temperatures <42-43 °C (below a certain ‘breakpoint’), was markedly lower
than above 43°C. Similarly, Briningk et al showed a similar tendency in the colorectal
carcinoma cell line HCT 116 where survival curves were characterised by an

exponentially linear descent following an initial shoulder region *"?(Fig. 1B).
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Figure 1. Hyperthermia-induced Cell Death of A) CHO cells Adapted from
Rampersaud et al. 1’°. and B) HCT 116 exposed to different defined temperatures.

The heat application causes alterations in cellular membrane permeability and results
in decreased levels of ATP!”®. The most important events that occur upon heat
application seem to relate to proteins. The proteins within the nucleus of cancerous cells
appear to be particularly vulnerable to the effects of hyperthermia. In other words, the
heat adds substantial stress to the cancerous cells and these metabolic changes that
occur make them vulnerable on application of post therapies such as chemotherapy and
radiation (Scheme 2). Fu et. al demonstrated through in situ cell tracking that sensor
proteins of the DNA damage response (DDR) were the direct targets of HT. It was
observed that HT could delay and decrease the formation of the DDR protein.
Moreover, through the in-situ tracking of individual DDR protein, it was found that HT
resulted in more unrepaired DDR protein over the period of observation compared with

irradiation alone (Scheme 2)173,
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Scheme 2. Hyperthermia-induced cellular changes that could lead to tumour cell
death. Adapted from Bettaieb et. al’.

Apart from DNA damage, hyperthermia is associated with the increase of intracellular
reactive oxygen species (ROS) and mitochondrial dysfunction. Hou et. al investigated
the effect of hyperthermia in human OS (U-2 OS) cells after treatment at 43°C for 60
min which induced apoptosis in human OS cell lines. Furthermore, it was associated
with increased ROS production and caspase-3 activation in U-2 OS cells. Mitochondrial
dysfunction was followed by the release of cytochrome ¢ from the mitochondria and
was accompanied by decreased anti-apoptotic Bcl-2 and Bcl-xL, and increased pro-
apoptotic proteins Bak and Bax'’®. But the precise biochemical mechanisms involved
till date remain unclear. Similarly, Ba et. al in a study demonstrated that colorectal
cancer cells HCT 116 were sensitized with HT towards radiotherapy (RT) through ROS
inducing autophagic cell death. The treatments promoted a statistically significant
apoptosis of the HCT116 colorectal cancer cells when compared the mock group. It
was demonstrated that a combination treatment of HT + RT brought about a significant
down-regulation of protein light chain 3 (autophagosome formation marker) and
Beclinl (which participates in the early stages of autophagy by promoting nucleation
of autophagic vesicles) or up-regulation mTOR (central regulator for cell growth) in
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colorectal cancer cells when compared with RT or HT treatment alone. HT+RT
eliminated the resistance of colorectal cancer cells HCT116 to RT through enhancement
of their sensitivity via a mechanism involving ROS-modulated autophagic cell death.
Thus, ROS inducing autophagic cell death play critical roles in the anti-cancer

synergism between HT and RT*',

It is important to highlight, that when discussing the mechanisms of cell death, it is very
vital to consider the type of cell death that have been exposed to the HT treatment.
Indeed several studies have previously reported that different cell lines express different
sensitivities to heat, depending on tumour cell typel””. As an example of such
difference, it has been shown that Glioblastoma U87MG and T98G expressed increased
levels of Caspase 9 and heat shock protein 90 as markers of induced apoptosis
compared to more thermo-tolerant A549 and H1299 lung carcinoma, U87MG breast
adenocarcinoma, and PC8 prostate cancer cell lines after 3 days exposure to

temperatures ranging from 33°C to 40°C*78,

In vitro and in vivo effects of Magnetic Hyperthermia

Although HT is an already approved treatment for cancer, it remains a challenge to
control the spatial extent of heating in tissue using the traditional above-mentioned
physical methods. In this sense, magnetic hyperthermia (MHT) improves the precision
as the heating source (MNPs) are embedded into the tumour tissue and heating is
triggered remotely using an external alternating magnetic field (AMF). Thus, it is much
feasible to deliver heat to the tumour while preventing thermal injury to surrounding
healthy tissues. Therefore, AMF allows gaining spatio-temporal control on HT. Indeed,
MHT has shown success in the first clinical trials for prostate cancer and gliomas

applying the MNPs by intratumorally®®.

Much current research focuses on developing advanced particles with excellent heating
properties and the study of their effect on cell viability following hyperthermia88%,
However, there is still very little understanding of the molecular mechanisms involved
in the cellular damage triggered by MHT*82183 This is because the heating source could
be MNPs that are free to move in the interstitial fluid of the tumour tissue and/or that
have been internalized by the tumoral cells. Not only the heating efficiency of the MNPs
changes drastically whether they are free to move or fixed to the tumour tissue, but also

the molecular mechanisms triggered by MNPs as heating sources could not be the
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samel®

. Thus, the attainable temperature in the particle-containing tissue is determined
by the balance between heat generation in the particles and the depletion of heat into the
tissue. The depletion process is mainly due to heat conduction, which depends if the
cells are located in the cell cytoplasm and/or in the interstitial volume between tumour
cells. It is important thus to highlight that MNPs act as nanoheaters a high temperature
gradient is developed only on a very small distance from the MNPs. The generation of
heat is completely different to the global heating of the bulk solution when using water-
bath. The cells being in contact with the heated MNPs should experience a cytotoxic
impact higher that when the heating is uniformly. Besides, in the case of MNPs
internalized by cells, the chances to get in contact with cell organelles are higher. All
these facts ensure a high impact on cell viability even if the amount of MNPs on the
tumour is not high enough to ensure a macroscopic temperature rise above 42°C (Fig.
2). In addition, there exist observations of ‘non-thermal’ damaging effects due to MNP
oscillation under AMF that may induce mechanical damage in the cell interior'84,
Indeed, the precise biophysical and molecular basis of all these effects deserves further

investigation.
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Figure 2. Comparative effects of magnetic and water-based hyperthermia
treatments on human osteosarcoma cells A) Schematic representation of tumour cells
heated by MNPs placed in AMF (MHT). Cells close to MNPs are subjected to higher
treatment temperature due to high gradient temperature near MNPs. B) tumour cells
and MNPs heated uniformly by exogenous heat (water-based hyperthermia). No
temperature gradient near MNPs after equilibrium macroscopic temperature was
established. Taken from Herea et al'"’.

Therefore, when interpreting MHT biological effects, one should be aware that there is
a superposition of different reaction paths of cell damage due to a superposition of
effects of different physiological parameters. Thus, interpretations of MHT effects on
cells have to be grounded essentially on the temperature gradient established around
MNPs and on cell-MNP interaction at nano- and sub-micrometric scale, when MNPs
are placed in AMF. In this respect, several papers focusing on evaluations of the
temperature developed by the MNPs subjected to AMF revealed large differences
between the inner temperatures around the MNPs surface and those of the liquid
medium they are heating. Theoretical models showed that in order to increase the
temperature of a tumour in a desired temperature range (42°C-46°C), the temperature
generated on the MNPs surface has to be about twice higher'®. This was demonstrated
experimentally, showing that after 5 minutes of heating in AMF, the inner temperature
of the iron oxides nanocrystals was about twice that of the solution. Thus, for a
temperature of 45°C of the cell culture medium, about 90°C are expected around MNPs.
Besides, it was also shown an exponential decay of the gradient of temperature around
MNPs at distances lower than 6 nm from the MNPs surface, as above this distance the
temperature equals the macroscopic temperature of the bulk solution® 8" . Another

important observation to highlight is that MNPs cooled down to the temperature of the
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ambient fluid in seconds after the magnetic field is turned off'®8, Therefore, the type of
MNPs is critical for MHT therapy, as it has to have an optimal magnetic driven heating
efficiency (SPR). Not only the type of MNP but also the concentration of MNP that
reached the tumour site. Therefore, to date MHT therapy has showed positive results
only when MNPs are injected intratumorally. Thus, although very promising, MHT in
cancer therapy still faces many challenges until it can become a standard medical
procedure. Among its pitfalls are: i) the need to improve MNPs capable of reaching and
maintaining therapeutic temperatures inside tumour tissue; ii) the lack of knowledge of
the molecular mechanisms involved in cellular damage; ii) the need to develop a safe,
comfortable and reproducible application of MNPs to the tumour region, iii) the
inability to accurately perform thermal dosimetry and the dependence of heating
efficiency on thermal dose rate; iv) the difficulty to achieve a uniform thermal profile
within the tumour, the need of further study on the effects of temperature distribution
on the cancer cells’ viability as well as heat resistance of different tumour cell types; v)
the reticence from the medical community and the difficulties to access the technical
facilities needed for the treatment?89 162,

Other Therapeutic Strategies based on the non-conventional use of

Magnetic Heating.

Due to the challenges that still faces MHT, in the recent years it has been explored to
use the energy released from MNPs when applying AMF to whether trigger the release
or the activation of therapeutic agents'®. The main strategies that are being followed in
the development of heat-responsive nanostructures to trigger the release of anti-tumoral
agents are based whether on linking the drug via thermolabile bounds or the use of
thermo-responsive organic shells (linked to the MNPs inorganic core) for drug
encapsulation'®. In the case of the last strategy, several approaches have been used to
trigger drug release including: i) the use of shells made by polymers with a
conformational transition temperature above the body temperature. Thus, the heat
released from the MNPs induce a reversible conformational change from a swollen

hydrophilic state to a shrunken hydrophobic one, which results on the expelling of the

aqueous content (and also the drug) from the polymer chains (matrix transformation);
il) the use of porous MNPs where the therapeutic agent is retained by pores blocked by
the same type of thermo-responsive polymers that by polymers that act like heat-induced

“switchable gates”; and iii) the use of thermo-sensitive polymers that undergo a
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dissolution process at higher temperatures allowing the release of its cargo (matrix

degradation) (Fig. 3).

Release of therapeutic molecules encapsulated;\ a thermo-responsive matrix
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Figure 3. Strategies for the release of therapeutic molecules (purple spheres) linked to
a thermo-responsive matrix (green). A) Breaking the bond between the drug and the
particle, B) Transforming the matrix structure, C) Using the thermo-responsive matrix
to open/close the pores from a mesoporous material and D) Degrading the matrix
structure. Reproduced with the permission of Moros et al.*®°

Instead of carrying a drug to be locally released, an alternative strategy is triggering in
situ activation of therapeutic genes by MHT through the use of expression vectors
containing heat-responsive promoters (Fig. 4). This elegant approach allows the in situ
production of gene products that can directly kill the cells or act in a synergic way to
increase the anti-tumoral effect of the hyperthermia with both spatial and temporal

Contr0|191,192,193
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In situ generation of therapeutic genes

Heat-responsive Therapeutic
promoter gene

Figure 4. Schematic representation for the in-situ generation of therapeutic genes.
A heat responsive promoter activates the expression of a therapeutic gene.

Gaining Spatio-Temporal over DEPT by Magnetic Heating.

As explained in Chapter 1, the final aim of this thesis is to explore a completely
different strategy of using magnetic heating way for cancer therapy in a non-
conventional way. In this sense we have focused on DEPT as therapy due to its
interesting advantages and think on using the heat generated by MNPs under AMF to
activate/significantly increase the activity of thermophilic therapeutic enzymes. We
foresee that this would allow overcoming the great current challenge presented by this
type of therapy: the lack of spatial control over the enzyme activation. In this sense, the
use of alternating magnetic fields (AMF) as external stimuli to trigger enzyme activation
presents a key advantage to achieve a breakthrough on DEPT: the possibility to have a
careful control of the spatial distribution of the applied field gradients using AMF

equipment’s, which avoids problems related to side effects and systemic cytotoxicity.

Thus, being clearly demonstrated on Chapter 2 that it is possible to tune by magnetic
heating the activity of HRP co-entrapped with MNPs in silica NPs, in this Chapter we
focused on proof the feasibility of this concept for triggering cell death in DEPT therapy

in vitro with AMF-remote control.
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Objective

To prove the feasibility of the concept of triggering in vitro cytotoxicity
mediated through thermoactivation of therapeutic enzymes co-encapsulated on

the previously developed nHs by magnetic heating.

Specific Objectives
Determine the cytotoxic effect of the nHs in HCT116 and HT29 in the absence
of MHT and pro-drug.

Optimize conditions (amount of nHs, incubation times, AMF cycle application,
etc) in order to trigger in vitro cytotoxicity in HCT116 remotely controlled by
MHT

Evaluate in-depth the effect of the treatment: nHs internalization and cell

structure by Transmission Electron Microscopy.
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Materials and Methods

Materials

Horseradish peroxidase Type VI (EC 1.11.1.7), polyethyleneimine (PEI) (MW 1300,
2000, 25000 and 60000), 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), indole-3-acetic acid (IAA), hydrogen peroxide and sodium
cacodylate Buffer pH 6.5 were from Sigma Aldrich (St. Louis, MO). Tetramethyl
orthosilicate (TMOS), trehalose and potassium phosphate monobasic were from
MERCK (Whitehouse Station, NJ). Dibasic sodium phosphate and sodium acetate were
from Biopack (Buenos Aires, Argentina). Gel filtration PD10-Columns were from GE
Healthcare (Buckimghamshire, UK). Magnetic nanoparticles (MNPs) fluidMag-PAA
(200 nm of aggregate size) were from Chemicell (Berlin, Germany). ((3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) MTT was from AppliChem,
(Germany) acetic acid form Carlo Erba, (Italy). HaCaT (CVCL_0038 spontaneously
transformed aneuploid immortal keratinocyte cell line from adult human skin), HT-29
(ATCC ® HTB-38™ Human Colorectal Adenocarcinoma) cells were obtained from
the cell bank of the Laboratorio de Biotecnologia, Universidad ORT, Uruguay. HCT
116 (ATCC® CCL-247™) were obtained from Servicio de Animalario del Centro de
Investigacion Biomédica de Aragon CIBA, Zaragoza, Aragon. All other chemicals used

were analytical grade reagents.

Methods

Cell viability studies of different concentrations of nHs using MTT in
HaCat, HCT116 and HT29 cell lines

HaCaT cells were seeded at 2 x10* cells/well in 96-well plates and incubated for 24 h
at 37°C, 5% CO2 in a humidified incubator. Then, media was renewed, and
nanoparticles diluted in DMEM 10% FBS were added, ranging from 1.6 to 100 pg/mL.
Triton X-100 0.5% was used as a death control. Interference controls (wells without
cells) were also added: culture media and 100 pug/mL of nanoparticles. Cells were
further incubated for 24 h. After incubation, cells were washed with PBS, and analysed
using MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay.
After washing with PBS, 100 uL DMEM 10% FBS and 20 puL of 2.5 mg/mL MTT
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(AppliChem, Germany) were added to each well. After 3 hours of incubation at 37°C,
50 uL/well of SDS 20% was added and incubated for 24 hours at 20°C. The absorption
of the formazan solution was measured using a Multiskan™ FC Microplate Photometer

at a wavelength of 570 nm.

Similarly, to study the effect of cell viability in vitro, HCT116 cells 50x10* and HT29
50x10* cells were incubated for 24 h in DMEM with 10% SFB supplemented with
streptomycin-penicillin 1% for 24 h. The following day different concentrations of nHs
BioSi@THRP_MNP_1300 (0.5 and 2 U corresponding to 5 and 20 pg/mL).

HPLC analysis of the adsorption of IAA on BSA

To understand the effect of a complete medium on the concentrations of available 3-
IAA in the assay, we incubated 10 mM of IAA with BSA (1 mg/mL) for 60 min. The
sample was then centrifuged using a concentrator (MWCO 30 kDa) and the supernatant
was filtered an injected in the HPLC. An aliquot of reaction mixture was injected into
a reverse-phase HPLC on a C18 Columbus column at 25°C using an isocratic elution
buffer of methanol/1 % acetic acid mixture (40:60, v/v) at a flow rate of 0.6 mL/min.
The eluted products were monitored at absorbance of 250 nm using an Agilent 1100
series detector. The retention time for 3-IAA was 22 min and the reactive oxygen

species were eluted from 3 min to 20 min.

nHs-mediated cell cytotoxicity using MTT assay

To study the effect of cell cytotoxicity in vitro, HCT116 cells 50x10* cells were
incubated for 24 h in DMEM with 10% SFB supplemented with streptomycin-penicillin
1% for 24 h. The following day different concentrations of nHs
BioSi@THRP_MNP_1300 (0.5 and 2 U corresponding to 5 and 20 pg/mL) and 1 and
2 mM of 3IAA were added and incubated for 6 h in PBS. After 6 h the cells were
washed with PBS and 90 uL. DMEM 10% FBS and 10 pL of 5 mg/mL MTT was added
to each well. After 3 hours of incubation at 37°C, the formation of formazan crystals
was observed. The plate was then taken out of the chamber and 100 ul of DMSO was
added to measure the formazan solution Multiskan™ FC Microplate Photometer at a

wavelength of 570 nm.
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We then analysed the cytotoxic effect in the presence of DMEM supplemented with
10% SFB. HCT116 cells 50x10* cells were incubated for 24 h in DMEM with 10%
SFB for 24 h. The following day different concentrations of nHs
BioSI@THRP_MNP_1300 and BioSi@THRP_MNP_60000 0.5 and 2 U
corresponding to 5 and 20 pg/mL with 10 mM of 31AA were added and incubated for
24 h in DMEM with 10% SFB. After 24 h the cells were washed with PBS and 90 uL
DMEM 10% FBS and 10 pL of 5 mg/mL MTT was added to each well. After 3 hours
of incubation at 37°C, the formation of formazan crystals was observed. The plate was
then taken out of the chamber and 100 ul of DMSO was added to measure the formazan
solution Thermo Scientific Multiskan (GO MA, USA) at a wavelength of 570 nm.

Similarly, another human colon cancer cell line HT29 was used. HT29 50x10* cells
were incubated for 24 h in DMEM with 10% SFB for 24 h. The following day different
concentrations of nHs BioSi@THRP_MNP_1300 and BioSi@ THRP_MNP_60000 0.5
and 2 U corresponding to 5 and 20 pg/mL and 10 mM of 3IAA were added and
incubated for 24 h in DMEM with 10% SFB. After 24 h the cells were washed with
PBS and 90 uL DMEM 10% FBS and 10 pL of 5 mg/mL MTT was added to each well.
After 3 hours of incubation at 37°C, the formation of formazan crystals was observed.
The plate was then taken out of the chamber and 100 ul of DMSO was added to measure
the formazan solution at MultiScan Infinite® 200 PRO Tecan Life Sciences,

(Mannedorf, Zirich, Switzerland) a wavelength of 570 nm.

Hyperthermia-mediated cell cytotoxicity

To study the effect of hyperthermia in vitro, two experiments at distinct global
temperatures were carried out. HCT-116 cells 1x10° cells were incubated for 24 h in a
24 multi-well plate with a coverglass placed in each well in a standard incubator. The
following day in a sterile test tube containing DMEM supplemented with 10% SFB and
streptomycin-penicillin 1%, 2 IU of HRP nHs (BioSI@THRP_MNP_1300 and
BioSI@THRP_MNP_60000), 10 mM 3-1AA along with the Coverslip with the cells
were placed on an in-house 3D printed support that was carefully lowered into a tube
with a fibre-optic probe to control the global temperature reached over AMF
application. The tube was placed in the AMF equipment (DMS100 series/DM1
applicator from nb Nanoscale Biomagnetics) and AMF was applied at the combination
of maximum magnetic field intensity and frequency (25.2 mT and 829 kHz) for 30 min

maintaining the global temperature at 24°C first and repeated then at 37°C to mimic the
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corporal temperatures. A live control with and without MH application, cells with nHs
and 3-1AA alone, as well as, a reaction mixture (2 1U with 10 mM 31AA) without the
application of AMF was also carried out. All the samples were treated in identically
conditions to ensure a reproducible comparison among them.After the application of
AMF, All the coverglasses were then returned to a new multi-well plate and incubated
for 24 h at 37°C and 5% CO: in a humidified incubator. After 24 h, 0.5 mg/mL of MTT
was added to each well. After 3 hours of incubation at 37°C, the formation of formazan
crystals was observed. The supernatant was carefully discarded and 100 ul of DMSO
was added and was measured spectrophotometrically at 570 nm in a Thermo Scientific
Multiskan (GO MA, USA). For each Hyperthermia-mediated cell cytotoxicity
experiment, triplicates were done for each assayed condition. Besides, each MHT
experiment was also repeated 3 times. In addition to coverslips for MTT analysis,
additional coverslips of each assayed condition were also kept for TEM analysis (see

below).

Statistical analysis

All experiments were performed in triplicate. Statistical analysis was carried out using
one-way ANOVA tests using GraphPad Prism v6.00 and expressed as mean + SD. P-
values <0.05 were considered statistically significant. The confidence interval was
95%. Dunnett’s post-test was used to determine which means differed from the total

viability.

Fixation and Dehydration Protocol for TEM analysis

HCT-116 cells 1x10° cells were incubated on a coverslip for 24 h until they adhered.
After being submitted to the treatment (AMF +/-, nHs +/-, 3IAA +/-) explained above.
To the each well containing the coverslip, a medium containing 4% glutaraldehyde in
sodium cacodilate buffer 0.2 M pH 7.2 (adjusted with HCI) for 2h at 4°C. The
supernatant was then removed and add 2% glutaraldehyde in cacodilate buffer 0.1 M
pH 7.2 was added it was left overnight at at 4°C. The following day the wells were
washed twice with sodium cacodilate buffer 0.1 M pH 7.2 the dehydration was carried
out at room temperature by incubation of the coverslip with 30% methanol (MeOH) for
5 min (2x), 50% MeOH for 5min (2x), 70% MeOH for 5 min (2x), 100% MeOH for10
min (2x), and finally, anhydrous 100% MeOH for 5 min (2x). Once the samples were
ready, there were stored at 4°C in anhydrous 100% MeOH until analysed by TEM.
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Results and Discussion

Cell Cytotoxicity Studies at Different Concentrations Of nHs

Nanoparticles may cause by itself adverse health effects resulting from damage to
membranes, changes in protein folding, DNA mutation, blood abnormalities and
oxidative stress injuries*®*#1%, Knowledge on the toxicity of nanoparticles is of utmost
importance at the start of any nanomaterial-based potential new therapeutic strategy. In
this sense, measurements of cell viability and proliferation can provide an indication of
the safety of nanomaterials. Thus, as our aim is to trigger cytotoxicity through prodrug
conversion, we first study the intrinsic toxicity of the developed biohybrids using
different cell lines and two different assays to assess cell viability: an indirect and a
direct test.

Indirect tests to determine cell viability such as MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) use the ability of living cells to catalyse reactions,
yielding measurable product whose quantity is proportional to the number of living
cells. Direct methods include CVS (crystal violet staining), which measures the DNA
mass of living cells. Although very popular, MTT has the limitation that could be
significantly influences if NPs to be analysed modify cell metabolism by increasing the
NADPH level or the activity of LDH (lactate dehydrogenase). The CVS assay lacks the
limitations undermining the accuracy of MTT and other assays based on enzymatic
reactions. It is a simple, non-enzymatic assay for the quick analysis of the quantity of
viable adherent cells based on the affinity between crystal violet and the external
surface of the DNA double helix. Thus, the amount of dye absorbed depends on the
total DNA content in the culture and permits the estimation of the number of the viable
cells!®®. Therefore, to avoid the risk of erroneous interpretation due the use of a single
assay we used two assays to evaluate nHs cell cytotoxicity based on completely
different biological mechanisms.

We therefore studied the cytotoxicity of the nHs BioSI@THRP_MNP_1300 and
BioSi@THRP_MNP_60000 blocked with glucose 1M prepared in Chapter 2, as they
are good candidates for the proposed therapy due to their good colloidal stability in cell
culture media. Different concentrations of nHs were calculated using the dry weight of
the immobilized pellet and were incubated in DMEM (Dulbecco’s Modified Eagle
Media) supplemented with 10% fetal bovine serum at 37°C, 5% CO2 in a humidified
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incubator for 24 h in 96 multi-well plates where different cell lines were previously
adhered: i) HaCaT (CLS 300493), a spontaneously transformed aneuploid immortal
keratinocyte cell line from adult human skin; ii) HCT 116 and HT29 cell lines of human
colon carcinoma. As it could be observed we have selected healthy and colon cancerous
cell lines to perform these cytotoxicity assays as resistance to cytotoxic materials could
be different.

With HaCaT cells, results show that the nHs are well tolerated by HaCaT cells and no
significant effect on cell viability is observed in a range of concentrations from 1.6 to
100 pg/mL (Fig. 5). The complementary results with MTT confirmed a viability above
~75% in all tested concentrations. This indicates that synthesized nHs did not modify
cell metabolism and this cell viability assay could be used without erroneous
interpretation. However, the results with CVS demonstrated that the viability at higher
concentrations was less than 75%. Considering the combined results and the drawbacks
of CVS assay, we opted for the MTT assay for all future cytotoxicity studies and the
favourable range considered was up to 25 pug/mL as the higher concentrations could

increase the chance of erroneous interpretation.
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Figure 5. Cell viability studies with different concentrations of
BioSI@THRP_MNP_1300 using HaCat cell line A) Crystal violet staining and B)
MTT as cell viability assay. The data was normalized against the control (cells in
DMEM, 10% FBS, considered 100%). A positive control of cell death was also
included in the experimental design (Triton X-100 0.5% for 30 min at 37°C). Each
condition was done in quintuplicates. Results from two independent experiments are
shown as mean + SD. Statistical significance between the means with respect to the
control total viable cells) was determined using a two-way ANOVA with Dunnett’s
multiple comparisons test (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; p >

0.05 no significance).

It is noteworthy that previous reports on cytotoxicity of silica aminated nanoparticles
found an apoptotic effect of polyaminated polymers on the surface of the
nanoparticles®. This is not the case with our nHs, and this could be due to the surface
charge neutralization achieved by blocking primary amine groups exposed on their
surface by glucose. Other reason also could be their good colloidal stability and
diminished interaction with proteins of the culture media, as positive NPs could
strongly interact with them triggering their aggregation or the surface modification via

the formation of a protein corona.

114




MTT cell viability assays were also performed with two different types of colorectal
human cancer cell lines wusing the nHs BioSI@QTHRP_MNP_1300 and
BioSI@THRP_MNP_60000 using 5 and 20 pg/mL. Similar results were achieved and
non-significant effects on cell viability were observed with both types of nHs using
concentrations of 5 and 20 pg/mL (Fig. 6 A & B). Considering the data, obtained for
the future cytotoxic assays in presence of the pro-drug, a concentration of 20 pg/mL in

each well was favoured.
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Figure 6. Cytotoxicity studies with different concentrations of
BioSI@THRP_MNP_1300 (blue gradient) (5 and 20 pg/mL) and
BioSi@THRP_MNP_60000 (fuchsia gradient) (5 and 20 pg/mL.) using A) HCT116
cell line and B) HT29 using MTT as cell viability assay. The data was normalized
against the control (cells in DMEM, 10% FBS, considered 100%). A positive control
of cell death was also included in the experimental design (Triton X-100 0.5% for 30
min at 37°C, considered 0). Each condition was done in quintuplicates. Results from
three independent experiments are shown as mean = SD. Statistical significance
between the means with respect to the control (total viable cells) was determined using
a two-way ANOVA with Dunnett’s multiple comparisons test (****p < 0.0001; ***p
<0.001; **p <0.01; *p < 0.05; p > 0.05 no significance).

Cytotoxicity in the presence of nHs and the prodrug

As a proof of its utility of the developed nHs in he proposed therapeutic application,
the oxidation of 3IAA was conducted without AMF application, and the cytotoxicity
triggered on HCT116 cell lines was analysed. As explained above, a concentration of
nHs of 20 pug/mL was used as we know that this concentration of nHs are not generating
intrinsic cytotoxicity. In Chapter 2, we have previously demonstrated that both selected
nHs (BioSI@THRP_MNP_1300 and BioSi@THRP_MNP_60000) were able to

transform 31AA into its oxidized species when incubated with the pro-drug in buffered
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media. However, we need to show now that the amount oxidized species generated
(concentration) is enough to induce cellular apoptosis in the cells incubated with

hybrids in the presence of the prodrug, and that it also occurred in cell culture media.

Using MTT assay, the HCT116 cells were incubated for 6 h first in PBS with different
concentrations of nanohybrids (corresponding to 0.5, 1 and 2 IU of HRP) and prodrug
(2 mM and 2mM). All data was normalized against live control (LC) (cells with DMEM
supplemented with 10% FBS, considered as 100%). Results were expressed as the mean

+/- SD of triplicates of a representative experiment (Fig. 7).
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Figure 7. Cytotoxicity studies of nHs BioSI@QTHRP_MNP_1300 at different
concentrations of 0.5, 1 and 2 IU. A) Using a concentration of 31AA 1 mM B) Using
a concentration of 3IAA 2 mM in HCT116 cell line in the presence of PBS for 6 h.
The data was normalized against the control (cells in DMEM, 10% FBS, considered
100%). A positive control of cell death was also included in the experimental design
(Triton X-100 0.5% for 30 min at 37°C). C: Control of live cells, nH1/2/3: control of
nanohybrid at 5, 10, 20 pg/mL containing 0.5, 1 and 2 IU/mL respectively, 31AA 1/2
mM: Control of prodrug with concentrations of 1 and 2 mM, HRP1/2/3: control with
soluble enzyme at 0.5, 1 and 2 1U/mL; nHs1/2/3+31AA: nanohybrids and prodrug
combinations; HRP1/2/3+31AA: reaction mixture with soluble enzyme and prodrug
combinations. DC: Death control. Results from three independent experiments are
shown as mean + SD Results from three independent experiments are shown as mean
+ SD. Statistical significance between the means with respect to the control total viable
cells) was determined using a two-way ANOVA with Dunnett’s multiple comparisons
test (****p < 0.0001; ***p < 0.001; **p < 0.01; *p <0.05; p > 0.05 no significance).

The results show that after 6 hours in PBS, BioSI@THRP_MNP_PEI 1300 is well
tolerated by the cells as not more than ~15% growth inhibition is observed in a range
of concentrations of 5, 10 and 20 pg/mL which confirm the results shown in Fig. 5.
Besides, when incubating the cells solely with the free enzyme or with the prodrug no

significant cytotoxicity effect was observed. However, cell death was observed when
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3-IAA and nanohybrids were co-incubated with the cells. Increasing amounts of
enzyme units (0.5-2 IU/mL) in the assay was directly proportional to the decrease in
cell viability demonstrating that the nanohybrid is efficient in the generation of toxic
radicals.

It is worth noting that the soluble enzyme showed a greater cytotoxic effect in the
presence of the prodrug in comparison to the co-entrapped one, as it is free and easily
available for the oxidation of the prodrug. The HPLC analysis carried out in Chapter
2 confirm these results as the soluble enzyme converted 1AA (1 mM) 4 times faster as
compared to the nHs in the same reaction. The rate of conversion is slower in the
nanohybrids as the substrate had to traverse through the Si matrix to access the enzyme
entrapped thus decreasing the rapid conversion of the prodrug. However, we already
have demonstrated in Chapter 2 that integration of the enzyme in the composite material
provided advantageous properties (higher thermal and operational stability) that
counterbalance the decrease in the conversion rate of the prodrug 3-1AA. As the use of
PBS does not mimic the corporal conditions in which the nHs are intended for,
therefore, a similar experiment setup was carried out using DMEM supplemented with
10% FBS as incubation media.

From literature it is well known serum albumin has an affinity for indoles, such as
tryptophan and 1AA"1% The media for proliferation of cells is supplemented with
10% of fetal bovine serum (FBS) which is the most widely used serum-supplement for
in vitro cell culture as it has very low levels of antibodies and contains more growth
factors, allowing for versatility in many different cell culture applications. However,
one of its major components is bovine serum albumin (BSA). Previous studies from,
Bertuzzi et. al demonstrated that there was a clear binding of IAA to human serum
albumin. The binding was enhanced at pH 5.0, whereas, the difference between binding
at pH 7.4 and pH 8.5 was less evident!®’. We analysed the effect adsorption of IAA (10
mM) on BSA (1 mg/mL) using an HPLC and observed that the concentration of
available IAA in the assay was 10 less times than what was offered due to the adsorption
on BSA (Fig. 8).
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Figure 8. HPLC analysis of the adsorption of IAA (10 mM) onto BSA (1 mg/mL)
where (=) control IAA (10 mM) and IAA+BSA ().

Besides, the sequestration of free IAA by BSA is quite fast as even the HPLC analysis
that was done immediately after mixing BSA and IAA showed a large decrease in the
amount of free IAA. This will clear hinder the production of radicals from 1AA by nHs
when incubated in complete cell culture media as a large part of IAA is not available
for bioconversion as it is bound to the serum albumin. To counter this problem, we
revised the concentrations of 1AA offered up to 10 mM IAA wherein at least 2 mM
would be free in solution and available for bioconversion by the enzyme. We had used
HCT116 human colon cell line and using 10 mM of 1AA we studied the cytotoxic effect
of the nHs BioSI@THRP_MNP_1300 and BioSi@ THRP_MNP_60000 blocked with
1 M glucose in DMEM with 10% FBS (Fig. 9).
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Figure 9. Effect of nanohybrids on the cell viability of HCT116. A)
BioSi@T_HRP_PAA_ 1300 and B) BioSI@THRP_MNP_60000.
HCT 116 cells were incubated for 24 h in DMEM with 10% FBS with concentrations
of nanohybrids (0.5, and 2 IU of enzyme) and just one concentration of IAA of 10 mM.
The data was normalized as before against live control (cells with DMEM 10% FBS,
considered as 100%). A positive death control was also included (Triton X-100 0.5%
for 30 min at 37°C, considered 0). C: Control of live cells, DC: death control using
Triton X-100 0.5% for 30 min at 37°C; nH1/2: control of nanohybrid at 5, 20 pg/mL
containing 0.5 and 2 IU/mL respectively, 3IAA: Control of prodrug with concentrations
of 10 mM, HRP1/2: control with soluble enzyme at 0.5 and 2 IU/mL; nHs1/2+31AA:
nanohybrids and prodrug combinations; HRP1/2+31AA: reaction mixture with soluble
enzyme and prodrug combinations. Results from three independent experiments are
shown as mean + SD. Statistical significance between the means with respect to the
control total viable cells) was determined using a two-way ANOVA with Dunnett’s
multiple comparisons test (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; p >
0.05 no significance).

The results show that after 24 hours in DMEM, BioSi@ THRP_MNP_PEI_1300 is well
tolerated by the cells in a range of concentrations of 5 and 20 pg/mL (Fig. 9A). Besides,
when incubating the cells solely with the free enzyme or with the prodrug no
cytotoxicity effect was observed. However, cell death was observed when 31AA and
nHs were co-incubated with the cells. Increasing amounts of enzyme units (0.5 and 2
IU) in the assay showed a correlated decrease in cell viability to 60£2% and 52+1%,
respectively, demonstrating that the optimized nanohybrid is efficient in the generation
of toxic radicals. The soluble enzyme showed a greater cytotoxic effect (14+1%) in the
presence of the prodrug in comparison to the immobilized one, as it is was previously
discussed it is free and easily available for the oxidation of the prodrug. Similar results
were observed with BioSiI@ THRP_MNP_60000 (Fig. 9B).
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From literature, HCT116 are considered as a highly aggressive cell line with negligible
capacity to differentiate, whereas, HT29 as an intermediate capacity to differentiate into
enterocytes and mucin-expressing lineages!®®. Makizumi et al. demonstrated that when
HT29 and HCT116 when subjected to temperatures of 42° to 50°C for 15 min, in
combination with 5-fluorouracil, oxaliplatin, or irinotecan at different sequences,
HCT116 on pre-exposure to 45°C developed resistance to the three drugs. HCT116
have the wild type p53, is involved in the regulation of GI/S and G2/M arrest, whereas,
HT29 has the mutant p53. This give HCT116 the advantage as p53 wild type delays
cell cycle transition thus prolonged exposure can provide extra time for damage repair
and reduce cytotoxicity of the drug. It also exhibited different expression profiles of
several drug related genes making HCT116 a more robust cell line displaying a
significant heterogenicity among the cell lines?®,
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Figure 10. Effect of nanohybrids on cell viability of HT29. A)
BioSI@THRP_MNP_1300 B) BioSi@THRP_MNP _60000.
Cytotoxicity studies using nHs at different concentrations (0.5 and 2 1U) with 10 mM
of 3-1AA incubating with HT 29 Cell line for 24 h. The cells were incubated for 24 h
in DMEM with 10% FBS with concentrations of nanohybrids (0.5 and 2 1U of enzyme)
and just one concentration of 3IAA of 10 mM. The data was normalized as before
against live control (cells with DMEM 10% FBS, considered as 100%). A positive
control of cell death was also included in the experimental design (Triton X-100 0.5%
for 30 min at 37°C). C: Control of live cells, DC: death control. nH_1/2: control of
nanohybrid at 5, 20 pg/mL containing 0.5 and 2 IU/mL respectively, 31AA: Control of
prodrug with concentrations of 10 mM, HRP 1/2: control with soluble enzyme at 0.5
and 10 IU/mL; Reaction 1/2: nanohybrids and prodrug combinations; HRP-R 1/2:
reaction mixture with soluble enzyme and prodrug combinations. Results from three
independent experiments are shown as mean = SD. Statistical significance between the
means with respect to the control total viable cells) was determined using a two-way
ANOVA with Dunnett’s multiple comparisons test (****p <0.0001; ***p <0.001; **p
<0.01; *p <0.05; p > 0.05 no significance).
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In a similar experiment design, we analysed the effect of cytotoxicity also in another
human colon cancer cell line (HT29) (Fig. 10). It was observed that after 24 hours in
DMEM, BioSiI@THRP_MNP_PEI_1300 is well tolerated by the cells as not more than
~10% growth inhibition is observed in a range of concentrations of 5 and 20 pg/mL.
Besides, when incubating the cells solely with the free enzyme or with the prodrug
alone no cytotoxicity effect was observed. However, cell death was observed when
3IAA and nanohybrids were co-incubated with the cells. Increasing the amounts of
enzyme units (0.5 and 2 IU) in the assay did not show a correlated decrease in cell
viability 532 and 48+2%, respectively, (Fig. 10A). The soluble enzyme showed a
greater cytotoxic effect compared to the nHs as seen with the other cell line as well.
Similar results were obtained with BioSI@ THRP_MNP_60000 (Fig. 10B). The
reproducibility of the cytotoxic effect in two cell lines showed the versatility of the
developed surface engineered nHs in vitro. For the future experiments in hyperthermia
we continued with the HCT116 cell line.

In order to show the importance of blocking the surface of nHs with glucose is a critical
aspect for the success of 31AA bioconversion, we have repeated the experimental
design used with glucose-blocked nHs with nHs whose surface was not engineered. As
it could be observed on Fig. 11, without glucose blocking the bioconversion of 31AA
by the hybrids did not occur. This could be explained but the extensive aggregation that

suffer nHs without blocking in complete culture cell media.
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Figure 11. Effect of nanohybrids (BioSi@T_HRP_1300_MNP) without glucose 1
M on HT29 cell viability. Cytotoxicity studies using nHs at different concentrations
(0.5, 1 and 2 IU) with 10 mM of 3-1AA incubating with HT 29 Cell line for 24 h. The
cells were incubated for 24 h in DMEM with 10% FBS with concentrations of
nanohybrids (0.5 and 2 1U of enzyme) and just one concentration of IAA of 10 mM.
The data was normalized as before against live control (cells with DMEM 10% FBS,
considered as 100%). C: Control of live cells, DC: death control using Triton X-100
0.5%.nH_1/2: control of nanohybrid at 5, 20 pg/mL containing 0.5 and 2 1U/mL
respectively, 3-1AA: Control of prodrug with concentrations of 10 mM, HRP 1/2:
control with soluble enzyme at 0.5 and 2 IU/mL; Reaction 1/2: nanohybrids and
prodrug combinations; HRP-R 1/2: reaction mixture with soluble enzyme and prodrug
combinations. Results from four independent experiments are shown as mean + SD.
Statistical significance between the means with respect to the control total viable cells)
was determined using a two-way ANOVA with Dunnett’s multiple comparisons test
(****p < 0.0001; ***p < 0.001; **p <0.01; *p < 0.05; p > 0.05 no significance).

Cell cytotoxicity mediated by magnetic heating.

Our main aim is to be able to use the heat generated by MNPs under AMF to
activate/significantly increase the activity of HRP in the conversion of the prodrug
31AA. We have already proven that the developed nHs are thermally stable (Chapter
1), can that the co-entrapped cab be activated with the use of AMF using ABTS as
substrate (Chapter 2). We have also shown above that the co-entrapped HRP is able
to bioconvert IAA in complete cell culture media and it is able after 24 h of incubation
to significantly reduce HCT116 cells viability. The next step is to demonstrate that we
are able to increase the efficacy of the cytotoxicity of the nHs using the AMF by
thermally activating the enzyme by the local generated by the co-entrapped MNPs. This
should lead to a increase in the speed of 31AA conversion and thus an increase on the
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concentration of toxic radicals that should lead to an increase efficiency on decreasing

cell viability when AMF are applied.

The increase of the HRP activity due to the AMF exposure was assessed through in
vitro experiments where cells in the presence of nHs and 3IAA were exposed to AMF.
The concentrations selected were 2 1U (20 pg/mL) for both types of nHs
(BioSi@THRP_MNP_1300 and BioSi@THRP_MNP_60000), and 10mM for the
3IAA. Experiments were carried out at a global temperature of 37°C (controlled by a
water bath), mimicking the in vivo application scenario. As multi well plates could not
be introduced in the AMF applicator due to their size (DMS100 series/DM1 applicator,
nb Nanoscale Biomagnetics), HCT116 cells were incubated first with coverslip to
ensure their adhesion. Then the coverslip was carefully transferred to a vial where there

were incubated for 30 min with the different conditions (Table 1).

NOMNECLATURE INCUBATION CONDITIONS
C HCT116 cells
C-AMF HCT116 cells+ AMF cycle (829 kHz, 25.2 mT)
C-3I1AA HCT116+3IAA (10 mM)
nH-AMF HCT116 cells+ nHs (2 1U 20 ug/mL)
nH+AMF HCT116 cells+ nHs (2 IU, 20 ug/mL) +AMF cycle (829 kHz, 25.2 mT)
nHs+31AA-AMF HCT116 cells+ nHs (2 IU, 20 pug/mL)+ 3IAA (10 mM)
nHs+3IAA+tAMF  HCT116 cells+ nHs(2 IU,20 pg/mL)+ 31AA (10 mM)+ AMF cycle (829
kHz, 25.2 mT)

Table 1. Experimental set up of incubation conditions.

As sterility was maintained over the process, the different cell samples and the
corresponding medium in which they were incubated where transferred to a new multi-
well plate, and then were incubated for 24h in a standard cell incubator. Then cell
viability was assessed by MTT, and TEM images were also carried out. Scheme 1

showed the whole process.
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Scheme 1. Description of the experimental design of the AMF application process
using HTC116 cells attached to coverslip.

As it is explained in Methods Section, all the controls needed were included in the
experimental design, and all the samples were treated in identically conditions for
ensure a reproducible comparison among them. Results in Fig. 12 show that both nHs
do not present a cytotoxicity effect per se, the viability of cells incubated with the nHs
was 89+1% and 82+3%, for BioSi@THRP_MNP_1300 and
BioSi@THRP_MNP_60000 respectively. Besides, when cells were incubated just with
the 31AA the viability was maintained always around 89+2%. However, when cells
were incubated in the presence of both the nHs and the prodrug, the death rate increased
resulting in a cell viability of 63+4% for BioSI@THRP_MNP_1300, and 68+3% for
BioSI@THRP_MNP_60000. This is due to the basal activity of the HRP at 37°C. All
these results confirm that both nHs are not toxic and that the entrapped HRP molecules
are able to transform the prodrug into toxic radicals, in agreement with our previous

results®,

Besides, and worthy to stand out, when cells were exposed to an AMF (30 min, 829
kHz and 25.2 mT) in the presence of the nHs and 31AA, the enhancement of the HRP
activity due to the heat locally generated by the co-entrapped MNPs, led to a
significantly decreased of cell viability. Indeed, cell viability was only of 19+1% for
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Cell viability (%)

cells incubated with BioSI@THRP_MNP_1300, and of 11+2% for
BioSi@THRP_MNP_60000. To discard that the procedure of AMF application could
affect the cell viability per se, a control sample consisting of cells exposed to the AMF
was analyzed, finding that the cell viability remains always in 89+2%. In addition, to
confirm that the heat released by the MNPs when exposing them to the AMF was not
the cause of the observed cell death, the viability of cells exposed to the AMF in the
presence of just nHs was also analyzed giving good viability percentages for both types
of nHs (around 78+2%). Therefore, we could conclude that it is possible to tune by
magnetic heating cell cytotoxicity induced by prodrug bioconversion. Besides, in
assayed conditions, both nHs studied have similar efficiencies in increasing cell death

with respect when AMF was not applied.
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Figure 12. Cytotoxicity of 3IAA mediated by magnetic heating studied with MTT
assay. A.) Cytotoxicity studies using the nHs with BioSi@THRP_1300_MNP and B.)
Cytotoxicity studies using the nHs with BioSi@ THRP_60000_MNP. The global
temperature was maintained at 37°C during AMF application for 30 min at the
maximum combination of frequency and field (829 kHz and 25.2 mT). See Scheme 4
for nomenclature and incubation conditions.

As we have established the efficacy of the nHs in hyperthermia mediated cytotoxicity,
to evaluate in-depth the effect of the treatment, nHs internalization and the cell structure
after different treatments were assessed by Transmission Electron Microscopy. These
studies have been done only with cells incubated with BioSI@THRP_60000_MNP
hybrid.
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In contrast to the controls, the samples where cells were incubated with the nHs, (black
particles) (~500-600 nm) were observed both outside and inside the cells, indicating the
internalization of the nHs (Fig. 13). Three cases in which the cells were treated with
the nHs were analyzed and compared with the controls and the observation of the
cellular structures agree with the MTT results. First, when nHs were provided to the
cells an submitted to an AMF exposure, a slight damage of the cells was observed.
Although many cells still had a healthy aspect with a dense cytoplasm, others presented
many vacuoles. Then, if nHs were provided to the cells together with 3IAA, a bigger
cellular damage was observed in some of the cells. A large number of vacuoles within
the cytoplasm were identified. In some cases, it was also possible to identify broken
down of extracellular membranes (red arrow in Fig. 13). The typical structures of
autophagosomes, with double layer membranes were also observed in some of these
cells (green discontinued arrow in Fig. 13). Autophagosomes are double-membrane
vesicles characteristic of macroautophagy, a degradative pathway for cytoplasmic
material and organelles terminating in the lysosomal or vacuole compartment for
mammals and yeast, respectively?l. Macroautophagy is induced by stress that could be
clearly correlated with generation of toxic radicals by HRP. Finally, when the nHs were
provided to the cells in combination with the administration of 3IAA and the exposure
to the AMF, it was almost impossible to find a single complete cell. Only rest of discrete
bodies, of similar size but different electron-density than the nHs, caused by the
complete cell fragmentation were observed along most of the studied sample. The
presence of autophagosomes was also observed in this case. This result agrees with the

MTT data as there was only a 11+2% viability of the sample.
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Figure 13. TEM images of the HCT 116 after application of AMF in the presence
of nHs and IAA Where: C is the control HCT-116; C-AMF is the cell control with
application of MH; nH -AMF is the control with the exposure to the AMF but without
3-1AA; nH+31AA is the reaction without the application of MH; nH+31AA-AMF is the
reaction with the application of MH.
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Conclusions
The use of nHs with two different MW of PEI (1300 and 60000 da) with horseradish

peroxidase proved successful in DEPT. The novel nanohybrids consisting of MNPs
were able to successful oxidise indole-3-acetic acid into its peroxyl radicals and were
active against two colon cancer cell line in cytotoxic studies. However, in the absence
of the prodrug cytotoxicity using different cell lines was not observed, indicating that
the cell cytotoxicity observed is a direct consequence of bioconversion of the prodrug
by the co-entrapped HRP.

When an AMF was applied, bioconversion of the prodrug by the entrapped enzyme was
clearly increased, and in this led to a large increase in the cell death efficiency by

prodrug bioconversion with respect when AMF was not applied.

Altogether the obtained results show a great potentiality of the obtained biohybrids for
DEPT anti-tumour therapy. The results showed that the surface engineered nanohybrids
developed have a future prospect for use in vivo independently or in combination with

other anti-tumoral therapies (radiotherapy, chemotherapy, etc).
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Conclusions
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In this thesis we have prepared a new nanosized hybrid material that combined MNPs,
biomimetic silica and the enzyme HRP and demonstrated its utility for the remote
activation of a therapeutic enzyme via magnetic heating. The diameter and
polydispersity of the in situ prepared hybrid nanoparticles (nHs) demonstrated a
dependence on the size of the aminated polymer PEI used to deposit the siliceous
material and the addition of the magnetic nanoparticles (MNPs) during synthesis.
Addition of the disaccharide trehalose during hybrid synthesis and a post
immobilization chemical modification of the organic/inorganic material with glucose,
provided exceptional thermal stability to the enzyme without compromising its activity
towards a synthetic substrate. Evaluation of the activity of the immobilized preparation
using 3IAA showed a 4-time decrease in the rate of conversion with respect to the

soluble enzyme, probably due to partition effect of substrates and products.

The co-entrapped enzyme showed a significantly higher thermal stabilization factor
compared with previous reports for HRP. Incorporation of the MNPs in the nHs was
demonstrated by TEM, EDx and colorimetric measurements of Fe in disintegrated nHs
compared to the Fe included in the synthesis. Although the distribution of the MNPs in
the nHs was not homogeneous, the samples displayed superparamagnetic behaviour as
demonstrated by SQUID analysis and the co-entrapment process does not induce an
aggregation of the MNPs. The co-entrapped MNPs not only facilitated nHs separation
in repeated batch transformations of a synthetic substrate but more importantly allowed
to tune the activity of HRP under AMF. Indeed, under the application of a cycle of
AMF, the heating capabilities of MNPs within the Si shell were quantified by
determining the capacity of increasing the macroscopic temperature of the aqueous
solution in which they are suspended (specific absorption rate, SAR). All the developed

nHs showed lower SAR values than the pure MNPs used for the co-entrapment. As
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neither magnetic properties nor aggregation of MNPs was observed by SQUID
measurements after their encapsulation, the differences observed in the SAR values will
be most likely due to an isolation phenomenon caused by the silica matrix. This thermal
insulation effect seems to be a key feature to ensure the control of HRP activity by

magnetic heating even if the enzyme is not attached to the MNP surface.

Indeed, MNPs ability to generate heat under AMF application was also demonstrated
by a significant increase of the substrate rate of conversion of the encapsulated enzyme,
which surpassed the rate shown at 45°C of a suspension of the nHs heated using a water-
bath. This behaviour was observed while maintaining the overall (macroscopic)
temperature of the reaction media at room temperature (25°C). This clearly implied that
a local increase of temperature concentrated in the vicinity of the enzyme is the
responsible of the increased-on enzyme activity, confirming a successful heat transfer

within the nHs that reached the co-encapsulated HRP molecules.

Regarding in vitro cell studies, our findings demonstrate that the nHs are not cytotoxic
up to concentrations of 20 ug/mL while they enabled a certain degree of cytotoxicity of
cancerous cells in the same concentration upon transformation of the prodrug 3-1AA at
37 °C. Most importantly, there was a clear effect of AMF in the ability of the nHs to
cause cell death in the presence of 3IAA. The effect of the AMF on the performance of
the nHs was clearly showed by a significant decrease in the viability of the cells in
cytotoxicity studies in comparison of cells incubated with nHs and the prodrug but
without applying AMF. This difference in triggering a more effective decrease in cell
viability was also confirmed by a complete cell fragmentation observed by transmission
electron microscopy (TEM) only in cell samples incubated with nHs and prodrug to

which an AMF cycle was applied. We believe these results clearly demonstrate our

131



hypothesis of a remote activation prodrug conversion by magnetic heating of the

developed nHs.

In summary, the unprecedented approach for the preparation of a nanohybrid
biocatalyst provided excellent properties that could be used in the development of
alternative DEPT treatments with spatio-temporal control. The studies carried out with
the nanohybrid prepared herein encourages additional experimentation for a better
insight into its biomedical potential. Further experiments on the remote activation of
the nHs in vivo would bring closer the application of this nanodevice for the treatment

of cancer.
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Annexe

Theoretical basis of Techniques



Dynamic Light Scattering

This technique has been used to determine the hydrodynamic size of the NPs in solution
and to obtain information about the stability of the NPs suspended in a buffer solution.
The measurements have been performed on Malvern ZS nano instrument at

NanolmmunoTech (NIT) S.L., Zaragoza, Spain.

Dynamic Light Scattering (DLS) also referred to as Photon Correlation Spectroscopy
(PCS) or Quasi-Elastic Light Scattering (QELS) is a well-established technique for
measuring the size of molecules and particles under the micron region size. It is
typically used for measuring the size distribution of particles like proteins,
nanoparticles and micelles. When an electromagnetic radiation strikes a sample
containing NPs randomly suspended in a solution, it is dispersed. If the NPs are moving,
the intensity of the light scattering will change over time. That is, the intensity of the
measured scattered light fluctuates over time as a result of the Brownian motion
(translation diffusion) that NPs have when dissolved in a solution. The function that
describes the fluctuations of the intensity dispersed over time is the autocorrelation
function. Using mathematical algorithms, this correlation function can be related to the
hydrodynamic size of the NPs, since the Brownian movement is different depending on
their size. To find the hydrodynamic size influence parameters such as temperature and
solvent viscosity. The hydrodynamic size therefore depends on both the nucleus of the

NP and the surrounding layer, as well as the interaction with the buffer molecules.

The instrument is composed of a monochromatic laser that uses a light source at a fixed
wavelength, which reaches the sample (Figure 1). The light is scattered by the NPs at
all angles, and a detector located at 90° detects the one that has been scattered in that
direction. Fluctuations in the intensity of the scattered light are converted into electrical
pulses and directed to a digital correlator that generates the autocorrelation function.
The diameter that is measured in DLS is called hydrodynamic diameter and refers as
how a particle diffuses into a liquid and corresponds with the diameter of a sphere that

has the same diffusion coefficient as the particle we are measuring.
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Figure 1. Schematic diagram of the DLS device used to measure the diameter of the NPs.

However, the diffusion coefficient depends not only in the core dimension but on any
molecule, which is in the surface. That is why diameters obtained with this technique

are frequently bigger that the values obtained by TEM.

We can choose to obtain three different distributions based on the intensity, volume or
number. A very simple way of describing the differences between volume, intensity
and number distribution is to consider two populations of spherical particles of

diameters of 5 and 50 nm presented in equal numbers (Figure 2).
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Figure 2: Number, volume and intensity distribution of a mixture of particles with
diameter of 5 and 50 nm present in equal numbers.

A simple way to describe the differences between the distribution in terms of intensity,
volume and number is to consider two populations of spherical particles with the same
proportion of NPs of 5 and 50 nm (Figure 4). The representation in terms of intensity

of this distribution gives rise to two peaks positioned at 5 and 50 nm with a ratio of 1:
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1,000,000. The approximation in volume will give rise to two peaks with a 1: 1000
ratio, due to the fact that the volume is proportional to r® instead of r° as in the case of

intensity (from Rayleighs approximation).

In this work the samples were prepared by diluting the NPs in Type | filtered water.
Ten measurements of each sample were made at 25°C and the results were analysed in
terms of intensity using the software ZetaSizer. It must be borne in mind that for the

measures to be reproducible, the NPs must be stable over time.

Zeta Potential

This technique has been used to determine the surface charge of NPs in solution, which
gives an idea of the electrostatic stability of NPs in a solution at a given pH. The
measurements were performed on a Malvern ZS nano instrument at NanolmmunoTech
(NIT) S.L., Zaragoza, Spain. The measurements of the surface charge at different pHs
allow us to find the isoelectric point of the NPs, that is, the pH at which the net charge
of the NP is zero (Figure 3a). The more negative or positive charge the NPs have at a

given pH, the more stable they will be by electrostatic repulsion.

The measurement of the potential Z is done by applying an electric field to the
dispersion where the NPs are located. The NPs will migrate to the opposite load pole
with a velocity proportional to the magnitude of the potential Z (Figure 3b). This
migration rate will depend on the dielectric constant of the medium and its viscosity.
Once the electrophoretic mobility of the NP is known, the sample is irradiated and the
variations in light scattering at an angle of 17° that are directly proportional to the speed
of the NPs are analysed we can obtain the Z potential by applying

Henry's equation: the potential ({) can be calculated from electrophoretic mobility:

_ 2e¢f(ka)
Ue = 37

157



Ue being the electrophoretic mobility, € the dielectric constant of the medium, { the
zeta potential, 5 the viscosity of the medium and f (ka) is the function of Henry whose
value can be equal to 1.5 for 200 nm particles dispersed in media with ionic strength
greater than 10° M (Smoluchowski approximation) or equal to 1 when it comes to

smaller particles (Hlckel approximation) .
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Figure 3. A) Zeta potential measurement cell; B) Calculation of the isoelectric
point of a sample by determination of the potential at different pHs.

To measure the electrophoretic mobility of the NPs once the potential difference has
been applied, a Doppler laser is used. The measurement is carried out by analysing the
light that the particles disperse at a certain angle, which is proportional to the migration
speed of the NPs. For the measurement of potential Z, NPs solutions were prepared at
an approximate concentration of 0.001 mg / mL in Type | filtered water. The

measurements were analysed after performing 10 repetitions of each.

SEM

The Scanning Electron Microscope (SEM) uses a focus beam of high-energy electrons
rather than light to obtain a variety of signals from the surface of a solid material. The
signals obtained from sample-electrons interaction reveal information of the sample,

such as morphology, chemical composition and crystalline structure.
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An electron source at the top of the microscope, which may be a tungsten filament or a
Lanthanum hexaboride source, emits the electrons that travel though vacuum in the
column, and instead of glass lenses for focusing the light in light microscope SEM uses
electromagnetic lenses to focus the electrons into a very thin beam. Accelerated electron
in a SEM carry significant amount of kinetic energy, which dissipate when the
interaction with the sample takes place. The signals that are produced include secondary
electrons (SE), backscattered electrons (BSE), diffracted backscattered electrons
(DBSE), photons (X-Ray), visible light and heat (Figure 5). Secondary electrons and
backscattered electrons are commonly used for imaging samples, the former are more
used to obtain data about the morphology and came from the incident electrons, and the
latter are more valuable to reveal contrast in composition between light and heavy
metals as they came from the sample. X-Ray generation is produced by inelastic
interaction between the incident electrons and electrons of the sample, and when the
excited electron returns to the lowest energy state, they yield X-Ray that are of a fixed
wavelength (corresponding to the difference between the energy in the two states).
Thus, characteristics X-Ray are produced in different elements when their electrons are
excited by the electron beam in the SEM. They are a useful tool to analyse the materials
by SEM.
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TEM

As in SEM microscope, TEM uses electrons as “light” source and their much lower
wavelength makes it possible to get a resolution a thousand times better than with a
light microscope. The electron source and the electromagnetic lenses are similar as the
ones in SEM microscope. Typically, a TEM consists of three stages of lensing, which
are the condenser lenses, the objective lenses and the projector lenses. The condenser
lenses are responsible for primary electron beam formation, the objective lenses focus
the beam that comes though the sample and the projector lenses are used to expand the

beam onto the fluorescent screen.

The electron beam travel in vacuum conditions through the sample we want to study
and depending on the density and the composition of the material some of the electrons
are scattered and disappear from the incident beam. At the bottom of the microscope
the unscattered electrons hit a fluorescent screen forming the image of the sample.
Image can be recorded using a CCD camera. A schematic illustration of a typical TEM

is represented in the Fig. 6.
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Figure 6: Transmission Electron Microscope scheme. Image taken from the Online
Encyclopaedia Britannica.

The shape, size and distribution of the NPs were analysed with a TEM, acquiring the
images with a Tecnai T20 microscope (FEI), equipped with a thermionic cannon and
accelerator voltage of up to 200 kV. Exceptionally some high-resolution images were
taken using a Tecnai F30 microscope (FEI). Both microscopes are located in the

Advanced Microscopy Laboratory (LMA) of the University of Zaragoza.

Superconducting QUantum Interference Devices (SQUIDs)

The magnetic characterization of the NPs was carried out using a commercial quantum
interference device SQUID (Superconducting quantum interference device) type
MPMS-XL-5 T, located at the Institute of Nanoscience of Aragon (Figure 7). This
magnetometer allows to characterize the magnetic properties of a material with a high
sensitivity (10" emu) and basically consists of the following components: a high
precision temperature control system, a superconducting coil to apply a maximum
stable external magnetic field of 5T and a detection system consisting of coils of

superconducting wire, which integrates a SQUID type sensor.
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The Quantum Design MPMS XL-5 SQUID Magnetometer is a very sensitive tool to
measure the magnetization of materials, as function of temperature and magnetic field.
The magnetic signal of the sample is obtained via a superconducting pick-up coil with
4 windings (Figure. 8 B). This coil is, together with a SQUID antenna (red in Figure. 8
A), part of a whole superconducting circuit transferring the magnetic flux from the
sample to a RF-SQUID device which is located away from the sample in the liquid
helium bath. This device acts as a magnetic flux-to-voltage converter (blue in Figure. 8
A). This voltage is then amplified and read out by the magnetometer's electronics (green
in Figure. 8 a).

When the sample is moved up and down it produces an alternating magnetic flux in the
pick-up coil which leads to an alternating output voltage of the SQUID device. By
locking the frequency of the readout to the frequency of the movement (RSO,
reciprocating sample oscillation), the magnetometer system can achieve the extremely

high sensitivity for ultra-small magnetic signals as described above.
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To determine 100 ul of each sample were placed inside a polycarbonate capsule and
sealed with vacuum grease for their magnetic characterization. The magnetic
characterization was performed in a Quantum Design (USA) MPMS-XL and MPMS-
5S SQUID magnetometers equipped with an AC (Alternating current) magnetic
susceptibility option. Field dependent magnetization was recorded at 300 K under

decreasing field starting from 5 T, and at 10 K in the field range between -5 Tand 5 T.

Specific Power Absorption

Hyperthermia is one of the many clinical protocols used as co-adjuvant therapy
for cancer treatment. It has demonstrated a clear synergistic effect when combined with
radiotherapy, as well as enhancing effects with numerous cytotoxic drugs. Magnetic
Hyperthermia (MHT) uses a combination of alternating magnetic fields (AMF) and
magnetic nanoparticles (MNPs) as heating agents. The goal is to heat specifically and
exclusively a local tumour region by means of the magnetic losses of magnetic
nanoparticles in an external, alternating magnetic field, doing it without damaging the

surrounding healthy tissue.
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Figure 9. Magnetic hyperthermia nB bioscale biomagnetics DM 100. Image taken
from the nB nanoScale Biomagnetics online product directory.

The basis of hyperthermia is the release of heat by the sample measured through the
increase in colloidal temperature. The usual method for heat (Q) measurements is to
use thermally insulated system, and apply the thermodynamic relation:

O=Csgmg AT )

Where Cs is the specific heat of the fluid in (J/K g), ms is the mass of the fluid (g) and
AT is the temperature increase (K). As this amount of heat is an extensive property,
which means that it depends on the amount of sample we want to measure, it is more
accurate to use the specific power absorption (SPA), defined as the amount of energy
converted into heat per time unit and per material mass unit. From the expression (1),

Power (P) absorbed and converted into heat can be expressed as:

p=9_com T @
At T At

The Power, P, is given in Watts. Specific power (i.e. the absorbed power per material

gram) is called the Specific Power Absorption (SPA), and is experimentally obtained
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using expression (2) and measuring temperature increase AT = Tt —T; of a magnetic

fluid in a time range At = ts -t;

SPA= P MpgCug + 1My Crp ( 5‘1"]

At (3)

Myp M yp

Where myp is the mass of the NPs which are diluted in a mass myig of liquid (colloid),
and cLig and cnp are the specific heat from the solvent and the NPs, respectively. If the
NPs concentration is small, we can approximate mig CLig + Mnp Cnp = MLiQ CLig and

the equation will be:

sp.g = 10 (AT ] _ MoCuo ( AT ] 4)
@ At m At

NP

Where [Irig and 0= muio/Vwig are the liquid density and the concentration in terms of

weight of the NPs in the colloid, respectively.

The SPA value is an indicator of how good a magnetic colloid is to produce an increase

of temperature, and this is an important property of the MNPs to be selected for MFH.

Hyperthermia measurements were recorded with a magnetic heating system nB
nanoscale Biomagnetics DM 100 series (nB nanoscale biomagnetics, Zaragoza, Spain).
The samples, 1 mL of pure Fe304 MNPs suspensions at different concentrations, 0.5
and 1 mg/mL were placed in a vial, at the centre of an 8-turn coil, connected to the
remote heat station of the device. With this setup, alternating magnetic fields with
strength of 25.2 mT at a frequency of 829 kHz were generated. The temperature was
measured using a fiber-optic probe, placed in the centre of the vial, connected to a
computer, providing the temperature values each second using and data fitting for

instant ZAR calculations using the in-built MaNiac Software.
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Abstract

Hybrid and composite nanoparticles represent an attractive material for enzyme integration
due to possible synergic advantages of the structural builders in the properties of the nano-
biocatalyst. In this study, we report the synthesis of a new stable hybrid nanobiocatalyst
formed by biomimetic silica (Si) nanoparticles entrapping both Horseradish Peroxidase
(HRP) (EC 1.11.1.7) and magnetic nanoparticles (MNPs). We have demonstrated that tai-
loring of the synthetic reagents and post immobilization treatments greatly impacted physi-
cal and biocatalytic properties such as an unprecedented ~280 times increase in the half-life
time in thermal stability experiments. The optimized nanohybrid biocatalyst that showed
superparamagnetic behaviour, was effective in the batch conversion of indole-3-acetic acid,
a prodrug used in Direct Enzyme Prodrug Therapy (DEPT). Our system, that was not cyto-
toxic per se, showed enhanced cytotoxic activity in the presence of the prodrug towards
HCT-116, a colorectal cancer cell line. The strategy developed proved to be effective in
obtaining a stabilized nanobiocatalyst combining three different organic/inorganic materials
with potential in DEPT and other biotechnological applications.

Introduction

The possibilities for practical applications of immobilized enzymes are continuously growing
and a steady number of immobilization methods have been recently developed to preserve the
activity of biotechnologically important enzymes in unnatural environments [1-4]. Apart
from industrial large-scale applications, immobilization techniques on nanoscale supports
have enabled and amplified the integration of enzymes in biosensors [5-7], nano/microreac-
tors [8,9] or in the generation of hybrid nanostructures for biomedical applications [8,10,11].
Design of tailored strategies for enzyme immobilization has proved essential to achieve better
specific activities, robustness and reusability of the material integrated enzymes, addressing
the major problems that restrain industrial or therapeutic implementation of enzymatic reac-
tions [12-14].
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Selection of the support material for enzyme immobilization is a critical aspect due to its
major impact on the properties of the biocatalyst. Its shape and textural characteristics of,
hydrophilicity/hydrophobicity properties, biocompatibility, toxicity or physicochemical stabil-
ity can directly influence the performance and utility of the immobilized enzyme [15-17].
Consequently, the discovery and use of new support materials with desired properties has
become extremely important in the design of immobilized biocatalysts.

In this regard, scientific attention has been directed towards hybrid and composite materi-
als, which combine properties of both composite precursor and maximize their advantages
[4,18]. Upon integration of the different materials, it is desired that the intrinsic characteristics
of each individual component are preserved, exhibiting new additional properties due to the
synergetic effect between the structural builders. When immobilizing an enzyme in composite
supports, scientists aim for a combined benefit of the materials on the properties of the
biocatalyst.

Biomimetic silica (Si) has been used in the past to generate hybrid inorganic/organic nano-
composites for a range of applications. It can be synthesized as a nanostructured material with
divergent morphologies within minutes under mild and green conditions [19,20]. Any mate-
rial contained in the synthetic mixture may become entrapped within the biomimetic Si nano-
particles [17,21-23]. The mild synthetic approach (room temperature, neutral pH, free of
organic solvents) is compatible with a range of enzymes for which the strategy has also resulted
in stabilization [24-26]. Moreover, for biomedical applications such as enzyme replacement
therapies or direct enzyme prodrug activation, encapsulation of enzymes in a Si nanocarrier
could reduce the immunogenicity of the enzyme. However, synthetic strategies for biomimetic
Si nanobiocatalysts are not universal as they provide distinct properties to different enzymes
and may be tailored to improve a desired attribute [13].

HRP is a heme-containing enzyme that uses hydrogen peroxide as electron acceptor. Its
importance in biotechnology is long established as it is involved in a variety of biological pro-
cesses, it is able to amplify weak signals, it is stable towards external factors (e.g. peroxide spe-
cies, temperature) and has a high turnover number [27]. In the past decade, HRP related
investigations have regained interest following the discovery of new natural isoenzymes with
different biochemical properties and the development of an efficient recombinant expression
system that facilitated its production. New HRP properties might enable the effective use of
this enzyme in polymer synthetic reactions in the presence of organic solvents or as a thera-
peutic agent in cancer therapy [28,29]. In the light of these new applications, we believe it is
timely to propose novel immobilization strategies for HRP on tailored materials that augment
its practical possibilities.

In this study, we demonstrate a new approach to integrate and stabilize HRP in biohybrid
magnetic nanoparticles (biomimetic Si + magnetic nanoparticles (MNPs)). The hybrid immo-
bilization system provided ease of separation in biocatalytic applications or accumulation of
HRP nanobiocatalyst where desired. Each material included in the nano-hybrid contributed to
the improvement of the properties of the nanohybrid which enabled its use in the conversion
of indole-3- acetic acid (3-IAA), a prodrug used in cancer therapy.

Materials and methods

Horseradish peroxidase Type VI (EC 1.11.1.7), polyethylenimine (PEI) (MW 1300, 2000,
25000 and 60000), 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) and hydrogen peroxide were from Sigma Aldrich (St. Louis, MO). Tetramethyl ortho-
silicate (TMOS), trehalose and potassium phosphate monobasic were from MERCK (White-
house Station, NJ). Dibasic sodium phosphate and sodium acetate were from Biopack (Buenos
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Aires, Argentina). Gel filtration PD10-Columns were from GE Healthcare (Buckimghamshire,
UK). Magnetic nanoparticles (MNPs) fluidMag-PAA (200 nm of aggregate size) were from
Chemicell (Berlin, Germany). All other chemicals used were analytical grade reagents.

Determination of HRP activity

The activity of the free and entrapped enzyme preparations was measured by a colorimetric
assay using 9.1 mM ABTS, (e = 36.8 mM'cm), as a substrate. The final assay contained 1.7
mL of 0.1 M potassium phosphate, pH 5.0 at 25°C, 0.1 mL of 9.1 mM ABTS, 0.2 mL 0.3% (w/
w) hydrogen peroxide solution (H,O,) in deionized water and 10 pl of the soluble and nanohy-
brid preparations. The oxidation of ABTS was measured in a spectrophotometer at a wave-
length of 405 nm for 2 min (Unico SQ-2800 UV-Vis). One enzyme unit (IU) was defined as
the amount of HRP able to oxidize 1 umol of ABTS in the above-mentioned conditions.
Entrapment of HRP in biomimetic Si nanoparticles. Aliquots of 0.4 mL of horseradish
peroxidase Type VI solutions (protein concentration varied from 0.5 to 20 mg/mL) in potas-
sium phosphate buffer (0.1 M, pH 8.0) were mixed with 0.1 mL of 10% polyethyleneimine
(PEI) adjusted to pH 8.0 with HCl and 0.1 mL of a hydrolyzed TMOS solution prepared by
diluting TMOS in hydrochloric acid (1 mM) to a final concentration of 1 M. The enzyme,
buffer and PEI were mixed and gently agitated in an end-over-end roller for 15 min at 25°C.
Then, the hydrolysed TMOS was added and this mixture was incubated for 5 min at 25°C. The
resultant entrapped HRP preparation was then centrifuged (13500 rpm) for 5 min, washed five
times by centrifugation and resuspension with sodium phosphate buffer 0.1 M pH 8.0 at 25°C
and sonicated in an ultrasonic cleaner at 130 W and 20 kHz, (SONICS & MATERIALS, INC.)
for 5 min. The immobilized nanobiocatalysts entrapped in Si are noted as BioSi@HRP.
Immobilization percentage was defined as:

%1 (Initial activity — Activity in supernatant) * 100
0l =

Initial activity

Immobilization yield was defined as:

(Activity in immobilized preparation) x 100

%Y =

Initial activity — Activity in supernatant

Oxidation of HRP. HRP was oxidized using a modification of Zalipsky’s PEGylation pro-
tocol with the aim of generating aldehyde groups in its sugar moieties [30]. Peroxidase (3 mg)
was dissolved in 1.8 mL of 10 mM sodium phosphate containing 154 mM sodium chloride,
pH 7.2. Simultaneously, 8.6 mg of sodium periodate were dissolved in 200 uL of distilled water
and protected from light. The sodium periodate solution was immediately added to the
enzyme solution, and the sample was gently agitated. The 2 mL mixture was incubated in the
dark for 1 h at 25°C with constant agitation. The reaction was then quenched by the addition
of 2.5 uL of glycerol (99.5%) and the oxidized enzyme was then purified by using a desalting
PD10 column equilibrated with 100 mM sodium phosphate pH 6.0 containing 154 mM
sodium chloride. Oxidized HRP was concentrated to 1 mg/mL using Vivaspin 500 with a 30
KDa cut oft membrane. The oxidised enzyme is noted as HRPox.

Covalent three-dimensional immobilization of the entrapped HRP. HRPox (1 mg/mL)
was entrapped in Si nanoparticles using the above-mentioned protocol. The entrapped enzyme
was then incubated in 25 mM sodium bicarbonate, pH 10.0 (R 1:10) overnight at 4°C to facili-
tate the formation of schiff’s bases between the aldehyde groups generated in the enzyme and
unreacted amino group from the support. The shiff’s bases were finally reduced using sodium
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borohydride (1mg/ml, 1:10) during 30 min at 25°C. The nanoparticles were then washed by
centrifugation and resuspension in 0.1 M sodium phosphate buffer pH 8.0 three times.

Co-entrapment with magnetic nanoparticles. 10 pL of a 25 mg/mL solution of MNPs
(chemicell FluidMAG-PAA, 200 nm) were brought to a magnetic separation rack during 5 min.
The supernatant was removed and resuspended in the same volume of 0.1 M sodium phosphate
buffer, pH 8.0. The co-entrapment procedure was the same as the one described above for the
entrapment of HRP but adding the washed 10 uL suspension before the TMOS addition.

Aliquots of 0.4 mL of oxidized horseradish peroxidase solutions (protein concentration 1
mg/mL) in potassium phosphate buffer (0.1 M, pH 8.0) were mixed with 0.1 mL of 10% poly-
ethyleneimine (PEI) adjusted to pH 8.0 with HCl and 10 pL suspension of the washed mag-
netic nanoparticles. The mixture was incubated for 10 min under gentle agitation at 25°C after
which 0.1 mL of a hydrolyzed TMOS solution prepared by diluting TMOS in hydrochloric
acid (1 mM) to a final concentration of 1 M, were added.

The resultant entrapped HRP preparation containing MNPs (BioSi@HRP_MNP) was then
centrifuged (13500 rpm) for 5 min and washed five times by centrifugation and resuspension
in 0.6 mL of sodium phosphate buffer 0.1 M pH 8.0. The nanoparticles suspension was soni-
cated in an ultrasonic cleaner at 130 W and 20 kHz (SONICS & MATERIALS, INC.) for 5 min
and finally reduced using the above-mentioned protocol for a three-dimensional covalent
immobilization.

General procedures for nanoparticles characterization. The morphology and particle
size distribution of the resulting nanoparticles (NPs) were characterized by Environmental
Scanning Electron Microscopy (ESEM) images were obtained using a QUANTA-FEG 250
microscope in “wet-mode” using a Peltier stage and a gaseous secondary electron detector
(GSED). The secondary electron images were taken at a voltage range between 10-15 keV, low
temperature (1°C), high chamber relative humidity (100%) and high Pressure (659 Pa) to
maintain the wet sample hydrated avoiding the sample damage during the observation. The
sample was prepared in milliQ water in a dilution of (1:10000) and sonicated prior to measure-
ments for 3 min to improve the dispersity.

Dynamic light scattering (DLS) and Z-potential measurements were performed on a
Malvern ZS nano instrument at 25°C. Each sample was prepared by diluting the sample
(1:100000) with milliQ water of which 1 mL was added to a quartz cuvette. They were mea-
sured 10 times, with a combination of 3 runs per measurement. The data was analysed using
Zetasizer software. Similarly, the z-potential was measured using the same sample in a Folded
Capillary Zeta Cell and the sample was measured 10 times and analysed using the aforemen-
tioned software.

Magnetic characterization was performed as follows: 50 pl of the liquid sample were placed
inside a polycarbonate capsule and sealed with vacuum grease for their magnetic characteriza-
tion. The magnetic characterization was performed in a Quantum Design (USA) MPMS-XL
SQUID magnetometer. Field dependent magnetization was recorded at 300 K under decreas-
ing field starting from 2 T, in the field range between -2 T and 2 T.

Reuse of nanohybrid by magnetic separation. The reusability of the immobilized
enzyme nanohybrids was studied by repeated usage for 10 enzymatic cycles. Enzymatic reac-
tions using 9.1 mM of ABTS and 0.3% hydrogen peroxide as substrates were performed in a 2
mL reaction volume containing potassium phosphate buffer pH 5.0, and a fixed amount of
immobilized enzyme (20 U). Between each cycle, the nanohybrids were carefully separated
using a magnetic separator (Chemicell- MagnetoPURE BIG SIZE) and then resuspended in
the reaction mixture. The reactions were measures spectrophotometrically at 405 nm for 2
min. The activity determined during the first cycle was considered 100% for the calculation of
remaining percentage activity after each use.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214004  April 1, 2019 4/19


https://doi.org/10.1371/journal.pone.0214004

@ PLOS | ON E Stable nanoparticles of Si-entrapped HRP

Determination of reducing sugars by DNS method. To analyse the concentration of tre-
halose by DNS, serial dilutions of trehalose from 0.07 g/L to 10 g/L were made. To 2 mL of
these solutions 1 mL of dilute hydrochloric acid was added and boiled for 1 min following
which was cooled and the acid was neutralized with sodium hydrogen carbonate. Similarly,
the supernatant of an immobilized preparation (stored for 1 month), for which we intended to
observe trehalose leakage, was hydrolysed to convert the non-reducing sugar into a reducing
sugar.

To the hydrolysed preparations 250 pul of DNS reagent was added. The mixture was heated
at 90°C for 15 min to develop the range of colours which formed the standard to analyse our
sample. Finally, distilled water was added to bring the final volume to 1 mL which were cooled
to room temperature and the absorbance was recorded at 570 nm in a spectrophotometer.

Temperature profile of the nanoabiocatalysts. To study the optimum temperature, the
reactants were heated in a water bath to a range of temperatures (20°C to 60°C). Upon reach-
ing the desired temperature 10 uL enzyme was added to the reactant mixture and measured
spectrophotometrically at 405 nm for 2 min.

To analyse the range of thermal stability, the enzyme preparations were incubated in 0.1 M
sodium phosphate pH 8.0 for 1 h at the aforementioned temperatures (20 to 60°C) after which
the activity was measured spectrophotometrically at 405 nm for 2 min.

pH stability analysis of the nanobiocatalysts. HRP preparations were incubated in 0.1 M
sodium phosphate buffer pH 7.0 and 8.0, 25 mM sodium acetate pH 3.0, 4.0, and 5.0, and 25
mM sodium bicarbonate pH 10.0. Aliquots of soluble and entrapped suspensions were with-
drawn, and their residual activity was measured as previously described after 1 h of
incubation.

Thermal stability of the nanobiocatalysts. The thermal stability was carried out at 50°C,
wherein, aliquots of soluble and entrapped suspensions were withdrawn at different time inter-

vals and their residual activity was measured as previously described. Residual activity was
defined as:

Residual Activity = 4 (1)

ay

Where a are the IU at a time point and a, is the initial activity in IU. Biocatalysts inactiva-
tion was modeled based on the deactivation theory proposed by Henley and Sadana[31] using
Graph Pad Prism. Inactivation parameters were determined from the best-fit model of the
experimental data which was the one based on two-stage series inactivation mechanism with-
out residual activity, as represented in the following scheme:

k ko
E—E —E,

where k; and k; are first-order transition rates constants. E, E; and E,4 are the corresponding
enzyme species of progressively less specific activity, being the last one completely inactive.
The mathematical model that represents this mechanism is:

a _ k, —kyxt k, ko xt
ao_ <1+a(k2_k1>)e (a<k2_k1 ‘ @

where a is the enzyme specific activity. Inactivation parameters were determined from the

best-fit model of the experimental data. Half-life (time at which the residual enzyme activity is
half of its initial value; t;,,) was used to compare the stability of the different biocatalysts, being
determined by interpolation from the respective model described by Eq 2. The stability factor
(SF) was the parameter used for a quantitative comparison of the stability of the biocatalysts
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and was found by

t1/2

Stabilization factor = .
f /2,

(3)

Where t1/2 is the half life time of the more stable sample and t1/2, is the half life time of the
less stable sample.

Oxidation of 3-IAA by enzymatic preparations. The oxidation of 3-indole acetic acid
(3-IAA) by soluble and immobilized preparations (1 UI) was carried out as in [28], in 100 mM
sodium acetate buffer pH 5.0 containing 500 mM of 3-IAA at 25°C for 2 h. An aliquot of reac-
tion mixture was injected into a reverse-phase HPLC on a C18 Columbus column at 25°C
using an isocratic elution buffer of methanol/1% acetic acid mixture (40:60, v/v) at a flow rate
of 0.6 mL/min. The eluted products were monitored at absorbance of 250 nm using an Agilent
1100 series detector. The retention time for 3-IAA was 22 min and the reactive oxygen species
were eluted from 3 min to 20 min.

Cytotoxicity and cell viability 3-(4,5-Dimethylthiazol-2-YI)-2,5-Diphenyltetrazolium
Bromide (MTT) assay. The experiments were carried out with human colorectal cancer
(HCT 116) cell line. HCT116 shows less internalization compared to other cell lines and with-
stand higher temperatures[32] which suits future in vitro experiments related to the applica-
tion of the nanobiocatalysts in direct enzyme prodrug activation. Additionally, it has been
optimized for future 3D model experiments and genetically modified to constitutively expresse
luciferase, which allows better biomedical imaging of tumour growth in in vivo experiments.
To study the cytotoxic effect of the nanohybrids with 3-IAA we plated 15 x 10° cells HCT 116
per well in a 96-well plate and incubated in DMEM with 10% FBS, 1% glutamine (Invitrogen)
and 1% penicillin/streptomycin (Invitrogen) for 24 hours in an incubator at 37°C and in pres-
ence of 5% CO,. We then removed the medium and washed the cells with PBS. Following
which we added varied nanohybrids with varied enzymatic activity resulting in 0.5 IU, 1 IU or
21U along with the prodrug with final concentration in the well of 1 mM or 2 mM of 3-IAA.
The medium selected for this incubation was PBS. The cells when then incubated for 6 h at
37°C. Different controls were prepared to analyse the cytotoxicity effect of every single compo-
nent; nanohybrids and the prodrug. Besides, samples with the enzyme in suspension alone and
in combination with the prodrug were prepared to be able to compare the efficiency of the
nanohybrids. The supernatant was then removed and 100 ul of complete medium and 10 ul of
MTT (5mg/ml) was added per well and was incubated for 2 h 37°C, until intracellular purple
formazan crystals are visible under microscope. The plate was centrifuged at 1200 rpm for 25
min at RT. Following the removal of the supernatant and addition of 100 ul of DMSO per well
to solubilize the formazan crystals, the absorbance was measured at 570 nm. Every sample was
prepared in triplicates.

Results and discussion

Sol-gel and functionalized mesoporous Si have been previously used for enzyme immobiliza-
tion. These methods have some inherent limitations such as harsh synthetic conditions or
poor retention of the immobilized enzyme different from biomimetic Si synthesis [19,33]. The
immobilization approach follows a one-pot procedure, wherein, Si synthesis and enzyme
entrapment occur simultaneously. Biomimetic reactions for Si deposition and HRP entrap-
ment has been utilized in the past with modest results in terms of stabilization [28,34]. How-
ever, in previous reports we and others have demonstrated that this type of immobilization
technique necessitates tailoring to the particular enzyme and bioconversion for optimal prop-
erties of the biocatalyst [13,35]. In order to maximize the stability and enzymatic performance
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of HRP immobilized preparations, we studied three different configurations of the immobi-
lized enzyme Fig 1.

We first studied the entrapment process of HRP solely in biomimetic Si and the properties
of the obtained immobilized preparation. A range of HRP concentrations were used to evalu-
ate the immobilization parameters in silica entrapment and select a minimal amount of
enzyme that allowed the preparation of a high specific activity biocatalyst S1 Table. In the light
of the results obtained we chose 1 mg/mL HRP concentration for further experiments using
different MW polyethyleneimine (PEI) as a catalyst for the Si deposition. PEIs with MW of ~
1300, 2000, 25000 and 60000 were used to study the role of the amine rich catalyst in the nano-
particle synthesis and HRP stabilization. PEI is a polymer containing primary, secondary and
tertiary amino groups, having a strong anion exchange capacity under a broad range of condi-
tions, and the capability to chemically react with different chemical groups on either an
enzyme or a support. Difference in PEI sizes could not only affect biological aspects of the bio-
catalyst but also its physicochemical properties [8,36]. Additionally, post immobilization
chemical strategies have often improved otherwise unstable immobilized enzyme preparations
[37,38]. We therefore attempted to crosslink the enzyme once entrapped within the Si matrix
via chemical connection of aldehyde groups of the enzyme to unreacted amino groups of the
PEI Fig 1. To the extent of our knowledge, there is no previous report on this approach for
HRP immobilization in biomimetic Si nanoparticles (NPs). Considering the degree of glyco-
sylation of this enzyme [39], we performed a standard mild oxidation via NalO, of the enzyme.
This treatment generates aldehyde groups on HRP sugar residues that could form Schift”s
bases with amino groups of the PEI used as a catalyst for the Si deposition. Similar to the chem-
istry used to immobilize proteins on glyoxyl activated supports [40], a further reducing step
via Na,BH,, would transform the first reversible interaction between the enzyme and the
matrix into a three dimensional multiple covalent attachment of HRP within the Si particles
Fig 1. The strategy was followed in the presence of trehalose, a common additive used to gain
protein stability [12]. A direct correlation between the surface tension of trehalose solutions
and the thermal stability of various proteins has been established and it is also known that
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trehalose significantly increases the half-life of HRP [5]. No impact was observed in the immo-
bilization percentage (%I) and immobilization yield (%Y) of the preparations after including
the trehalose and the reduction step in the preparation of the nanobiocatalyst S2 Table.

Regarding the effect of the different PEI MW, except for the BioSi@T_HRP_PEI_60000, the
immobilization percentage (%I) and immobilization yield (%Y) of the different HRP were above
60%. Protein immobilization yield was between 78+2% and 83+4% for all the preparations. The
nanohybrid obtained with PEI MW 1300 displayed the higher results for %I and %Y Table 1. This
preparation contained 1.33 mg HRP/g of wet support and 1.05 IU/g of wet support.

None of the immobilized preparations obtained showed enzyme leakage as measured in the
supernatant of a suspension incubated a 4°C for 1 month.

When adding MNPs to the synthetic mixture, we observed that for the nanohybrids with
PEI MW 60000 there was an increase in the %Y from 33+5% to 57+5%. Probably, at higher
PEI MWs a denser cover of Si could affect the partition of substrate/product through the solu-
tion thus yielding lower expressed activity of HRP after immobilization. The presence of
MNPs could direct a Si deposition in a more compact polymeric shell, reducing mass transfer
limitations.

Analysis by SEM showed that when entrapment of HRP using PEI MW 1300 was per-
formed without chemical modification, biomimetic Si formed as preferentially disperse parti-
cles with a nanosized diameter range of ~ 300-550 nm with a sharp accumulation of ~ 400
nm diameter particles Fig 2A and 2B. When oxidized HRP was entrapped and the resulting
particles submitted to NaBH, reduction, biomimetic Si formed as interconnected randomly
agglutinated particles of approximately ~ 300-800 nm Fig 2C and 2D. In this case, the Gauss-
ian fitting of the nanoparticle size histogram showed a wider size distribution of the material,
demonstrating an effect of the chemical modification of the enzyme on the synthesis of biomi-
metic silica. The oxidation of enzymatic sugar residues may change the ionization state of the
enzyme at pH 8.0 which could alter the Si deposition process. Previous reports have already
conferred a fundamental role of the interplay of attractive/repulsive electrostatic interactions
during Si synthesis on the particle size and distribution of the material [22,41]. The presence of
trehalose during Si synthesis also affected the size distribution of the particles obtained with
diameters ranging from 100 to 1000 nm. Moreover, trehalose significantly impacted the homo-
geneity of the sample Fig 2E and 2F. Given that the amount of protein used in all the entrap-
ment experiments was the same (1 mg/mL), size dispersion can be attributed solely to
trehalose. These results corroborate with Rodriguez et al [42] that found that the addition of
carbohydrates to standard hydrostatic solutions altered the size of the spherical Si particles
obtained from in vitro polycationic peptide-mediated biosilicification. Although their findings
were obtained after Si precipitation without protein in the synthetic mixture, it became clear
that sugar molecules imparted some degree of morphological control on the deposited silica.

Table 1. Immobilization parameters of nanohybrids with different sizes of PEI.

Entrapment
BioSi@T_HRP_1300
BioSi@T_HRP_2000

BioSi@T_HRP_25000
BioSi@T_HRP_60000
BioSi@T_HRP_MNP_1300
BioSi@T_HRP_MNP_2000
BioSi@T_HRP_MNP_25000
BioSi@T_HRP_MNP_60000

https://doi.org/10.1371/journal.pone.0214004.t001

Immobilization (%) Immobilization yield (%) Protein immobilization yield (%)
60 £ 4 781 82+1
61+3 77+2 80+2
64+2 70 £5 77+1
70+ 2 33+5 77+4
83+5 71+2 78+1
76+ 2 69+4 78+3
772 70 £5 83+4
69+2 57%5 78+2
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Fig 2. Analysis by scanning electron microscopy (SEM) of nanohybrids using PEI MW 1300. A) BioSi@HRP, C)
BioSi@HRPox E) BioSi@T_HRP_1300. B, D y F) correspond to histograms of frequency of particles versus their
particle size in each case.
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Table 2 shows the results for DLS analysis of the different nanohybrids with and without
MNPs. Addition of MNP in the synthetic mixture provided nanohybrids with smaller hydro-
dynamic sizes making the final diameter of the hybrid independent of the size of the PEI used
(~500-600 nm). This correlates with the results obtained for an increase in %Y after addition
of MNPs and the analysis by SEM of the samples that included MNPs Fig 3. The samples that
included MNPs showed again interconnected particles of a mean diameter of 400-450 nm Fig
3. The particle size distribution has a high dispersity that correlates with increased PDI results
Table 2 that did not impact on the activity of the nanobiocatalysts.

Table 2. Dynamic light scattering and net charge analysis of nanohybrids.

Hybrids Hydrodynamic size Poly dispersity index Zeta potential
(nm) (PDI) (mV)
MNP (-) MNP (+) MNP (-) MNP (+) MNP (-) MNP (+)
BioSi@THRP_1300 630 + 26 684+ 68 0.199+0.136 0.311+0.03 6.79+0.791 23.4+4.68
BioSi@THRP_2000 815+ 52 589 £ 28 0.104+0.067 0.321+0.044 6.87+0.701 21.5+4.24
BioSi@THRP_25000 535+ 23 491 £26 0.129+0.063 0.402+0.080 8.31+0.701 11.6+5.46
BioSi@T_HRP_60000 1026 + 83 543 + 21 0.207+0.089 0.354+0.059 9.81+1.12 15.5+4.00

https:/doi.org/10.1371/journal.pone.0214004.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0214004  April 1, 2019 9/19


https://doi.org/10.1371/journal.pone.0214004.g002
https://doi.org/10.1371/journal.pone.0214004.t002
https://doi.org/10.1371/journal.pone.0214004

@ PLOS I ON E Stable nanoparticles of Si-entrapped HRP

Frequency (%)

Frequency (%)

Frequency (%)

A

s
i

Frequency (%)

o N & o @
N

0 60 e - woo mo 1400
Size (d.nm)
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Stabilization of enzymes is a key factor to determine their full potential as biocatalysts. Our
studies on thermal stability of the entrapped enzyme demonstrated that, after fitting the exper-
imental data to the exponential model from Henley and Sadana [43], the physically entrapped
HRP (BioSi@HRP) had a half-life time of 65.4 min at 50°C compared to the soluble enzyme
that reached 50% of its initial activity after only 2.4 min Fig 4. Thermal stabilization improved
considerably after chemical modification of the nanobiocatalysts Fig 4B. When using PEI MW
1300, modified nanoparticles showed a half-life time of 150 min compared to 65.4 min of the
unmodified entrapped HRP. The effect of trehalose and the chemical crosslinking on the ther-
mal stability of the immobilized HRP was additive, as the preparation had a stabilization factor
(SF) of 176 compared to the soluble HRP Fig 4B. Since the Si NP is a porous material, we
excluded the possibility of trehalose leakage by incubating an immobilized preparation in
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Fig 4. Thermal stability at 50°C of different HRP preparations. A) Soluble enzyme (HRP) (®), BioSi@HRP (m).
Aliquots were taken at mentioned time intervals and measured spectrophometrically at 405nm. The half-lives were
determined as 0.04 h and 1.09 h for the soluble and immobilized preparations, respectively. B) Thermal stability of the
BioSi@HRP (®), BioSi@HRPox (@), BioSi@T_HRP_1300(4) and BioSi@T_HRP_MNP_1300 (¥) showing half-lives
1.09h,2.5h,7.02h,21.3 h.

https://doi.org/10.1371/journal.pone.0214004.g004

suspension at 4°C for 1 month and determination of reducing sugars in the supernatant. On
measurement of the supernatant, no trehalose was detected under these conditions S3 Table.
Moreover, a suspension of BioSi@T_HRP_MNP_1300 containing 12.5 IU/mL in sodium
phosphate buffer 0.1 M pH 8.0, retained 84%=+3 (10.5+0.4 IU/mL) of its initial activity after 6
months of shelf storage at 4°C.

We believe these results demonstrate that a three-dimensional rigidification of the enzyme
structure is a determinant factor to a drastic improvement in its stability. Some indications of
this effect had been previously obtained by immobilization of enzymes on matrixes modified
with polymeric molecules in which it was believed that regions of the biomolecules were
embedded within the support, improving their stability [38]. However, an entrapment process
assures that most of the enzymatic molecules lay within the matrix which is fundamental to
reinforce our three-dimensional stabilization hypothesis.

When stability of nanohybrids including MNPs was studied at 50°C, we observed a 532 SF
of the enzyme entrapped in Si with MNPs (BioSi@THRP_MNP_1300) compared to the solu-
ble enzyme Fig 4B.

Considering that the MNPs contain primary amino groups that could further react with the
aldehyde generated upon mild oxidation in the HRP, we believe the presence of the MNPs pro-
vided an additional source of functional groups for multi-point covalent interaction. Moreover,
the MNPs offer a more rigid surface to the enzyme to the flexible Si network formed as a shell of
the nanohybrid. This may restrain enzyme distortion and contribute to a greater stabilization.

The nanohybrids with distinct PEIs showed an increase in the half-life similar to nanohy-
brids with PEI MW 1300 respect to the soluble with an exception of PEI MW 25000 which
showed a SF of 20 with respect to the soluble enzyme Fig 5. The branched nature of this PEI
amplifies the loading enzyme but could leave the enzyme more exposed to degradation caused
by temperature increase [44].

Reports for immobilization and stabilization of HRP are ubiquitous. The majority of these
reports include inhouse fabricated supports and conditions for stability evaluation vary exten-
sively. For instance, using commercially available biogenic porous silica, Sahare et al found a
SF of 23[45] with an immobilized preparation with similar specific activity to the one used in
our work. HRP immobilized onto PVA-PAAm nanofibers was found to retain 64% of its ini-
tial activity at 4°C after 55 days which represents a lower storage stability compared to the
nanohybrid prepared herein[46]. For each of these examples it is important to highlight that
the nature of the support used and the chemistry of HRP immobilization is different for that
developed in this work. The different immobilization strategies might better suit precise appli-
cations, which eventually will make the stability results relevant.
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Fig 5. Thermal stability of the enzyme preparations with distinct polyethyleneimines (PEI). (BioSi@T_HRP_
MNP_1300 (v), BioSi@T_HRP_MNP_2000 (@), BioSi@T_HRP_MNP_25 000 (#), BioSi@T_HRP_MNP_60 0000 (o)
entrapped in silica with a magnetic core. The half-lives were determined as 21 h, 20 h, 8 h, 22 h, respectively.

https://doi.org/10.1371/journal.pone.0214004.9005

We have selected BioSi@ THRP_MNP_PEI_1300 for further experiments, under the prem-
ise that it was the most thermostable preparation obtained in our work with higher %Y and %
I. We have studied the remaining activities of HRP preparations after 1 hour of incubation in
several pHs S1 Fig. pH stability often restrains the applicability of enzymatic preparations as it
may have a profound impact on the loss of structural integrity of many proteins. Our results
demonstrate that the nanohybrids were more stable under acidic pH. There was no observed
effect of the MNPS on the pH stability. Additionally, no loss of integrity of the NPs was
observed after 1 hour of incubation at the different pHs.

Optimal pH and optimal temperature of HRP did not change upon integration of the
enzyme in the nanohybrids S2A and S2B Fig.

It was important to demonstrate that after the Si modification, the nanohybrids maintained
their superparamagnetic properties. Fig 6 shows the field dependent magnetization of the Bio-
Si@THRP_MNP_1300 at 300 K. The sample displayed superparamagnetic behaviour with
negligible coercivity at zero field.

Operational stability of the BioSi@THRP_MNP_1300 was also assessed after several enzy-
matic cycles using the chromogenic substrate ABTS and hydrogen peroxide. In all studied
cycles, the immobilized enzyme was magnetically separated and was assessed for its remnant
catalytic activity. After 5 reuses the nanohybrids maintained 30% of its initial activity Fig 7.

As a proof of its utility in a biotechnological relevant biotransformation, we studied the oxi-
dation of 3-IAA. This non-toxic plant hormone has been examined as a prodrug candidate as,
upon transformation to its oxidized species, it induces cellular apoptosis in cancerous lines.
HRP has been proposed as oxidizing enzyme of this compound for the so-called direct enzyme
prodrug therapy. The biocatalytic performance of the BioSi@THRP_MNP_1300 was tested in
batch conversion of 3-IAA into its oxidized species. HPLC elution profiles showed that the
nanohybrids catalysed the complete oxidation of a 500 mM prodrug solution within 30 min of
reaction with the generation of at least five oxidized products Fig 8A and 8B.

The major product is expected to be oxindol-3-yl carbinol for its distinctive spectra and
matching retention time from previous works using the same HPLC analysis conditions. This
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Fig 6. Field dependent magnetization of BioSi@T_HRP_MNP_1300. The measurements are shown at 300 K after
diamagnetic correction.

https://doi.org/10.1371/journal.pone.0214004.g006

type of immobilized biocatalyst could be potentially applied to biotransformations such us

in situ clean-up of contaminated environments [47,48], lignin polymerization for hydropho-
bicity enhancement of fibres [49] or other polymerization reactions applied in pharmaceuticals
[50].
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Fig 7. Operational stability of BioSi@T_HRP_MNP_1300. Residual enzyme activity after 6 reuses with substrates
(ABTS and H,0,) and separation using a magnetic separator.

https://doi.org/10.1371/journal.pone.0214004.g007
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Fig 8. Oxidation of 3-IAA by the nanohybrids. A) Conversion of 3-IAA by nanohybrids BioSi@T_HRP_MNP_1300
at different intervals of time B) Conversion kinetic of 3-IAA by the nanohybrids. Reactions were carried at 25°C using
1 Ul in a 100 mM sodium acetate buffer at pH 5.0 containing 500 mM of 3-IAA. Further details are described in
Methods. Inset- Increment in the concentration (area) of the radical 3-ox-indol-carbinol.

https://doi.org/10.1371/journal.pone.0214004.g008

Anticipating a possible biomedical application of the HRP entrapped nanomaterial pro-
duced herein, we further investigated its cytotoxicity towards the model colorectal cancer cell
line HCT 116 (ATCC) (Fig 9A and 9B). NPs may cause adverse health effects resulting from
damage to membranes, changes in protein folding, DNA mutation, blood abnormalities and
oxidative stress injuries. Measurements of cell viability and proliferation can provide an indi-
cation of the safety of nanomaterials.

The results show that after 6 hours in PBS, BioSi@THRP_MNP_PEI 1300 is well tolerated
by the cells as not more than ~15% growth inhibition is observed in a range of concentrations
of 5, 10 and 20 pug/mL. Besides, when incubating the cells solely with the free enzyme or with
the prodrug no cytotoxicity effect was observed. However, cell death was observed when
3-TAA and nanohybrids were co-incubated with the cells. Increasing amounts of enzyme units
(0.5-2IU/mL) in the assay showed a correlated decrease in cell viability demonstrating that
the optimized nanohybrid is efficient in the generation of toxic radicals. We can also see in the
results that the two prodrug concentrations selected resulted in very similar cell viability
values.

It is worth noting that the soluble enzyme showed a greater cytotoxic effect in the presence
of the prodrug in comparison to the immobilized one, as it is free and easily available for the
oxidation of the prodrug. The rate of conversion is slower in the nanohybrids as the substrate
had to traverse through the Si matrix to access the enzyme entrapped thus decreasing the rapid
conversion of the radicals in the assay. However, we have demonstrated that integration of the
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Fig 9. Effect of nanohybrids (BioSi@T_HRP_1300_MNP) on HCT 116 (ATCC) cell viability. Cytotoxicity studies using MTT were assayed. Cells were
incubated for 6 h in PBS with concentrations of nanohybrids (0.5, 1 and 2 IU of Enzyme) and concentrations of prodrug 1 mM and 2mM. A) Corresponds to
the data normalized against live control (cells with DMEM 10% FBS, considered as 100%) for an assay using 1 mM of 3-IAA. B) Corresponds to the data
normalized against live control (cells with DMEM 10% FBS, considered as 100%) for an assay using 2 mM of 3-IAA Results were expressed as the mean +/-
SD of triplicates of a representative experiment. Live cells: Control of live cells, nH_1/2/3: control of nanohybrid at 5, 10, 20 ug/mL containing 0.5, 1 and 2 IU/
mL respectively, 3-IAA: Control of prodrug with concentrations of 1 and 2 mM, HRP1/2/3 ctrl: control with soluble enzyme at 0.5, 1 and 2 IU/mL; nH_1/2/
3_3IAA: nanohybrids and prodrug combinations; HRP 1/2/3/_3IAA: reaction mixture with soluble enzyme and prodrug combinations.

https://doi.org/10.1371/journal.pone.0214004.g009

enzyme in the composite material provided advantageous properties that counterbalance any
decrease in the conversion rate of the prodrug 3-IAA.

Although extensive analysis is necessary to fully understand nanomaterials toxic effects, the
results of MTT in this work confirmed the utility of BioSi@THRP_MNP_PEI 1300 in directed
enzyme prodrug therapy (DEPT), which encourages further investigations into in vitro and in
vivo effects of the material.

Conclusions

In this work we have prepared a new nanosized hybrid material that combined MNPs, biomi-
metic silica and the enzyme HRP. The diameter and polydispersity of the in situ prepared
nanoparticles demonstrated a dependence on the size of the aminated polymer PEI used to
deposit the siliceous material and the addition of the magnetic nanoparticles during synthesis.
Addition of the disaccharide trehalose and a post immobilization chemical modification of the
organic/inorganic material provided exceptional stability to the enzyme without compromis-
ing its activity. In fact, the immobilized enzyme showed a significantly higher thermal stabili-
zation factor compared with previous reports for HRP [51,52]. The superparamagnetic
properties of the nanohybrid facilitated its separation in repeated batch transformations of a
synthetic substrate. Our findings demonstrate that the material is not cytotoxic while it
enabled the cytotoxicity of cancerous cells upon transformation of the prodrug 3-IAA. In sum-
mary, the unprecedented approach for the preparation of a nanohybrid biocatalyst provided
excellent properties that could enable a range of potential applications. Further experiments
on conversion of alternate substrates of immobilized HRP will broaden the range of applica-
tions of the system. Moreover, the cytotoxic studies carried out with the nanohybrid prepared
herein encourages additional experimentation for a better insight into its biomedical potential.
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Abstract

Integration of biocatalysts and nanoscale materials offer multiple advantages
over micro-scaled heterogeneous biocatalysts. Apart from providing reusability
and sustainability of the enzyme, the use of nanosupports is aimed at increasing
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the surface area available for biocatalyst immobilization and improving the yields
in bioconversions through better biocatalyst mobility and less diffusional prob-
lems. Among many nanomaterials for enzyme immobilization, cellulose stands
out as biocompatible, biodegradable, and environmentally-friendly regarding its
biological source. In this chapter, we discuss the steady advancement in utilizing
different nanostructured cellulosic materials for enzyme immobilization. We
address the use of hybrid materials that include cellulose and improve the
properties of the heterogeneous biocatalyst. The methodologies for functiona-
lization and integration of enzymes on nanocellulose hydrogels are discussed
including covalent linkage through chemical modification, entrapment, and cross-
linking. We consider its applications to biomedicine, food industry, and environ-
mental science with a special emphasis on the impact of the enzymatic properties
caused after immobilization on cellulosic supports.

Keywords
Enzyme immobilization - Cellulose - Nanosupports - Biocatalysis -
Nanobiotechnology

1 Introduction

Nanobiocatalysis is a new frontier of emerging nanosized material supports in
enzyme immobilization application. Enzymes are remarkable biocatalysts and have
been used in biotechnology for many years because of their interesting charac-
teristics such as substrate and product specificity, ease of preparation, and ability to
function under mild conditions with no toxic by-products for more environmentally-
friendly conversions.

Enzyme association to insoluble materials, commonly known as enzyme immo-
bilization, provides a number of advantages to the applied use of enzymes:
immobilized enzymes can be reused, minimizes costs and time of analysis, facilitates
the continuous use of the biocatalyst, and may improve enzyme properties such as
operational or thermal stability [1, 2]. A wide variety of techniques are now available
for the preparation of immobilized enzymes that may include chemical or physical
mechanisms, addition of aiding agents during immobilization, or combination of
different strategies to obtain more active and stable preparations. Moreover, inves-
tigations on material science have contributed with a plethora of new supports
compatible with enzyme activity and better physical and mechanical properties.
Such is the case of nanosupports, rapidly adopted for enzyme immobilization, as
they reduce diffusion limitations and maximize the functional surface area to
increase enzyme loading. Active immobilized enzymes in nanomaterials, also
known as nanobiocatalysts, have been studied for a wide variety of applications [3].

Cellulose, as a natural polymer resource is abundant, renewable, and biocompat-
ible and has gained interest due to its optical, mechanical, chemical, and rheological
properties that make it suitable for materials applications, actuators/sensors, drug
delivery systems, biomedical science, and biotranformations [4]. As it is produced
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from plants and bacteria, the nature of its structure varies and offers numerous
possibilities for the attachment of enzymatic molecules and functionalization with
non-natural reactive groups which further expands the possibility of associating
biocatalysts to its structure. It was only in the last 10 years that researchers were
able to develop and study strategies for the preparation of cellulose-based nano-
structures. These studies have rampaged from a mere 4 articles in 2006 and 2007
related to “nanocellulose” to 365 articles published in 2016 (source Scopus). The
recent interest on these materials is not fortuitous but the result of a slow unveiling of
the opportunities that this material has on biotechnological applications. It is there-
fore timely to revise the piled evidence of nanocellulose materials that have been
used in the immobilization of enzymes, the different methodological approaches to
obtain them and their suitability for biocatalytic applications with a view of the
future impact of these composites in biocatalysis.

2 Cellulose Architectures for Enzyme Immobilization

There are a number of cellulose nanostructures able to support enzyme immobiliza-
tion: cellulose nanofibers (CNF), which can be electrospun, micofibrillated cellulose
(MFC), nanocrystalline cellulose (CNC), or bacterial nanocellulose (BC). CNF can
be produced from both cellulose I source, such as wood fibers, cotton, and agricul-
tural crops, and cellulose II source, such as lyocell fibers using various techniques
such as grinding, high-pressure homogenization, and sonication. There are four
different polymorphs of cellulose: cellulose I, II, III, and IV. Cellulose I, native
cellulose, is the form found in nature, and it occurs in two allomorphs, I and Ip.
Cellulose II, or regenerated cellulose, the most stable crystalline form, emerges after
recrystallization or mercerization with aqueous sodium hydroxide. The major dis-
tinction between these two forms of cellulose lies in the layout of their atoms:
cellulose II has antiparallel packing, whereas the chains in cellulose I run in a
parallel direction. Finally, cellulose III; and III}; are obtained by ammonia treatment
of cellulose I and II, respectively, and with the modification of cellulose III with
glycerol, cellulose IV is finally produced [5].

The isolation of cellulose from its sources can be carried out by top-down or bottom-
up method. The bottom-up approach is used to process material from small molecules
into complex structures [6]. The top-down method usually involves various mechanical,
chemical, and biological treatments, or a combination of two or more methods which is
used for the removal of plant constituents apart from cellulose.

2.1 Natural Cellulose Supports for Enzyme Immobilization

Natural sources of cellulose could be generalized as rigid and partially crystalline.
Cellulose is the main constituent in the most abundant organic compound on earth,
especially within wood and natural fibers (kenaf, palm, cotton, hemp, flax, etc.).
Almost 65-70% of cellulose compound is contained in plant fibers and comprised C,
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H, and O elements [1, 7, 8]. Kenaf (Hibiscus cannabinus L.) is a lignocellulosic fiber
having a high cellulose content, low specific gravity, and good mechanical properties
along with good chemical characteristics, large surface area, and low coefficient
thermal expansion. The isolation process of kenaf raw bast fiber has been done by
using combinations of chemical and physical treatments which can remove matrix
substances such as lignin and hemicellulose, and disintegrate the micron-sized
cellulose fiber into nanofiber [9]. This process results in changes in the appearance
of the material from micron-sized to nanosized fibers. It is organized as web-like
network structure with long entangled cellulosic filaments with an average diameter
ranged as less than 100 nm right up to less than 10 nm depending on the ultra-
sonication output power. Thus, ultrasonication disintegration plays an important role
in the determination of the diameter of the fiber. The nanofibril has been successfully
observed as an individual wire-like fiber [10], arranged in longitudinal direction as
aggregated fibers with high specific surface area and strong association due to
interfiber hydrogen bonding between hydroxyl groups of adjacent fibers.

2.2 Microfibrillated Cellulose

Microfibrillated cellulose (MFC) is a material derived by disintegrating digested cellu-
lose through a homogenizing process in a reciprocating motion producing a high
pressure drop. The strategy results in shearing and impact forces that in turn expose
microfibrils regardless of the starting material [11]. The production of MFC by fibrilla-
tion of cellulose fibers involves intensive mechanical treatment. Additionally, it could
involve prior chemical treatments to purify the cellulose depending on the raw material.
MFC consists of aggregates of cellulose microfibrils. Its diameter is in the range
20-60 nm and it has a length of several micrometers. If we consider that the microfibrils
have a 2-10 —nm-thick fibrous cellulose structure and a length of several tens of
microns, then MFC is composed of 10-50 microfibrils [5]. The raw materials and
fibrillation techniques dictate the cellulose degree of polymerization, morphology, and
nanofiber aspect ratio. MFC can further be subclassified depending on the treatment it
undergoes. On transverse cleavage of the microfibrils along the amorphous regions and
subsequent sonication, they form rod-like structures called “cellulose whiskers” with a
typical diameter of 2-20 nm and wide length distribution of 100-600 nm. Their almost
perfect crystalline arrangement makes them a potential reinforcing material [12].

23 Cellulose Nanocrystals

Cellulose nanocrystals (CNCs) are rod-like cellulose nanomaterials that can be
economically prepared from various cellulosic materials by the elimination of
amorphous regions of cellulose. This material is interesting as a nanofiller due to
its nanoscale dimensions, high specific area, and highly rigid crystalline structure
[11, 13]. Generally, CNCs are formed upon the elimination of disordered or amor-
phous regions of cellulose through several strategies, including acid hydrolysis,
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microfluidization, and TEMPO-mediated oxidation. BC and cotton linter cellulose
long fiber (CLC) can also produce cellulose nanocrystals (CNC) [14]. Reports from
Roman et al. have shown that CNCs are much safer than other nanomaterials in use
in biomedicine as targeted drug delivery systems. They have been used to immobi-
lize various enzymes such as lysozyme, papain, and glucose oxidase [4, 13, 15]. The
CNC-CLC and CNC-BC showed higher loading capacity of the protein, enhanced
stability and activity, and overall a potential support for application in biomedicine,
bioelectronic, and biocatalytic fields.

24 Bacterial Cellulose Nanosupports

Cellulose synthesized by bacteria is called bacterial cellulose (BC) or sometimes
microbial cellulose and is obtained as a gel-like three-dimensional mat formed by
entangled nanofibrils of cellulose [16]. Different from cellulose from wood pulp, BC
is devoid of other contaminating polysaccharides which provide high crystallinity and
purity to the material and its isolation and purification are relatively simple, not requiring
energy- or chemical-intensive processes. The ability to naturally synthesize BC is
restricted to a few genre of bacteria being the most common bacteria associated with
the synthesis of cellulose Gluconacetobacter xylinus as it is the only one able to produce
it at the industrial level [17]. After polymerization of glucose residues occurring in the
cytoplasm, an extracellular secretion of the glucan chains occurs in a hierarchically linear
arrangement favored by van der Waals forces and hydrogen bridges. Intra- and interfiber
hydrogen bonding favor crystalline packing of the fiber for amorphous and crystalline
regions [18]. The resulting microfibrils aggregate to produce a typical ribbon assembly
with a lateral width of 40—60 nm. This structuration provides a specific density, tensile
strength, and hydrophilicity that suit the material for functionalization and application to
cosmetic industry, paper industry, food processing and packaging, and tissue engineer-
ing. Furthermore, the unique fibrillar nanostructure of BC (Fig. 1) determines its
distinguished physical and mechanical properties such as high porosity, large surface
area, excellent mechanical strength, and good biocompatibility [19]. BC-forming micro-
organisms can be cultivated in mannitol-based medium with alternative source of
carbons and the supernatant freeze-dried to form a BC sponge after purification. Acid
hydrolysis of BC form bacterial cellulose nanocrystals (BCNs) that have a higher
hydrophilicity due to increased number of hydroxyl groups while being able to establish
hydrophobic interactions due to its highly ordered crystalline organization (Fig. 1). This
amphiphilic capacities can be applied to stabilize surfactant-free emulsions [20].

25 Electrospun Cellulose
Electrospinning is a simple, cost-effective, and scalable technique that utilizes

electrical charge to form fine fibers from a polymer solution or polymer melt. In
the past decades, electrospinning has emerged as a facile, economical, and scalable



1240 E. Jackson et al.

/)
40y

2.0 um -

Fig. 1 An example of bacterial cellulose from Acetobacter xylinum. SEM images of (a) BC and (b)
BCNs; TEM images of (¢) BC and (d) BCNs. (Reproduced with permission from [20])

technique to produce polymeric fibers with a diameter ranging from micro- to
nanometer scale. The biggest advantages of electrospun nanofibers are the high
specific surface area, high porosity, and interconnectivity [21]. In biocatalysis,
electrospun nanofibers could be used as the support for enzyme immobilization,
and the immobilized enzyme could be reused and simultaneous biocatalytic reaction
and enzyme-product separation is possible.

Substrates of this technique can be salts of cellulose such as cellulose acetate. The
properties of the final material obtained can vary depending on the concentration and
electrical conductivity of the starting solution, applied electrical potential, fiber
collection distance and time, flow rate, and inner diameter of the reservoir during
the process [6].

Electrospun cellulose has been used in a layer-by-layer self-assembled (LBL)
configurations based on the electrostatic interactions of additional materials sequen-
tially added to cellulose mats. This material was prepared by alternate adsorption of
highly positively charged enzyme Naringinase (NA) and negatively charged alginate
(ALG) from dilute solutions on the surface of negatively charged cellulose acetate
nanofibrous mats via electrostatic attraction. The self-assembly of NA and ALG
gave the reversal of the surface charge, demonstrating the successful polyelectrolyte
multilayer deposited onto electrospun cellulose acetate nanofibers [21].
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2.6 Synthetic Supports

In the recent years, the preparation of lignocellulose-based materials and biomimetic
synthetic wood composites containing cellulose, hemicellulose, and lignin by using
ionic liquids (ILs) as well as cellulose/starch/lignin film, lignocellulose aerogel, and
all-wood composites have been reported [8, 22]. The major components of wood
have been reported to be dissolved in ILs and successfully reconstituted as
hydrogels, thin films, and electrospun materials. Fabrication of homogeneous com-
posites from cellulose/hemicellulose/lignin has been achieved via an uncomplicated
process by using in 1-ethyl-3-methylimidazolium acetate resulting in hydrogel beads
composites with controllable properties [8]. The material shows a regular spherical
shape and it is noted that the surface could be controlled by altering the ratio of
cellulose, xylan, and lignin. When all three components were present, it was referred
to as a wood mimetic composite which was a viable support for the entrapment of
lipase and stabilization of its activity.

3 Strategies for the Immobilization of Enzymes in Cellulose-
Based Nanocarriers

There are many enzyme immobilization approaches in cellulose-based nanocarriers
already available and many more are being developed. Most of these approaches
share the goals of finding a biocompatible support for enzyme immobilization,
provide a higher surface area to increase the enzyme loading, and achieve high
stability and reusability of the biocatalyst with a simple and mild methodology. In
this regard, cellulose materials have been studied due to its low cost and biocom-
patibility [23, 24]. Cellulose materials have been proven to be environmentally-
friendly and are able to work under mild conditions [23, 25].

Among many strategies for enzyme immobilization, cellulose-based nano-
biocatalysts have been developed mainly using four different approaches to retain
the enzyme in the cellulosic support: entrapment, cross-linking, adsorption, and
covalent immobilization.

In this chapter, we describe these four immobilization strategies in cellulosic-
based nanosupports and examine the impact of the immobilization process on the
biocatalyst activity and stability through several examples.

3.1 Immobilization by Cross-Linking

Chemical modification of enzymes after immobilization such as chemical cross-
linking is a widely used strategy in the preparation of insoluble biocatalysts [26]. The
enzyme is generally adsorbed to the nanosupport and then cross-linked with a
bifunctional agent such as glutaraldehyde (Fig. 2). This approach can improve the
enzyme stability as well as reduce enzyme leakage, a common problem in
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Fig. 2 Schematic representation of an enzyme immobilized on cellulose nanosupport via (a)
adsorption and cross-linking, (b) physical adsorption, and (¢) covalent immobilization to gold
nanoparticles (AuNPs) attached to the support

noncovalently attached enzymes to supports. An alternative approach to a previous
adsorption of the enzyme on a support is its precipitation and further cross-linking.
Further advantages could be obtained if additives or other material are present during
the precipitation. For instance, magnetic nanoparticles can be added to the mixture to
form a hybrid nanobiocatalyst to ease its separation from reaction media.

Magnetic cellulose nanocrystals (MCNCs) have been used as a support for en-
zyme immobilization [13, 27]. The enzyme can be mixed with an aqueous suspension
of MCNC and be deposited on its surface in the presence of a precipitant such as
ethanol. Upon precipitation, addition of a cross-linking agent such as glutaraldehyde
generates a chemical attachment between the immobilized molecules [23].

Immobilization on MCNCs via the described precipitation-cross-linking pro-
cess was successfully accomplished with different types of enzymes [13, 27]. For
instance, following this strategy, a nanobiocatalyst papain/MCNC has been prepared
with high enzyme-loading capacity (333 mg protein/g MCNCs). The highest
enzyme activity recovery was 80.1% at a mass ratio of 1:3 papain to MCNC. This
could be attributable to the abundant active —OH groups of the cellulose nanocrystals
that contribute to the cross-linking of the enzymes on the MCNC. When comparing
the nanobiocatalyst with the free enzyme, the optimal pH value increased from
6.5 to 7.0 and the temperature for the highest activity was 75 °C, 5 degrees higher
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than that of the free enzyme. The change in optimal temperature was attributed to
an increase in the enzyme conformational rigidity (seen in a secondary structure
study). When comparing the kinetic behavior of free and immobilized papain, a
higher V,ax (2.07 % 1072 compared to 1.19 x 1072 pmol/ml.min) and lower Ky
(0.85-1.27 mM) were found, thus demonstrating the increase in enzyme-substrate
apparent affinity. This phenomenon could be attributable to the fact that the enzyme
was anchored on the surface of MCNC, making the substrate accessible to the
enzyme and in turn increasing the apparent affinity, or that the immobilization of
papain onto the MCNC may have resulted in the conformational changes, helping
the enzyme to suitably orient its active site toward the substrate. The immobilized
enzyme was also proved to be more thermally stable. When comparing at the same
temperature, the immobilized enzyme exhibited higher activity recovery than its
free counterpart, 30% after 7 h incubation at 80 °C, while the free enzyme was
inactivated after only 3 h. Moreover, the nanobiocatalyst showed no significant
loss of activity when stored at 4 °C for 30 days. Finally, the reusability of the
immobilized preparation was successful in maintaining 52.4% of its initial activity
after 6 cycles.

3.2 Immobilization by Physical Adsorption

Physical adsorption of the enzymes on insoluble cellulose-based nanosupports has
been reported elsewhere for the production of stable immobilized preparations
that avoided leakage provided a strong enzyme-support interaction was estab-
lished [28]. This immobilization approach has a major advantage considering the
simplicity of the steps required, although functionalization of bare cellulose with
ionizable/hydrophobic groups is sometimes necessary to achieve strong enzymatic
adsorption of enzymes.

Physical adsorption of enzymes is feasible onto cellulose nanocrystals (CNCs) by
incubating both the support and the enzyme under shaking at room temperature
[13]. At neutral pH, a high fraction of sulfonate groups on the CNCs are ionized and
the cationic sites or amino groups of the enzyme may have ionic interaction with
anionic groups of CNCs (Fig. 2). The adsorption level of enzymes onto cellulose
increases by the oxidation of cellulose primary hydroxyl groups to carboxyl groups;
this strategy has been tested with cellulose fibers and could be translated to
nanostructures [29].

When immobilizing a lipase from a C. rugose with this approach, an immobili-
zation yield was low (51%) [13]. The decrease of lipase activity after immobilization
may be due to the changes in spatial conformation of lipase and lower accessibility
of substrate to the active site. However, the thermal stability can be enhanced by this
approach. In the case of lipases, an immobilized enzyme to CNCs maintained over
50% of the residual activity when incubated at 60 °C for 1 h. Under the same
conditions, the residual activity of the free lipase was only 11%. When comparing
the half-lives, the immobilized enzyme was 27 times higher than of the free lipase.
This increase in thermal stability may be associated to the enhanced ionic
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interactions between anionic sulfonate groups of CNCs and the lipase, and the
increased interactions caused by the higher surface area of the nanomaterial
[13]. With this strategy, the pH profiles of free and immobilized lipase were similar,
pH 8 being the optimal for both. A difference was found at pH 5, where the relative
activity of immobilized lipase was 3.7 times higher than that of free lipase, and at
pH 10, where free lipase showed no activity while the relative activity of
immobilized lipase was 27.8%. The pH profiles for the stability of free and
immobilized lipase were also very similar after a 5h incubation. The residual
activities of immobilized lipase in buffers from pH 3 to pH 8 were approximately
140% higher than those of the free lipase. At alkaline pH, the stability of the lipase
was significantly enhanced by immobilization on CNC (8.8 times higher at pH 10).
Increased activity and stability in alkaline pH may be caused by increased ionic
interaction between anionic groups of CNCs and the lipase since the anionic form of
the sulfate half-ester in CNC is dominant at an alkaline pH.

Physical adsorption of lipase not always results in a more stable preparation. In a
study where the adsorption of a Candida rugosa lipase was performed on a cellulose
nanofiber membrane, the preparation demonstrated a low enzyme loading and poor
enzyme stability [30]. These types of examples still prove the necessity of protocol
optimization in order to tailor the immobilization strategy to a particular support or a
desired enzyme.

Functionalization of nanocellulose-based supports for adsorption of enzymes has
also been achieved via coverage of the cellulose surface with ionic polymers.
Efficient immobilization of papain was achieved using CNCs associated to poly-
ethyleneimine (PEI) modified Fe;0, nanoparticles [16]. Magnetic nanoparticles
embedded on CNCs facilitated the separation of the particles from a reaction
mixture, simplifying the reuse of the biocatalysts. This support was successfully
used for the immobilization and separation of papain from the reaction mixture
which under optimal conditions resulted in a preparation with an enzyme activity of
227 pg/min.g. When studying the kinetic parameters of this preparation, the
immobilized papain required higher substrate concentration compared to the free
papain which could be explained by the increased steric hindrance and diffusion
impediments. However, compared with free papain, the immobilized papain still
demonstrated high catalytic efficiency.

Also, the immobilized papain exhibited higher relative activity in both acidic and
alkaline pH ranges when compared to its free form. The immobilized enzyme
retained over 90% of its original activity after incubation for 1 h at 40 °C, almost
twice the activity measured for the free enzyme [16].

33 Covalent Immobilization

Covalent immobilization of enzymes is often chosen over adsorption strategies
because it overcomes the primary disadvantage of adsorption which is enzyme
dissociation (leakage) [28]. A number of functionalization strategies have been
developed for cellulose nanomaterials for the covalent bonding of enzymes
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[13, 31, 32]. One of this approaches involved functionalization of cellulose nano-
crystals (CNCs) with cyanogen bromide, a functional group that is able to react with
amino-terminal groups of enzymes under neutral pH [31]. Peroxidase has been
immobilized in CNCs following this approach resulting in a highly active prepara-
tion (594 1U/g) with a higher catalytic efficiency when compared to the free enzyme.

Modification of CNCs can be also obtained via esterification with amino acids
such as glycine through the abundant hydroxyl groups on the CNC surface. Lyso-
zyme, for example, can be covalently immobilized via amide linkage of its glutamate
and aspartate residues to the surfaces of amino-modified materials. In this case,
lysozyme-amino-glycine-CNC conjugates were created using a carbodiimide-
activated coupling reaction. The prepared nanobiocatalyst showed a high enzyme
loading (604 mg/g CNCs) and high antimicrobial activity (1500 IU/mg biocatalyst)
against Micrococcus lysodeikticus [32].

An alternative strategy for covalent immobilization can involve the addition
of another material to the system. An approach described by Boluk et al. [33]
involved the immobilization of a glucose oxidase (GOx) through the formation of
covalent bonds between the enzyme and gold nanoparticles (AuNPs) attached to
rod-like cellulose nanocrystals (Fig. 2). The AuNPs must be previously
functionalized with thiol linkers and later activated, offering a multipoint attachment
of GOx molecules to the nanocomposite surface. In this approach, the CNCs have
been incubated with cationic PEI which covers the nanocrystals by ionic interac-
tions; then negatively charged AuNPs were deposited on the CNC/PEI electrostat-
ically resulting in a CNC/PEI/AuNPs nanocomposite. The enzyme (GOx) was
covalently attached to the thiol-functionalized nanocomposite by activation of the
—COOH group using 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) and N-hydroxysuccinimide (NHS). The best case resulted in a 25.2 mg
of GOx loaded per gram of support. Interestingly, the amount of GOx immobi-
lized on this support increased with decreasing thiol-linker length. The differ-
ence could be attributed to their ability to access the AuNPs, as these particles are
densely packed.

34 Combined Strategies

A new trend in the preparation of immobilized nanobiocatalysts is the combination
of different strategies previous to, during, and/or after the immobilization process.
The different strategies may have a synergistic effect on the desired properties of
the final enzymatic preparation. To improve both loading and stability of enzymes,
a three-step approach of enzyme precipitate coating (EPC), consisting of covalent
enzyme attachment, enzyme precipitation, and crosslinking, has been successful in
achieving both high enzyme loading and stability of enzymes on cellulose nanofibers
(CNFs) (Fig. 3a) [34]. Such is the case of immobilization of a-chymotrypsin (CT) on
CNFs by the EPC approach. In this approach, magnetic nanoparticles can be added
to the enzyme mixture during the precipitation and cross-linking steps to produce
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Fig. 3 Schematic representation of enzymes immobilized to cellulose nanofibers by (a) enzyme
precipitate coating (EPC) and (b) magnetically separable EPC (Mag-EPC)

magnetically separable EPC (Mag-EPC) allowing for facile nanobiocatalyst separa-
tion (Fig. 3b).

As previously mentioned, this immobilization process consists of three steps.
First, carboxyl groups of CNFs can be modified by EDC/NHS reaction for the
covalent attachment between enzymes and CNFs, second, enzyme precipitation by
ammonium sulfate, and third, enzyme cross-linking with glutaraldehyde treatment.
The amine-functionalized magnetic nanoparticles can be added to enzyme solution
in the step of enzyme precipitation (Fig. 3b).

The enzyme loadings with (Mag-EPC) and without (EPC) magnetic nano-
particles were estimated to be 3.5 and 3.0 mg CT/mg CNF, respectively. Interest-
ingly, Mag-EPC showed two times higher activity than EPC. The efficiency of
cross-linking between enzymes and magnetic nanoparticles was improved possibly
due to a higher amount of amine groups on the surface of magnetic nanoparticles,
resulting in an increased enzyme loading of Mag-EPC than EPC, as reflected in the
activity data (0.43 and 0.74 IU/mg CT for EPC and Mag-EPC, respectively). After
incubation under rigorous shaking for 30 days, EPC and Mag-EPC maintained
77% and 50% of their initial activities, respectively, while the free enzyme showed
only 0.2%. High stability of EPC can be explained by ammonium sulfate precip-
itation and cross-linking of CTs. Enzyme precipitation by ammonium sulfate
allows enzyme molecules to be closely packed based on “salting out” effect.
Interestingly, the Mag-EPC residual activity was lower than that of EPC; this
could be caused by the release of large aggregates of CTs and magnetic nano-
particles which would make the enzyme more vulnerable to denaturation under
rigorous shaking [34].
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3.5 Immobilization by Entrapment

Immobilization by entrapment involves the physical confinement of one or more
enzymes in an insoluble matrix. In this strategy, the matrix is usually formed during
the immobilization process. The bibliography related to immobilization by entrap-
ment in cellulose nanosupports is scarce. The main drawback for this approach could
be related to the very low solubility of cellulose in an aqueous solution since is
highly crystalline. Nonetheless, there are successful cases using micro-sized sup-
ports. For example, a lipase from C. rugose was entrapped in a hydroxypropyl-
methyl-cellulose and chitosan matrix. Although this strategy involved many steps
and over 48 h of synthesis, the result was a highly active and stable preparation [35].

Also, the rapid development of more and greener ionic liquids, which can
dissolve cellulose, opens a new window of opportunities in this field. Again,
successful examples can be found with cellulose-based micro-supports. Lipase
from a C. rugose was entrapped into a cellulose—biopolymer using a biocompatible
ionic liquid, 1-ethyl-3-methylimidazolium. This strategy also resulted in a prepara-
tion with good residual activity [36].

The technological approach employed on these successful cases could be applied
for the development of similar strategies involving nanocellulose.

4 Cellulose-Based Nanobicatalysts at Work

Application of immobilized enzymes on cellulose spans a wide variety of fields.
The biodegradability of cellulosic materials has recently drawn the attention of
researchers which boosted investigation of its potential in sensitive biotechnological
areas such as biomedicine or environmental sciences. In this section, a few recent
examples of cellulose-based nanobiocatalysts will be described to provide the reader
with a sense of the applicability of these materials.

4.1 Biomedical Applications

Reactive oxygen species are implicated in cellular injures, the initiation and pro-
gression of the aging process, and a vast variety of clinical abnormalities. In order to
reduce the damage generated by these compounds, a nanofibrous cellulose mat
containing attached catalase was prepared and tested in vitro on human umbilical
vascular endothelial cells (HUVECs). The immobilized preparation based on
electrospun nanofibers proved to have a protective effect on cells previously exposed
to H>O, which in turn pointed to a potential strategy to prevent cell damage by
reactive oxygen species. The work also showed that the number of coating bilayers
in the catalase-modified nanofibrous mats acted as important factor affecting their
cytotoxicity and biocompatibility. This was an explorative work with potential to
overcome H,O,-induced adverse effects at the cellular levels [37].
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The antibacterial properties of lysozyme, a hydrolytic enzyme that catalyzes
the breakdown of peptidoglycan polymers found in the bacterial cell wall, has
been exploited and tested while using immobilized preparations on cellulosic
materials. In comparison to many other antibacterial nanoparticles in use, lyso-
zyme immobilized on cellulose possesses low toxicity, high biocompatibility,
and selectivity. Researching its potential in a biomedical wound dressing, lyso-
zyme was immobilized via different approaches to cellulose nanofibers aerogels
(CNFs) [38]. The performance of the nanobiocatalysts was evaluated against
nonimmobilized enzyme and silver nanoparticles. The antimicrobial activity of
the preparations was tested against Escherichia coli and Staphylococcus aureus
demonstrating the feasibility of using lysozyme-modified CNFs for this applica-
tion. The preparation containing lysozyme was not only inhibitory of bacterial
growth but was also more stable than the soluble enzyme, which amplifies the
possibilities of its application considering the importance of shelf life of biolog-
ical based products.

Awork from Abouhmad et al. [39] also investigated the antibacterial properties of
a lysozyme immobilized on CNC. Following different approaches for the integration
of hen egg white- and T4 lysozyme, the work demonstrated that the surface
modification and the mode of immobilization are critical for the retention of the
enzymatic (lytic and hydrolytic) and antibacterial activity as well as stability of the
immobilized enzymes. The positive charge on the nanocrystals and lysozyme
activity improved the enzymatic action and broadened the scope to Gram-negative
bacteria that are normally more challenging to inactivate.

Biosensors offer simple, portable, and disposable analytical devices applicable in
clinical diagnosis, food quality control, and environmental monitoring. They depend
on a biological recognition capable of being translated on a signal proportional to a
target analyte. Particularly, paper-based sensors that offer affordability and ease of
preparation although protein immobilization could be challenging to achieve an even
distribution of oriented enzyme molecules that could increase the sensibility of the
sensing device. A recent work on the development of a lactate biosensor has tackled
this problem by using a recombinant lactate dehydrogenase fused with a cellulose-
binding domain (CBD) which in nature promotes arbohydrate binding functionality
for cellulases. The tag allowed a highly specific binding affinity on filter paper.
Moreover, it enhanced enzyme binding capacity and stability, leading to much
improved sensor sensitivity and lifetime. The one-step binding procedure using
enzyme crude extract aimed at an efficient sensor fabrication strategy for production
of high-performance paper sensors that could be extended to nanocellulosic mate-
rials for increased sensibility [40].

In another biosensing approach, glutamate dehydrogenase was immobilized on
bacterial cellulosic nanofiber with a view on its application in artificial kidney
machines and their dialysate liquid regeneration systems as a glutamate-sensing
device. The study showed the success of cross-linked immobilization of glutamate
dehydrogenase on 30—70 nm bacterial cellulosic nanofiber from Gluconacetobacter
xylinum. The enzyme was cross-linked to the nanofibers using glutaraldehyde. The
study provided an inexpensive, simple, efficient, and reliable technique for
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immobilization of glutamate dehydrogenase on bacterial nanofiber which may
contribute to find alternative for glutamate determination in solution [41].

4.2 Food Applications

Stem bromelain is a cysteine protease obtained from stems of pineapples (Ananas
comosus). Although it finds some applications in medicine, this protease is widely
used in food industries such as beer clarification, meat tenderization, and baking
industries. Using casein as a model substrate, Talingtaisong et al. demonstrated that
when the enzyme was immobilized on gauze-reinforced regenerated cellulose
(RC) fibers, it became more heat resistant [42]. The enzyme was attached to the
RC fibers through covalent immobilization via aldehyde groups introduced by
activation with glutaraldehyde and was able to resist up to nine reuses in casein
hydrolysis with 40% loss in activity. The results provide an opportunity for brome-
lain to be reused and used in other processing conditions.

Another interesting application of a cellulose-immobilized biocatalyst is that of
naringinase. Narinign and limonin are two of the major compounds that contribute to
a bitter taste in citrus juices. Enzymatic and physicochemical treatments have been
applied to reduce bitterness, naringinase being one of the enzymes applied as it is
able to break down naringin in flavorless products. Naringinase was immobilized
within a hybrid layer-by-layer self-assembled material containing alginate and
electrospun cellulose acetate nanofibers [21]. As expected, the activity of immobilize
naringinase increased with multilayer increasing. The immobilized preparation was
applied to remove the bitterness in the grapefruit juice. About 22.72% naringin and
60.71% limonin were removed from the grapefruit juice by adsorption and hydro-
lysis. The results demonstrated that naringinase-immobilized electrospun cellulose
acetate nanofibrous mat are potential materials to remove bitterness for fruit juice.

4.3 Environmental Applications

Biobased treatments of contaminant compounds have received a great deal of
interest due to their minimal impact on the ecosystem, their higher efficiency,
and their cost effectiveness. Application of immobilized decontaminant biocata-
lysts is one of the approaches followed to treat, sense, or remove contaminant wastes
from water and soil. Although the literature on cellulose-immobilized enzymes
on decontamination is not abundant, a few recent examples have demon-
strated the potential of cellulosic-supported enzymes for this application. For
example, laccase, a well-known phenol/polyphenol decontaminant biocatalyst, was
immobilized on cellulose nanofiber and utilized for reactive dyes and simulated dye
effluent (SDE) decoloration [43]. After covalent immobilization on electrospun
nanofibers, the immobilized preparation was able to decolorate solutions of six
different reactive dyes. Optimization of the conversion was performed after statistical
analysis revealing that both the concentration of immobilized enzyme and type of



1250 E. Jackson et al.

mediator for the catalysis were determinant in the result of the decontamination
reactions. The immobilized preparations could be recycled more than 10 times
while maintaining more than 50% of its initial activity.

Another example that represents a promising application of immobilized enzymes
in cellulosic materials is the utilization of an ether hydrolase enzyme for the
decontamination of 2,4-dinitroanisole (DNAN) [44]. This compound is nowadays
preferred to 2,4,6-trinitrotoluene (TNT) given that it is less heat and shock sensitive.
Strategies to decontaminate firing ranges and wastes from manufacturing sites
should comply with biosafety and environmental regulations and therefore there is
a constant search for new strategies to remediate explosive components. Addition-
ally, analytical devices for the evaluation of contamination levels are also needed.
The work described by the group of Prof. J C Spain used a DNAN demethylase
entrapped in biomimetic silica which was further attached to cellulose discs. The
immobilized enzyme became more stable and was able to detect 15-500 uM DNAN
concentration.

5 Conclusion

Ideal supports for enzyme immobilization should be biocompatible, easy to
functionalize, inexpensive, and biodegradable. Additionally, immobilization strate-
gies should provide advantages for enzyme applications over the use of soluble
enzymes to counterbalance any additional cost in the preparation of the biocatalyst
(i.e., stabilization, increased activity, possibility of reuse). We believe this chapter
compiles evidence that proves the benefits of nanocellulosic materials as supports for
enzyme immobilization. Moreover, the methodologies for enzyme immobilization
on cellulose-based nanocarriers presented suggest that cellulose can be a viable and
dynamic material for stable and efficient enzyme immobilization via different
approaches. Finally, the variety of applications, which are now in a continuous
growth phase, only serve to foretell a promising future for the development of
technological solutions involving cellulose-immobilized nanobiocatalysts.
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Chapter 17

In Situ Immobilization of Enzymes in Biomimetic Silica

Erienne Jackson, Sonali Correa, and Lorena Betancor

Abstract

In this chapter we describe different strategies for enzyme immobilization in biomimetic silica nanoparti-
cles. Synthesis of this type of support is performed under mild and biocompatible conditions and has been
proven suitable for the immobilization and stabilization of a range of enzymes and enzymatic systems in
nanostructured particles. Immobilization occurs by entrapment while the silica matrix is formed via catalysis
of'a polyamine molecule and the presence of silicic acid. Parameters such as enzyme, polyamine molecule, or
source of Si concentration have been tailored in order to maximize enzymatic loads, stabilities, and specific
activities of the catalysts. We provide different approaches for the immobilization and co-immobilization of
enzymes that could be potentially extensible to other biocatalysts.

Key words Biomimetic silica, Enzyme immobilization, Entrapment

1 Introduction

Enzyme encapsulation or entrapment refers to a non-covalent
immobilization strategy where polymers self-assemble in the pres-
ence of soluble enzymes. Various matrices can be used for entrap-
ment, such as chitosan, collagen, cellulose triacetate, poly
acrylamide, agar, silicon rubber, and polyvinyl alcohol [1-3]. In
any approach to immobilize enzymes, the goal is to achieve a high
specific activity without compromising any other advantages of
immobilization such as higher stability. In recent years, several
methods that achieve higher volumetric activities have been
reported. Silica sol-gel encapsulation of enzymes is an example of
such methods and has been widely used for the immobilization of
biocatalysts [4, 5] One of the primary limitations of the sol-gel
technique, however, is poor loading efficiency and enzyme leakage.
Additionally, these methods often include harsh sol-gel processing
conditions that result in the loss of enzyme activity. Inspired from
silaffin proteins used by unicellular diatoms [6], the utilization of
the so-called biomimetic approaches in the production of organic—
inorganic nanostructures is of great interest to the scientific and

Jose M. Guisan et al. (eds.), Immobilization of Enzymes and Cells: Methods and Protocols, Methods in Molecular Biology, vol. 2100,
https://doi.org/10.1007/978-1-0716-0215-7_17, © Springer Science+Business Media, LLC, part of Springer Nature 2020
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Scheme 1 General procedure for the preparation of (a) biomimetic Si nanoparticles and (b) in situ immobilized
enzymes in biomimetic SI nanoparticles

industrial community due to the relatively moderate physicochem-
ical conditions needed for its synthesis [ 7]. Biomimetic silica can be
synthesized within minutes under mild and green conditions as
nanostructured silica with divergent morphologies [8]. The syn-
thesis necessitates a source of Si and an organic aminated small
molecule or polymer in order to catalyze the precipitation of the
nanoparticles in phosphate bufter at pH 8 (Scheme 1). Any material
contained in the synthetic mixture may become entrapped within
the biomimetic silica nanoparticles and therefore this strategy has
been commonly used for enzyme immobilization [9-12].

A fundamental attribute of this immobilization methodology is
its versatility which allows it to be widely applicable to a range of
biomolecules. Since a primigenial work from Luckarift et al. [13]
and due to its biocompatibility and facile and quick synthesis, this
entrapment strategy has been used to immobilize oxidases, hydro-
lases, and coupled enzyme systems.

Co-immobilization of enzymes using in situ immobilization
approaches benefits from the close proximity of the different bio-
catalysts which translate into higher catalytic efficiencies of the
overall reaction. Biomimetic silica encapsulation has been used in
the past for the co-entrapment of a variety of multienzyme config-
urations as well as the preparation of combi robust biocatalysts for
bioconversions of biosensing applications [14, 15].

However, the synthetic strategy for biomimetic silica nanobio-
catalysts can provide distinct properties to different enzymes and
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may be tailored to improve a desired attribute [13]. For instance,
optimization of immobilized conditions to achieve active and stable
nanobiocatalysts has included in the past studies of the synthetic
precursor ratios, alternate aminated molecules, or inclusion of
organic solvents during synthesis. Addition of enzyme stabilization
molecules for the in situ entrapment or post immobilization stra-
tegies such as cross-linking could further improve the stability of
the biocatalysts.

Results on the biomimetic silica entrapment of different
enzymes seem to indicate a dependence of the physical and textural
properties of the Si nanoparticles with properties such as size,
shape, or chemistry of the surface of the enzymatic molecule
[16]. As in any other immobilization strategy, parameters such as
loading capacity of the nanobiocatalysts or specific activity are also
directly influenced by the properties of the enzyme to be immobi-
lized. However, in in situ immobilization strategies they also play a
fundamental role in the synthesis of the material support to the
extent of preventing its formation under certain unbalanced ratios
of the synthetic precursors and enzyme concentration [10].

In this chapter, we describe strategies for the in situ immobili-
zation and co-immobilization of enzymes in biomimetic Si nano-
particles selecting a few examples that highlight the potential of the
technique and providing insight into the main parameters that
should be considered when extending the strategy to other
biomolecules.

2 Materials

1. Solution 1: 1 mg/mL of Horseradish peroxidase (HRP), Type
IV in deionized water.

2. Solution 2: 85 mM potassium phosphate, pH 5.0, 0.45 mM
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS), 0.03% (w/w) hydrogen peroxide solution (H,O,)
previously prepared in deionized water.

3. Solution 3: 0.8 mM of pyruvate, 0.2 mM of NADH in 25 mM
sodium phosphate bufter at pH 7.0.

4. Solution 4: 0.015 mg/mL of LDH in 25 mM sodium phos-
phate buffer at pH 7.0.

5. Solution 5: 0.1 mM ribostamycin, 0.5 mM y-Glu-AHBA-
SNAC, and 0.2 mM de DTNB in buffer HEPES 50 mM
pH 7.0.

6. Solution 6: 20 mM oNPG and 1 mM MgCl, in potassium
phosphate bufter.

7. Solution 7: 60 mM sodium phosphate buffer pH 6.0, 0.3 M
glucose, 0.06 mg/mL ABTS in distilled water.
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10.

11.

12.

. Solution 8: 1.6 mg/mL of HRP, 154 mM sodium chloride in

10 mM sodium phosphate, pH 7.2.

. Solution 9: 43 mg/mL sodium periodate in distilled water (see

Note 1).

Solution 10: 10% of polyethylenimine (PEI) or 12 mg/mL of
spermidine (SP) in deionized water.

Solution 11: 157 pL of tetramethyl orthosilicate (TMOS, 1 M)
in 1 mL of 1 mM hydrochloric acid (see Note 2).

Solution 12: Sodium phosphate buffer 0.025 M, pH 7.0,
0.5 M NaCl (see Note 3).

3 Methods

3.1 Enzyme Activity 1.

Horseradish peroxidase activity assay contained 2 mL of assay
solution 2 at 25 °C and 10 pl of solution 1. The oxidation of
ABTS (epr = 36.8 mM ! cm™ ') was measured in a spectropho-
tometer at a wavelength of 405 nm for 2 min.

. Lipase from Rhbizomucor miehes (RML) activity was performed

by continuously measuring the increase in the absorbance at
348 nm produced by the released p-nitrophenol in the hydro-
lysis of 0.4 mM pNPP in 25 mM sodium phosphate buffer at
pH 7.0 at 30 °C.

. L-Lactate dehydrogenase (LDH) activity was measured in

2.5 mL of solution 3 at 25 °C. The reaction was started by
addition of 20 pL of solution 4 and followed during 120 s at
340 nm (eynapa = 6220 M~ ! com ™).

. The activity of the acyltransferase BtrH was measured in

108 pL of solution 5 at 25 °C. The reaction was started by
addition of 0.2 mg of BtrH, and the SNAC release was fol-
lowed during 10 min at 412 nm (ey; = 14,150 M~ ' ecm ™).

. B-Galactosidase (Grade VIII) activity was determined spectro-

photometrically by following the increase in absorbance at
405 nm caused by the hydrolysis of o-nitrophenyl-p-p-galacto-
pyranoside (o0NPG) in solution 6, 2 min at 25 °C.

. Glucose oxidase activity was determined spectrophotometri-

cally by the increase in absorbance at 414 nm resulting from
the oxidation of 2,2'-azino-bis(3-etilbenz-tiazoline-6-sulfonic
acid) (ABTS) by a coupled peroxidase-catalyzed reaction. The
reaction mixture consisted of 1 mL of solution 7 and 0.1 mL of
solution 1.

One enzyme unit (IU) was defined as the amount of enzyme

that catalyzes the formation of 1 pmol of product per minute under
the specified conditions.

101
102

103
104

105
106

107
108

109
110

111

112
113
114
115

116
117
118
119
120

121
122
123
124

125
126
127
128

129
130
131
132

133
134
135
136
137
138

139
140
141
142



3.2 Oxidation of HRP

3.3 In Situ Enzyme
Immobilization by
Entrapment in
Biomimetic Silica

1.
2.

Bio-inspired silica Encapsulation of proteins

Add 1.8 mL of solution 8 to 200 pL of solution 9.

Keep sample in gentle agitation in the dark for 1 h at 25 °C. To
stop the reaction, add 2.5 pL of glycerol and purify the oxi-
dized enzyme using a desalting PD10 column equilibrated
with 100 mM sodium phosphate pH 7.0 containing 154 mM
sodium chloride.

Evaluate the activity of the enzyme to consider any activity loss
after chemical modification.

The following is a general procedure with ratios of the component
of the synthetic mixture (TMOS, aminated molecule, enzymatic
solution) that usually provides good immobilization yields for a
range of enzymes. However, the ratios may be varied to optimize
the performance for a specific enzyme [10].

1.

Prepare a 10 mL enzymatic solution with a desired concentra-
tion in 0.1 M sodium phosphate dibasic buffer pH 8.0, add
2.5 mL of solution 10, and mix.

. Add 2.5 mL of solution 11, mix by inverting the tube several

times, and keep in agitation for 5 min at room temperature (see
Note 4).

. Centrifuge for 10 min at 4600 x g and wash once in solution

12 and twice with sodium phosphate bufter 0.025 M, pH 7.0.

4. Sonicate for 5 min to improve monodispersity.

5. Evaluate the activity of the enzymatic mixture prior to immo-
bilization and in the immobilized suspension.
3.4 Cross-Linking of 1. HRP immobilization by entrapment is performed as previously
Entrapped HRP described, using the oxidized enzyme.
2. Incubate 1 g of immobilized HRP in silica nanoparticles in
10 mL of sodium bicarbonate 25 mM at pH 10.0, 16 hat4 °C.
3. Finally, reduce the preparation by adding sodium borohydride
(1 mg/mL) to the mixture under gentle agitation for 30 min
(see Note 5). Centrifuge and resuspend in 0.025 M sodium
phosphate bufter pH 7.0 for activity measurement.
4. Evaluate the activity of the immobilized cross-linking
suspension.
4 Results
4.1 In Situ 1. Prepare solutions of enzyme of varying concentrationsin 0.1 M
Immobilization of sodium phosphate bufter pH 8.
Enzymes in 2. Measure the activity of the different enzymatic preparations.
Bmm'mEt_'c Silica 3. Perform the in situ immobilization described in Subheading
Nanoparticles

3.3 of the different enzymatic preparations using PEI 10% or
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Table 1

Examples of the results obtained for different enzymes immobilized by in situ entrapment in
biomimetic silica

Enzyme Immobilization (%) Ya (%) Source
Peroxidase from Horseradish 82+4 49 +6 This work
Lipase from Rizomucor michei 90 £ 1 24 +1 This work
Acyltransferase from Bacillus circulans 90 £2 20+ 4 This work
Lipase from Trametes versicolor 827 71 £1 [10]
B-galactosidase from E. coli 76 £ 7 42 £8 This work
Glucose oxidase from Aspergillus niger 50£5 71 +£2 This work
Enoate reductase recombinant from E. coli 34 92 [18]
Papain from Carica papaya 83 83 [177]*
Nitroreductase from Psendomonas psendoalcaligenes 80 £5 60 £ 5 [19]

"No aminated molecule was needed for Si precipitation

[
(=2

120 120

100 T 100

80 4

60 o

40 4

Residual Activity (%)
Residual Activity (%)

20 4

L) L] O T T 1
80 120 0 20 40 60

Time(min) Time(min)

Fig. 1 Thermal stability of soluble and in situ entrapped enzymes in biomimetic silica. (a) p-galactosidase
preparations at 54 °C, (b) glucose oxidase preparations at 50 °C. In both graphs solid circles: PEl; open
diamonds: soluble

Spermidine 12 mg/mL keeping the supernatant of the immo-
bilization after the first centrifugation. It is worth mentioning
that a number of additional aminated molecules have been used
for Si deposition. In fact, proteins with high amounts of Lys on
their surface are able to auto catalyze their own Si
entrapment [17].

4. Measure the activity of the supernatant after silica precipitation.

5. Measure the activity after resuspension of the biocatalysts in
working buffer solution of the enzyme.

6. Weight the amount of biocatalyst formed after immobilization.
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4.2 Stabilization of
HRP Through 3D
Cross-Linking in
Biomimetic Silica
Nanoparticles

Bio-inspired silica Encapsulation of proteins

. Evaluate the amount of enzyme immobilized by difference of

activity in the starting enzymatic preparation and the superna-
tant after immobilization (Immobilization %). Measure the
immobilization yield either in terms of protein (1p) and/or

activity (714 ) according to Eqgs. (1) and (2), respectively:
To(%) = 2-x 100 (1)
0
T4(%) = 4-x 100 2)
0

where Py represents the amount of offered protein, P the
amount of loaded protein in the biocatalyst, Ay the offered
enzyme activity, and A the activity expressed in the biocatalyst.

. Tp and Y as well as the amount of Si nanoparticles of the

biocatalysts obtained, and specific activity depend on multiple
factors related to physicochemical and biochemical nature of
the enzyme to be immobilized. Table 1 shows the results
obtained for the enzymes analyzed in this chapter and examples
of previous works using PEI 10% for the Si deposition. It is
worth noting that these results have been obtained under
similar conditions from those described above.

. Regarding stabilization, there are multiple examples of stabi-

lized in situ entrapped enzymes. Figure 1 shows thermos stabi-
lization achieved for B-galactosidase and glucose oxidase after
immobilization using this approach.

. Perform a mild oxidation via NalOy as previously described (see

Subheading 3.2). This treatment generates aldehyde groups on
the sugar moieties of this highly glycosylated enzyme. Any
glycosylated protein could be cross-linked after in situ entrap-
ment in biomimetic silica. Additionally, any other chemical
modification of the enzyme surface protein to introduce alde-
hyde groups could also allow for a 3D multipoint covalent
immobilization of the encapsulated enzyme.

. Assay the catalytic activity of the preparation after gel filtration

in a PD-10 column into phosphate bufter 0.1 M pH 8.0.

. Entrap the oxidized enzyme in silica nanoparticles as described

in Subheading 3.3 using PEI 10%.

. Incubate the immobilized preparation at pH 10 as described in

Subheading 3.4. This incubation promotes the formation of
Schiff’s bases between the aldehyde groups of the enzyme
(obtained by its oxidation) and unreacted amino groups of
the PEI near the entrapped enzymatic structure. The reducing
step via NayBHy transform the first reversible interaction
between the enzyme and the matrix, into a three-dimensional
multiple covalent attachment of HRP within the silica particles.
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Table 2

Results obtained after in situ immobilization of HRP in biomimetic silica nanoparticles

HRP (mg/mL) Immobilization (%) Ya (%) Ul (Ul/mg)
0.5 94 + 3 50 + 2 1.042 + 4x1073
1 85+ 2 59 +2 1.025 £ 2x1073
3 83 +2 53+ 3 1.286 + 4x1072
5 82 +4 49 + 6 1.700 £ 7x1073
7.5 63 +4 42 4+ 2 2.125 +5x1073
10 54 + 3 12 + 3 1.887 + 8x1073
20 34+5 10 £5 1.900 £+ 7x1073
120
100

9

5 80

>

& 60+

s

=3

S 40

[7]

[]

'

Fig. 2 Graphical representation of the thermal stability at 50 °C of the soluble
(a), entrapped enzyme (®) and the cross-linked entrapped enzyme (m). The
half-life increased from 2.5 min to 53 min and 156 min, respectively. The
experimental data was fitted to the exponential model from Henley and

20

Sadana [20]

5. After reduction, wash twice with phosphate buffer by centrifu-
gation for 10 min at 4500 x g and resuspend in 25 mM
phosphate buffer pH 7.0. Optimal results in terms of specific
activity are obtained when using 5-7.5 mg/mL as starting

-

HRP concentration (Table 2).

6. The studies on thermal stability demonstrated that the
entrapped and cross-linked enzyme preparation presented a
half-life time of 156 min, significantly higher compared to the
solely entrapped enzyme or the non-immobilized HRP

L]

4
Time (h)

(53 and 2.4 min for their half-life time respectively) (Fig. 2).
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4.3 Use of Alternate
Aminated Catalysts for
In Situ Entrapment of
Lipase from
Ryzomucor miehei
(RML)

4.4 Co-Immobil-
ization of the Goupled
Enzyme System BitrH
and BtrG

Bio-inspired silica Encapsulation of proteins

. Perform a gel filtration of the commercial enzyme in a PD-10

column using sodium phosphate buffer 0.1 M pH 8.0. Mea-
sure the activity of the preparation.
Use of spermidine for in situ entrapment:

. Prepare a 12 mg/mL solution of spermidine in sodium phos-

phate buffer 0.1 M pH 8.0 and a solution of silicic acid as
described in the Subheading 3.3.

. Mix 1 mL of gel-filtrated RML with 0.5 mL spermidine

solution.

4. Add 0.5 mL of silicic acid solution.

11.
12.

. Centrifuge for 10 min at 4600 x g4 and wash once in sodium

phosphate buffer 0.025 M, pH 7.0, 0.5 M NaCl, and twice
with sodium phosphate bufter 0.025 M, pH 7.0.

. Measure the activity in the suspension.

Use of PEI for in situ entrapment:

. Prepare a 10% PEI solution in sodium phosphate buffer 0.1 M

pH 8.0 and a solution of silicic acid as described in Subheading
3.3.

. Mix 1 mL of gel-filtrated RML with 0.1 mL of PEI solution.
. Add 0.5 mL ofsilicic acid solution.
10.

Centrifuge for 10 min at 4600 x g and wash once in sodium
phosphate buffer 0.025 M, pH 7.0, 0.5 M NaCl, and twice
with sodium phosphate buffer 0.025 M, pH 7.0.

Measure the activity in the suspension.

Both immobilized preparations were significantly more stable
than the soluble RML (Fig. 3).

The acyltransferase (BtrH) and y-glutamyl cyclotransferase (BtrG)

are two of the eight enzymes involved in the natural production of

Butirosin B [21], a glycosidic antibiotic of relevance used to treat
resistant infections. Previous works demonstrated the concerted
action of these enzymes starting from synthetic precursors such as
N-acetylcysteamine (SNAC) derivatives [22]. The following exam-

ple involves the co-entrapment of both enzymes as a model of

immobilized enzymatic system.

1.

Prepare 1 mL solution of 0.2 mg of BtrH and 0.4 mg of BtrG
in sodium phosphate buffer 0.1 M pH 8 and measure BtrH
activity.

. Add 0.25 mL of PEI 10% and mix.
. Rapidly add 0.25 mL of previously hydrolyzed TMOS (silicic

acid solution).

. Mix the solution by inverting the tube three times.
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Fig. 3 Thermal stability at 60 °C of different RML preparations. Soluble enzyme
(RML) (@), in situ entrapped enzyme using PEI (m), and in situ entrapped enzyme
using spermidine (a). The preparations were incubated in 25 mM sodium
phosphate buffer pH 7

Table 3
Results obtained for the entrapment and co-entrapment of BirH and BirG

Encapsulated enzymes Immobilization (%) Ya (%)

BtrG 96.8 +1.1° ND

BtrH 89.7 £2.2 13.5 +£2.01

BtrG and BtrH 752 + 1.1 20+ 3.5
"Determined using protein concentration

N
Size (d.nm)

Fig. 4 (a) SEM analysis of in situ co-immaobilized preparations of BtrH and BtrG. (b) Histogram representation of
nanoparticle diameters using ImageJ
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. Centrifuge for 10 min at 4600 x g and wash once in sodium

phosphate bufter 0.1 M, pH 8.0, 0.5 M NaCl, and twice with
sodium phosphate bufter 0.1 M, pH 8.0.

. Measure BtrH activity in the suspension to evaluate any possi-

ble loss in activity during immobilization.

. In situ immobilization for the co-entrapement of BtrG and

BtrH did not affect significantly the %I (Table 3).

. Although the Y, obtained for BtrH, the only activity that was

possible to measure uncoupled with a chromogenic substrate
was low (Table 3), analysis by LC-MS using y-Glu-AHBA-
SNAC and ribostamycin as substrate showed the presence of
butirosin B. This compound is the expected product of the
concerted action of both enzymes which proved that BtrH was
active in the nano-co-entrapped biocatalysts.

. Characterization by scanning electron microscopy of the in situ

co-entrapped preparation showed = dispersed as well as
interconnected nanoparticles of a mean diameter of ~110 nm
(Fig. 4). The shape and polydispersity obtained is similar for
previously entrapped isolated proteins. However, the mean size
obtained for the nanobiocatalyst is significantly smaller than
reported entrapped proteins [16, 17].

5 Notes

. Sodium periodate solution should be prepared fresh and keep

protected from light.

. Vortex until solution is clear. This solution should be freshly

prepared.

. NaCl is sometimes necessary to remove non-entrapped ioni-

cally adsorbed enzymatic molecules to the surface of the
nanoparticles.

4. Solutions should be added in the specified order.

. Keep the vessel open as small amounts of H, are formed during

reduction.
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Abstract

Hybrid and composite nanoparticles represent an attractive material for enzyme integration
due to possible synergic advantages of the structural builders in the properties of the nano-
biocatalyst. In this study, we report the synthesis of a new stable hybrid nanobiocatalyst
formed by biomimetic silica (Si) nanoparticles entrapping both Horseradish Peroxidase
(HRP) (EC 1.11.1.7) and magnetic nanoparticles (MNPs). We have demonstrated that tai-
loring of the synthetic reagents and post immobilization treatments greatly impacted physi-
cal and biocatalytic properties such as an unprecedented ~280 times increase in the half-life
time in thermal stability experiments. The optimized nanohybrid biocatalyst that showed
superparamagnetic behaviour, was effective in the batch conversion of indole-3-acetic acid,
a prodrug used in Direct Enzyme Prodrug Therapy (DEPT). Our system, that was not cyto-
toxic per se, showed enhanced cytotoxic activity in the presence of the prodrug towards
HCT-116, a colorectal cancer cell line. The strategy developed proved to be effective in
obtaining a stabilized nanobiocatalyst combining three different organic/inorganic materials
with potential in DEPT and other biotechnological applications.

Introduction

The possibilities for practical applications of immobilized enzymes are continuously growing
and a steady number of immobilization methods have been recently developed to preserve the
activity of biotechnologically important enzymes in unnatural environments [1-4]. Apart
from industrial large-scale applications, immobilization techniques on nanoscale supports
have enabled and amplified the integration of enzymes in biosensors [5-7], nano/microreac-
tors [8,9] or in the generation of hybrid nanostructures for biomedical applications [8,10,11].
Design of tailored strategies for enzyme immobilization has proved essential to achieve better
specific activities, robustness and reusability of the material integrated enzymes, addressing
the major problems that restrain industrial or therapeutic implementation of enzymatic reac-
tions [12-14].
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Selection of the support material for enzyme immobilization is a critical aspect due to its
major impact on the properties of the biocatalyst. Its shape and textural characteristics of,
hydrophilicity/hydrophobicity properties, biocompatibility, toxicity or physicochemical stabil-
ity can directly influence the performance and utility of the immobilized enzyme [15-17].
Consequently, the discovery and use of new support materials with desired properties has
become extremely important in the design of immobilized biocatalysts.

In this regard, scientific attention has been directed towards hybrid and composite materi-
als, which combine properties of both composite precursor and maximize their advantages
[4,18]. Upon integration of the different materials, it is desired that the intrinsic characteristics
of each individual component are preserved, exhibiting new additional properties due to the
synergetic effect between the structural builders. When immobilizing an enzyme in composite
supports, scientists aim for a combined benefit of the materials on the properties of the
biocatalyst.

Biomimetic silica (Si) has been used in the past to generate hybrid inorganic/organic nano-
composites for a range of applications. It can be synthesized as a nanostructured material with
divergent morphologies within minutes under mild and green conditions [19,20]. Any mate-
rial contained in the synthetic mixture may become entrapped within the biomimetic Si nano-
particles [17,21-23]. The mild synthetic approach (room temperature, neutral pH, free of
organic solvents) is compatible with a range of enzymes for which the strategy has also resulted
in stabilization [24-26]. Moreover, for biomedical applications such as enzyme replacement
therapies or direct enzyme prodrug activation, encapsulation of enzymes in a Si nanocarrier
could reduce the immunogenicity of the enzyme. However, synthetic strategies for biomimetic
Si nanobiocatalysts are not universal as they provide distinct properties to different enzymes
and may be tailored to improve a desired attribute [13].

HRP is a heme-containing enzyme that uses hydrogen peroxide as electron acceptor. Its
importance in biotechnology is long established as it is involved in a variety of biological pro-
cesses, it is able to amplify weak signals, it is stable towards external factors (e.g. peroxide spe-
cies, temperature) and has a high turnover number [27]. In the past decade, HRP related
investigations have regained interest following the discovery of new natural isoenzymes with
different biochemical properties and the development of an efficient recombinant expression
system that facilitated its production. New HRP properties might enable the effective use of
this enzyme in polymer synthetic reactions in the presence of organic solvents or as a thera-
peutic agent in cancer therapy [28,29]. In the light of these new applications, we believe it is
timely to propose novel immobilization strategies for HRP on tailored materials that augment
its practical possibilities.

In this study, we demonstrate a new approach to integrate and stabilize HRP in biohybrid
magnetic nanoparticles (biomimetic Si + magnetic nanoparticles (MNPs)). The hybrid immo-
bilization system provided ease of separation in biocatalytic applications or accumulation of
HRP nanobiocatalyst where desired. Each material included in the nano-hybrid contributed to
the improvement of the properties of the nanohybrid which enabled its use in the conversion
of indole-3- acetic acid (3-IAA), a prodrug used in cancer therapy.

Materials and methods

Horseradish peroxidase Type VI (EC 1.11.1.7), polyethylenimine (PEI) (MW 1300, 2000,
25000 and 60000), 2,2'-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS) and hydrogen peroxide were from Sigma Aldrich (St. Louis, MO). Tetramethyl ortho-
silicate (TMOS), trehalose and potassium phosphate monobasic were from MERCK (White-
house Station, NJ). Dibasic sodium phosphate and sodium acetate were from Biopack (Buenos
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Aires, Argentina). Gel filtration PD10-Columns were from GE Healthcare (Buckimghamshire,
UK). Magnetic nanoparticles (MNPs) fluidMag-PAA (200 nm of aggregate size) were from
Chemicell (Berlin, Germany). All other chemicals used were analytical grade reagents.

Determination of HRP activity

The activity of the free and entrapped enzyme preparations was measured by a colorimetric
assay using 9.1 mM ABTS, (e = 36.8 mM'cm), as a substrate. The final assay contained 1.7
mL of 0.1 M potassium phosphate, pH 5.0 at 25°C, 0.1 mL of 9.1 mM ABTS, 0.2 mL 0.3% (w/
w) hydrogen peroxide solution (H,O,) in deionized water and 10 pl of the soluble and nanohy-
brid preparations. The oxidation of ABTS was measured in a spectrophotometer at a wave-
length of 405 nm for 2 min (Unico SQ-2800 UV-Vis). One enzyme unit (IU) was defined as
the amount of HRP able to oxidize 1 umol of ABTS in the above-mentioned conditions.
Entrapment of HRP in biomimetic Si nanoparticles. Aliquots of 0.4 mL of horseradish
peroxidase Type VI solutions (protein concentration varied from 0.5 to 20 mg/mL) in potas-
sium phosphate buffer (0.1 M, pH 8.0) were mixed with 0.1 mL of 10% polyethyleneimine
(PEI) adjusted to pH 8.0 with HCl and 0.1 mL of a hydrolyzed TMOS solution prepared by
diluting TMOS in hydrochloric acid (1 mM) to a final concentration of 1 M. The enzyme,
buffer and PEI were mixed and gently agitated in an end-over-end roller for 15 min at 25°C.
Then, the hydrolysed TMOS was added and this mixture was incubated for 5 min at 25°C. The
resultant entrapped HRP preparation was then centrifuged (13500 rpm) for 5 min, washed five
times by centrifugation and resuspension with sodium phosphate buffer 0.1 M pH 8.0 at 25°C
and sonicated in an ultrasonic cleaner at 130 W and 20 kHz, (SONICS & MATERIALS, INC.)
for 5 min. The immobilized nanobiocatalysts entrapped in Si are noted as BioSi@HRP.
Immobilization percentage was defined as:

%1 (Initial activity — Activity in supernatant) * 100
0l =

Initial activity

Immobilization yield was defined as:

(Activity in immobilized preparation) x 100

%Y =

Initial activity — Activity in supernatant

Oxidation of HRP. HRP was oxidized using a modification of Zalipsky’s PEGylation pro-
tocol with the aim of generating aldehyde groups in its sugar moieties [30]. Peroxidase (3 mg)
was dissolved in 1.8 mL of 10 mM sodium phosphate containing 154 mM sodium chloride,
pH 7.2. Simultaneously, 8.6 mg of sodium periodate were dissolved in 200 uL of distilled water
and protected from light. The sodium periodate solution was immediately added to the
enzyme solution, and the sample was gently agitated. The 2 mL mixture was incubated in the
dark for 1 h at 25°C with constant agitation. The reaction was then quenched by the addition
of 2.5 uL of glycerol (99.5%) and the oxidized enzyme was then purified by using a desalting
PD10 column equilibrated with 100 mM sodium phosphate pH 6.0 containing 154 mM
sodium chloride. Oxidized HRP was concentrated to 1 mg/mL using Vivaspin 500 with a 30
KDa cut oft membrane. The oxidised enzyme is noted as HRPox.

Covalent three-dimensional immobilization of the entrapped HRP. HRPox (1 mg/mL)
was entrapped in Si nanoparticles using the above-mentioned protocol. The entrapped enzyme
was then incubated in 25 mM sodium bicarbonate, pH 10.0 (R 1:10) overnight at 4°C to facili-
tate the formation of schiff’s bases between the aldehyde groups generated in the enzyme and
unreacted amino group from the support. The shiff’s bases were finally reduced using sodium
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borohydride (1mg/ml, 1:10) during 30 min at 25°C. The nanoparticles were then washed by
centrifugation and resuspension in 0.1 M sodium phosphate buffer pH 8.0 three times.

Co-entrapment with magnetic nanoparticles. 10 pL of a 25 mg/mL solution of MNPs
(chemicell FluidMAG-PAA, 200 nm) were brought to a magnetic separation rack during 5 min.
The supernatant was removed and resuspended in the same volume of 0.1 M sodium phosphate
buffer, pH 8.0. The co-entrapment procedure was the same as the one described above for the
entrapment of HRP but adding the washed 10 uL suspension before the TMOS addition.

Aliquots of 0.4 mL of oxidized horseradish peroxidase solutions (protein concentration 1
mg/mL) in potassium phosphate buffer (0.1 M, pH 8.0) were mixed with 0.1 mL of 10% poly-
ethyleneimine (PEI) adjusted to pH 8.0 with HCl and 10 pL suspension of the washed mag-
netic nanoparticles. The mixture was incubated for 10 min under gentle agitation at 25°C after
which 0.1 mL of a hydrolyzed TMOS solution prepared by diluting TMOS in hydrochloric
acid (1 mM) to a final concentration of 1 M, were added.

The resultant entrapped HRP preparation containing MNPs (BioSi@HRP_MNP) was then
centrifuged (13500 rpm) for 5 min and washed five times by centrifugation and resuspension
in 0.6 mL of sodium phosphate buffer 0.1 M pH 8.0. The nanoparticles suspension was soni-
cated in an ultrasonic cleaner at 130 W and 20 kHz (SONICS & MATERIALS, INC.) for 5 min
and finally reduced using the above-mentioned protocol for a three-dimensional covalent
immobilization.

General procedures for nanoparticles characterization. The morphology and particle
size distribution of the resulting nanoparticles (NPs) were characterized by Environmental
Scanning Electron Microscopy (ESEM) images were obtained using a QUANTA-FEG 250
microscope in “wet-mode” using a Peltier stage and a gaseous secondary electron detector
(GSED). The secondary electron images were taken at a voltage range between 10-15 keV, low
temperature (1°C), high chamber relative humidity (100%) and high Pressure (659 Pa) to
maintain the wet sample hydrated avoiding the sample damage during the observation. The
sample was prepared in milliQ water in a dilution of (1:10000) and sonicated prior to measure-
ments for 3 min to improve the dispersity.

Dynamic light scattering (DLS) and Z-potential measurements were performed on a
Malvern ZS nano instrument at 25°C. Each sample was prepared by diluting the sample
(1:100000) with milliQ water of which 1 mL was added to a quartz cuvette. They were mea-
sured 10 times, with a combination of 3 runs per measurement. The data was analysed using
Zetasizer software. Similarly, the z-potential was measured using the same sample in a Folded
Capillary Zeta Cell and the sample was measured 10 times and analysed using the aforemen-
tioned software.

Magnetic characterization was performed as follows: 50 pl of the liquid sample were placed
inside a polycarbonate capsule and sealed with vacuum grease for their magnetic characteriza-
tion. The magnetic characterization was performed in a Quantum Design (USA) MPMS-XL
SQUID magnetometer. Field dependent magnetization was recorded at 300 K under decreas-
ing field starting from 2 T, in the field range between -2 T and 2 T.

Reuse of nanohybrid by magnetic separation. The reusability of the immobilized
enzyme nanohybrids was studied by repeated usage for 10 enzymatic cycles. Enzymatic reac-
tions using 9.1 mM of ABTS and 0.3% hydrogen peroxide as substrates were performed in a 2
mL reaction volume containing potassium phosphate buffer pH 5.0, and a fixed amount of
immobilized enzyme (20 U). Between each cycle, the nanohybrids were carefully separated
using a magnetic separator (Chemicell- MagnetoPURE BIG SIZE) and then resuspended in
the reaction mixture. The reactions were measures spectrophotometrically at 405 nm for 2
min. The activity determined during the first cycle was considered 100% for the calculation of
remaining percentage activity after each use.
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Determination of reducing sugars by DNS method. To analyse the concentration of tre-
halose by DNS, serial dilutions of trehalose from 0.07 g/L to 10 g/L were made. To 2 mL of
these solutions 1 mL of dilute hydrochloric acid was added and boiled for 1 min following
which was cooled and the acid was neutralized with sodium hydrogen carbonate. Similarly,
the supernatant of an immobilized preparation (stored for 1 month), for which we intended to
observe trehalose leakage, was hydrolysed to convert the non-reducing sugar into a reducing
sugar.

To the hydrolysed preparations 250 pul of DNS reagent was added. The mixture was heated
at 90°C for 15 min to develop the range of colours which formed the standard to analyse our
sample. Finally, distilled water was added to bring the final volume to 1 mL which were cooled
to room temperature and the absorbance was recorded at 570 nm in a spectrophotometer.

Temperature profile of the nanoabiocatalysts. To study the optimum temperature, the
reactants were heated in a water bath to a range of temperatures (20°C to 60°C). Upon reach-
ing the desired temperature 10 uL enzyme was added to the reactant mixture and measured
spectrophotometrically at 405 nm for 2 min.

To analyse the range of thermal stability, the enzyme preparations were incubated in 0.1 M
sodium phosphate pH 8.0 for 1 h at the aforementioned temperatures (20 to 60°C) after which
the activity was measured spectrophotometrically at 405 nm for 2 min.

pH stability analysis of the nanobiocatalysts. HRP preparations were incubated in 0.1 M
sodium phosphate buffer pH 7.0 and 8.0, 25 mM sodium acetate pH 3.0, 4.0, and 5.0, and 25
mM sodium bicarbonate pH 10.0. Aliquots of soluble and entrapped suspensions were with-
drawn, and their residual activity was measured as previously described after 1 h of
incubation.

Thermal stability of the nanobiocatalysts. The thermal stability was carried out at 50°C,
wherein, aliquots of soluble and entrapped suspensions were withdrawn at different time inter-

vals and their residual activity was measured as previously described. Residual activity was
defined as:

Residual Activity = 4 (1)

ay

Where a are the IU at a time point and a, is the initial activity in IU. Biocatalysts inactiva-
tion was modeled based on the deactivation theory proposed by Henley and Sadana[31] using
Graph Pad Prism. Inactivation parameters were determined from the best-fit model of the
experimental data which was the one based on two-stage series inactivation mechanism with-
out residual activity, as represented in the following scheme:

k ko
E—E —E,

where k; and k; are first-order transition rates constants. E, E; and E,4 are the corresponding
enzyme species of progressively less specific activity, being the last one completely inactive.
The mathematical model that represents this mechanism is:

a _ k, —kyxt k, ko xt
ao_ <1+a(k2_k1>)e (a<k2_k1 ‘ @

where a is the enzyme specific activity. Inactivation parameters were determined from the

best-fit model of the experimental data. Half-life (time at which the residual enzyme activity is
half of its initial value; t;,,) was used to compare the stability of the different biocatalysts, being
determined by interpolation from the respective model described by Eq 2. The stability factor
(SF) was the parameter used for a quantitative comparison of the stability of the biocatalysts
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and was found by

t1/2

Stabilization factor = .
f /2,

(3)

Where t1/2 is the half life time of the more stable sample and t1/2, is the half life time of the
less stable sample.

Oxidation of 3-IAA by enzymatic preparations. The oxidation of 3-indole acetic acid
(3-IAA) by soluble and immobilized preparations (1 UI) was carried out as in [28], in 100 mM
sodium acetate buffer pH 5.0 containing 500 mM of 3-IAA at 25°C for 2 h. An aliquot of reac-
tion mixture was injected into a reverse-phase HPLC on a C18 Columbus column at 25°C
using an isocratic elution buffer of methanol/1% acetic acid mixture (40:60, v/v) at a flow rate
of 0.6 mL/min. The eluted products were monitored at absorbance of 250 nm using an Agilent
1100 series detector. The retention time for 3-IAA was 22 min and the reactive oxygen species
were eluted from 3 min to 20 min.

Cytotoxicity and cell viability 3-(4,5-Dimethylthiazol-2-YI)-2,5-Diphenyltetrazolium
Bromide (MTT) assay. The experiments were carried out with human colorectal cancer
(HCT 116) cell line. HCT116 shows less internalization compared to other cell lines and with-
stand higher temperatures[32] which suits future in vitro experiments related to the applica-
tion of the nanobiocatalysts in direct enzyme prodrug activation. Additionally, it has been
optimized for future 3D model experiments and genetically modified to constitutively expresse
luciferase, which allows better biomedical imaging of tumour growth in in vivo experiments.
To study the cytotoxic effect of the nanohybrids with 3-IAA we plated 15 x 10° cells HCT 116
per well in a 96-well plate and incubated in DMEM with 10% FBS, 1% glutamine (Invitrogen)
and 1% penicillin/streptomycin (Invitrogen) for 24 hours in an incubator at 37°C and in pres-
ence of 5% CO,. We then removed the medium and washed the cells with PBS. Following
which we added varied nanohybrids with varied enzymatic activity resulting in 0.5 IU, 1 IU or
21U along with the prodrug with final concentration in the well of 1 mM or 2 mM of 3-IAA.
The medium selected for this incubation was PBS. The cells when then incubated for 6 h at
37°C. Different controls were prepared to analyse the cytotoxicity effect of every single compo-
nent; nanohybrids and the prodrug. Besides, samples with the enzyme in suspension alone and
in combination with the prodrug were prepared to be able to compare the efficiency of the
nanohybrids. The supernatant was then removed and 100 ul of complete medium and 10 ul of
MTT (5mg/ml) was added per well and was incubated for 2 h 37°C, until intracellular purple
formazan crystals are visible under microscope. The plate was centrifuged at 1200 rpm for 25
min at RT. Following the removal of the supernatant and addition of 100 ul of DMSO per well
to solubilize the formazan crystals, the absorbance was measured at 570 nm. Every sample was
prepared in triplicates.

Results and discussion

Sol-gel and functionalized mesoporous Si have been previously used for enzyme immobiliza-
tion. These methods have some inherent limitations such as harsh synthetic conditions or
poor retention of the immobilized enzyme different from biomimetic Si synthesis [19,33]. The
immobilization approach follows a one-pot procedure, wherein, Si synthesis and enzyme
entrapment occur simultaneously. Biomimetic reactions for Si deposition and HRP entrap-
ment has been utilized in the past with modest results in terms of stabilization [28,34]. How-
ever, in previous reports we and others have demonstrated that this type of immobilization
technique necessitates tailoring to the particular enzyme and bioconversion for optimal prop-
erties of the biocatalyst [13,35]. In order to maximize the stability and enzymatic performance
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of HRP immobilized preparations, we studied three different configurations of the immobi-
lized enzyme Fig 1.

We first studied the entrapment process of HRP solely in biomimetic Si and the properties
of the obtained immobilized preparation. A range of HRP concentrations were used to evalu-
ate the immobilization parameters in silica entrapment and select a minimal amount of
enzyme that allowed the preparation of a high specific activity biocatalyst S1 Table. In the light
of the results obtained we chose 1 mg/mL HRP concentration for further experiments using
different MW polyethyleneimine (PEI) as a catalyst for the Si deposition. PEIs with MW of ~
1300, 2000, 25000 and 60000 were used to study the role of the amine rich catalyst in the nano-
particle synthesis and HRP stabilization. PEI is a polymer containing primary, secondary and
tertiary amino groups, having a strong anion exchange capacity under a broad range of condi-
tions, and the capability to chemically react with different chemical groups on either an
enzyme or a support. Difference in PEI sizes could not only affect biological aspects of the bio-
catalyst but also its physicochemical properties [8,36]. Additionally, post immobilization
chemical strategies have often improved otherwise unstable immobilized enzyme preparations
[37,38]. We therefore attempted to crosslink the enzyme once entrapped within the Si matrix
via chemical connection of aldehyde groups of the enzyme to unreacted amino groups of the
PEI Fig 1. To the extent of our knowledge, there is no previous report on this approach for
HRP immobilization in biomimetic Si nanoparticles (NPs). Considering the degree of glyco-
sylation of this enzyme [39], we performed a standard mild oxidation via NalO, of the enzyme.
This treatment generates aldehyde groups on HRP sugar residues that could form Schift”s
bases with amino groups of the PEI used as a catalyst for the Si deposition. Similar to the chem-
istry used to immobilize proteins on glyoxyl activated supports [40], a further reducing step
via Na,BH,, would transform the first reversible interaction between the enzyme and the
matrix into a three dimensional multiple covalent attachment of HRP within the Si particles
Fig 1. The strategy was followed in the presence of trehalose, a common additive used to gain
protein stability [12]. A direct correlation between the surface tension of trehalose solutions
and the thermal stability of various proteins has been established and it is also known that
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trehalose significantly increases the half-life of HRP [5]. No impact was observed in the immo-
bilization percentage (%I) and immobilization yield (%Y) of the preparations after including
the trehalose and the reduction step in the preparation of the nanobiocatalyst S2 Table.

Regarding the effect of the different PEI MW, except for the BioSi@T_HRP_PEI_60000, the
immobilization percentage (%I) and immobilization yield (%Y) of the different HRP were above
60%. Protein immobilization yield was between 78+2% and 83+4% for all the preparations. The
nanohybrid obtained with PEI MW 1300 displayed the higher results for %I and %Y Table 1. This
preparation contained 1.33 mg HRP/g of wet support and 1.05 IU/g of wet support.

None of the immobilized preparations obtained showed enzyme leakage as measured in the
supernatant of a suspension incubated a 4°C for 1 month.

When adding MNPs to the synthetic mixture, we observed that for the nanohybrids with
PEI MW 60000 there was an increase in the %Y from 33+5% to 57+5%. Probably, at higher
PEI MWs a denser cover of Si could affect the partition of substrate/product through the solu-
tion thus yielding lower expressed activity of HRP after immobilization. The presence of
MNPs could direct a Si deposition in a more compact polymeric shell, reducing mass transfer
limitations.

Analysis by SEM showed that when entrapment of HRP using PEI MW 1300 was per-
formed without chemical modification, biomimetic Si formed as preferentially disperse parti-
cles with a nanosized diameter range of ~ 300-550 nm with a sharp accumulation of ~ 400
nm diameter particles Fig 2A and 2B. When oxidized HRP was entrapped and the resulting
particles submitted to NaBH, reduction, biomimetic Si formed as interconnected randomly
agglutinated particles of approximately ~ 300-800 nm Fig 2C and 2D. In this case, the Gauss-
ian fitting of the nanoparticle size histogram showed a wider size distribution of the material,
demonstrating an effect of the chemical modification of the enzyme on the synthesis of biomi-
metic silica. The oxidation of enzymatic sugar residues may change the ionization state of the
enzyme at pH 8.0 which could alter the Si deposition process. Previous reports have already
conferred a fundamental role of the interplay of attractive/repulsive electrostatic interactions
during Si synthesis on the particle size and distribution of the material [22,41]. The presence of
trehalose during Si synthesis also affected the size distribution of the particles obtained with
diameters ranging from 100 to 1000 nm. Moreover, trehalose significantly impacted the homo-
geneity of the sample Fig 2E and 2F. Given that the amount of protein used in all the entrap-
ment experiments was the same (1 mg/mL), size dispersion can be attributed solely to
trehalose. These results corroborate with Rodriguez et al [42] that found that the addition of
carbohydrates to standard hydrostatic solutions altered the size of the spherical Si particles
obtained from in vitro polycationic peptide-mediated biosilicification. Although their findings
were obtained after Si precipitation without protein in the synthetic mixture, it became clear
that sugar molecules imparted some degree of morphological control on the deposited silica.

Table 1. Immobilization parameters of nanohybrids with different sizes of PEI.

Entrapment
BioSi@T_HRP_1300
BioSi@T_HRP_2000

BioSi@T_HRP_25000
BioSi@T_HRP_60000
BioSi@T_HRP_MNP_1300
BioSi@T_HRP_MNP_2000
BioSi@T_HRP_MNP_25000
BioSi@T_HRP_MNP_60000

https://doi.org/10.1371/journal.pone.0214004.t001

Immobilization (%) Immobilization yield (%) Protein immobilization yield (%)
60 £ 4 781 82+1
61+3 77+2 80+2
64+2 70 £5 77+1
70+ 2 33+5 77+4
83+5 71+2 78+1
76+ 2 69+4 78+3
772 70 £5 83+4
69+2 57%5 78+2
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Fig 2. Analysis by scanning electron microscopy (SEM) of nanohybrids using PEI MW 1300. A) BioSi@HRP, C)
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Table 2 shows the results for DLS analysis of the different nanohybrids with and without
MNPs. Addition of MNP in the synthetic mixture provided nanohybrids with smaller hydro-
dynamic sizes making the final diameter of the hybrid independent of the size of the PEI used
(~500-600 nm). This correlates with the results obtained for an increase in %Y after addition
of MNPs and the analysis by SEM of the samples that included MNPs Fig 3. The samples that
included MNPs showed again interconnected particles of a mean diameter of 400-450 nm Fig
3. The particle size distribution has a high dispersity that correlates with increased PDI results
Table 2 that did not impact on the activity of the nanobiocatalysts.

Table 2. Dynamic light scattering and net charge analysis of nanohybrids.

Hybrids Hydrodynamic size Poly dispersity index Zeta potential
(nm) (PDI) (mV)
MNP (-) MNP (+) MNP (-) MNP (+) MNP (-) MNP (+)
BioSi@THRP_1300 630 + 26 684+ 68 0.199+0.136 0.311+0.03 6.79+0.791 23.4+4.68
BioSi@THRP_2000 815+ 52 589 £ 28 0.104+0.067 0.321+0.044 6.87+0.701 21.5+4.24
BioSi@THRP_25000 535+ 23 491 £26 0.129+0.063 0.402+0.080 8.31+0.701 11.6+5.46
BioSi@T_HRP_60000 1026 + 83 543 + 21 0.207+0.089 0.354+0.059 9.81+1.12 15.5+4.00

https:/doi.org/10.1371/journal.pone.0214004.t002
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Stabilization of enzymes is a key factor to determine their full potential as biocatalysts. Our
studies on thermal stability of the entrapped enzyme demonstrated that, after fitting the exper-
imental data to the exponential model from Henley and Sadana [43], the physically entrapped
HRP (BioSi@HRP) had a half-life time of 65.4 min at 50°C compared to the soluble enzyme
that reached 50% of its initial activity after only 2.4 min Fig 4. Thermal stabilization improved
considerably after chemical modification of the nanobiocatalysts Fig 4B. When using PEI MW
1300, modified nanoparticles showed a half-life time of 150 min compared to 65.4 min of the
unmodified entrapped HRP. The effect of trehalose and the chemical crosslinking on the ther-
mal stability of the immobilized HRP was additive, as the preparation had a stabilization factor
(SF) of 176 compared to the soluble HRP Fig 4B. Since the Si NP is a porous material, we
excluded the possibility of trehalose leakage by incubating an immobilized preparation in
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Fig 4. Thermal stability at 50°C of different HRP preparations. A) Soluble enzyme (HRP) (®), BioSi@HRP (m).
Aliquots were taken at mentioned time intervals and measured spectrophometrically at 405nm. The half-lives were
determined as 0.04 h and 1.09 h for the soluble and immobilized preparations, respectively. B) Thermal stability of the
BioSi@HRP (®), BioSi@HRPox (@), BioSi@T_HRP_1300(4) and BioSi@T_HRP_MNP_1300 (¥) showing half-lives
1.09h,2.5h,7.02h,21.3 h.

https://doi.org/10.1371/journal.pone.0214004.g004

suspension at 4°C for 1 month and determination of reducing sugars in the supernatant. On
measurement of the supernatant, no trehalose was detected under these conditions S3 Table.
Moreover, a suspension of BioSi@T_HRP_MNP_1300 containing 12.5 IU/mL in sodium
phosphate buffer 0.1 M pH 8.0, retained 84%=+3 (10.5+0.4 IU/mL) of its initial activity after 6
months of shelf storage at 4°C.

We believe these results demonstrate that a three-dimensional rigidification of the enzyme
structure is a determinant factor to a drastic improvement in its stability. Some indications of
this effect had been previously obtained by immobilization of enzymes on matrixes modified
with polymeric molecules in which it was believed that regions of the biomolecules were
embedded within the support, improving their stability [38]. However, an entrapment process
assures that most of the enzymatic molecules lay within the matrix which is fundamental to
reinforce our three-dimensional stabilization hypothesis.

When stability of nanohybrids including MNPs was studied at 50°C, we observed a 532 SF
of the enzyme entrapped in Si with MNPs (BioSi@THRP_MNP_1300) compared to the solu-
ble enzyme Fig 4B.

Considering that the MNPs contain primary amino groups that could further react with the
aldehyde generated upon mild oxidation in the HRP, we believe the presence of the MNPs pro-
vided an additional source of functional groups for multi-point covalent interaction. Moreover,
the MNPs offer a more rigid surface to the enzyme to the flexible Si network formed as a shell of
the nanohybrid. This may restrain enzyme distortion and contribute to a greater stabilization.

The nanohybrids with distinct PEIs showed an increase in the half-life similar to nanohy-
brids with PEI MW 1300 respect to the soluble with an exception of PEI MW 25000 which
showed a SF of 20 with respect to the soluble enzyme Fig 5. The branched nature of this PEI
amplifies the loading enzyme but could leave the enzyme more exposed to degradation caused
by temperature increase [44].

Reports for immobilization and stabilization of HRP are ubiquitous. The majority of these
reports include inhouse fabricated supports and conditions for stability evaluation vary exten-
sively. For instance, using commercially available biogenic porous silica, Sahare et al found a
SF of 23[45] with an immobilized preparation with similar specific activity to the one used in
our work. HRP immobilized onto PVA-PAAm nanofibers was found to retain 64% of its ini-
tial activity at 4°C after 55 days which represents a lower storage stability compared to the
nanohybrid prepared herein[46]. For each of these examples it is important to highlight that
the nature of the support used and the chemistry of HRP immobilization is different for that
developed in this work. The different immobilization strategies might better suit precise appli-
cations, which eventually will make the stability results relevant.
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Fig 5. Thermal stability of the enzyme preparations with distinct polyethyleneimines (PEI). (BioSi@T_HRP_
MNP_1300 (v), BioSi@T_HRP_MNP_2000 (@), BioSi@T_HRP_MNP_25 000 (#), BioSi@T_HRP_MNP_60 0000 (o)
entrapped in silica with a magnetic core. The half-lives were determined as 21 h, 20 h, 8 h, 22 h, respectively.

https://doi.org/10.1371/journal.pone.0214004.9005

We have selected BioSi@ THRP_MNP_PEI_1300 for further experiments, under the prem-
ise that it was the most thermostable preparation obtained in our work with higher %Y and %
I. We have studied the remaining activities of HRP preparations after 1 hour of incubation in
several pHs S1 Fig. pH stability often restrains the applicability of enzymatic preparations as it
may have a profound impact on the loss of structural integrity of many proteins. Our results
demonstrate that the nanohybrids were more stable under acidic pH. There was no observed
effect of the MNPS on the pH stability. Additionally, no loss of integrity of the NPs was
observed after 1 hour of incubation at the different pHs.

Optimal pH and optimal temperature of HRP did not change upon integration of the
enzyme in the nanohybrids S2A and S2B Fig.

It was important to demonstrate that after the Si modification, the nanohybrids maintained
their superparamagnetic properties. Fig 6 shows the field dependent magnetization of the Bio-
Si@THRP_MNP_1300 at 300 K. The sample displayed superparamagnetic behaviour with
negligible coercivity at zero field.

Operational stability of the BioSi@THRP_MNP_1300 was also assessed after several enzy-
matic cycles using the chromogenic substrate ABTS and hydrogen peroxide. In all studied
cycles, the immobilized enzyme was magnetically separated and was assessed for its remnant
catalytic activity. After 5 reuses the nanohybrids maintained 30% of its initial activity Fig 7.

As a proof of its utility in a biotechnological relevant biotransformation, we studied the oxi-
dation of 3-IAA. This non-toxic plant hormone has been examined as a prodrug candidate as,
upon transformation to its oxidized species, it induces cellular apoptosis in cancerous lines.
HRP has been proposed as oxidizing enzyme of this compound for the so-called direct enzyme
prodrug therapy. The biocatalytic performance of the BioSi@THRP_MNP_1300 was tested in
batch conversion of 3-IAA into its oxidized species. HPLC elution profiles showed that the
nanohybrids catalysed the complete oxidation of a 500 mM prodrug solution within 30 min of
reaction with the generation of at least five oxidized products Fig 8A and 8B.

The major product is expected to be oxindol-3-yl carbinol for its distinctive spectra and
matching retention time from previous works using the same HPLC analysis conditions. This
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Fig 6. Field dependent magnetization of BioSi@T_HRP_MNP_1300. The measurements are shown at 300 K after
diamagnetic correction.
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type of immobilized biocatalyst could be potentially applied to biotransformations such us

in situ clean-up of contaminated environments [47,48], lignin polymerization for hydropho-
bicity enhancement of fibres [49] or other polymerization reactions applied in pharmaceuticals
[50].
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Fig 7. Operational stability of BioSi@T_HRP_MNP_1300. Residual enzyme activity after 6 reuses with substrates
(ABTS and H,0,) and separation using a magnetic separator.

https://doi.org/10.1371/journal.pone.0214004.g007
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Fig 8. Oxidation of 3-IAA by the nanohybrids. A) Conversion of 3-IAA by nanohybrids BioSi@T_HRP_MNP_1300
at different intervals of time B) Conversion kinetic of 3-IAA by the nanohybrids. Reactions were carried at 25°C using
1 Ul in a 100 mM sodium acetate buffer at pH 5.0 containing 500 mM of 3-IAA. Further details are described in
Methods. Inset- Increment in the concentration (area) of the radical 3-ox-indol-carbinol.

https://doi.org/10.1371/journal.pone.0214004.g008

Anticipating a possible biomedical application of the HRP entrapped nanomaterial pro-
duced herein, we further investigated its cytotoxicity towards the model colorectal cancer cell
line HCT 116 (ATCC) (Fig 9A and 9B). NPs may cause adverse health effects resulting from
damage to membranes, changes in protein folding, DNA mutation, blood abnormalities and
oxidative stress injuries. Measurements of cell viability and proliferation can provide an indi-
cation of the safety of nanomaterials.

The results show that after 6 hours in PBS, BioSi@THRP_MNP_PEI 1300 is well tolerated
by the cells as not more than ~15% growth inhibition is observed in a range of concentrations
of 5, 10 and 20 pug/mL. Besides, when incubating the cells solely with the free enzyme or with
the prodrug no cytotoxicity effect was observed. However, cell death was observed when
3-TAA and nanohybrids were co-incubated with the cells. Increasing amounts of enzyme units
(0.5-2IU/mL) in the assay showed a correlated decrease in cell viability demonstrating that
the optimized nanohybrid is efficient in the generation of toxic radicals. We can also see in the
results that the two prodrug concentrations selected resulted in very similar cell viability
values.

It is worth noting that the soluble enzyme showed a greater cytotoxic effect in the presence
of the prodrug in comparison to the immobilized one, as it is free and easily available for the
oxidation of the prodrug. The rate of conversion is slower in the nanohybrids as the substrate
had to traverse through the Si matrix to access the enzyme entrapped thus decreasing the rapid
conversion of the radicals in the assay. However, we have demonstrated that integration of the
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Fig 9. Effect of nanohybrids (BioSi@T_HRP_1300_MNP) on HCT 116 (ATCC) cell viability. Cytotoxicity studies using MTT were assayed. Cells were
incubated for 6 h in PBS with concentrations of nanohybrids (0.5, 1 and 2 IU of Enzyme) and concentrations of prodrug 1 mM and 2mM. A) Corresponds to
the data normalized against live control (cells with DMEM 10% FBS, considered as 100%) for an assay using 1 mM of 3-IAA. B) Corresponds to the data
normalized against live control (cells with DMEM 10% FBS, considered as 100%) for an assay using 2 mM of 3-IAA Results were expressed as the mean +/-
SD of triplicates of a representative experiment. Live cells: Control of live cells, nH_1/2/3: control of nanohybrid at 5, 10, 20 ug/mL containing 0.5, 1 and 2 IU/
mL respectively, 3-IAA: Control of prodrug with concentrations of 1 and 2 mM, HRP1/2/3 ctrl: control with soluble enzyme at 0.5, 1 and 2 IU/mL; nH_1/2/
3_3IAA: nanohybrids and prodrug combinations; HRP 1/2/3/_3IAA: reaction mixture with soluble enzyme and prodrug combinations.

https://doi.org/10.1371/journal.pone.0214004.g009

enzyme in the composite material provided advantageous properties that counterbalance any
decrease in the conversion rate of the prodrug 3-IAA.

Although extensive analysis is necessary to fully understand nanomaterials toxic effects, the
results of MTT in this work confirmed the utility of BioSi@THRP_MNP_PEI 1300 in directed
enzyme prodrug therapy (DEPT), which encourages further investigations into in vitro and in
vivo effects of the material.

Conclusions

In this work we have prepared a new nanosized hybrid material that combined MNPs, biomi-
metic silica and the enzyme HRP. The diameter and polydispersity of the in situ prepared
nanoparticles demonstrated a dependence on the size of the aminated polymer PEI used to
deposit the siliceous material and the addition of the magnetic nanoparticles during synthesis.
Addition of the disaccharide trehalose and a post immobilization chemical modification of the
organic/inorganic material provided exceptional stability to the enzyme without compromis-
ing its activity. In fact, the immobilized enzyme showed a significantly higher thermal stabili-
zation factor compared with previous reports for HRP [51,52]. The superparamagnetic
properties of the nanohybrid facilitated its separation in repeated batch transformations of a
synthetic substrate. Our findings demonstrate that the material is not cytotoxic while it
enabled the cytotoxicity of cancerous cells upon transformation of the prodrug 3-IAA. In sum-
mary, the unprecedented approach for the preparation of a nanohybrid biocatalyst provided
excellent properties that could enable a range of potential applications. Further experiments
on conversion of alternate substrates of immobilized HRP will broaden the range of applica-
tions of the system. Moreover, the cytotoxic studies carried out with the nanohybrid prepared
herein encourages additional experimentation for a better insight into its biomedical potential.
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Abstract

Integration of biocatalysts and nanoscale materials offer multiple advantages
over micro-scaled heterogeneous biocatalysts. Apart from providing reusability
and sustainability of the enzyme, the use of nanosupports is aimed at increasing

E. Jackson - S. Correa - L. Betancor (<)

Laboratorio de Biotecnologia, Facultad de Ingenieria, Universidad ORT Uruguay,
Montevideo, Uruguay

e-mail: betancor@ort.edu.uy

© Springer Nature Switzerland AG 2019 1235
Md. I. H. Mondal (ed.), Cellulose-Based Superabsorbent Hydrogels,

Polymers and Polymeric Composites: A Reference Series,
https://doi.org/10.1007/978-3-319-77830-3_42


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77830-3_42&domain=pdf
mailto:betancor@ort.edu.uy
https://doi.org/10.1007/978-3-319-77830-3_42

1236 E. Jackson et al.

the surface area available for biocatalyst immobilization and improving the yields
in bioconversions through better biocatalyst mobility and less diffusional prob-
lems. Among many nanomaterials for enzyme immobilization, cellulose stands
out as biocompatible, biodegradable, and environmentally-friendly regarding its
biological source. In this chapter, we discuss the steady advancement in utilizing
different nanostructured cellulosic materials for enzyme immobilization. We
address the use of hybrid materials that include cellulose and improve the
properties of the heterogeneous biocatalyst. The methodologies for functiona-
lization and integration of enzymes on nanocellulose hydrogels are discussed
including covalent linkage through chemical modification, entrapment, and cross-
linking. We consider its applications to biomedicine, food industry, and environ-
mental science with a special emphasis on the impact of the enzymatic properties
caused after immobilization on cellulosic supports.

Keywords
Enzyme immobilization - Cellulose - Nanosupports - Biocatalysis -
Nanobiotechnology

1 Introduction

Nanobiocatalysis is a new frontier of emerging nanosized material supports in
enzyme immobilization application. Enzymes are remarkable biocatalysts and have
been used in biotechnology for many years because of their interesting charac-
teristics such as substrate and product specificity, ease of preparation, and ability to
function under mild conditions with no toxic by-products for more environmentally-
friendly conversions.

Enzyme association to insoluble materials, commonly known as enzyme immo-
bilization, provides a number of advantages to the applied use of enzymes:
immobilized enzymes can be reused, minimizes costs and time of analysis, facilitates
the continuous use of the biocatalyst, and may improve enzyme properties such as
operational or thermal stability [1, 2]. A wide variety of techniques are now available
for the preparation of immobilized enzymes that may include chemical or physical
mechanisms, addition of aiding agents during immobilization, or combination of
different strategies to obtain more active and stable preparations. Moreover, inves-
tigations on material science have contributed with a plethora of new supports
compatible with enzyme activity and better physical and mechanical properties.
Such is the case of nanosupports, rapidly adopted for enzyme immobilization, as
they reduce diffusion limitations and maximize the functional surface area to
increase enzyme loading. Active immobilized enzymes in nanomaterials, also
known as nanobiocatalysts, have been studied for a wide variety of applications [3].

Cellulose, as a natural polymer resource is abundant, renewable, and biocompat-
ible and has gained interest due to its optical, mechanical, chemical, and rheological
properties that make it suitable for materials applications, actuators/sensors, drug
delivery systems, biomedical science, and biotranformations [4]. As it is produced
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from plants and bacteria, the nature of its structure varies and offers numerous
possibilities for the attachment of enzymatic molecules and functionalization with
non-natural reactive groups which further expands the possibility of associating
biocatalysts to its structure. It was only in the last 10 years that researchers were
able to develop and study strategies for the preparation of cellulose-based nano-
structures. These studies have rampaged from a mere 4 articles in 2006 and 2007
related to “nanocellulose” to 365 articles published in 2016 (source Scopus). The
recent interest on these materials is not fortuitous but the result of a slow unveiling of
the opportunities that this material has on biotechnological applications. It is there-
fore timely to revise the piled evidence of nanocellulose materials that have been
used in the immobilization of enzymes, the different methodological approaches to
obtain them and their suitability for biocatalytic applications with a view of the
future impact of these composites in biocatalysis.

2 Cellulose Architectures for Enzyme Immobilization

There are a number of cellulose nanostructures able to support enzyme immobiliza-
tion: cellulose nanofibers (CNF), which can be electrospun, micofibrillated cellulose
(MFC), nanocrystalline cellulose (CNC), or bacterial nanocellulose (BC). CNF can
be produced from both cellulose I source, such as wood fibers, cotton, and agricul-
tural crops, and cellulose II source, such as lyocell fibers using various techniques
such as grinding, high-pressure homogenization, and sonication. There are four
different polymorphs of cellulose: cellulose I, II, III, and IV. Cellulose I, native
cellulose, is the form found in nature, and it occurs in two allomorphs, I and Ip.
Cellulose II, or regenerated cellulose, the most stable crystalline form, emerges after
recrystallization or mercerization with aqueous sodium hydroxide. The major dis-
tinction between these two forms of cellulose lies in the layout of their atoms:
cellulose II has antiparallel packing, whereas the chains in cellulose I run in a
parallel direction. Finally, cellulose III; and III}; are obtained by ammonia treatment
of cellulose I and II, respectively, and with the modification of cellulose III with
glycerol, cellulose IV is finally produced [5].

The isolation of cellulose from its sources can be carried out by top-down or bottom-
up method. The bottom-up approach is used to process material from small molecules
into complex structures [6]. The top-down method usually involves various mechanical,
chemical, and biological treatments, or a combination of two or more methods which is
used for the removal of plant constituents apart from cellulose.

2.1 Natural Cellulose Supports for Enzyme Immobilization

Natural sources of cellulose could be generalized as rigid and partially crystalline.
Cellulose is the main constituent in the most abundant organic compound on earth,
especially within wood and natural fibers (kenaf, palm, cotton, hemp, flax, etc.).
Almost 65-70% of cellulose compound is contained in plant fibers and comprised C,
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H, and O elements [1, 7, 8]. Kenaf (Hibiscus cannabinus L.) is a lignocellulosic fiber
having a high cellulose content, low specific gravity, and good mechanical properties
along with good chemical characteristics, large surface area, and low coefficient
thermal expansion. The isolation process of kenaf raw bast fiber has been done by
using combinations of chemical and physical treatments which can remove matrix
substances such as lignin and hemicellulose, and disintegrate the micron-sized
cellulose fiber into nanofiber [9]. This process results in changes in the appearance
of the material from micron-sized to nanosized fibers. It is organized as web-like
network structure with long entangled cellulosic filaments with an average diameter
ranged as less than 100 nm right up to less than 10 nm depending on the ultra-
sonication output power. Thus, ultrasonication disintegration plays an important role
in the determination of the diameter of the fiber. The nanofibril has been successfully
observed as an individual wire-like fiber [10], arranged in longitudinal direction as
aggregated fibers with high specific surface area and strong association due to
interfiber hydrogen bonding between hydroxyl groups of adjacent fibers.

2.2 Microfibrillated Cellulose

Microfibrillated cellulose (MFC) is a material derived by disintegrating digested cellu-
lose through a homogenizing process in a reciprocating motion producing a high
pressure drop. The strategy results in shearing and impact forces that in turn expose
microfibrils regardless of the starting material [11]. The production of MFC by fibrilla-
tion of cellulose fibers involves intensive mechanical treatment. Additionally, it could
involve prior chemical treatments to purify the cellulose depending on the raw material.
MFC consists of aggregates of cellulose microfibrils. Its diameter is in the range
20-60 nm and it has a length of several micrometers. If we consider that the microfibrils
have a 2-10 —nm-thick fibrous cellulose structure and a length of several tens of
microns, then MFC is composed of 10-50 microfibrils [5]. The raw materials and
fibrillation techniques dictate the cellulose degree of polymerization, morphology, and
nanofiber aspect ratio. MFC can further be subclassified depending on the treatment it
undergoes. On transverse cleavage of the microfibrils along the amorphous regions and
subsequent sonication, they form rod-like structures called “cellulose whiskers” with a
typical diameter of 2-20 nm and wide length distribution of 100-600 nm. Their almost
perfect crystalline arrangement makes them a potential reinforcing material [12].

23 Cellulose Nanocrystals

Cellulose nanocrystals (CNCs) are rod-like cellulose nanomaterials that can be
economically prepared from various cellulosic materials by the elimination of
amorphous regions of cellulose. This material is interesting as a nanofiller due to
its nanoscale dimensions, high specific area, and highly rigid crystalline structure
[11, 13]. Generally, CNCs are formed upon the elimination of disordered or amor-
phous regions of cellulose through several strategies, including acid hydrolysis,
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microfluidization, and TEMPO-mediated oxidation. BC and cotton linter cellulose
long fiber (CLC) can also produce cellulose nanocrystals (CNC) [14]. Reports from
Roman et al. have shown that CNCs are much safer than other nanomaterials in use
in biomedicine as targeted drug delivery systems. They have been used to immobi-
lize various enzymes such as lysozyme, papain, and glucose oxidase [4, 13, 15]. The
CNC-CLC and CNC-BC showed higher loading capacity of the protein, enhanced
stability and activity, and overall a potential support for application in biomedicine,
bioelectronic, and biocatalytic fields.

24 Bacterial Cellulose Nanosupports

Cellulose synthesized by bacteria is called bacterial cellulose (BC) or sometimes
microbial cellulose and is obtained as a gel-like three-dimensional mat formed by
entangled nanofibrils of cellulose [16]. Different from cellulose from wood pulp, BC
is devoid of other contaminating polysaccharides which provide high crystallinity and
purity to the material and its isolation and purification are relatively simple, not requiring
energy- or chemical-intensive processes. The ability to naturally synthesize BC is
restricted to a few genre of bacteria being the most common bacteria associated with
the synthesis of cellulose Gluconacetobacter xylinus as it is the only one able to produce
it at the industrial level [17]. After polymerization of glucose residues occurring in the
cytoplasm, an extracellular secretion of the glucan chains occurs in a hierarchically linear
arrangement favored by van der Waals forces and hydrogen bridges. Intra- and interfiber
hydrogen bonding favor crystalline packing of the fiber for amorphous and crystalline
regions [18]. The resulting microfibrils aggregate to produce a typical ribbon assembly
with a lateral width of 40—60 nm. This structuration provides a specific density, tensile
strength, and hydrophilicity that suit the material for functionalization and application to
cosmetic industry, paper industry, food processing and packaging, and tissue engineer-
ing. Furthermore, the unique fibrillar nanostructure of BC (Fig. 1) determines its
distinguished physical and mechanical properties such as high porosity, large surface
area, excellent mechanical strength, and good biocompatibility [19]. BC-forming micro-
organisms can be cultivated in mannitol-based medium with alternative source of
carbons and the supernatant freeze-dried to form a BC sponge after purification. Acid
hydrolysis of BC form bacterial cellulose nanocrystals (BCNs) that have a higher
hydrophilicity due to increased number of hydroxyl groups while being able to establish
hydrophobic interactions due to its highly ordered crystalline organization (Fig. 1). This
amphiphilic capacities can be applied to stabilize surfactant-free emulsions [20].

25 Electrospun Cellulose
Electrospinning is a simple, cost-effective, and scalable technique that utilizes

electrical charge to form fine fibers from a polymer solution or polymer melt. In
the past decades, electrospinning has emerged as a facile, economical, and scalable
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Fig. 1 An example of bacterial cellulose from Acetobacter xylinum. SEM images of (a) BC and (b)
BCNs; TEM images of (¢) BC and (d) BCNs. (Reproduced with permission from [20])

technique to produce polymeric fibers with a diameter ranging from micro- to
nanometer scale. The biggest advantages of electrospun nanofibers are the high
specific surface area, high porosity, and interconnectivity [21]. In biocatalysis,
electrospun nanofibers could be used as the support for enzyme immobilization,
and the immobilized enzyme could be reused and simultaneous biocatalytic reaction
and enzyme-product separation is possible.

Substrates of this technique can be salts of cellulose such as cellulose acetate. The
properties of the final material obtained can vary depending on the concentration and
electrical conductivity of the starting solution, applied electrical potential, fiber
collection distance and time, flow rate, and inner diameter of the reservoir during
the process [6].

Electrospun cellulose has been used in a layer-by-layer self-assembled (LBL)
configurations based on the electrostatic interactions of additional materials sequen-
tially added to cellulose mats. This material was prepared by alternate adsorption of
highly positively charged enzyme Naringinase (NA) and negatively charged alginate
(ALG) from dilute solutions on the surface of negatively charged cellulose acetate
nanofibrous mats via electrostatic attraction. The self-assembly of NA and ALG
gave the reversal of the surface charge, demonstrating the successful polyelectrolyte
multilayer deposited onto electrospun cellulose acetate nanofibers [21].
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2.6 Synthetic Supports

In the recent years, the preparation of lignocellulose-based materials and biomimetic
synthetic wood composites containing cellulose, hemicellulose, and lignin by using
ionic liquids (ILs) as well as cellulose/starch/lignin film, lignocellulose aerogel, and
all-wood composites have been reported [8, 22]. The major components of wood
have been reported to be dissolved in ILs and successfully reconstituted as
hydrogels, thin films, and electrospun materials. Fabrication of homogeneous com-
posites from cellulose/hemicellulose/lignin has been achieved via an uncomplicated
process by using in 1-ethyl-3-methylimidazolium acetate resulting in hydrogel beads
composites with controllable properties [8]. The material shows a regular spherical
shape and it is noted that the surface could be controlled by altering the ratio of
cellulose, xylan, and lignin. When all three components were present, it was referred
to as a wood mimetic composite which was a viable support for the entrapment of
lipase and stabilization of its activity.

3 Strategies for the Immobilization of Enzymes in Cellulose-
Based Nanocarriers

There are many enzyme immobilization approaches in cellulose-based nanocarriers
already available and many more are being developed. Most of these approaches
share the goals of finding a biocompatible support for enzyme immobilization,
provide a higher surface area to increase the enzyme loading, and achieve high
stability and reusability of the biocatalyst with a simple and mild methodology. In
this regard, cellulose materials have been studied due to its low cost and biocom-
patibility [23, 24]. Cellulose materials have been proven to be environmentally-
friendly and are able to work under mild conditions [23, 25].

Among many strategies for enzyme immobilization, cellulose-based nano-
biocatalysts have been developed mainly using four different approaches to retain
the enzyme in the cellulosic support: entrapment, cross-linking, adsorption, and
covalent immobilization.

In this chapter, we describe these four immobilization strategies in cellulosic-
based nanosupports and examine the impact of the immobilization process on the
biocatalyst activity and stability through several examples.

3.1 Immobilization by Cross-Linking

Chemical modification of enzymes after immobilization such as chemical cross-
linking is a widely used strategy in the preparation of insoluble biocatalysts [26]. The
enzyme is generally adsorbed to the nanosupport and then cross-linked with a
bifunctional agent such as glutaraldehyde (Fig. 2). This approach can improve the
enzyme stability as well as reduce enzyme leakage, a common problem in
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Fig. 2 Schematic representation of an enzyme immobilized on cellulose nanosupport via (a)
adsorption and cross-linking, (b) physical adsorption, and (¢) covalent immobilization to gold
nanoparticles (AuNPs) attached to the support

noncovalently attached enzymes to supports. An alternative approach to a previous
adsorption of the enzyme on a support is its precipitation and further cross-linking.
Further advantages could be obtained if additives or other material are present during
the precipitation. For instance, magnetic nanoparticles can be added to the mixture to
form a hybrid nanobiocatalyst to ease its separation from reaction media.

Magnetic cellulose nanocrystals (MCNCs) have been used as a support for en-
zyme immobilization [13, 27]. The enzyme can be mixed with an aqueous suspension
of MCNC and be deposited on its surface in the presence of a precipitant such as
ethanol. Upon precipitation, addition of a cross-linking agent such as glutaraldehyde
generates a chemical attachment between the immobilized molecules [23].

Immobilization on MCNCs via the described precipitation-cross-linking pro-
cess was successfully accomplished with different types of enzymes [13, 27]. For
instance, following this strategy, a nanobiocatalyst papain/MCNC has been prepared
with high enzyme-loading capacity (333 mg protein/g MCNCs). The highest
enzyme activity recovery was 80.1% at a mass ratio of 1:3 papain to MCNC. This
could be attributable to the abundant active —OH groups of the cellulose nanocrystals
that contribute to the cross-linking of the enzymes on the MCNC. When comparing
the nanobiocatalyst with the free enzyme, the optimal pH value increased from
6.5 to 7.0 and the temperature for the highest activity was 75 °C, 5 degrees higher
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than that of the free enzyme. The change in optimal temperature was attributed to
an increase in the enzyme conformational rigidity (seen in a secondary structure
study). When comparing the kinetic behavior of free and immobilized papain, a
higher V,ax (2.07 % 1072 compared to 1.19 x 1072 pmol/ml.min) and lower Ky
(0.85-1.27 mM) were found, thus demonstrating the increase in enzyme-substrate
apparent affinity. This phenomenon could be attributable to the fact that the enzyme
was anchored on the surface of MCNC, making the substrate accessible to the
enzyme and in turn increasing the apparent affinity, or that the immobilization of
papain onto the MCNC may have resulted in the conformational changes, helping
the enzyme to suitably orient its active site toward the substrate. The immobilized
enzyme was also proved to be more thermally stable. When comparing at the same
temperature, the immobilized enzyme exhibited higher activity recovery than its
free counterpart, 30% after 7 h incubation at 80 °C, while the free enzyme was
inactivated after only 3 h. Moreover, the nanobiocatalyst showed no significant
loss of activity when stored at 4 °C for 30 days. Finally, the reusability of the
immobilized preparation was successful in maintaining 52.4% of its initial activity
after 6 cycles.

3.2 Immobilization by Physical Adsorption

Physical adsorption of the enzymes on insoluble cellulose-based nanosupports has
been reported elsewhere for the production of stable immobilized preparations
that avoided leakage provided a strong enzyme-support interaction was estab-
lished [28]. This immobilization approach has a major advantage considering the
simplicity of the steps required, although functionalization of bare cellulose with
ionizable/hydrophobic groups is sometimes necessary to achieve strong enzymatic
adsorption of enzymes.

Physical adsorption of enzymes is feasible onto cellulose nanocrystals (CNCs) by
incubating both the support and the enzyme under shaking at room temperature
[13]. At neutral pH, a high fraction of sulfonate groups on the CNCs are ionized and
the cationic sites or amino groups of the enzyme may have ionic interaction with
anionic groups of CNCs (Fig. 2). The adsorption level of enzymes onto cellulose
increases by the oxidation of cellulose primary hydroxyl groups to carboxyl groups;
this strategy has been tested with cellulose fibers and could be translated to
nanostructures [29].

When immobilizing a lipase from a C. rugose with this approach, an immobili-
zation yield was low (51%) [13]. The decrease of lipase activity after immobilization
may be due to the changes in spatial conformation of lipase and lower accessibility
of substrate to the active site. However, the thermal stability can be enhanced by this
approach. In the case of lipases, an immobilized enzyme to CNCs maintained over
50% of the residual activity when incubated at 60 °C for 1 h. Under the same
conditions, the residual activity of the free lipase was only 11%. When comparing
the half-lives, the immobilized enzyme was 27 times higher than of the free lipase.
This increase in thermal stability may be associated to the enhanced ionic
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interactions between anionic sulfonate groups of CNCs and the lipase, and the
increased interactions caused by the higher surface area of the nanomaterial
[13]. With this strategy, the pH profiles of free and immobilized lipase were similar,
pH 8 being the optimal for both. A difference was found at pH 5, where the relative
activity of immobilized lipase was 3.7 times higher than that of free lipase, and at
pH 10, where free lipase showed no activity while the relative activity of
immobilized lipase was 27.8%. The pH profiles for the stability of free and
immobilized lipase were also very similar after a 5h incubation. The residual
activities of immobilized lipase in buffers from pH 3 to pH 8 were approximately
140% higher than those of the free lipase. At alkaline pH, the stability of the lipase
was significantly enhanced by immobilization on CNC (8.8 times higher at pH 10).
Increased activity and stability in alkaline pH may be caused by increased ionic
interaction between anionic groups of CNCs and the lipase since the anionic form of
the sulfate half-ester in CNC is dominant at an alkaline pH.

Physical adsorption of lipase not always results in a more stable preparation. In a
study where the adsorption of a Candida rugosa lipase was performed on a cellulose
nanofiber membrane, the preparation demonstrated a low enzyme loading and poor
enzyme stability [30]. These types of examples still prove the necessity of protocol
optimization in order to tailor the immobilization strategy to a particular support or a
desired enzyme.

Functionalization of nanocellulose-based supports for adsorption of enzymes has
also been achieved via coverage of the cellulose surface with ionic polymers.
Efficient immobilization of papain was achieved using CNCs associated to poly-
ethyleneimine (PEI) modified Fe;0, nanoparticles [16]. Magnetic nanoparticles
embedded on CNCs facilitated the separation of the particles from a reaction
mixture, simplifying the reuse of the biocatalysts. This support was successfully
used for the immobilization and separation of papain from the reaction mixture
which under optimal conditions resulted in a preparation with an enzyme activity of
227 pg/min.g. When studying the kinetic parameters of this preparation, the
immobilized papain required higher substrate concentration compared to the free
papain which could be explained by the increased steric hindrance and diffusion
impediments. However, compared with free papain, the immobilized papain still
demonstrated high catalytic efficiency.

Also, the immobilized papain exhibited higher relative activity in both acidic and
alkaline pH ranges when compared to its free form. The immobilized enzyme
retained over 90% of its original activity after incubation for 1 h at 40 °C, almost
twice the activity measured for the free enzyme [16].

33 Covalent Immobilization

Covalent immobilization of enzymes is often chosen over adsorption strategies
because it overcomes the primary disadvantage of adsorption which is enzyme
dissociation (leakage) [28]. A number of functionalization strategies have been
developed for cellulose nanomaterials for the covalent bonding of enzymes
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[13, 31, 32]. One of this approaches involved functionalization of cellulose nano-
crystals (CNCs) with cyanogen bromide, a functional group that is able to react with
amino-terminal groups of enzymes under neutral pH [31]. Peroxidase has been
immobilized in CNCs following this approach resulting in a highly active prepara-
tion (594 1U/g) with a higher catalytic efficiency when compared to the free enzyme.

Modification of CNCs can be also obtained via esterification with amino acids
such as glycine through the abundant hydroxyl groups on the CNC surface. Lyso-
zyme, for example, can be covalently immobilized via amide linkage of its glutamate
and aspartate residues to the surfaces of amino-modified materials. In this case,
lysozyme-amino-glycine-CNC conjugates were created using a carbodiimide-
activated coupling reaction. The prepared nanobiocatalyst showed a high enzyme
loading (604 mg/g CNCs) and high antimicrobial activity (1500 IU/mg biocatalyst)
against Micrococcus lysodeikticus [32].

An alternative strategy for covalent immobilization can involve the addition
of another material to the system. An approach described by Boluk et al. [33]
involved the immobilization of a glucose oxidase (GOx) through the formation of
covalent bonds between the enzyme and gold nanoparticles (AuNPs) attached to
rod-like cellulose nanocrystals (Fig. 2). The AuNPs must be previously
functionalized with thiol linkers and later activated, offering a multipoint attachment
of GOx molecules to the nanocomposite surface. In this approach, the CNCs have
been incubated with cationic PEI which covers the nanocrystals by ionic interac-
tions; then negatively charged AuNPs were deposited on the CNC/PEI electrostat-
ically resulting in a CNC/PEI/AuNPs nanocomposite. The enzyme (GOx) was
covalently attached to the thiol-functionalized nanocomposite by activation of the
—COOH group using 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) and N-hydroxysuccinimide (NHS). The best case resulted in a 25.2 mg
of GOx loaded per gram of support. Interestingly, the amount of GOx immobi-
lized on this support increased with decreasing thiol-linker length. The differ-
ence could be attributed to their ability to access the AuNPs, as these particles are
densely packed.

34 Combined Strategies

A new trend in the preparation of immobilized nanobiocatalysts is the combination
of different strategies previous to, during, and/or after the immobilization process.
The different strategies may have a synergistic effect on the desired properties of
the final enzymatic preparation. To improve both loading and stability of enzymes,
a three-step approach of enzyme precipitate coating (EPC), consisting of covalent
enzyme attachment, enzyme precipitation, and crosslinking, has been successful in
achieving both high enzyme loading and stability of enzymes on cellulose nanofibers
(CNFs) (Fig. 3a) [34]. Such is the case of immobilization of a-chymotrypsin (CT) on
CNFs by the EPC approach. In this approach, magnetic nanoparticles can be added
to the enzyme mixture during the precipitation and cross-linking steps to produce
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Fig. 3 Schematic representation of enzymes immobilized to cellulose nanofibers by (a) enzyme
precipitate coating (EPC) and (b) magnetically separable EPC (Mag-EPC)

magnetically separable EPC (Mag-EPC) allowing for facile nanobiocatalyst separa-
tion (Fig. 3b).

As previously mentioned, this immobilization process consists of three steps.
First, carboxyl groups of CNFs can be modified by EDC/NHS reaction for the
covalent attachment between enzymes and CNFs, second, enzyme precipitation by
ammonium sulfate, and third, enzyme cross-linking with glutaraldehyde treatment.
The amine-functionalized magnetic nanoparticles can be added to enzyme solution
in the step of enzyme precipitation (Fig. 3b).

The enzyme loadings with (Mag-EPC) and without (EPC) magnetic nano-
particles were estimated to be 3.5 and 3.0 mg CT/mg CNF, respectively. Interest-
ingly, Mag-EPC showed two times higher activity than EPC. The efficiency of
cross-linking between enzymes and magnetic nanoparticles was improved possibly
due to a higher amount of amine groups on the surface of magnetic nanoparticles,
resulting in an increased enzyme loading of Mag-EPC than EPC, as reflected in the
activity data (0.43 and 0.74 IU/mg CT for EPC and Mag-EPC, respectively). After
incubation under rigorous shaking for 30 days, EPC and Mag-EPC maintained
77% and 50% of their initial activities, respectively, while the free enzyme showed
only 0.2%. High stability of EPC can be explained by ammonium sulfate precip-
itation and cross-linking of CTs. Enzyme precipitation by ammonium sulfate
allows enzyme molecules to be closely packed based on “salting out” effect.
Interestingly, the Mag-EPC residual activity was lower than that of EPC; this
could be caused by the release of large aggregates of CTs and magnetic nano-
particles which would make the enzyme more vulnerable to denaturation under
rigorous shaking [34].
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3.5 Immobilization by Entrapment

Immobilization by entrapment involves the physical confinement of one or more
enzymes in an insoluble matrix. In this strategy, the matrix is usually formed during
the immobilization process. The bibliography related to immobilization by entrap-
ment in cellulose nanosupports is scarce. The main drawback for this approach could
be related to the very low solubility of cellulose in an aqueous solution since is
highly crystalline. Nonetheless, there are successful cases using micro-sized sup-
ports. For example, a lipase from C. rugose was entrapped in a hydroxypropyl-
methyl-cellulose and chitosan matrix. Although this strategy involved many steps
and over 48 h of synthesis, the result was a highly active and stable preparation [35].

Also, the rapid development of more and greener ionic liquids, which can
dissolve cellulose, opens a new window of opportunities in this field. Again,
successful examples can be found with cellulose-based micro-supports. Lipase
from a C. rugose was entrapped into a cellulose—biopolymer using a biocompatible
ionic liquid, 1-ethyl-3-methylimidazolium. This strategy also resulted in a prepara-
tion with good residual activity [36].

The technological approach employed on these successful cases could be applied
for the development of similar strategies involving nanocellulose.

4 Cellulose-Based Nanobicatalysts at Work

Application of immobilized enzymes on cellulose spans a wide variety of fields.
The biodegradability of cellulosic materials has recently drawn the attention of
researchers which boosted investigation of its potential in sensitive biotechnological
areas such as biomedicine or environmental sciences. In this section, a few recent
examples of cellulose-based nanobiocatalysts will be described to provide the reader
with a sense of the applicability of these materials.

4.1 Biomedical Applications

Reactive oxygen species are implicated in cellular injures, the initiation and pro-
gression of the aging process, and a vast variety of clinical abnormalities. In order to
reduce the damage generated by these compounds, a nanofibrous cellulose mat
containing attached catalase was prepared and tested in vitro on human umbilical
vascular endothelial cells (HUVECs). The immobilized preparation based on
electrospun nanofibers proved to have a protective effect on cells previously exposed
to H>O, which in turn pointed to a potential strategy to prevent cell damage by
reactive oxygen species. The work also showed that the number of coating bilayers
in the catalase-modified nanofibrous mats acted as important factor affecting their
cytotoxicity and biocompatibility. This was an explorative work with potential to
overcome H,O,-induced adverse effects at the cellular levels [37].
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The antibacterial properties of lysozyme, a hydrolytic enzyme that catalyzes
the breakdown of peptidoglycan polymers found in the bacterial cell wall, has
been exploited and tested while using immobilized preparations on cellulosic
materials. In comparison to many other antibacterial nanoparticles in use, lyso-
zyme immobilized on cellulose possesses low toxicity, high biocompatibility,
and selectivity. Researching its potential in a biomedical wound dressing, lyso-
zyme was immobilized via different approaches to cellulose nanofibers aerogels
(CNFs) [38]. The performance of the nanobiocatalysts was evaluated against
nonimmobilized enzyme and silver nanoparticles. The antimicrobial activity of
the preparations was tested against Escherichia coli and Staphylococcus aureus
demonstrating the feasibility of using lysozyme-modified CNFs for this applica-
tion. The preparation containing lysozyme was not only inhibitory of bacterial
growth but was also more stable than the soluble enzyme, which amplifies the
possibilities of its application considering the importance of shelf life of biolog-
ical based products.

Awork from Abouhmad et al. [39] also investigated the antibacterial properties of
a lysozyme immobilized on CNC. Following different approaches for the integration
of hen egg white- and T4 lysozyme, the work demonstrated that the surface
modification and the mode of immobilization are critical for the retention of the
enzymatic (lytic and hydrolytic) and antibacterial activity as well as stability of the
immobilized enzymes. The positive charge on the nanocrystals and lysozyme
activity improved the enzymatic action and broadened the scope to Gram-negative
bacteria that are normally more challenging to inactivate.

Biosensors offer simple, portable, and disposable analytical devices applicable in
clinical diagnosis, food quality control, and environmental monitoring. They depend
on a biological recognition capable of being translated on a signal proportional to a
target analyte. Particularly, paper-based sensors that offer affordability and ease of
preparation although protein immobilization could be challenging to achieve an even
distribution of oriented enzyme molecules that could increase the sensibility of the
sensing device. A recent work on the development of a lactate biosensor has tackled
this problem by using a recombinant lactate dehydrogenase fused with a cellulose-
binding domain (CBD) which in nature promotes arbohydrate binding functionality
for cellulases. The tag allowed a highly specific binding affinity on filter paper.
Moreover, it enhanced enzyme binding capacity and stability, leading to much
improved sensor sensitivity and lifetime. The one-step binding procedure using
enzyme crude extract aimed at an efficient sensor fabrication strategy for production
of high-performance paper sensors that could be extended to nanocellulosic mate-
rials for increased sensibility [40].

In another biosensing approach, glutamate dehydrogenase was immobilized on
bacterial cellulosic nanofiber with a view on its application in artificial kidney
machines and their dialysate liquid regeneration systems as a glutamate-sensing
device. The study showed the success of cross-linked immobilization of glutamate
dehydrogenase on 30—70 nm bacterial cellulosic nanofiber from Gluconacetobacter
xylinum. The enzyme was cross-linked to the nanofibers using glutaraldehyde. The
study provided an inexpensive, simple, efficient, and reliable technique for
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immobilization of glutamate dehydrogenase on bacterial nanofiber which may
contribute to find alternative for glutamate determination in solution [41].

4.2 Food Applications

Stem bromelain is a cysteine protease obtained from stems of pineapples (Ananas
comosus). Although it finds some applications in medicine, this protease is widely
used in food industries such as beer clarification, meat tenderization, and baking
industries. Using casein as a model substrate, Talingtaisong et al. demonstrated that
when the enzyme was immobilized on gauze-reinforced regenerated cellulose
(RC) fibers, it became more heat resistant [42]. The enzyme was attached to the
RC fibers through covalent immobilization via aldehyde groups introduced by
activation with glutaraldehyde and was able to resist up to nine reuses in casein
hydrolysis with 40% loss in activity. The results provide an opportunity for brome-
lain to be reused and used in other processing conditions.

Another interesting application of a cellulose-immobilized biocatalyst is that of
naringinase. Narinign and limonin are two of the major compounds that contribute to
a bitter taste in citrus juices. Enzymatic and physicochemical treatments have been
applied to reduce bitterness, naringinase being one of the enzymes applied as it is
able to break down naringin in flavorless products. Naringinase was immobilized
within a hybrid layer-by-layer self-assembled material containing alginate and
electrospun cellulose acetate nanofibers [21]. As expected, the activity of immobilize
naringinase increased with multilayer increasing. The immobilized preparation was
applied to remove the bitterness in the grapefruit juice. About 22.72% naringin and
60.71% limonin were removed from the grapefruit juice by adsorption and hydro-
lysis. The results demonstrated that naringinase-immobilized electrospun cellulose
acetate nanofibrous mat are potential materials to remove bitterness for fruit juice.

4.3 Environmental Applications

Biobased treatments of contaminant compounds have received a great deal of
interest due to their minimal impact on the ecosystem, their higher efficiency,
and their cost effectiveness. Application of immobilized decontaminant biocata-
lysts is one of the approaches followed to treat, sense, or remove contaminant wastes
from water and soil. Although the literature on cellulose-immobilized enzymes
on decontamination is not abundant, a few recent examples have demon-
strated the potential of cellulosic-supported enzymes for this application. For
example, laccase, a well-known phenol/polyphenol decontaminant biocatalyst, was
immobilized on cellulose nanofiber and utilized for reactive dyes and simulated dye
effluent (SDE) decoloration [43]. After covalent immobilization on electrospun
nanofibers, the immobilized preparation was able to decolorate solutions of six
different reactive dyes. Optimization of the conversion was performed after statistical
analysis revealing that both the concentration of immobilized enzyme and type of
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mediator for the catalysis were determinant in the result of the decontamination
reactions. The immobilized preparations could be recycled more than 10 times
while maintaining more than 50% of its initial activity.

Another example that represents a promising application of immobilized enzymes
in cellulosic materials is the utilization of an ether hydrolase enzyme for the
decontamination of 2,4-dinitroanisole (DNAN) [44]. This compound is nowadays
preferred to 2,4,6-trinitrotoluene (TNT) given that it is less heat and shock sensitive.
Strategies to decontaminate firing ranges and wastes from manufacturing sites
should comply with biosafety and environmental regulations and therefore there is
a constant search for new strategies to remediate explosive components. Addition-
ally, analytical devices for the evaluation of contamination levels are also needed.
The work described by the group of Prof. J C Spain used a DNAN demethylase
entrapped in biomimetic silica which was further attached to cellulose discs. The
immobilized enzyme became more stable and was able to detect 15-500 uM DNAN
concentration.

5 Conclusion

Ideal supports for enzyme immobilization should be biocompatible, easy to
functionalize, inexpensive, and biodegradable. Additionally, immobilization strate-
gies should provide advantages for enzyme applications over the use of soluble
enzymes to counterbalance any additional cost in the preparation of the biocatalyst
(i.e., stabilization, increased activity, possibility of reuse). We believe this chapter
compiles evidence that proves the benefits of nanocellulosic materials as supports for
enzyme immobilization. Moreover, the methodologies for enzyme immobilization
on cellulose-based nanocarriers presented suggest that cellulose can be a viable and
dynamic material for stable and efficient enzyme immobilization via different
approaches. Finally, the variety of applications, which are now in a continuous
growth phase, only serve to foretell a promising future for the development of
technological solutions involving cellulose-immobilized nanobiocatalysts.
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Abstract

In this chapter we describe different strategies for enzyme immobilization in biomimetic
silica nanoparticles. Synthesis of this type of support is performed under mild and
biocompatible conditions and has been proven suitable for the immobilization and
stabilization of a range of enzymes and enzymatic systems in nanostructured particles.
Immobilization occurs by entrapment while the silica matrix is formed via catalysis of a
polyamine molecule and the presence of silicic acid. Parameters such us enzyme, polyamine
molecule or source of Si concentration have been tailored in order to maximize enzymatic
loads, stabilities and specific activities of the catalysts. We provide different approaches for
the immobilization and co-immobilization of enzymes that could be potentially extensible to

other biocatalysts.

Keywords: biomimetic silica, enzyme immobilization, entrapment.



1. Introduction

Enzyme encapsulation or entrapment refers to a non-covalent immobilization strategy where
polymers self-assemble in the presence of soluble enzymes. Various matrices can be used for
entrapment, such as chitosan, collagen, cellulose triacetate, poly acrylamide, agar, silicon
rubber, polyvinyl alcohol, etc [1-3]. In any approach to immobilize enzymes, the goal is to
achieve a high specific activity without compromising any other advantages of
immobilization such as higher stability. In recent years, several methods have been reported
that achieve higher volumetric activities. Silica sol-gel encapsulation of enzymes is an
example of such methods and has been widely used for the immobilization of
biocatalysts[4,5] One of the primary limitations of the sol-gel technique, however, is poor
loading efficiency and enzyme leakage. Additionally, these methods often include harsh sol-
gel processing conditions that result in the loss of enzyme activity. Inspired from silaffin
proteins used by unicellular diatoms[6], the utilization of the so called biomimetic approaches
in the production of organic-inorganic nanostructures is of great interest to the scientific and
industrial community due to the relatively moderate physicochemical conditions needed for
its synthesis[7]. Biomimetic silica can be synthesized within minutes under mild and green
conditions, as nanostructured silica with divergent morphologies[8]. The synthesis
necessitates a source of Si and an organic aminated small molecule or polymer in order to
catalyze the precipitation of the nanoparticles in phosphate buffer at pH 8 (Scheme 1). Any
material contained in the synthetic mixture may become entrapped within the biomimetic
silica nanoparticles and therefore this strategy has been commonly used for enzyme
immobilization[9-12].

A fundamental attribute of this immobilization methodology is its versatility which allows it

to be widely applicable to a range of biomolecules. Since a primigenial work from Luckarift



et al[13] and due to its biocompatibility and facile and quick synthesis, this entrapment
strategy has been used to immobilize oxidases, hydrolases and coupled enzyme systems.
Co-immobilization of enzymes using in situ immobilization approaches benefit from the
close proximity of the different biocatalysts which translates into higher catalytic efficiencies
of the overall reaction. Biomimetic silica encapsulation has been used in the past for the co-
entrapment of a variety of multienzyme configurations as well as the preparation of combi
robust biocatalysts for bioconversions of biosensing applications. [14,15].

However, the synthetic strategy for biomimetic silica nanobiocatalysts can provide distinct
properties to different enzymes and may be tailored to improve a desired attribute[13]. For
instance, optimization of immobilized conditions to achieve active and stable
nanobiocatalysts has included in the past studies of the synthetic precursors ratios, alternate
aminated molecules or inclusion of organic solvents during synthesis. Addition of enzyme
stabilization molecules for the in situ entrapment or post immobilization strategies such us
crosslinking could further improve the stability of the biocatalysts.

Results on the biomimetic silica entrapment of different enzymes seem to indicate a
dependence of the physical and textural properties of the Si nanoparticles with properties of
such as size, shape or chemistry of the surface of the enzymatic molecule[16]. As in any other
immobilization strategy, parameters such us loading capacity of the nanobiocatalysts or
specific activity are also directed influenced by the properties of the enzyme to be
immobilized. However, in in situ immobilization strategies they also play a fundamental role
in the synthesis of the material support to the extent of preventing its formation under certain
unbalanced ratios of the synthetic precursors and enzyme concentration[10].

In this chapter, we describe strategies for the in situ immobilization and co-immaobilization

of enzymes in biomimetic Si nanoparticles selecting a few examples that highlight the



potential of the technique and providing insight into the main parameters that should be

considered when extending the strategy to other biomolecules.

A
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Scheme 1. General procedure for the preparation of A) biomimetic Si nanoparticles and B) in

situ immobilized enzymes in biomimetic SI nanoparticles.

2. Materials

1. Horseradish peroxidase (HRP), Type IV was from Sigma Aldrich (St. Louis, MO).

2. Lipase from Rhizomucor miehei (RML) was from Sigma Aldrich (St. Louis, MO).

3. Acyltransferase (BtrH) and y-glutamyl cyclotransferase (BtrG) were recombinantly
expressed in E. coli kindly donated by PFL group (Dept. Biochemistry, University of
Cambridge)

4. B-Galactosidase (Grade VIII), from Escherichia coli was from Sigma Aldrich (St. Louis,
MO).

5. Glucose oxidase (Type VII) from Aspergillus oryzae was from Sigma Aldrich (St. Louis,

MO).



6. 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), polyethyleneimine (PEI)
and tetramethyl orthosilicate (TMOS) were from Merck (Darmstadt, Germany)

7. Other analytical reagents were purchased from SIGMA (St. Louis, MO)

3. Methods

3.1 Enzyme activity

1. Horseradish peroxidase activity assay contained 1.7 mL of 0.1 M potassium phosphate, pH
5.0 at 25°C, 0.1 mL of 9.1 mM ABTS (€. = 36.8 mM-«cm+), 0.2 mL 0.3% (w/w) hydrogen
peroxide solution (H.O.) in deionized water and 10 ul of enzyme (1mg/mL). The oxidation of
ABTS was measured in a spectrophotometer at a wavelength of 405 nm for 2 min.

2. Lipase activity was performed by continuously measuring the increase in the absorbance
at 348 nm produced by the released p-nitrophenol in the hydrolysis of 0.4 mM pNPP in
25mM sodium phosphate buffer at pH 7.0 and 30°C.

3. L-Lactate dehydrogenase (LDH) activity was measured in 2.5 mL containing 0,8 mM de
piruvate, 0,2 mM of NADH in 25mM sodium phosphate buffer at pH 7.0 at 25°C. The
reaction was started by addition of a 0.015 mg/mL solution of LDH and followed during 120
seconds at 340nm (em= 6220 M*com™).

4. The activity of the aciltransferase BtrH was measured in 108 pL containing 0.1mM
ribostamycine, 0.5mM ¥-Glu-AHBA-SNAC and 0.2mM de DTNB in buffer HEPES 50mM
pH 7.0 at 25°C. The reaction was started by addition of 0.2mg of BtrH and the SNAC release

was followed during 10 min at 412nm (eM= 14150 M-1cm-1).



The enzymatic unit is defined as the amount of enzyme able to produce 1 pmol of product per
mL in the above-mentioned conditions.

5. B-Galactosidase activity was determined spectrophotometrically by following the increase
in absorbance at 405 nm caused by the hydrolysis of o-nitrophenyl-f-D-galactopyranoside
(oNPG). The reaction mixture contained 20 mM oNPG and 1 mM MgCI2 in potassium
phosphate buffer.

6. Glucose oxidase activity was determined spectrophotometrically by the increase in
absorbance at 414 nm resulting from the oxidation of 2,2'-Azino-bis(3-etilbenz-tiazoline-6-
sulfonic acid) (ABTS) by a coupled peroxidase-catalyzed reaction. The reaction mixture
consisted of 1 mL 100 mM sodium phosphate buffer pH 6.0, 0.5 mL 1 M glucose, 0.1 mL of
1 mg/mL ABTS in distilled water, and 0.1 mL of 2 mg/mL horse radish peroxidase in sodium

phosphate buffer, pH 6.0.

One enzyme unit (1U) was defined as the amount of enzyme that catalyzes the formation of 1

pmol of product per minute under the specified conditions.

3.2 Oxidation of HRP

1. Dissolve 3 mg of the HRP in 1.8 mL of 154 mM sodium chloride in 10 mM sodium
phosphate, pH 7.2.

2. Dissolve 8.6 mg of sodium periodate in 200 pL of distilled water (see Note 1) and add to
the previously prepared enzyme solution.

3. Keep sample in gentle agitation in the dark for 1 h at 25°C. To stop the reaction, add 2.5
ML of glycerol and purified the oxidized enzyme using a desalting PD10 column equilibrated

with 100 mM sodium phosphate pH 7.0 containing 154 mM sodium chloride.



4. Evaluate the activity of the enzyme to consider any activity loss after chemical

modification.

3.3 In situ enzyme immobilization by entrapment in biomimetic silica.

The following is a general procedure with ratios of the component of the synthetic mixture
(TMQOS, aminated molecule, enzymatic solution) that usually provides good immobilization
yields for a range of enzymes. However, the ratios may be varied to optimize the
performance for a specific enzyme[10].

1. A stock solution of 10 % of polyethylenimine (PEI) or 12 mg/mL of spermidine (SP) is
prepared in deionized water.

2. Silicic acid is prepared by hydrolyzing 157 uL of tetramethyl orthosilicate (TMOS, 1 M) in
1 mL of 1 mM hydrochloric acid (see Note 2).

3. Prepare a 10 mL enzymatic solution with a desired concentration in 0.1 M sodium
phosphate dibasic buffer pH 8.0, add 2.5 mL of PEI 10% or Spermidine 1mg/mL and mix.

4. Measure the activity of the enzymatic mixture to be immobilized.

5. Add 2.5 mL of hydrolyzed TMOS, mix the solution by inverting the tube several times and
keep in agitation for 5 min at room temperature (see Note 3).

6. Centrifuge for 10 min at 4600g and wash once in sodium phosphate buffer 0.025 M, pH
7.0, 0.5 M NacCl (see Note 4) and twice with sodium phosphate buffer 0.025 M, pH 7.0.

7. Sonicate for 5 min to improve monodispersity.

8. Evaluate the activity of the immobilized suspension.

3.4 Cross-linking of entrapped HRP



1. HRP immobilization by entrapment is performed as previously described, using the
oxidized enzyme.

2. Incubate 1 g of immobilized HRP in silica nanoparticles in 10 mL of sodium bicarbonate
25 mM at pH 10.0, 16 h at 4°C.

3. Finally, reduce the preparation by adding sodium borohydride (1 mg/ml) to the mixture
under gentle agitation for 30 min (see Note 5). Centrifuge and resuspend in 0.025 M sodium
phosphate buffer pH 7.0 for activity measurement.

4. Evaluate the activity of the immobilized cross-linking suspension.

4. Notes

1. Sodium periodate solution should be prepared fresh and keep protected from light.

2. Vortex until solution is clear. This solution should be freshly prepared.

3. Reagents should be added in the specified order.

4.NaCl is sometimes necessary to remove non-entrapped ionically adsorbed enzymatic
molecules to the surface of the nanoparticles.

5. Keep the vessel open as small amounts of H are formed during reduction.

5. Examples
1. In situ immobilization of enzymes in biomimetic silica nanoparticles.
1.1 Prepare solutions of enzyme of varying concentrations in 0.1 M sodium phosphate buffer
pH 8.
1.2 Measured the activity of the different enzymatic preparations.
1.2 Perform the in situ immobilization described in 3.3 of the different enzymatic
preparations using PElI 10% or Spermidine 12 mg/ml keeping the supernatant of the

immobilization after the first centrifugation. It is worth mentioning that a number of



additional aminated molecules have been used for Si deposition. In fact, proteins with high
amounts of Lys on their surface are able to auto catalyse their own Si entrapment [17].

1.3 Measure the activity of the supernatant after silica precipitation.

1.3 Measure the activity after resuspension of the biocatalysts in working buffer solution of
the enzyme.

1.4 Weight the amount of biocatalyst formed after immobilization.

1.5 Evaluate the amount of enzyme immobilized by difference of activity in the starting
enzymatic preparation and the supernatant after immobilization (Immobilization %). Measure
the immobilization yield either in terms of protein (YP) and/or activity (YA) according to

Egs. (1) and (2), respectively:

Yp(%) = —x 100  (Eq.1)
0

Ya(%) =--x100  (Eq.2)
0

where Po represents the amount of offered protein, P the amount of loaded protein in the

biocatalyst, Ao the offered enzyme activity and A the activity expressed in the biocatalyst.

1.6 Yp and Ya as well as the amount of Si nanoparticles of the biocatalysts obtained, and
specific activity depend on multiple factors related to physico-chemical and biochemical
nature of the enzyme to be immobilized. Table 1 shows the results obtained for the enzymes
analyzed in this chapter and examples of previous works using PEI 10% for the Si deposition.
It is worth noting that these results have been obtained under similar conditions from those

described above.



Table 1. Examples of the results obtained for different enzymes immobilized by in situ

entrapment in biomimetic silica.

Enzyme Immobilization Ya Source
(%) (%)

Peroxidase from Horseradish 82+4 49+6 This work
Lipase from Rizomucor miehei 90 + 1 24 +1 This work
Acyltransferase from Bacillus circulans 90+ 2 20+ 4 This work
Lipase from Trametes versicolor 827 71+1 [10]
B-galactosidase from E. coli 767 42+ 8 This work
Glucose oxidase from Aspergillus niger 50+5 71+2 This work
Enoate reductase recombinant from E coli 34 92 [18]
Papain from Carica papaya 83 83 [17]*
Nitroreductase from Pseudomonas pseudoalcaligenes 805 60+5 [19]

*No aminated molecule was needed for Si precipitation

1.7 Regarding stabilization, there are multiple examples of stabilized in situ entrapped
enzymes. Figure 1 shows thermos stabilization achieved for B-galactosidase and glucose

oxidase after immobilization using this approach.
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Fig 1. Thermal stability of soluble and in situ entrapped enzymes in biomimetic silica. A) pB-
galactosidase preparations at 54 °C, B) glucose oxidase preparations at 50 °C. In both graphs

solid circles: PEI; open diamonds: soluble.

2. Stabilization of HRP through 3D cross-linking in biomimetic silica nanoparticles.

2.1 Perform a mild oxidation via NalO. as previously described (see 3.2). This treatment
generates aldehyde groups on the sugar moieties of this highly glycosylated enzyme. Any
glycosylated protein could be crosslinked after in situ entrapment in biomimetic silica.
Additionally, any other chemical modification of the enzyme surface protein to introduce
aldehyde groups could also allow for a 3D multipoint covalent immobilization of the
encapsulated enzyme.

2.2 Assay the catalytic activity of the preparation after gel filtration in a PD-10 column into
phosphate buffer 0.1 M pH 8.0.

2.3 Entrap the oxidized enzyme in silica nanoparticles as described in 3.3 using PEI 10%.

2.4 Incubate the immobilized preparation at pH 10 as described in 3.4. This incubation
promotes the formation of Schiff's bases between the aldehyde groups of the enzyme
(obtained by its oxidation) and unreacted amino groups of the PEI near the entrapped

enzymatic structure. The reducing step via Na.BH. transform the first reversible interaction



between the enzyme and the matrix, into a three-dimensional multiple covalent attachment of
HRP within the silica particles.

2.5 After reduction, wash twice with phosphate buffer by centrifugation for 10 min at 45009
and resuspend in 25 mM phosphate buffer pH 7.0. Optimal results in terms of specific
activity are obtained when using 5-7.5 mg/mL as starting HRP concentration (Table 2).

Table 2. Results obtained after in situ immobilization of HRP in biomimetic silica

nanoparticles.

HRP Immobilization Ya Ul
(mg/ml) (%) (%) (Ul/mg)

0.5 94 +3 50+2 1.042 + 4E-03
1 85+2 59 +2 1.025 + 2E-03
3 83+2 53+3 1.286 + 4E-03
5 82+4 49+6 1.700 + 7E-03
7.5 63+4 42+ 2 2.125 + 5E-03
10 54+3 12+ 3 1.887 + 8E-03
20 34+5 10+5 1.900 + 7E-03

2.6 The studies on thermal stability demonstrated that the entrapped and cross-linked enzyme
preparation presented a half life time of 156 min, significantly higher compared to the solely
entrapped enzyme or the non immobilized HRP (53 and 2.4 min for their half-life time

respectively) (Fig. 2).
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Fig 2. Graphical representation of the thermal stability at 50°C of the soluble (A), entrapped
enzyme (@) and the crosslinked entrapped enzyme (m). The half-life increased from 2.5 min
to 53 min and 156 min, respectively. The experimental data was fitted to the exponential

model from Henley and Sadana[20].

3. Use of alternate aminated catalysts for in situ entrapment of lipase from Ryzomucor
miehei (RML).

3.1 Perform a gel filtration of the commercial enzyme in a PD-10 column using sodium
phosphate buffer 0.1 M pH 8.0. Measure the activity of the preparation.

Use of spermidine for in situ entrapment:

3.2 Prepare a 12 mg/mL solution of spermidine in sodium phosphate buffer 0.1 M pH 8.0 and
a solution of silicic acid as described in the Methods section 3.3.

3.3 Mix 1 mL of gel filtrated RML with 0.5 mL spermidine solution.

3.4 Add 0.5 mL of silicic acid solution.

3.5 Centrifuge for 10 min at 4600g and wash once in sodium phosphate buffer 0.025 M, pH
7.0, 0.5 M NaCl and twice with sodium phosphate buffer 0.025 M, pH 7.0.

3.6 Measure the activity in the suspension.

Use of PEI for in situ entrapment:

3.7 Prepare a 10% PEI solution in sodium phosphate buffer 0.1 M pH 8.0 and a solution of
silicic acid as described in the Methods section 3.3.

3.8 Mix 1 mL of gel filtrated RML with 0.1 mL of PEI solution.



3.9 Add 0.5 mL of silicic acid solution.

3.10 Centrifuge for 10 min at 4600g and wash once in sodium phosphate buffer 0.025 M, pH
7.0, 0.5 M NaCl and twice with sodium phosphate buffer 0.025 M, pH 7.0.

3.11 Measure the activity in the suspension.

3.12 Both immobilized preparations were significantly more stable than the soluble RML
(Fig 3).
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Fig 3. Thermal stability at 60°C of different RML preparations. Soluble enzyme (RML) (o),
in situ entrapped enzyme using PEI (m), and in situ entrapped enzyme using spermidine (A).

The preparations were incubated in 25 mM sodium phosphate buffer pH 7.

4. Co-immobilization of the coupled enzyme system BtrH and BtrG.

The acyltransferase (BtrH) and y-glutamyl cyclotransferase (BtrG) are two of the eight
enzymes involved in the natural production of Butirosin B[21], a glycosidic antibiotic of
relevance used to treat resistant infections. Previous works demonstrated the concerted action
of these enzymes starting from synthethic precursors such as N-acetylcysteamine (SNAC)
derivatives[22]. The following example involve the co-entrapment of both enzymes as a

model of immobilized enzymatic system.



4.1 Prepare 1 mL solution of 0.2 mg of BtrH and 0.4 mg of BtrG in sodium phosphate buffer
0.1 M pH 8 and measure BtrH activity.

4.2 Add 0.25 mL of PEI 10% and mix.

4.3 Rapidly add 0.25 mL of previously hydrolyzed TMOS (silicic acid solution).

4.4 Mix the solution by inverting the tube three times.

4.5 Centrifuge for 10 min at 4600g and wash once in sodium phosphate buffer 0.1 M, pH 8.0,
0.5 M NaCl and twice with sodium phosphate buffer 0.1 M, pH 8.0.

4.6 Measure BtrH activity in the suspension to evaluate any possible loss in activity during
immobilization.

4.7 In situ immobilization for the co-entrapement of BtrG and BtrH did not affect
significantly the %I (Table 3).

4.8 Although the Ya obtained for BtrH, the only activity that was possible to measure
uncoupled with a chromogenic substrate, was low (Table 3), analysis by LC-MS using y-Glu-
AHBA-SNAC and ribostamycin as substrate showed the presence of butirosin B. This
compound is the expected product of the concerted action of both enzymes which proved that

BtrH was active in the nano-co-entrapped biocatalysts.

Table 3. Results obtained for the entrapment and co-entrapment of BtrH and BtrG

Encapsulated Immobilization Ya
enzymes (%) (%)
BtrG 96.8+1.1* ND
BtrH 89.7+2.2 13.5+2.01
BtrG and BtrH 752+11 20+ 3.5

*Determined using protein concentration



4.9 Characterization by scanning electron microscopy of the in situ co-entrapped preparation
showed dispersed as well as interconnected nanoparticles of a mean diameter of ~110 nm
(Fig 4). The shape and polydispersity obtained is similar for previously entrapped isolated
proteins. However, the mean size obtained for the nanobiocatalyst is significantly is

significantly smaller than reported entrapped proteins [16,17].
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Fig 4. A) SEM analysis of in situ co-immobilized preparations of BtrH and BtrG. B)

Histogram representation of nanoparticle diameters using Image J.
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