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A hybrid material (SL-PPN-HEP—-HRP) of dual enzyme function was prepared by co-immobilization of
papain (PPN) and horseradish peroxidase (HRP) on sulphate latex (SL) microspheres using heparin (HEP)
polyelectrolyte as a building block in the sequential adsorption method. The doses of PPN, HEP and
HRP were optimized in each step of the preparation process to achieve high functional and colloidal
stability. The enzymes and the polyelectrolyte strongly adsorbed on the oppositely charged surfaces via
electrostatic forces, and enzyme leakage was not observed from the hybrid material, as confirmed by
colorimetric protein tests and microscopy measurements. It was found that the polyelectrolyte acted as
a separator between PPN and HRP to prevent hydrolytic attack on the latter enzyme, which otherwise
prevents the joint use of these important biocatalysts. Excellent colloidal stability was obtained for
the SL-PPN-HEP-HRP composite and the embedded PPN and HRP showed remarkable protease and
peroxidase activities, respectively, at least until five days after preparation. The present results offer a
promising approach to develop biocatalytic systems of dual function, which are often required in manu-
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facturing processes in the food industry, where the colloidal stability of such multifunctional materials is
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Introduction

Enzymes are highly efficient biocatalysts applied for industrial-
scale catalysis because of several distinct advantages.' As such,
their lower energy requirements, mitigation of waste generation,
and simplified production routes have been partially realized in
the pharmaceutical and food industries.>* In nature, almost all
of the intracellular reactions are catalysed by the cooperation of
various enzymes.® The application of biocatalysts of multi-
enzymatic functions is an important technology to produce
many valuable chemicals in the industry, which integrates
several biocatalytic transformations and thus, bridging the gap
between single-enzyme catalysis and whole-cell catalysis.*

By the inspiration from multi-enzymatic reactions in nature,
researchers have attempted to construct multifunctional
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a key parameter to achieve remarkable efficiency.

biocatalytic systems to produce desired chemicals or to decompose
hazardous contents.>” In industrial and biomedical applications,
it is necessary to immobilize the enzymes to prolong their cata-
Iytic activities and to provide enhanced stability and resistance
against severe conditions, including extreme pH, temperature
and presence of enzyme inhibitors, and to protect them against
proteolysis and to achieve reduced susceptibility to contami-
nation.®™° Besides, immobilization of enzymes also offers several
technical advantages, such as easier product recovery and
purification.”* As a solid support for enzymes, nano or colloidal
particles provide ideal characteristics for maintaining efficient
biocatalytic activity for the enzymes leading to remarkable advan-
tages over conventional supports. As summarized in recent
reviews,”** various materials, such as graphene, carbon nano-
tubes, metal-organic frameworks, DNA nanostructures, polymers
and metal oxides, have been applied for multi-enzyme immobili-
zation. Different preparation strategies have been reported, which
include fusion of enzymes, enzyme-scaffold complexes and par-
allel attachment of enzymes to solid supports.>'® Among such
systems, biocatalysts of hydrolytic and antioxidant properties have
attracted considerable attention due to their widespread use in
various industrial processes.

Accordingly, plant proteases, such as papain (PPN),"> are
widely applied in the food industry for various purposes including
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brewing, tenderization of meat, coagulation of milk and as a
digestive aid.'® Due to their hydrolytic attack on the peptide bonds
and subsequent decomposition of proteins, proteases are also
used to improve the flavour, nutritional value, solubility and
digestibility of food proteins as well as to modify functional
properties including coagulation and emulsification. Recently,
several nanomaterials have been used as a matrix for PPN
immobilization including magnetic nanoparticles,"”” carbon
nanotubes'® as well as polymeric micro- and nanoparticles.'*°

Besides, horseradish peroxidase (HRP)>' is one of the most
extensively studied peroxidase enzymes because of its wide-
spread applications. It catalyses the oxidation of various sub-
strates using hydrogen peroxide or other peroxide derivatives.
HRP has been applied for the removal of phenols from
organic compound syntheses®® and development
of biosensors.>* Moreover, it is also being used in the food
industry for improving nutritional quality of food. Removal of
residual amount of hydrogen peroxide after cold sterilization of
beer, rinsing and dairy treatment processes is carried out by
HRP.” Its advantages include high activity, simple detection of
products, relatively good stability and ease of immobilization.>*
The immobilization of HRP was performed with various solid
supports such as silica nanoparticles,”® polysaccharide deriva-
tives,>® chitosan,?” graphene®® or iron oxide.*®

The above-mentioned examples clearly show that the combined
use of PPN and HRP enzymes is desirable in certain industrial
areas. On the one hand, the successful application requires
separation of the enzymes to protect HRP from the proteolytic
activity of PPN. This can be achieved by co-immobilization of the
two enzymes. On the other hand, colloidal stability of these systems
is a critical issue in the above applications. Indeed, aggregation of
the carrier particles would lead to unsuccessful enzyme delivery
processes due to the formation of irregularly shaped clusters giving
rise to significant loss in enzymatic activity.*° The joint immobiliza-
tion of HRP and PPN with the sequential adsorption method*" is a
self-evident way to separate the enzymes in space on solid supports
and to ensure sufficiently high colloidal stability of the composite
suspension, as demonstrated earlier for immobilization of dual
enzyme systems or enzyme mimicking compounds.**** Moreover,
an intermediate polyelectrolyte layer may provide enhanced protec-
tion for HRP against PPN.

Therefore, the aim of the present study is to design stable
dispersions of a latex particle (SL)-supported multi-enzymatic
system involving heparin (HEP) polyelectrolyte in the sequen-
tial adsorption process (Scheme 1). Scattering techniques were
used to optimize the charging and aggregation features as well
as to gain information on the structure of the SL-PPN-HEP-
HRP composites, while the proteolytic and peroxidase activities
were assessed in biochemical test reactions.

wastewater,??

Experimental section
Materials

Spherical polystyrene latex (SL) particles functionalized with
negatively charged sulphate groups and fluorophore conjugated
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Scheme 1 Schematic illustration of the synthesis and enzymatic activity
of the SL-PPN-HEP-HRP composite.

secondary antibody (Donkey anti-mouse Alexa 647) were pur-
chased from Thermo Fischer Scientific. The radius of the SL
particles was (215 + 4) nm, as determined by the manufacturer
using transmission electron microscopy in the dried stage. The
surface charge density of the particles was reported to be
—12 mC m™ 2. Papain (PPN) from Carica papaya (3 U mg™%),
heparin (HEP) sodium salt from porcine intestinal mucosa,
Folin & Ciocalteu reagent, anti-HRP primary antibody, glucose
oxidase, catalase, phosphate buffered saline (PBS), glucose and
cysteamine hydrochloride were purchased from Sigma-Aldrich.
Horseradish peroxidase (HRP), Coomassie brilliant blue, hydrogen
peroxide, NaCl, NaH,PO, (anhydrous), Na,HPO, (anhydrous),
orthophosphoric acid (85 w/w%), ethanol, trichloroacetic acid
(TCA) and sodium carbonate were bought from WVR, while
tyrosine and guaiacol were from Acros Organics. Paraform-
aldehyde (PFA) was acquired from Alfa Aesar and bovine serum
albumin (BSA) was from PanBiotech. These chemicals were of
analytical grade and were used as received. All solutions were
diluted using ultrapure water obtained from a VWR Purity TU+
machine. The water and the salt solutions were filtered with a
0.1 pm syringe filter (Millex).

Composite preparation

The SL-PPN-HEP-HRP composite material was built up based
on the sequential adsorption method (Scheme 1). Accordingly,
SL particles were added to a solution containing a calculated
amount of PPN at pH 4. The sample was stirred for 1.5 h on a
rotational stirrer and HEP solution of appropriate concen-
tration was added to the dispersion. After 1.5 h additional
stirring, HRP was added to the samples followed by continuous
stirring for 1.5 h. The doses of PPN, HEP and HRP were 400, 200
and 10 mg g~ SL, respectively, in the final composite.

Electrophoretic mobility

Electrophoretic light scattering was used to determine the
electrophoretic mobility of the particles with a Litesizer 500
instrument (Anton Paar) equipped with a 40 mW semiconductor
laser operating at 658 nm wavelength. For all the measure-
ments 1.5 mL samples were prepared, during which 0.15 mL of
100 mg L~ " particle stock dispersion was added to a 1.35 mL
solution composed of a calculated amount of polyelectrolyte

This journal is © The Royal Society of Chemistry 2022
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and/or enzyme as well as NaCl to set the ionic strength to 1 mM.
The samples were allowed to rest for 2 h at room temperature
before measuring the electrophoretic mobility after a 1 min
equilibrating time in the device. The reported values were the
average of 5 individual measurements, which were performed
in omega shaped plastic cuvettes (Anton Paar). The standard
deviation of the data was always within 5 mV.

Dynamic light scattering

The hydrodynamic radius (r,) of the particles was determined
by dynamic light scattering (DLS) with an ALV-NIBS High
Performance Particle Sizer instrument. The cumulant fit was
used to fit the correlation function, which was collected for 20 s
at 173.5° scattering angle.>® To determine the aggregation rate
coefficient (k) of the particle dimer formation, time-resolved
DLS measurements were performed and the calculations were
carried out as follows:*’

_ {1 N sin(2qr)} (1
-0 2qr

where n, is the initial particle number concentration (2.27 x
10" 1 m™?), ¢ is the time of the experiment, ry,, is the initial
hydrodynamic radius, g is the magnitude of the scattering
vector, r is the geometrical radius and r, 1/r, is the ratio of
the hydrodynamic radii of the monomer and the dimer. The
measurements were run for 30 min to collect enough experi-
mental points for the linear fits of the r, versus ¢ data. The
sample preparations for DLS measurements were done in a
similar manner to the ones described above for electrophoresis.
The only difference was that the total volume was 2 mL for
DLS, and the measurements were started directly after
adding the particles to the solutions containing polyelectrolyte,
enzyme and NaCl. The samples were stirred with a vortex mixer
before the time-resolved experiments. The stability ratio**™*
(W) was calculated to express the colloidal stability of the
particles as

1 dl’h

Tho ds
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where the fast condition corresponds to the diffusion-
controlled aggregation of the particles achieved in 1 M NaCl
solutions. Stability ratio values close to unity are associated to
unstable dispersions, where all the particle collisions result in
dimer formation. The mean error of the stability ratio data was
within 10%.

The critical coagulation concentration (CCC) values were
calculated with the formula described as®

et [ .

where ¢ is the molar salt concentration and  was obtained
from the change in the stability ratios in the slow aggregation
regime before the CCC as

_dlogl/W

b= dlogc )
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Determination of enzyme content

The amount of PPN enzyme in solution was determined by the
Bradford protein test.”” Coomassie Brilliant Blue dye stock
solution was prepared as follows. 100 mg of the dye was
dissolved in the mixture of 50 mL of 95% ethanol and 100 mL
of 85% phosphoric acid. The solution was then made up to
1000 mL with ultrapure water. Thereafter, standard solutions of
PPN in the 1-100 mg L " range and SL-PPN at 1000 mg L *
particle concentration were prepared. After mixing 0.4 mL of
the test solution with 1.6 mL of the dye solution, the UV-Vis
spectra of the samples were recorded after a 5 min equili-
bration time on a Thermo Fischer Genesys 10s spectrophoto-
meter. The changes in the absorbance at 464 nm and 594 nm
wavelength were monitored. The amount of PPN in the samples
was calculated from the ratio of these absorbance values.

Immunofluorescent labelling and dSTORM imaging

The immobilization of HRP on SL-PPN-HEP was confirmed by
direct stochastic optical reconstruction microscopy (ASTORM).
The particle suspensions were placed on cover glass (VWR). The
samples were incubated for 20 min to promote adhesion. After
5 min long fixation with 4% PFA in PBS, specific binding sites
were blocked by applying 10% BSA in PBS for 2 h at 37 °C. Anti-
HRP primary antibody was used during a 2 h incubation step at
room temperature. The sample was washed three times for
10 min with PBS. Fluorophore conjugated (Alexa 647) secondary
antibody was applied prior to another washing step (three times
for 10 min). For dSSTORM imaging, cover glasses were placed on
cavity slides filled with blinking buffer and sealed with a two
component adhesive. The blinking buffer contained 100 U
glucose oxidase, 2000 U catalase, 55.6 mM glucose and 100 mM
cysteamine hydrochloride in 1 mL final volume completed with
sterile PBS. dSTORM images were captured using Nanoimager
S (Oxford Nanoimaging ONI Ltd).

Hydrolytic activity measurements

The universal protease activity assay protocol based on the
Lowry method*' with some modifications was used for deter-
mination of the protease-like function. Accordingly, a calibra-
tion curve was prepared by adding different amounts of 1.1 mM
standard tyrosine solution to several samples and completed to
a final volume of 2 mL with ultrapure water. The final tyrosine
concentrations in the samples were between 0.01 and 1 uM.
Note that tyrosine is the product of the hydrolysis in the test
reaction. After 30 min incubation at 37 °C, the colour change
in the samples was measured with a spectrophotometer at
660 nm. The absorbance recorded at this wavelength was used
to determine the tyrosine concentration in the samples. For the
estimation of protease-like activity, the concentration of
the bare and immobilized PPN was 2500 mg L' in the stock
solutions. For the measurements, 0.4 mL was added to 3.6 mL
of 10 mM phosphate and 5 mM acetate buffer at pH 7. Thus,
the PPN concentration was 250 mg L™ " in the buffered solution.
During the measurements, 0.65 w/v% casein, as a substrate,
was diluted with 50 mM phosphate buffer solution first.
Thereafter, 0.1 mL of free or immobilized enzymes was added
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to 0.5 mL casein solution. The reaction was terminated after
20 min by adding 0.5 mL of 110 mM TCA solution and then, an
appropriate volume of PPN solution or SL-PPN-HEP-HRP
dispersion was added to the blank sample to reach the 1 mL
final volume. After 30 min incubation at 37 °C, the samples
were centrifuged at 10000 rpm for 10 min. Then, 0.75 mL of
500 mM sodium carbonate and 0.1 mL of Folin & Ciocalteus
reagent were added to 3 mL of the supernatant. After 30 min
incubation at 37 °C, the absorbance of the samples was
recorded in the 400-800 nm range. The protease activity was
determined from the absorbance values measured at 660 nm.
One unit of protease activity was equivalent to the amount of
enzyme that was required to release 1 pg of tyrosine per mL per
min under the standard assay conditions described above.
For the time dependent measurements, the stock solutions of
2500 mg L' concentration were stored under room tempera-
ture and the activities of the samples were measured each day
for a week applying the above-mentioned steps.

Peroxidase activity measurements

The guaiacol assay was used to determine the HRP activity of
the samples.*” In brief, 0.125 mL of 25 mg L™ stock solution
containing immobilized or bare enzymes was added to the
mixture of 0.125 mL of 100 mM phosphate buffer and an
appropriate volume of 100 mM guaiacol solution. The samples
were completed to a volume of 0.85 mL with water. Finally,
0.35 mL of 9 mM hydrogen peroxide was added into the cuvette
and introduced into the UV-Vis spectrophotometer to follow the
formation of the guaiacol degradation products at 470 nm
wavelength. The reaction rate (v) was determined by linear
regression of absorbance versus reaction time data. The
Michaelis-Menten constant (K,) and the maximum reaction
rate (Vimax) were calculated with the Lineweaver-Burk equations
as follows:*

1 Kn 1 1

v N Vlll'(lX E Vﬂl'{lX

(5)

where S refers to the guaiacol concentration. For the time
dependent measurements, the stock solutions were incubated
for 20 min at 37 °C prior to the measurements. Otherwise, the
samples were stored in a refrigerator for 5 days and the above-
mentioned measurement steps were carried out each day to
determine the long-term HRP activity for the native and immo-
bilized enzymes.

Results and discussion
PPN adsorption on SL

As the first step in the preparation of the SL-PPN-HEP-HRP
composite, the adsorption of PPN on SL particles was studied in
an earlier work of our group.*® It was found that PPN strongly
adsorbed on the oppositely charged SL surface through electro-
static forces at pH 4, which is below the pI of the PPN enzyme.**
The charging and aggregation properties of the SL particles
were explored by electrophoresis and time-resolved DLS mea-
surements. The electrophoretic mobility of the latex particles
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changed from negative to positive on increasing the amount of
enzyme added (Fig. S1, ESIt) indicating strong affinity to the
oppositely charged particle surface. The stability ratio values
were high at low and elevated enzyme doses referring to stable
dispersions under these conditions. A U-shaped curve was
formed in the intermediate regime with a minimum corres-
ponding to the isoelectric point (IEP) determined in the electro-
phoretic mobility measurements. At this minimum, the stability
ratios were unity within the experimental error indicating
unstable dispersions, i.e., rapid particle aggregation. The theory
developed by Derjaguin, Landau, Verwey and Overbeek (DLVO)*>*®
may qualitatively explain this behaviour of the particles since
they possessed sufficient charge at high and low PPN doses,
i.e., strong repulsive forces were present due to the overlap of the
electrical double layers. At the IEP, however, such a repulsive
electrical double layer force was absent, and the suspensions
were destabilized by the attractive van der Waals forces.

It is important to note that the SL surface saturated with the
adsorbed enzyme around 400 mg g~ ' dose, as indicated by a
plateau in the mobility above this PPN concentration. Moreover,
the SL-PPN particles obtained at this dose formed a stable
dispersion; therefore, these particles were chosen for the further
steps in the sequential adsorption method to obtain the
SL-PPN-HEP-HRP composite.

Our previous work® on PPN adsorption was extended by
quantifying this process with the Bradford method, an excellent
tool to determine the PPN concentration in solutions.***
Accordingly, the SL-PPN dispersion (at 400 mg g~ ' PPN dose)
was filtered to remove the particles and the filtrate was ana-
lysed with the Bradford test. The obtained results including the
ones from the reference measurements with different amounts
of native PPN are shown in Fig. S2a (ESIt) and the absorbance
ratios are presented in Fig S2b (ESIf). The absorbance
decreased at 465 nm and increased at 595 nm on increasing
PPN concentration. These changes in the absorption maxima
are based on the binding of the applied dye to the PPN
molecules. The enzyme concentration in the filtrate was found
to be 2.1 mg L™, which is 0.5% of the total amount of PPN.
This value is within the experimental error of the test and
clearly shows that more than 99% of the enzyme adsorbed on
the SL and that no significant PPN partitioning between the
bulk and the surface took place.

Considering the above results, the surface coverage can be
estimated. Given the diameter of SL (430 nm) and PPN
(7.2 nm),*® calculations yielded 12.45 mg of enzyme adsorbed
on 1 g of particles in the case of monolayer formation. Therefore,
the 400 mg g~ ' dose at saturation indicates the development of
PPN multilayers on the surface, which has been already assumed
in our previous study™ to explain loss in the enzymatic activity.
Note that, however, this calculation was based on a smooth latex
surface and possible conformational changes of PPN were not
considered upon adsorption on SL.

Functionalization with HEP

The net positive surface charge of SL-PPN allows the adsorp-
tion of the negatively charged HEP polyelectrolyte through

This journal is © The Royal Society of Chemistry 2022
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electrostatic interactions.*® High colloidal stability was the major
requirement to be achieved after the bilayer formation. Although
polyelectrolyte multilayer formation was frequently reported on
particles and planar surfaces as well,**”°>? very limited informa-
tion is available on sequential adsorption processes involving
saturated enzyme layers on colloidal particles.’>*

The electrophoretic mobility was first determined to probe
the influence of the HEP concentration on the charging beha-
viour of the SL-PPN. Considering the change in the magnitude
of the electrophoretic mobility on increasing the HEP dose,
similar tendencies were observed as in the system containing
SL and PPN. At low HEP doses, the SL-PPN possesses a posi-
tive net charge, while on increasing the HEP dose, the poly-
electrolyte adsorption was clearly indicated by the decrease of
mobility (Fig. 1).

Such an adsorption process led to charge neutralization at
the IEP, which is located at 20 mg g~ " dose. Above the IEP,
charge reversal occurred at higher doses. The adsorption con-
tinued until the mobility reached a plateau at 200 mg g~ * and
further added polyelectrolytes remained dissolved in the bulk
solution.

Stability ratio measurements revealed that the particles were
stable at low and high polyelectrolyte doses. Like the disper-
sions containing SL and PPN (Fig. S1, ESIt), the stability ratios
went through a minimum near the IEP. This behaviour is again
in line with the DLVO theory, i.e., the acting interparticle forces
are of electrostatic origin, and similar to findings reported
earlier with other polyelectrolyte-particle systems.?®*%3%3%3
The minimum value of the stability ratios was around unity,
which is indeed in agreement with the prediction of DLVO
theory. On the other hand, there is a remarkable difference in
the slopes of the stability ratios before and after the minimum
value. At low polyelectrolyte doses, a smaller slope was
observed, which indicates the occurrence of the non-DLVO
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Fig. 1 Electrophoretic mobility (red circles) and stability ratio (blue
squares) data of the SL—PPN particles as a function of the HEP dose.
The measurements were carried out at pH 4 and 1 mM ionic strength
adjusted by NaCl. The mg g* unit refers to mg of HEP per 1 g of the
particles. The solid lines serve to guide the eyes.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

destabilizing effect, which may originate from the adsorbed
PPN-HEP layers. It is assumed that the patch-charge effect®®>”
is responsible for this phenomenon as follows. At low polyelec-
trolyte doses, HEP adsorbed on the SL-PPN particles in islands
or in so-called patches, while empty positively charged places
(charges) were still available on the SL-PPN surface. The
patches are electrostatically attracted by the opposite charges
giving rise to the evolution of an attractive non-DLVO inter-
action in addition to the already existing van der Waals forces.
The patch—charge interaction leads to faster aggregation of the
particles and thus to lower stability ratios.

Overall, the above mobility and stability ratio data ensure
that at 200 mg g~ polyelectrolyte dose the SL-PPN-HEP particles
are negatively charged and form a highly stable colloid.

Immobilization of HRP

The HRP enzyme is positively charged at pH 4 since its pI value
is 8.8.%" Therefore, HRP is expected to adsorb on the negatively
charged SL-PPN-HRP surface at least by electrostatic attraction.
However, hydrophobic interactions and hydrogen bonding may
also play a role in the adsorption process. One should note that
extensive HRP adsorption may affect the charging and aggrega-
tion properties of the SL-PPN-HEP particles. It is important to
avoid a significant decrease in the magnitude of surface charge
upon enzyme immobilization, because it may lead to a weakening
of the double layer repulsion and to particle aggregation.

To explore the charging behaviour, the influence of HRP
adsorption on the electrophoretic mobility of SL-PPN-HEP was
probed by measuring the mobility at different HRP concentra-
tions (Fig. S3, ESIT). One can observe that increasing the HRP
dose did not lead to significant changes in the mobility, unlike
PPN and HEP adsorption in the previous steps, due to its low
charge density. The results revealed that for an enzyme dose
lower than 100 mg g~ ', the mobility values of SL-PPN-HEP
were not affected by the added amount of HRP indicating a
colloidal stability similar to that of the SL-PPN-HEP particles.
Above this loading, the mobility slightly increased, which
indicates weaker electrical double layer repulsion and conse-
quently, an undesired decrease in colloidal stability. Considering
these results, 10 mg g~ dose was selected (SL-PPN-HEP-HRP).
Note also that this dose was applied in our previous immobilization
studies®>*® and this condition gave rise to remarkable peroxidase
activities of the obtained composites.

The immobilization of HRP on the surface of the oppositely
charged SL-PPN-HEP hybrid was confirmed by the dSTORM
technique. The transmitted light image (Fig. 2a) showed several
well-concentrated foci in the distant red range of light indica-
ting the presence of HRP in the SL-PPN-HEP-HRP particles.
After data acquisition (Fig. 2b), dSTORM revealed the spatial
extent of the blinking events in Fig. 2c¢ and the blinking
frequency of the fluorophores along the white dashed line
drawn in Fig. 2b as a function of distance (Fig. 2d). The
dimension of the flashes shown in Fig. 2c and d is about
400 nm, which is in good agreement with the diameter of the
SL nanoparticle used. These results provide unambiguous
evidence for the adsorption of HRP on the SL-PPN-HEP
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Fig. 2 Transmitted light image of the particles on a glass surface (a) and dSTORM picture of the marked focal point (b). Blinking events of the
fluorophores were plotted along the X and Y axes (c) and the frequency of blinking events was plotted as a function of the distance (d) from the white
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composite and that the enzyme is strongly attached to the
particulate support.

An overview of the electrophoretic mobility, stability ratio
and hydrodynamic radius data during the sequential adsorp-
tion process used for SL-PPN-HEP-HRP is shown in Fig. 3.

The mobility of the SL particles at low PPN doses was around
(—3.81 £ 0.06) x 10 ®*m> V' s~ . This negative charge resulted
in stable colloids. The formation of a saturated PPN layer at
400 mg g~ ' provided again stable dispersions and the magni-
tude of the mobility was (2.44 + 0.03) x 10~ *m> V" s~ ', After
functionalization with HEP at 200 mg g ', the mobility was
(—3.46 + 0.04) x 10" ®m*> V' 57" due to the high charge density of
the polyelectrolyte. This saturated HEP layer provided high colloidal
stability for the particles. Finally, the immobilization of HRP
slightly decreased the mobility values to (—2.77 £ 0.08) X
10~® m*> V' 7%, The hydrodynamic radius of the SL-PPN-HEP-
HRP composite was (280 &+ 6) nm. As shown by the time-resolved
data, no aggregation was detected for the final hybrid particles.

Resistance against salt-induced aggregation

Ionic strength is an important factor in the preparation, stability
and applications of biocatalytic systems.*>**® Therefore, the

2528 | J Mater. Chem. B, 2022, 10, 2523-2533

charging and aggregation features of the obtained particles were
tested in a wide range of salt concentration. The ionic strength
was systematically changed in the dispersion of SL, SL-PPN and
SL-PPN-HEP-HRP and the electrophoretic mobility values as
well as stability ratios were determined, and the tendencies were
compared (Fig. 4).

On increasing the ionic strength, the magnitude of the
mobility decreased for all the systems owing to the screening
effect of the dissolved salt constituents on the surface charges
(Fig. 4a). The mobility was close to zero at high salt concentrations,
but no charge reversal was observed in the ionic strength
regime investigated.

Time-resolved DLS measurements were carried out to
investigate the aggregation behaviour at different electrolyte
levels. The obtained stability ratios are shown in Fig. 4b. The
tendency in the data followed the prediction of the DLVO
theory.*® Accordingly, high stability ratios indicated stable
dispersions at low salt concentrations, while they decreased
by increasing the ionic strength. Rapid particle aggregation
occurred after the critical coagulation concentration (CCC)
values. The relatively high CCC data shed light on the remark-
able colloidal stability of the particle systems. Similar results

This journal is © The Royal Society of Chemistry 2022
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were reported earlier on polyelectrolyte-coated particle
dispersions,*%°?>*38,61

The aggregation rates determined above the CCC values were
31x10 ®¥m*s 1,33 x10 ¥ m*s ' and 3.4 x 107 ¥ m®s* for
SL, SL-PPN and SL-PPN-HEP-HRP, respectively. This reasonable
agreement between the data indicates that the nature of the
attractive forces was very similar for all particles and such forces
originate most probably from van der Waals attractions. Never-

theless, for the SL-PPN-HEP-HRP system, stability ratio values

This journal is © The Royal Society of Chemistry 2022

lower than unity were observed in the fast aggregation regime
after the CCC and the slope in the slow aggregation regime was
also different from the other particle systems. This difference
may originate from additional non-DLVO forces. First, such
an acceleration in the aggregation is the result of the above
discussed patch-charge interactions, which were frequently
reported for highly charged polyelectrolytes adsorbing on oppo-
sitely charged surfaces.”****” Second, steric hindrance between
adsorbed polyelectrolyte chains may evolve upon approach of
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two particles, which leads to a non-electrostatic repulsion.****>*
This effect is more pronounced at lower ionic strength and hence,
should be responsible for the different slope in the slow aggrega-
tion regime of the SL-PPN-HEP-HRP composite.

Protease activity

The hydrolytic activity of the immobilized and free PPN was
determined on the basis of the hydrolysis of the casein
substrate.*' The assay was carried out daily during five days
for SL-PPN-HEP-HRP to probe its functional stability over
time. The quantitative analysis was based on the characteristic
absorbance values of the tyrosine product appearing at 660 nm
wavelength (Fig. S4, ESIT), from which the normalized activities
were calculated (see the Experimental section for details). The
determined activity on the first day was (0.62 4+ 0.01) U mL "
for the composite and (0.71 & 0.03) U mL ™" for the native PPN.
Thus, the immobilized PPN possessed 85% activity compared
to the free PPN on the first day, while this value was only 67%
for the SL-PPN system.

The decrease in the activity upon immobilization can be
explained as follows. On the one hand, it is caused by the
conformational changes of PPN, which occurred once attach-
ment to the surface of the latex took place. Such a change may
result in decreased activity due to the hindered interaction
between the active centre and the substrate. On the other hand,
a relatively high amount of PPN is adsorbed on SL, probably in
more than one layer, and the blocking effect of the outer layers,
i.e., the limited accessibility of substrate molecules to the inner
enzymes, decreased the efficiency.

However, it was observed in several studies®*®* that PPN
exhibited a high binding affinity to HEP and this binding is
mediated mainly by electrostatic interactions. The presence of
HEP may significantly change the PPN structure by increasing
the a-helix content of the enzyme. This binding can result in an
increase in the affinity of the enzyme for the substrate. It was
also shown that the interaction between HEP and PPN is
specific, since other sulphated glycosaminoglycans, namely
dermatan sulphate and chondroitin sulphate, were able to
neither increase the affinity of PPN to the substrate, nor change
the o-helix content in PPN.®® To explore the PPN-HEP inter-
action and its effect on the protease activity, PPN assays were
carried out in the presence of HEP, i.e., with PPN-HEP solution.
The hydrolytic activity of the PPN-HEP system was about the
same as the one determined for the native PPN enzyme. This
result clearly indicates that possible interactions between PPN
and HEP do not affect the protease function significantly.

Fig. 5 shows the change in the relative enzyme activities
determined at different days. Although the enzymatic activity of
the immobilized PPN decreases as a function of time, the
hybrid material maintained significant protease-like activity
even after 5 days. The decrease in the activity can be explained
by the partial denaturation of the enzyme, the presence of PPN
aggregates on the particles or by the accumulation of the
products on the SL-PPN-HEP-HRP surface, which sterically
hinders the interaction between the enzyme and the substrate.
However, we do not have direct experimental proof for the exact
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reason of this loss in protease activity. Some decrease was also
observed for the free PPN, but it was not significant, and the
enzyme retained 95% of its activity even after 5 days.

The hydrolytic activities of the native and immobilized PPN
were also assessed at 50 °C and 70 °C after a 1 hour incubation
time (Fig. S5, ESIT). At the former temperature, the activities
did not change significantly compared to the value measured
without heat treatment, while at 70 °C, the hydrolytic efficiency
decreased by 45% and 60% for PPN and SL-PPN, respectively.

Peroxidase activity

The peroxidase-like activity of the SL-PPN-HEP-HRP compo-
site was tested in the guaiacol assay.** This biochemical test is
based on the detection of the degradation products of guaiacol
under the combined effect of HRP and hydrogen peroxide.
The formation of the tetra-guaiacol product was monitored
by following the colour change of the solution over time.
As mentioned in the Experimental section, the Lineweaver-
Burk plot was used to analyse the result and from the double
reciprocal reaction rate versus substrate concentration plot, the
Michaelis-Menten constant (K;,) and the maximum reaction
rate (Vmax) were calculated (Fig. S6, ESIt). The K, value corre-
sponds to the affinity of the enzyme towards the substrate. For
example, a decrease in the Ky, value refers to a higher affinity of
the enzyme to guaiacol. v,y is the maximum reaction rate that
can be achieved by the system once the active sites of the
enzymes are completely saturated with the substrate.

The determined v,.x values for the PPN-HRP mixed
solution and for the SL-PPN-HEP-HRP composite were
(0.125 + 0.070) mM s~ and (0.069 + 0.020) mM s, respec-
tively, on the first day with freshly prepared samples. For these
systems, the K, values were (3.52 £ 0.26) mM and (29.16 +
9.71) mM, respectively. The lower activity of the immobilized
HRP might originate from the interaction with HEP on the
surface.

This journal is © The Royal Society of Chemistry 2022
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In the time dependent measurements, the activity of the
immobilized enzymes decreased (Fig. 6); however, significant
peroxidase-like activity was still detected after 5 days. In contrast,
the PPN-HRP solution (i.e., mixing HRP and PPN without SL and
HEDP) lost its activity after 3 days due to the hydrolysis of HRP by
the PPN enzyme.

To further support our conclusions on the decrease of
enzymatic activities of both PPN and HRP with time and upon
immobilization, attempts were made to follow potential struc-
tural changes of the enzymes in the experiments. Nevertheless,
neither scattering (SAXS) nor spectroscopy (FT-IR) techniques
were useful due to the relatively large size of the carrier
particles and their strong light scattering signal as well as their
intense vibrational peaks in the fingerprint region.

Besides, the above results clearly indicate that the polyelectro-
lyte layer in the SL-PPN-HEP-HRP composite can protect HRP
from proteolytic degradation by the PPN enzyme. Accordingly, the
immobilized HRP exhibited good resistance to proteolysis by PPN.
Such process usually takes place in the PPN-HRP mixed homo-
geneous solution. Similarly, it was reported earlier that the dis-
solved peroxidases were more easily inactivated in the presence of
protease enzymes compared to their immobilized counterparts.®®

The findings obtained with the enzymatic tests unambigu-
ously pointed out that the SL-PPN-HEP-HRP composite con-
taining the co-immobilized enzymes possesses significant
protease and peroxidase activities, which are maintained at
least for 5 days. This is a longer time than the one usually applied
for PPN®” and HRP®® in industrial applications. Moreover, such a
dual enzyme activity is accompanied with excellent colloidal
stability making the developed hybrid a promising candidate for
application in heterogeneous systems.

Conclusions

In conclusion, PPN and HRP enzymes were successfully co-
immobilized on SL microspheres by the sequential adsorption
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method using HEP polyelectrolyte as a building block and a
separator between the two enzymes. The polyelectrolyte and the
enzyme doses were optimized to achieve high colloidal stability
of the SL-PPN-HEP-HRP composite, as confirmed by the
remarkable resistance achieved against salt-induced aggregation.
The successful immobilization of the enzymes was proved by
protein tests and by super-resolution microscopy and no enzyme
leakage was detected. The protease and peroxidase activities of the
immobilized enzymes were tested in biochemical assays. It was
found that the enzymes lost some of their activities upon immo-
bilization; however, the obtained SL-PPN-HEP-HRP composite
was still very active, ie., it possessed significant PPN and HRP
activities. Time-dependent peroxidase activity measurements
revealed that such a dual activity is maintained at least for 5 days,
while in the mixed solution of the native enzymes, HRP lost its
activity after 3 days due to hydrolysis by the PPN enzyme. These
results indicate that the applied HEP layer successfully protected
HRP from the protease-like action of PPN. Therefore, the obtained
SL-PPN-HEP-HRP hybrid material acts as an immobilized multi-
enzymatic system with protease and peroxidase activities and
possesses the advantages of a heterogeneous catalyst such as
easier separation from the reaction mixture. The appreciable
colloidal and functional stability, which is a crucial requirement
for biocatalysts to be applied in industrial manufacturing pro-
cesses, also promotes the application of the developed composite.
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