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Three-dimensional (3D) printed hydrogel-based scaffolds have emerged as promising for the delivery of bi-
ologicals. Recently, we developed a printable plant-based nanocomposite hydrogel, composed of anionic cellu-
lose nanofibers (T-CNF) and methacrylated galactoglucomannan (GGMMA), reinforced with mesoporous silica
nanoparticles (MSNs) of different surface charges. However, ensuring the biological activity of the delivered
biomolecules requires further investigation to validate the functionality of the developed biomaterial. To
investigate this, in this study, horseradish peroxidase (HRP) and lysozyme were selected as distinct model
proteins, assessing their immobilization stability and biological activity after MSN immobilization and 3D
printing. The interactions between the enzymes and differently surface-modified MSNs were explored using
multi-parametric surface plasmon resonance (MP-SPR) and molecular dynamics (MD) simulations. We observed
that MSN surface charge is key to the extent of enzyme adsorption and activity control. Positively charged MSNs
showed the highest HRP immobilization but caused significant activity loss in both enzymes. In contrast, near-
neutral and negatively charged MSNs provided improved stability and activity retention for HRP and lysozyme,
respectively. Except for lysozyme/hydrogel, HRP/hydrogel and enzyme-loaded nanocomposite hydrogels (HRP-
loaded near-neutral and lysozyme-loaded negatively charged MSNs) were successfully 3D printed using different
UV post-curing times. While enzyme-laden nanocomposite scaffolds showed promising immobilization stability,
the presence of the photoinitiator caused significant inactivation for both enzymes. Irrespective of the cross-
linking approach, this matrix demonstrates significant potential as a delivery carrier for various biomolecules,
with promising applications in tissue engineering and wound healing.

1. Introduction 2015). In comparison to conventional fabrication techniques,

hydrogel-based scaffolds can be constructed with high precision and

In tissue engineering and wound healing, advanced biomaterials
combined with bioactive agents, such as growth factors and enzymes,
are required to enhance and regulate various biological processes of the
newly developed tissues (Sufiyan et al., 2024). Among these bio-
materials, hydrogel-based scaffolds have emerged as a promising plat-
form. They support cell survival and growth by providing sufficient
nutrients and essential biologicals in defective tissues. Their hydrated
and porous structure offers structural similarity to the extracellular
matrix (ECM) of native tissues, making them an excellent candidate for
tissue engineering scaffolds (Chen et al., 2019; Vashist and Ahmad,

* Corresponding author.
E-mail address: jessica.rosenholm@abo.fi (J.M. Rosenholm).

https://doi.org/10.1016/j.ejps.2025.107132

fewer processing steps using the semi-solid extrusion three-dimensional
(3D) printing technique (Holzl et al., 2016; Zielinska et al., 2023).
Recent advancements in 3D printing have enabled the fabrication of
tailored additive-manufactured scaffolds with macroscale porous
structures, suitable for integration into damaged tissues (Hassan et al.,
2019). Photo-crosslinking of these 3D printed scaffolds ensures the
structural integrity by exposure to UV light, which initiates a rapid
crosslinking reaction that stabilizes the material effectively
(GhavamiNejad et al., 2020).

Nanocellulose-based hydrogels are abundant and biocompatible
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biomaterials with low cytotoxicity and a structure similar to the ECM,
making them highly advantageous for biomedical applications (Hickey
and Pelling, 2019). However, nature-derived hydrogels often require
reinforcement to enhance their mechanical strength and functionality,
which can be achieved by incorporating inorganic nanoparticles (Chen
et al., 2019; Chakraborty et al., 2021; Soleymani Eil Bakhtiari et al.,
2021; Ozliseli et al., 2023). Among the various inorganic nanoparticles
available, mesoporous silica nanoparticles (MSNs) have gained atten-
tion as promising carriers for bioactive agents due to their robust inor-
ganic framework, high surface area, large pore volume, tunable pore size
and customizable surface properties (Popat et al., 2011). These unique
attributes make MSNs particularly effective for delivering bioactive
molecules, also within hydrogel scaffolds (Castillo et al., 2020). In this
regard, we recently reported semi-solid extrusion 3D printing of
plant-based nanocomposite hydrogels as a protein delivery system
(Mahran et al., 2023). We employed different surface-functionalized
MSNs, including amino, carboxylic, and acetyl functional groups, to
enhance the mechanical properties and biological activity of
TEMPO-oxidized cellulose nanofibers (T-CNF). Photocurable polymer
hemicellulose methacrylated galactoglucomannan (GGMMA) was used
to impart photo-crosslinkable properties to T-CNF. A large-sized bio-
logical cargo (i.e., bovine serum albumin (BSA) as a model protein) was
successfully delivered using MSN-laden nanocomposite biomaterial. To
expand the biomedical applicability of this nanocomposite hydrogel, our
aim in this study is to immobilize functional proteins to gain insights
into their activity after loading and release from 3D printed nano-
composite scaffolds.

Enzymes are versatile biomolecules that catalyze essential reactions
to control the process rate in living organisms such as collagenases,
trypsin, and alkyl phosphatase (Holliday et al., 2009; Wang et al., 2023;
Wang and Wang, 2021). Biocatalytic hydrogels have been widely
fabricated and applied in tissue engineering, wound healing, and bio-
sensing (Shen et al., 2019; Chernozem et al., 2021). In one study, re-
searchers developed 3D printed bioactive scaffolds using alginate
dialdehyde-gelatine (ADA-GEL) hydrogel augmented by
lysozyme-loaded mesoporous cerium doped silica-calcia nanoparticles
(Lys-Ce-MSNs). These scaffolds promoted bone regeneration while
providing antioxidant and antibacterial properties (Monavari et al.,
2022). However, most of the reported studies have utilized ionic
crosslinking method to stabilize the 3D printed scaffolds, with limited
information about the effect of the photo-crosslinking method on
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enzyme activity. To address this gap, enzymes are here selected as model
proteins to evaluate their functionality after immobilization into our
previously developed nanocomposite systems. Additionally, their cata-
lytic activity assays offer an effective and convenient tool for detecting
changes in enzyme function throughout the formulation and delivery
processes.

We hypothesized that the functionality of the delivered protein could
be affected by both immobilization into differently surface-charged
MSNs and the 3D printing process, resulting in non-functional proteins
ultimately at the target site. Thus, we developed 3D printed biocatalytic
nanocomposite hydrogels by immobilizing enzymes into the previously
developed nanocomposite hydrogel (Scheme 1). Additionally, we
investigated the factors affecting their immobilization stability and
biological activity before and after 3D printing. MSNs with different
surface properties were employed to optimize the loading capacity and
enzymatic activity of two model enzymes: horseradish peroxidase (HRP)
and lysozyme. These enzymes differ in their molecular weights and
isoelectric points (IEP) at physiological pH, which influences their
interaction with various surface-charged MSNs and hydrogel compo-
nents. Insights about the molecular interactions between enzymes and
different charged surfaces were assessed by multi-parametric surface
plasmon resonance (MP-SPR) and molecular dynamics (MD) simula-
tions. Moreover, the rheological properties of the developed enzyme-
loaded nanocomposite hydrogels were evaluated to detect their visco-
elastic properties. Additionally, the impact of photo-crosslinking was
evaluated after 3D printing using different UV post-curing times. Our
results show successful 3D printing of the biocatalytic nanocomposite
hydrogels with high enzyme immobilizing stability and promising ac-
tivity retention after immobilization. However, the crosslinking method
applied after 3D printing should be considered according to the mech-
anism of enzymatic activity. The proof-of-concept to immobilize
different biological agents within the developed MSN-laden nano-
composite biomaterial was investigated, with promising application
prospects for tissue engineering and wound healing.

2. Materials

Cetyltrimethylammonium chloride (CTAC) solution (25 wt % in
H20) (Milan, Italy), triethanolamine (TEA, >99 %) (St. Gallen,
Switzerland), horseradish peroxidase (HRP) (Basel, Switzerland), tet-
raethyl orthosilicate (TEOS, 98 %), ammonium nitrate, glacial acetic
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Scheme 1. Schematic illustration of the fabrication process for biocatalytic mesoporous silica nanocomposite hydrogels. Enzymes with different surface properties
(Horseradish peroxidase and lysozyme) are immobilized into different surface-charged MSNs (positively, negatively, and near-neutrally charged particles), followed
by analysis of the molecular interaction and measurement of enzymatic activity. Suitable enzyme-loaded MSNs are then incorporated into the hydrogel to fabricate
biocatalytic nanocomposite hydrogels. Subsequently, scaffolds are fabricated using 3D printing followed by photo-crosslinking. Finally, the enzymatic activity of the

released enzymes is assessed.
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acid, sodium acetate, 4-(2 hydroxyethyl)—1-piperazineethanesulfonic
acid buffer (HEPES), succinic anhydride (>99 %), acetic anhydride (>99
%), anhydrous toluene (99.8 %), cyclohexane(99.5 %), branched poly-
ethylenimine average Mw 25,000, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP, >95 %), and Lysozyme Activity
Kit (Cat. No. LY0100) were purchased from Sigma Aldrich (Steinheim,
Germany). Phosphate buffer saline (pH 7.4) was obtained from Gibco
(Paisley, UK). Aziridine (98 %) was obtained from Menadiona (Barce-
lona, Spain). TEMPO-oxidized cellulose nanofibers (T-CNF) and meth-
acrylated galactoglucomannan (GGMMA) were in-house synthesized
(using the same method described in detail in our previous work
(Mahran et al., 2023)). Bradford dye reagent (Coomassie brilliant blue
G-250 dye) and 1-Step™ Ultra TMB-ELISA were obtained from Ther-
moFisher Scientific (Rockford, USA). Lysozyme was purchased from
Nordic Biosite (San Diego, USA). Double-distilled Milli-Q water was
used throughout the work. All chemicals were used as received

3. Methods

3.1. Synthesis of different surface-functionalized mesoporous silica
nanoparticles (MSNs)

MSNs with different surface groups, including amine (NH3), acetyl
(COCHs), and carboxyl (COOH) were synthesized, aiming to generate
positively, neutrally, and negatively charged surfaces, respectively. To
achieve that, large pore-sized (10 nm) plain MSNs were first prepared
using the biphasic method (MSNs) (Shen et al., 2014). Then, their sur-
face silanol groups were functionalized with hyperbranched poly-
ethylene imine through surface polymerization of aziridine (PEI-MSNs).
Subsequently, the primary amino groups of PEI-MSNs were neutralized
by reacting with acetic anhydride to produce near-neutrally charged
nanoparticles (ACA-MSNs), while negatively charged MSNs (SUC-MSNs)
were obtained by reacting with succinic anhydride. Details of the syn-
thesis for both plain and functionalized MSNs can be found in our pre-
vious work, with no modifications to the protocol (Mahran et al., 2023).

3.2. Physicochemical characterization of the surface-functionalized
MSNs

The morphological structure and mesoscopic ordering of the plain
MSNs were visualized using the transmission electron microscope (TEM)
(JEM 1400-Plus, JEOL Ltd., Tokyo, Japan). Malvern ZetaSizer NanoZS
(Malvern Instruments Ltd., Worcestershire, UK) was used to measure the
hydrodynamic diameter and (-potential of the synthesized nano-
particles. For dynamic light scattering (DLS) measurements, nano-
particles were suspended at a final concentration of 0.2 mg/mL in
ultrapure water, while {-potential measurements were conducted in
HEPES buffer (25 mM, pH 7.2).

3.3. Enzyme immobilization

3.3.1. Enzyme adsorption

Before immobilization, the isoelectric point (IEP) of the horseradish
peroxidase (HRP) and lysozyme was determined by measuring the
C-potential of the model enzymes in buffers with different pHs. Enzyme
immobilization onto surface-functionalized MSNs was performed via the
physical adsorption method. Acetate buffer (pH 5) and phosphate buffer
(pH 7.4) were chosen as dispersing medium for HRP and lysozyme,
respectively. First, enzymes at a concentration of 1 mg/mL and nano-
particles at 2 mg/mL were dispersed together in the buffer solutions.
Then, the final dispersion was stirred gently at 25 °C for 5 h (Pota et al.,
2022). Afterward, the samples were centrifuged, and the supernatants
were collected to quantify the amount of unloaded enzyme. Then, the
obtained solids were washed twice, and the supernatants from these
washing steps were also collected to account for any remaining
non-adsorbed enzyme. The enzyme-immobilized particles were then
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vacuum-dried. The collected supernatants (from both the initial loading
solution and washing steps) were analyzed using the Bradford assay to
quantify the total amount of unloaded enzyme, and the percentage
adsorption capacity was calculated according to Eq. (1) (Tu et al., 2016):

Pr — P,
Adsorption capacity % = %% 1
T
In which Py and Pp are total protein amount and free unloaded
protein amount, respectively. Nt is the total nanoparticles amount. All
measurements were performed in triplicates.

3.3.2. Immobilization stability (in vitro release)

To assess the stability of enzyme-immobilized MSNs in physiological
conditions, enzyme-immobilized surface-functionalized MSNs (1 mg)
were suspended in 1 mL PBS buffer (pH 7.4) in a 2 mL Eppendorf tube
(Chouyyok et al., 2009). The leaching experiments were carried out in
the shaking water bath set to 300 rpm at 37 °C for 7 days. At specified
time points (0.5, 1, 2, 4, 6, 8, 24, 48, 72, 120, 168 h), the dispersions
were centrifuged at 13,000 rpm for 4 min, and 0.05 mL of clear super-
natant was collected and replaced with fresh buffer. The concentration
of the released enzymes was measured using the Bradford assay and
quantified using UV-VIS spectroscopy. All experiments were performed
in triplicates to ensure reproducibility.

3.4. Study of enzyme-MSN interaction

3.4.1. Multi-parametric surface plasmon resonance (MP-SPR)

The interaction of PEI, PEI-ACA, and PEI-SUC coated silica surfaces
with model enzymes were studied at room temperature by MP-SPR
Navi™ 200 instrument (BioNavis Ltd., Tampere, Finland) in 4 parallel
flow channels. The peak angular position (PAP) of the reflected light at
the wavelength of 785 nm was measured at the angle between 58° and
77° Silica sensor slides were used to mimic the MSN surface chemistry
and were functionalized by first injecting a PEI solution with a con-
centration of 0.2 mg/mL to achieve a positively charged surface. To
render the silica sensor surface negatively or near-neutral charged, then
PEI along with SUC or ACA at a concentration of 0.4 mg/mL diluted in
EtOH, was injected to coat the silica sensor surface, respectively. HRP
and lysozyme were dissolved in acetate buffer (pH 5) and PBS (pH 7.4),
at a concentration of 50 ug/mL. The injection orders for all buffers used
in HRP and Lysozyme experiments are shown in Tables S1 and S2,
respectively. The interaction of the silica sensor with PEIL, PEI-SUC, and
PEI-ACA coatings are presented as MP-SPR sensograms in Fig. S1.
Measurements were conducted at a flow rate of 30 uL/min for approx-
imately 10 min for each injection. The SPR response data was extracted
by using the SPR Navi Data viewer software (version 6.7.0.9, Bionavis
Ltd, Tampere, Finland). The injection start point was set as zero when
the enzymes were injected. The kinetic parameters were determined in
TraceDrawer (version 1.7) modeling software by fitting the SPR senso-
grams with One-To-One Langmuir model (Souto et al., 2015). Additional
data analysis was performed with GraphPad Prism (version 8.0.2, San
Diego, CA).

3.4.2. Molecular dynamic (MD) simulation

To obtain representative models of MSNs under investigation and to
understand MSN-protein interactions at the interface, atomic scale
models of PEI, ACA, and SUC-modified MSNs were prepared ignoring
the noninteracting core of nanoparticles. The structures of these func-
tionally modified silica surfaces were sketched using 3D builder panel of
maestro (Schrodinger, LLC, New York, NY, 2023). The 3D structure of
HRP and Hen Egg White Lysozyme (PDB ID:1H57 and 1DPX (Berglund
et al., 2002), (Weiss, Palm, and Hilgenfeld 2000), respectively) were
imported from the protein data bank (PDB) (Berman et al., 2000). The
protein structure was imported and processed using a protein prepara-
tion workflow. Briefly, bond orders and hydrogen bond assignments
were carried out. This is followed by generating het states with Epik at
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pH 7.0 & 2.0 (Shelley et al., 2007). In the next step, assigned hydrogen
bonds were optimized using PROPKA at a neutral pH (S¢gndergaard
et al., 2011; Olsson et al., 2011). In the final step, the structures were
briefly minimized using the OPLS4 force field (Lu et al., 2021) with a
0.30 A root-mean-square deviation (RMSD) of the heavy atom
displacement as a convergence criterion. The water molecules further
than 3 A from the ligand were deleted. To prepare a simulation system
with a set number of polymers and protein molecules, the Disordered
System Builder panel of the Schrodinger Material Science suite
(Schrodinger, LLC, New York, NY, 2023) was used. The maximum
number of protein molecules in each system was 1. Each system had an
initial density of 0.5 g/cm® and periodic boundary conditions (PBC) with
an orthorhombic unit cell were used for all simulations. The initial

(A — Ap) x total volume of the reaction
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3,3,5,5' tetramethylbenzidine (TMB) (Lin et al., 2011). TMB is a chro-
mogenic substrate that produces a blue-colored product upon oxidation
by hydrogen peroxide with a reaction catalyzed by HRP. The color then
changes to yellow upon the addition of sulfuric acid. Briefly, 0.2 mg of
HRP-loaded functionalized MSNs were redispersed in 0.3 mL PBS buffer
pH 7.4. Then, the suspended particles were mixed with 1.5 mL TMB Elisa
solution and waited for a given period. The reaction was terminated
using 1.5 mL of 2 M sulfuric acid, and the formed colored product was
measured by UV-Vis spectroscopy at 450 nm. All samples were
measured in triplicates.

HRP enzymatic activity in (Units/mL) is defined as the amount of
TMB (umoles) transformed per minute (umol min!). The enzyme ac-
tivity was calculated using Eq. (2)

(2

HRP engymatic activity (Units /mL) =

disordered system was set to a “amorphous” using the OPLS4 force field.

The PEIL, ACA, and SUC-modified MSNs with HRP and Lysozyme
were submitted to a 100-ns molecular dynamics (MD) simulation. The
simulation was performed using the multistage MD simulation workflow
of Desmond (Schrodinger Release 2023: Desmond Molecular Dynamics
System, D. E. Shaw Research, New York, NY, USA, 2023; Maestro-
Desmond Interoperability Tools, Schrodinger, New York, NY, USA,
2023) (Bowers et al., 2008), consisting of a three-stage material relax-
ation protocol, followed by the production MD simulation and analysis.
Briefly, the material relaxation protocol involved 20 ps of Brownian
dynamics (BD) at 10 K to remove steric clashes, followed by a short BD
simulation at 100 K in the NPT ensemble and an anisotropic coupling
scheme. In the final stage, a 100-ps MD simulation in the NPT ensemble
was completed using anisotropic coupling and a 2-fs time step. The
production simulation was then performed for 100 ns at 300 K and
1.01325 bar with the Nose-Hoover chain thermostat (Braga and Travis,
2005; Hoover, 1985) and barostat using the Martyna-Tobias-Klein
method with isotropic coupling (Martyna et al., 1999). The Coulombic
method used for long-range interactions was U-series while the cut-off
radius for short-range interactions was set to 9.0 A (Predescu et al.,
2020). The interactions between MSN surface and protein molecules
were calculated from the simulation trajectories and were further
analyzed in Microsoft Excel365.

emmp X P x sample volume

(AA450 /mintest — AA450/minBlank) X df

Where, A and Ag are the absorbance of the tested sample and blank,
P is the optical path in cm, which is 1 for cuvettes and 0.58 in a 96-well
plate when the reaction volume is 200 pL, and € is the molar extinction
of oxidized TMB at 450, (Ermp= 59,000 mol'em™).

Lysozyme catalytic activity was measured based on a continuous
reading of the change in the turbidity of a bacterial suspension upon
lysis. Lysozyme is a bacteriolytic enzyme that hydrolyzes the peptido-
glycan layer of bacterial cell walls, thereby decreasing the turbidity of
the suspension (Dyawanapelly et al., 2019). The catalytic activity of
immobilized lysozyme was measured according to Sigma Aldrich in-
structions: 0.2 mg of lysozyme-loaded functionalized MSNs were redis-
persed in 0.1 mL reaction buffer (66 mM KH2PO4, pH 6.2). Then, 2.5 mL
of freshly prepared Micrococcus lysodeikticus cell suspension in reaction
buffer was added. The change in the optical density of cell suspension
was recorded every 1 min and over 5 min period at 450 nm using
UV-VIS spectroscopy. All measurements were conducted in triplicates

Lysozyme enzymatic activity in (Units/mL) is defined as the amount
of enzyme that produces a AA4s50 of 0.001 per minute at pH 6.24 at 25 °C
using a suspension of Micrococcus lysodeikticus as substrate, in a 2.6 mL
reaction mixture (1 cm pathlength) and calculated using Eq. (3):

Lysozyme engymatic activity (Units /mL) = (0.001)(0.03)

3.4.3. {-potential of enzyme-immobilized MSNs

The C-potential of enzyme-immobilized MSNs was measured to
investigate the impact of protein adsorption on the surface charge of the
particles. These measurements were performed under the same condi-
tions described in Section 3.2.

3.5. Biological activity of immobilized and free-released enzymes (specific
activity and residual activity)

The biological activity of the immobilized and free-released enzymes
was evaluated to study the effect of the immobilization process on
enzymatic activity. Further, the best formulation for both enzymes was
used for nanocomposite preparation.

The catalytic activity of HRP was assessed calorimetrically using

3

Where df is the dilution factor, 0.001 is the AA4s5¢ as per the unit
definition and 0.03 is the volume (in milliliters) of enzyme solution.

Specific activity is defined as the enzymatic activity per mg of protein
(Units/mg) and calculated for both enzymes using Eq. (4) (Weishaupt
et al., 2015)

enzyme activity (%)
Specific activity (Units / mg) = s of ol (7@ 4)
volume of enzyme (mL)

The residual activity of the free-released HRP and lysozyme was
quantified from an aliquot containing the released enzymes at two
different time points (24 h and 7 days). The calibration curve was
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constructed based on known enzyme concentration using a 96-well plate
(Fig. S2) (supplementary method for more detailed description). Then,
the activity was calculated using Eq. (5)

.. Units
engyme activity after release (%)

Residual activity % = 5)

actual enzyme activity <%>

3.6. Printing of the enzyme-loaded mesoporous silica nanocomposite
hydrogel

3.6.1. Nanocomposite hydrogel preparation

The nanocomposite hydrogels were prepared by physical incorpo-
ration of HRP-loaded ACA-MSNs and lysozyme-loaded SUC-MSNs (1 wt
%) into a prewarmed hydrogel at 50 °C. The hydrogel was prepared
using 1 wt % T-CNF as the main hydrogel matrix, 3 wt % GGMMA as the
photocurable polymer, and 0.2 wt % LAP as the photointiator. The
concentration of enzyme-loaded MSNs was chosen based on our previ-
ous study. To compare the performance of enzymes without MSNs, 0.1
wt % free enzymes (HRP and lysozyme) were mixed with the plain
hydrogel. All prepared hydrogels were centrifuged at 3000 rpm for 5
min to remove air bubbles.

3.6.2. Rheological assessment of the nanocomposite hydrogels

Rheological properties of the enzyme-loaded hydrogels and enzyme-
loaded nanocomposite hydrogels were evaluated and compared with
plain hydrogel to gain information about their flow behavior and
viscoelastic properties. The HAAKE MARS Modular Advanced Rheom-
eter system (Thermo Scientific, Karlsruhe, Germany) with a 20 mm
diameter cone-plate geometry (1° cone angle with a truncation gap of
0.049 mm) was used in all measurements, and the temperature was set
at 23 °C. All samples were equilibrated before each measurement at a
shear rate of 0 s~! for 60 s. The flow behavior was evaluated using a
shear rate ramp-up of 0.01-1000 slina logarithmic scale with 1 s per
data point. From the power law equation, the consistency index was
calculated using Eq. (6)

n=ki"" ©)

where 1] is the dynamic viscosity, y is the shear rate, K is the consistency
index, and n is the power law index.

The amplitude sweep test was conducted to determine the visco-
elastic properties of the prepared hydrogels. It was performed by
applying a shear strain from 0.0 % to 10 % at a constant frequency of 1.6
Hz with a data acquisition time of 10 s per data point. Three parameters
were obtained from the amplitude sweep test: linear viscoelastic region
(LVER), gel strength, and flow transition index (FTI). LVER is the shear
strain value at which shear stress deviates from linearity by 10 %. Gel
strength is the storage modulus value (G’) at the end of LVER. Finally,
Eq. (7) was used to calculate the FTI

Fri=Y %)
Ty

where 17 and 7y represent the flow stress and yield stress, respectively.
Flow stress is the shear stress value at the crossover point between
storage modulus (G’) and loss modulus (G’*), whereas yield stress is the
shear stress value at the end of the LVER.

3.7. Printing of the nanocomposite hydrogel

Enzymes-loaded hydrogels and enzyme-loaded nanocomposite
hydrogels were 3D printed using extrusion-based 3D printing (Brinter
One, Brinter AM Technologies Ltd, Finland). The small inner diameter
(0.25 mm) stainless steel needles (Nordson EFD, USA) were used for the
plain hydrogel and enzyme-loaded hydrogel. In contrast, the larger
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inner diameter (0.33 mm) was used for printing nanocomposite inks to
reduce repeated nozzle clogging caused by nanoparticles. The print bed
and pneumatic tool-cooled printhead were maintained throughout the
study at 16 °C and 20 °C, respectively. A four-layered grid construct was
printed at a speed of 10 mm s and a pressure of 350 & 20 mbar. Photo-
crosslinking was done using a UV/Vis LED module with wavelength 405
nm and intensity of 17.5 mW cm2 for 30 s after each layer. Additionally,
three different UV post-curing times (1, 5, and 10 min) were applied to
assess the effect of curing time on enzyme release and biological activity.

3.7.1. Immobilization stability and enzymatic activity after 3D printing

The immobilization stability of the final constructs was evaluated by
weighing the 3D printed scaffolds followed by suspending them in 1 mL
PBS buffer and continuously stirring for 7 days using the same settings
listed in Section 3.3.2.

Subsequently, the enzymatic residual activity after release from the
3D printed scaffolds and after mixing with the hydrogel components (T-
CNF, GGMMA, and the photointiator LAP) was measured following the
same protocol stated in Section 3.5.

3.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism version
(8.0.0). One-way ANOVA followed by Tukey post-hoc test were used to
analyze the differences between experimental groups. Two-tailed, un-
paired student’s t-test was carried out to analyze the significance be-
tween two groups. The differences were considered significant at p <
0.05.

4. Results and discussion

4.1. Synthesis and characterizations of differently surface-functionalized
MSNs

Mesoporous silica nanoparticles (MSNs) with different surface
modifications were synthesized to elucidate the role of surface func-
tional groups on enzyme adsorption and biological activity. Large pore-
sized MSNs of approximately 10 nm were synthesized using the biphasic
method (Shen et al., 2014). The morphology of the plain MSNs was
visualized by TEM, which revealed a uniform spherical shape and a
highly porous dendritic structure (Fig. 1A).

The surface silanol groups of plain MSNs on one hand imparts an
overall negative net surface charge to non-modified particles; and on the
other hand, also play a crucial role as anchoring points allowing surface
functionalization and thus modification of the surface properties. Fig. 1B
shows a schematic illustration of the applied methods to achieve
differently surface-functionalized MSNs. Although various approaches
can be used to introduce surface amino groups, surface hyperbranching
polymerization of aziridine is the most efficient method due to its ability
to provide a high yield of terminal primary amino groups owing to the
hyperbranched mode of growth (PEI-MSNs) (Rosenholm and Lindén,
2007). The subsequent reaction of PEI-MSNs with acetic anhydride re-
sults in a near-neutral net (overall) surface charge by capping the pri-
mary amino groups of PEI with non-charged acetyl groups (ACA-MSNs).
The remaining charges originates from a competition between the
remaining secondary and tertiary amino groups of the PEI layer and
unreacted silanol groups of the MSN itself (Karaman et al., 2012).
Further reaction of PEI-MSNs with succinic anhydride introduces
negatively charged carboxylic acid terminal groups on the surface
(SUC-MSN ).

Table 1 summarizes the physicochemical properties of the synthe-
sized nanoparticles. All particles showed small hydrodynamic diameters
of less than 300 nm with a small PDI value of less than 0.2, indicating full
aqueous dispersibility of the prepared particles. Successful surface
modifications were confirmed by measuring the {-potential of the pre-
pared particles at neutral pH (HEPES buffer, pH 7.2). Plain MSNs with a
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Fig. 1. (A) Transmission electron microscopy (TEM) image of plain MSNs. (B) Detailed illustration of different surface-functionalized MSNs. First, plain MSNs were
reacted with aziridine to yield hyperbranched polyethyleneimine branches on the surface (PEI-MSNs). Further, PEI-MSNs were reacted with acetic anhydride to yield
near-neutral nanoparticles (ACA-MSNs) and succinic anhydride to obtain negatively charged nanoparticles (SUC-MSNs).

Table 1

Physicochemical characterization of the prepared particles. Ultrapure water was
used for dynamic light scattering (DLS) measurements and HEPES buffer (pH
7.2, 25 mM) for {-potential measurements.

Sample Hydrodynamic diameter ~ Polydispersity index ¢ -Potential
name (nm) (PDI) (mV)

Plain MSNs 1345+ 0.4 0.114 -288+1.4
PEI-MSNs 148.0 + 1.5 0.023 +41.6 +1.5
ACA-MSNs 160.0 + 2.0 0.121 -143+0.6
SUC-MSNs 245.0 £ 0.1 0.134 -36.1 +£2.0

negative net surface charge (—28.8 mV) were shifted to a high net
positive surface charge (+41 mV) after reaction with aziridine (PEI-
MSNs). Near-neutral {-potential (—14 mV) was obtained for ACA-MSNs,
while a negative {-potential was measured for SUC-MSNs (—36 mV)
under the studied conditions.

4.1.1. Enzyme immobilization

Generally, the large surface area of bare MSNs provides a high
adsorption capacity for different biologicals, which can be either
adsorbed onto the particle surface or inside the pores on the pore walls.
In this context, pore size is the main determinant, affecting protein
loading and leaching (Yiu and Wright, 2005; Zhou and Hartmann,
2013). However, introducing different surface functional groups to bare
MSNs alters the adsorption properties of the particles, influenced by the
nature and surface charge of the added groups. Therefore, we
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investigated the effect of different surface modifications on the
adsorption and leaching of two distinct model enzymes: horseradish
peroxidase (HRP) and lysozyme (see Table S3). HRP is a relatively large
enzyme with a hydrodynamic diameter of ~ 6.0 nm and a molecular
weight of 35-40 kDa. It is a heme-containing enzyme, which uses
hydrogen peroxide to oxidize different organic and inorganic com-
pounds (Veitch, 2004; Pandey et al., 2017). In contrast, lysozyme is a
small-sized enzyme with a hydrodynamic diameter of ~3.8 nm and a
molecular weight of 14 kDa. It is an anti-bacterial enzyme, which hy-
drolyzes the peptidoglycan layer of the bacterial cell walls (Merlini and
Bellotti, 2005). From the literature, HRP has a net negative surface
charge at neutral pH while lysozyme exhibits a net positive surface
charge at physiological conditions (Rahmatika et al., 2019). For both
enzymes, the adsorption capacity and immobilization stability were
determined. The interaction between unfunctionalized MSNs with HRP
and lysozyme has been well studied in previous research, considering
several parameters such as pore size and shape as well as particle shape
(Lin et al., 2011; Chouyyok et al., 2009), (Kao et al., 2014; Wang et al.,
2016; Xiao et al., 2008); therefore, our focus was on the
surface-modified MSNs, using plain MSNs data as a reference.

4.1.2. Enzyme adsorption

The adsorption conditions for the model enzymes were optimized
based on their isoelectric points (IEP), which represent the pH at which
protein loading is most favorable (Miyahara et al., 2006). Namely, at
this pH, electrostatic repulsion between protein molecules is minimized,
allowing them to pack more closely on the silica surface than at any

(B)
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Fig. 2. (A) The pH dependency of the {-potential of HRP and lysozyme, illustrating their isoelectric points (IEP) at 0 mV. (B) The adsorption capacity in percent of the
immobilized enzymes (HRP and lysozyme) onto functionalized and unfunctionalized MSNs after 5 h using acetate buffer pH 5 for HRP and phosphate buffer pH 7.4

for lysozyme as loading solutions.
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other pH (Su et al., 2000). Although the protein surface may exhibit a
complex charge distribution at pH equal to its IEP, the overall net charge
remains zero (Sang et al., 2011). Based on zeta potential measurements
across different pH values, HRP was thus immobilized using acetate
buffer (pH 5), and lysozyme was immobilized using phosphate buffer
(pH 7.4) (Fig. 2A). HRP and lysozyme were adsorbed onto different
surface-functionalized MSNs at the specified pH, and Fig. 2B represents
the percentage adsorption capacity of both enzymes.

Compared to surface functionalized particles, plain MSNs showed
the highest adsorption capacity of both enzymes, with no significant
difference in their adsorption percentage (around 30 %). Using large
pore-sized MSNs (10 nm) effectively excluded the impact of pore size, as
confirmed by the similar immobilization percentage. Apart from particle
surface charge, HRP exhibited greater immobilization onto surface-
modified particles than lysozyme, likely due to the difference in their
sizes. The large size of HRP may provide more active points for inter-
action, leading to enhanced immobilization. These active sites might
involve more electrostatic, hydrogen bonding, and van der Waals in-
teractions (Wang and Caruso, 2005).

The immobilization efficiency of HRP varied significantly depending
on the net surface charge of the MSNs. PEI-MSNs (positively charged)
exhibited the highest enzyme immobilization (28.5 %), which was
significantly higher than that observed for near-neutral MSNs (ACA-
MSNs: 22.5 %, p < 0.01) and negatively charged MSNs (SUC-MSNs: 9 %,
p < 0.0001). In contrast, negatively charged particles (SUC-MSNs)
showed the highest lysozyme immobilization efficiency (12 %), fol-
lowed by ACA-MSNs (10 %) and PEI-MSNs (6 %). SUC-MSNs and ACA-
MSNs exhibited no significant difference in immobilization efficiency,
but both demonstrated significantly higher immobilization than PEI-
MSNs (p < 0.01). The change in the adsorption order is mainly corre-
lated to the effect of adsorption pH on the surface properties of the
enzyme and particle during immobilization. HRP immobilization was
carried out at pH 5. At this pH, all particles exhibited a net positive
surface charge with a higher value observed for PEI-MSNs (Fig. S3),
while HRP displayed a slight net negative surface charge. On the other
hand, lysozyme immobilization was performed at pH 7.4. At this pH,
only SUC-MSNs and ACA-MSNs showed a net negative surface charge
with high negativity observed for SUC-MSNs (Table 1), while lysozyme
carries a slightly net positive surface charge. These electrostatic attrac-
tive and repulsive forces between the enzymes and functionalized MSNs
are the main driving force of more HRP and lysozyme adsorption onto
PEI-MSNs and SUC-MSNs, respectively. Regarding near-neutral MSNs
(ACA-MSNs), both enzymes were immobilized without any preference
for the surface charge of the enzyme compared to positively and nega-
tively charged particles. This might be attributed to, at the adsorption
pH for both enzymes, ACA-MSNs exhibited surface charges opposite to
that of the loaded enzymes but with less charge density than PEI-MSNs
and SUC-MSNs, which enhances their interaction with both enzymes.
Under these experimental conditions, enzyme size and the surface
properties of both enzymes and nanoparticles are the dominant drivers
for protein adsorption.
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4.2. Immobilization stability (in vitro release)

The immobilization stability test was carried out to evaluate the
strength of interaction between enzymes and different surface-
functionalized MSNs at physiological pH. Fig. 3 compares the cumula-
tive release profile of both enzymes. For plain MSNs, less than 5 % of the
adsorbed HRP was released after 8 h, while less than 17 % of the
adsorbed lysozyme was released after 4 h. Additionally, the maximal
release percentage of lysozyme across all particles was higher and
reached faster than HRP. This indicates an inverse correlation between
the final release percentage and the molecular size of the enzyme. The
results confirm that lysozyme has a weaker interaction with the particles
compared to HRP, which is consistent with the enzyme adsorption data.

Fig. 3A shows that the cumulative release percentage of HRP was
higher from neutral and negatively charged particles than from posi-
tively charged particles. The maximum release percentage from ACA-
MSNs and SUC-MSNs was nearly the same (22 %). However, it was
reached faster for ACA-MSNs (22 % after 2 h) than for SUC-MSNs (22 %
after 24 h). On the other hand, PEI-MSNs showed a maximum release of
only 10 % after 24 h, probably due to the strong interaction between
PEI-MSNs and HRP. A probable explanation of the different release
patterns between the formulations is the effect of pH on enzyme
adsorption and desorption, mainly its effect on the electrostatic in-
teractions (Lin et al., 2011; Vinu et al.,, 2004). The shift from the
adsorption pH 5 (acidic pH) to leaching pH 7.4 (neutral pH) caused a
change in the net surface charge of the nanoparticles and the adsorbed
HRP except PEI-MSNs. At the leaching pH, the surface charge of
ACA-MSNs and SUC-MSNSs shifted from a positive to a neutral or nega-
tive net surface charge, while the HRP surface exhibited more negative
surface potential. This resulted in a decrease in the electrostatic attrac-
tion forces and greater release compared to PEI-MSNs, which showed no
change in the net surface charge.

Fig. 3B shows that lysozyme exhibited almost the same maximum
release percentage (50 %) from all particles (PEI-MSNs, ACA-MSNs, and
SUC-MSNSs). However, SUC-MSNs reached a maximum release after 2 h,
while PEI-MSNs and ACA-MSNs achieved maximum release after 4 h.
This further confirms the role of pH and weak adsorption of lysozyme.
The adsorption strength and different types of interactions involved
between enzymes and charged MSNs will be discussed in detail in the
next section.

4.3. Enzyme-MSN interactions

Investigating the interactions between functional proteins (e.g., en-
zymes) and different surface-charged nanoparticles is essential to
assessing the potential impact of the nanoparticle environment on the
biological activity of these proteins. Different approaches can be used to
study protein and protein adsorption onto surfaces (Kubiak-Ossowska
et al., 2019). Combining experimental and computational approaches
will give more insights about protein adsorption from different per-
spectives. Hence, we used two complementary methods to gain more
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Fig. 3. Immobilization stability study, cumulative release profile of (A) HRP and (B) lysozyme from functionalized and unfunctionalized MSNs using PBS buffer pH

7.4 and at 37 °C for 7 days.
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information about enzyme adsorption and interaction with differently
charged MSNs: multi-parametric surface plasmon resonance (MP-SPR)
and molecular dynamics (MD) simulations. The impact of protein
adsorption on the net surface charge of the nanoparticles was also
studied by measuring the {-potential of the enzyme-loaded MSNs.

4.4. Multi-parametric surface plasmon resonance (MP-SPR)

The MP-SPR sensogram provides a comprehensive understanding
about interaction kinetics and affinity for the interaction between en-
zymes and the silica sensor surface. The sensogram typically consists of
distinct phases including the association phase (where the enzyme binds
to sensor), equilibrium (steady state binding), and the disassociation
phase (where the enzymes detach from the sensor). The shape of the
sensogram allows quantification of the kinetic interaction parameters.
The kinetic parameters derived from fitting the SPR sensograms using a
One-To-One model provide deeper insight for the binding dynamics. The
maximum response (mRU) when the sensor surface is fully occupied by
the enzymes is represented by By, While the association rate constants
(ko) evaluate how fast the enzyme binds to the silica sensor and func-
tionalized silica sensor, whereas the disassociation rate constant (kq)
determines how fast the enzyme disassociates. The last parameter, the
equilibrium dissociation constants (Kp=kg/ky) indicate the binding af-
finity, in other words, how tightly the enzyme binds to the silica sensor
and functionalized silica sensor (Koretz et al., 2021). The lower the Kp
value, the stronger the affinity between the enzyme and the function-
alized surface.

In this research, the interaction of HRP and lysozyme with a silica
sensor functionalized with different coatings using MP-SPR was con-
ducted to evaluate the binding kinetics and affinity. The successful
functionalization of the silica sensor with PEI, PEI-ACA, and PEI-SUC
was confirmed by the shift in the SPR signal, as shown in the senso-
gram (Fig. S1). The interactions of HRP and lysozyme with the silica
sensor and the functionalized silica surfaces are shown in Fig. 4 illus-
trating the interaction intensity trends of HRP and lysozyme with each
coating.

When comparing the MP-SPR responses for HRP binding to the
different functionalized silica surfaces, then the largest SPR angular shift
was observed for HRP binding to both unmodified silica sensor and Si-
PEI, whereas the Si-PEI-ACA and Si-PEI-SUC coatings showed lower
and relatively similar SPR angular shifts. The difference in the intensity
of HRP interacting with different surface modifications can be attributed
to variations in the interaction at the corresponding pH, as it is discussed
in enzyme adsorption section (Fig. 4A). The sensograms of the interac-
tion of HRP with different silica surface modifications were fitted to a
One-To-One model. As it is shown in Table 2, there is no significant
difference in the Kp, values between Si-HRP and Si-PEI-HRP samples, nor
between Si-PEI-ACA-HRP and Si-PEI-SUC—HRP. However, the com-
parison of the k, and k4 values suggests that HRP associates more rapidly
with Si-PEI-ACA and Si-PEI-SUC surfaces, while dissociating more
slowly from these surfaces compared to others. Therefore, HRP has
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Table 2
Kinetic parameters of HRP interaction with silica sensors and silica sensors
having different surface functionalizations.

Sample name B (mRU) ke (M15Y) kq (Sec’) Kp(M)
Si-HRP 201.52 1,92E+3 7,36E-4 3,38E-7
(+£7,45E-2) (£+1,98E+2) (+5,15E-6) (+4,27E-8)
Si- PEI-HRP 235.08 1,78E+3 7,92E-4 4,44E-7
(£2,00E-1) (£3,92E+2) (£+1,98E-5) (£1,14E-7)
Si-PEI-ACA- 148,22 2,06E+3 2,18E-4 1,06E-7
HRP (+£2,14E-1) (£3,72E+3) (£1,71E-5) (+8,85E-8)
Si-PEI- 139,69 2,37E+3 4,48E-4 2,04E-7
SUC—HRP (£1,22E-1) (+5,10E+2) (+9,69E-6) (+£5,02E-8)

slightly higher affinity to Si-PEI-ACA and Si-PEI-SUC surfaces. This
indicate that affinity alone does not fully account for the sensogram
intensity ranking of HRP interactions with different modifications.
However, the By, values, which show the maximum response for each
modification, align with the sensogram intensities and the adsorption
capacity described in the Section 4.2.1 for the three surface
modifications.

Regarding lysozyme, the sensogram of lysozyme interacting with the
silica sensor and its functionalized coatings could not be fitted to the
One-To-One due to the absence of a distinct dissociation phase. As a
result, the kg could not be determined, making it impossible to calculate
the Kp value. However, MP-SPR responses suggest that the strongest
binding occurs between unmodified silica and lysozyme. Additionally,
the sensograms shows relatively similar binding response for Si-PEI-ACA
and Si-PEI-SUC compared to Si-PEI (Fig. 4B).

To conclude, the differences in binding patterns and response levels
between HRP and lysozyme, observed from the SPR signal, are likely due
to enzyme-specific interactions with corresponding coating. This sug-
gests that lysozyme exhibits weaker binding interactions than HRP,
primarily due to its smaller size and fewer active binding sites (see Fig. 2
and Table S3) (Wang and Caruso, 2005; Lin et al., 2011).

4.4.1. Molecular dynamics simulations

To date, many protein-nanoparticle formulations have been reported
in the literature (Huang et al., 2018; Deere et al., 2002; Rezwan et al.,
2005) but most of these formulations were unable to provide molecular
insights into the interactions between the protein molecules and the
nanoparticles. Hence, we performed MD simulations of each MSN sys-
tem with HRP and lysozyme. While preparing the system of this size at
atomic scale, where protein molecules need to be surrounded by few
MSN particles, is computationally demanding and complicated. As our
aim is to investigate the effect of surface functionalization of MSNs on
these two protein molecules, we used small silica chains and performed
PEI modification on them. These PEI-modified MSNs were further
modified to get ACA and SUC modified MSNs for this study. We pre-
dicted the charge distribution of the protein surface and how it affects
the interaction pattern with different MSNs. We further detailed the
variation in the interactions with different functional modifications of
MSN and how these interactions could affect the functional properties of
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Fig. 4. MP-SPR response during the interaction of enzymes (A) HRP and (B) lysozyme with silica sensors and silica sensors functionalized with the same functional

groups as the studied MSNs.
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the enzymes under investigation.

It is well known that physical adsorption is considered the simplest
method of immobilization in which an enzyme is immobilized onto a
carrier and the biocatalysts are held on the surface of the carriers by
different physical forces including van der Waals, hydrophobic in-
teractions, hydrogen bonding, and ionic interactions. These interactions
have a great impact not only on the stability of the immobilized enzyme
but also on its activity. The MD simulations employed in this study
investigated the molecular interactions between different surface-
functionalized MSNs and HRP and lysozymes, exhibiting different sur-
face properties giving an overall view of the enzyme adsorption and its
functions.

As compared to surface functionalized MSNs, which show more
uniformity in charge distribution over their surface, the charge distri-
bution on the surface of the protein is much more complex and it largely
depends on the orientation of amino acids. Fig. S4 shows electrostatic
charge distribution on the surface of the protein before simulation.
These surface orientations of amino acids are dynamic in nature and
often change with respect to surroundings. When we performed MD
simulation of these protein molecules with functionalized MSNs, we
observed the changes in protein conformation as per the type of

(A)

(B)
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functionalized MSNs involved in the interaction with the protein. Apart
from surface interactions, we observed the involvement of specific
amino acids in enzyme catalysis, and their interactions with function-
alized MSNs have a profound effect on the activity of the enzyme (see
the next section). Overall, the bigger changes in the protein conforma-
tion and its activity were observed with PEI-MSNs followed by SUC-
MSNs and the least effect of ACA-MSNs. To provide detailed insights
about all these interactions, we compared interactions with different
functionalized MSNs with HRP and lysozyme.

It was observed that PEI-modified MSNs form hydrogen bonding
interactions with both HRP and lysozyme with small differences in the
number of these interactions (see Figs. 5 and 6). It is worth mentioning
that electrostatic interactions through salt bridges were observed with
both enzymes. However, these interactions are significantly higher with
HRP as compared to lysozyme. Apart from hydrogen bonding and
electrostatic interactions, PEI-MSNs also show van der Waals and
n-cation interactions. The n-cation interactions are unique for PEI-MSNs
as they originate from the interaction of positively charged cations and
negatively charged electron clouds of the n system. Overall, the inter-
action of PEI-MSNs with HRP is quite significant compared to lysozyme.

On the other hand, the interaction magnitude of SUC-MSNs with

Fig. 5. (A) Electrostatic surface view of HRP showing charge distribution after 100 ns MD simulation with PEI-MSNs; (B) Electrostatic surface view of lysozyme
showing charge distribution after 100 ns MD simulation with PEI-MSNs. Color scheme: basic amino acids: blue, acidic amino acids: red, PEI-MSNs: cyan color sticks,
hydrogen bonds: yellow, salt bridges: pink, n-cation: green, aromatic hydrogen bonds: cyan color dash lines.
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Fig. 6. Average of number of (A) hydrogen bonds, (B) salt bridges, (C) van der Waals and coulombic interactions energy and (D) n-cation interactions observed
between surface modified MSNs and protein molecules during 100 ns long MD simulation.

both enzymes is similar in terms of the number of hydrogen bonds and
van der Waals interaction energy (Fig. 6). However, it shows a higher
magnitude of electrostatic interaction with lysozyme as compared to
HRP. Fig. S5A and B shows the detailed interaction pattern of SUC-
MSNs with HRP and lysozyme. SUC-MSNs, like PEI-MSNs, also show
strong interaction with amino acids close to the active site, which could
implicate some effect on the activity of these enzymes.

When compared to both PEI-MSNs and SUC-MSNs, the interactions
of ACA-MSNs mainly occurred through residual unmodified silanol
groups and remaining PEI functional groups. The chemically neutral
ACA-MSNs are not directly involved in hydrogen bonding or salt

bridges, but they show weak van der Waals and other hydrophobic in-
teractions as detailed in Fig. 6 and S6.

To conclude, charged particles (PEI-MSNs and SUC-MSNs) showed
more interaction points with both enzymes compared to ACA-MSNs.
Regarding HRP, PEI-MSNs showed a higher number of interactions
compared to others. On the other hand, SUC-MSNs showed more elec-
trostatic interaction with lysozyme compared to PEI-MSNs. It was
observed that capping the primary amino groups with the acetyl group
(ACA-MSNs) showed less interaction with HRP and lysozyme (only
hydrogen bonding and van der Waals).
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Fig. 7. (-potential of the surface-functionalized MSNs before and after enzyme immobilization (HRP and lysozyme) in HEPES buffer (pH 7.2, 25 mM).
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4.4.2. {-potential of enzyme-immobilized MSN

Insights about protein adsorption on the net surface charge of the
particles were obtained by measuring the {-potential of enzyme-loaded
MSNs at neutral pH 7.4. Fig. 7 demonstrates the {-potential of the
functionalized particles before and after protein adsorption. It was
observed that loading of the negatively charged enzyme (HRP) lead to a
significant change in the {-potential of positively charged MSNs (PEI-
MSNs). The -potential shifted from highly positive (+40 mV) to neutral
or slightly negative (—4 mV), indicating strong interaction and screening
of positively charged amino groups. Additionally, the net surface charge
of near-neutral MSNs (ACA-MSNs) became more negative, shifting from
—14 mV to —21 mV. In contrast, plain MSNs and negatively charged
MSNs (SUC-MSNs) exhibited only a slight variation in their {-potential
(1-2 mV). This can be explained by the high surface negativity of HRP,
compensating for the charge reduction caused by the enzyme (Meder
et al., 2012).

Conversely, lysozyme adsorption resulted in a decrease in the {-po-
tential for all tested nanoparticles. The {-potential of plain MSNs and
PEI-MSNs dropped to —11 mV and +28 mV, respectively. The net sur-
face charge of near-neutral MSNs (ACA-MSNs) decreased to —10 mV,
while the {-potential of the negatively charged particles (SUC-MSNs)
shifted from —36 to —25 mV.

These results imply that enzyme adsorption onto different surface-
functionalized MSNs modified the surface properties of the nano-
particle, making enzyme surface properties dominant and controlling
the charge of the entire system (Meder et al., 2012; Dyawanapelly et al.,
2019).

4.5. Biological activity of immobilized and free enzymes after release
(specific activity and residual activity)

The main aim of any delivery system is to deliver functional protein
to the target site. However, the interaction of proteins with nano-
particles can lead to changes in their sensitive structural confirmation.
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This is particularly crucial to consider when delivering enzymes, which
may result in a reduction or total loss in their catalytic activity upon
interaction with surfaces (Lin et al., 2011; Yiu and Wright, 2005).
Generally, enzyme immobilization causes a decrease in enzyme activity
relative to the free enzyme due to the physical interactions involved,
which probably affects the accessibility of the active site of the enzymes
(GoRl et al., 2019). Nevertheless, the degree of activity decrease is
mainly dependent on the nanoparticle surface properties and the
interaction closeness to the active site. Thus, measuring the enzymatic
activity is a critical parameter to be considered not only after immobi-
lization but also after free release from the carrier.

In the MD simulation, possible interactions involved between the
model enzymes and different functionalized MSNs were presented.
Here, the enzymatic activities of immobilized and free-released enzymes
were evaluated to report the effect of these interactions on the func-
tionality of the loaded enzymes. We measured the specific activity and
residual activity of both enzymes (Fig. 8). In the residual activity, two
different time points (24 h and 7 days) were chosen to cover the enzy-
matic activity during the release study. The catalytic activity of HRP-
immobilized silica nanomaterials and free-released enzymes was
measured following a standard activity assay based on the oxidation of
TMB, while lysozyme activity was evaluated based on the change in the
turbidity of a bacterial suspension (see materials and methods section).
All activity data are compared to plain MSNs to exclude the effect of pore
size and immobilization process and detect only the influence of the
surface charge of the particles. It is worth noting that HRP is more
sensitive to immobilization and showed a significant decrease in cata-
lytic activity compared to lysozyme.

From Fig. 8A and B, it was observed that HRP immobilized onto
positively charged MSNs (PEI-MSNs) showed a complete loss in activity
compared to HRP immobilized onto ACA-MSNs (4 U/mg) and SUC-
MSNs (1.5 U/mg). Regarding the residual activity, HRP released from
PEI-MSNs exhibited no activity. HRP released from SUC-MSNs showed a
decrease in activity to 19 % after 24 h and continuously decreased to 5 %
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after 7 days. The decrease in the enzyme activity after release can be
explained by the low stability of the enzyme in the release medium.
Interestingly, the activity of HRP released from ACA-MSNs decreased to
16 % after 24 h with no significant decrease after 7 days, indicating
continuous release of active enzymes (Gaspar et al., 1998).

It was observed from Fig. 8C and D that the specific activity of
lysozyme immobilized onto silica materials is 12 U/mg for PEI-MSNs,
13.5 x 10% U/mg for ACA-MSNs, and 15 x 10° U/mg for SUC-MSNs,
respectively. On the other hand, the residual activity of lysozyme
released from PEI-MSNs dramatically dropped to 13 % after 24 h with no
significant change after 7 days. Moreover, lysozyme released from ACA-
MSNs and SUC-MSNs exhibited activity of approximately 63 % and 89 %
after 24 h, and 48 % and 80 % after 7 days, respectively.

From previous results, compared to MSNs, positively charged
nanoparticles (PEI-MSNs) resulted in a complete loss of HRP activity
(immobilized & free) and a substantial decrease in lysozyme activity
(immobilized & free). A significant decrease in the enzyme activity
observed with PEI-MSNs could be explained by the strong physical in-
teractions observed between the PEI surfaces and acidic amino acid
residues near the catalytic active site (Fig. 5). In HRP, this interaction
near the active site might block the substrate diffusion, while in lyso-
zyme, these acidic amino acids are crucial for the catalytic activity.
Additionally, these interactions resulted in a significant alteration in the
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enzyme conformational structure, resulting in negligible activity
observed in the free-released enzymes. Previous research conducted by
Huang et al., (Huang et al.,, 2018) investigated the effect of hyper-
branched PEI with different molecular weights on HRP activity. They
confirmed significant structural changes in HRP structure, which was
more significant with high molecular weight PEI. Additionally, the effect
of PEI on enzyme inactivation was reported to be more significant if the
polymer interacts with critical cations located in the internal pockets of
proteins (Virgen-Ortiz et al., 2017).

In both enzymes, negatively charged MSNs (SUC-MSNs) reduced the
activity of immobilized enzymes with less effect on the free enzymes.
This decrease in the activity might be correlated to interaction with the
basic amino acids near the enzyme’s active site (Fig. S5). Although these
interactions hinder the catalytic activity of the immobilized enzyme, it
showed no significant effect on the released enzymes. While near-
neutral nanoparticles (ACA-MSNs) showed no effect on HRP activity
(immobilized), they showed a slight decrease in free HRP activity and
lysozyme activity (immobilized & free). Near-neutral charged MSNs
(ACA-MSNs) showed the least alteration in the enzyme activity with
both enzymes, which might be attributed to the least interactions
observed with the enzymes (Fig. S6). From Fig. 8, HRP-immobilized
ACA-MSNs and lysozyme-immobilized SUC-MSNs showed the highest
activity compared to others, whether released or immobilized on the
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nanoparticles.

Based on the biological activity data, positively charged nano-
particles (PEI-MSNs) are excluded from the next study. Compared to all
tested particles, ACA-MSNs were chosen as suitable carriers for the HRP
with moderated adsorption capacity while maintaining optimal enzy-
matic activity. On the other hand, SUC-MSNs were selected for lysozyme
loading due to their highest adsorption capacity and superior enzymatic
activity.

4.6. Printing of the enzyme-loaded mesoporous silica nanocomposite
hydrogel

4.6.1. Nanocomposite hydrogel preparation

To fabricate the biocatalytic nanocomposite hydrogel, HRP-loaded
ACA-MSNs and lysozyme-loaded SUC-MSNs were physically incorpo-
rated into the polymeric matrix containing TEMPO-oxidized cellulose
nanofibers (T-CNF), methacrylated galactoglucomannan (GGMMA), and
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP). For compar-
ison, free enzymes (HRP and lysozyme) without nanoparticles were
mixed directly into the matrix as a reference sample.

4.6.2. Rheological assessment

Evaluation of the rheological properties of any developed hydrogel is
considered an essential tool for studying its inner microstructure and
stability (Hassan et al., 2019). It provides valuable information about
flow behavior, viscosity, and viscoelasticity, all of which directly influ-
ence the efficiency of the 3D printing process of the developed ink. In
our hydrogel, T-CNF serves as the main structural component, managing
the rheological properties of the whole system. The stability and ho-
mogeneity of the T-CNF originate from the fibril-fibril entanglement and
high electrostatic repulsion of the negatively charged carboxylate
groups between the nanofibrils. Thus, incorporating charged surfaces
may positively or negatively impact fiber repulsion. Based on the data
obtained from our previous research, T-CNF is sensitive to positively
charged nanoparticles. Nevertheless, the net surface charge of the cho-
sen enzyme-loaded MSNs is compatible with T-CNF and suitable for the
nanocomposite hydrogel preparation (Fig. 7).

The rheological properties of the tested formulations are illustrated
in Fig. 9 and Fig. S7. As can be seen from Fig. 9A and Fig. S7A, the
apparent viscosity of all formulations decreased along with increasing
the shear rate, which indicates shear thinning behavior. This flow
behavior is favorable for biomaterials intended for semi-solid extrusion
3D printing. For quantitative insights into the viscosity, the consistency
index was calculated as the viscosity values at shear rate 1s and
compared in Fig. 9B It was observed that the lysozyme-hydrogel exhibits
the highest consistency index value (41 Pas) compared to others. HRP-
ACA-nanocomposite and lysozyme-SUC-nanocomposite showed a con-
sistency index of 32 and 37 Pas, respectively. Both plain hydrogel and
HRP-hydrogel showed the least consistency index value of 20 and 25
Pas, respectively. The increase in the consistency index with the lyso-
zyme and nanoparticles indicates a change in the internal structure of
the matrix compared to HRP. To detect these changes, the amplitude
sweep test was conducted.

From the amplitude sweep test, viscoelastic moduli (storage modulus
(G’) and loss modulus (G’*)) are presented as a function of shear strain
and shear stress (Fig. 9C and D) and (Fig.S7B and C). For all tested
samples, the storage modulus was higher than the loss modulus, indi-
cating the elastic behavior of all samples. Different parameters were
obtained, including linear viscoelastic region (LVER), gel strength, and
flow transition index (FTI), and presented in Fig. 9E-G. LVER and gel
strength indicate the hydrogel viscoelasticity, while FTI indicates the
stress needed for the hydrogel to flow.

Compared to plain hydrogel, HRP-hydrogel showed less change in
the matrix stability with an insignificant decrease in the LVER and FTI
with a slight increase in the gel strength. This might be attributed to the
negative net surface charge of HRP enhanced the repulsion between the
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negatively charged T-CNFs, which increased the gel strength. However,
this increase in nanofibril repulsion resulted in a decrease in the fibril-
fibril entanglement, which is responsible for the decrease in the FTIL.
On the other hand, lysozyme-hydrogel showed a significant decrease in
the hydrogel LVER with increasing gel strength and FTIL. Here, the in-
crease in the gel strength can be explained by the adsorption behavior of
the positively surface charged protein onto the negatively charged fi-
bers, resulting in a decrease in the hydrogel colloidal stability by charge
screening and increasing fibers aggregation. This aggregation leads to an
increase in the stress needed for the hydrogel to flow. Prior findings
reported by Wu et al., confirm the structural changes of T-CNF after
lysozyme adsorption onto the fibers (Wu et al., 2021).

Both enzyme-loaded nanocomposites (HRP-ACA-nanocomposite
hydrogel and lysozyme-SUC-nanocomposite hydrogel) showed the same
behavior. Although the presence of nanoparticles enhanced the gel
strength, it caused a slight decrease in the gel elasticity and an increase
in the FTI It was clear that the electrostatic attraction force between
lysozyme and T-CNFs was shielded by immobilizing lysozyme into SUC-
MSNs. Fig. 9H illustrates the structural changes of T-CNF upon mixing
with different surface-charged surfaces.

4.7. Printing

Semi-solid 3D printing was selected as the scaffold fabrication
technique, which depends significantly on the ink viscosity and visco-
elastic properties. To translate the rheological behavior of the tested
samples into practical outcomes, the printability of HRP-hydrogel,
lysozyme-hydrogel, HRP-ACA-nanocomposite, and lysozyme-SUC-
nanocomposite were tested. All tested formulations were successfully
3D printed except lysozyme-hydrogel (Fig. 10A). This might be attrib-
uted to what has been discussed earlier in the rheological assessment
section 4.5.2. Screening of T-CNF charge by lysozyme adsorption results
in fiber aggregation and thus hinders its printability. There was a
negligible difference in the printability between HRP-ACA nano-
composite hydrogel and lysozyme-SUC-nanocomposite hydrogel.

Crosslinking of the printed scaffolds is a crucial step to retain the
structure integrity of the printed scaffolds. The crosslinking degree
regulates the mesh size of the polymeric network in the obtained
hydrogels, which is implicative for the diffusion/release of the biological
macromolecules and nanoparticle from the hydrogel matrix. Thus, all
3D printed constructs were photo-crosslinked using different UV post-
curing times (1, 5, and 10 min). The effect of post-curing time on
enzyme leaching and enzyme activity will be evaluated in the following
sections.

4.7.1. Immobilization stability in the 3D printed structures

Here, the immobilization stability of the final formulations was
evaluated by assessing the effect of two parameters on enzyme leaching:
the hydrogel matrix and the UV post-curing time after the 3D printing
process. From Fig. 10B, in all tested UV post-curing times, it was
observed that HRP released from the 3D printed plain scaffolds showed
burst release with about 45 % released within 1 hour. After 8 h, all
samples reached a maximal percentage (60 % leached for 1 min post-
curing time and 50 % for 5 and 10 min post-curing time). Compared
to free nanoparticles, HRP, and lysozyme leached from the 3D printed
ACA and SUC-nanocomposite scaffolds showed more sustained release
to reach a maximum of 23 % and 57 % after 24 h, respectively (Fig. 10B
and C). Thus, the nanoparticle incorporation into the hydrogel matrix
could maintain enzyme immobilization for a longer time and provide
slower and continuous enzyme release. In all nanocomposite samples,
the varied UV post-curing time had a negligible effect on the enzyme
release. However, we inferred that the photo-crosslinking of GGMMA in
the ink system was already completed within 1 min post curing.

4.7.2. Enzymatic activity after 3D printing
The activity of the free-released enzymes after leaching from the 3D
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Fig. 10. (A) Photographic images of the 3D printed scaffolds. (B) Percent cumulative release of HRP from 3D printed plain constructs and ACA-nanocomposite and
(C) percent cumulative release of lysozyme from 3D printed SUC-nanocomposite. (D) Percent residual activity of HRP and lysozyme after release from 3D printed
scaffolds using different curing time (1, 5, 10 min) and (E) percent residual activity of free HRP and lysozyme after physical mixing with the hydrogel components
and after exposure to UV light. The residual activities refer to the free untreated enzymes. Statistical differences between samples were analyzed using one-way
ANOVA followed by Tukey’s post-hoc test, with significance levels set at **p < 0.01, ***p < 0.001 and **** p < 0.0001.

printed scaffolds was evaluated by measuring the activity after two
different time points (24 h and 7 days) and compared with the enzyme
activity before 3D printing. Clearly, both enzymes showed a significant
decrease in activity after release from the 3D printed constructs. As seen
in Fig. 10D, HRP released from the plain hydrogel scaffolds exposed to 1
min UV post-curing showed a significant decrease in the residual activity
(12 % after 24 h). Additionally, their activity showed a decrease to 6 %
after 5 and 10 min of UV post-curing. Further, it was clear that the ac-
tivity of HRP significantly decreased after 7 days. In all tested UV post-
curing times, HRP released from ACA-nanocomposite scaffolds showed a
complete loss of enzyme activity. However, the activity of the immo-
bilized HRP still could be detected within the nanocomposite scaffold.
Similarly, lysozyme released from SUC-nanocomposite scaffolds showed
a 60 % decrease in activity with an insignificant effect of the UV post-
curing time. It is worth mentioning that the enzyme activity after 7
days showed no decrease, which indicates the continuous release of
active enzymes with less effect of LAP on the enzymatic activity of the
newly released enzyme.

The possible link between the hydrogel components and the reduc-
tion observed in enzyme activity was investigated by physically mixing
HRP and lysozyme with the hydrogel components (T-CNF, GGMMA, and
LAP with or without exposure to UV light) (Fig. 10E). Lysozyme activity
could not be detected in the case of T-CNF and the matrix exposed to UV
light due to assay limitations. It was observed that there is no significant
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difference between HRP activity detected with T-CNF alone or T-CNF
and GGMMA, which indicates the negligible effect of GGMMA on the
enzyme activity. HRP and lysozyme interaction with the hydrogel ma-
trix (T-CNF and GGMMA) resulted in only a small decrease in enzyme
activity (20 %). However, the presence of the photointiator (LAP)
caused extensive inactivation of HRP and lysozyme (activity decreased
by 70 % and 60 %, respectively). Exposing the HRP-hydrogel to UV light
showed a slight decrease in the HRP activity compared to the untreated
sample.

This reduction in enzyme activity results from the effect of free
radicals on enzyme structure. LAP is a photointiator, which generates
free radicals under the influence of applied light to initiate the photo-
polymerization of the hydrogels. It was reported that free radicals may
induce conformational changes or fragmentation of the polypeptide
chains. In enzymes, these modifications can lead to a complete loss of
catalytic activity (Dumitru and Nechifor, 1994). From previous
research, the presence of a photointiator was responsible for the
reduction of f-galactosidase activity after the photopolymerization
process (Suvarli et al., 2022). We concluded that LAP led to substantial
inactivation of both enzymes, even in the absence of UV light, likely due
to the generation of free radicals when exposed to daylight. Neverthe-
less, the reduction in activity is enzyme-specific. HRP is a peroxidase
enzyme, which is more sensitive to the effect of free radicals than
lysozyme.
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4.8. Future remarks

Our study demonstrates the feasibility of delivering functional pro-
teins with distinct properties using mesoporous silica nanocomposite
biomaterials, highlighting both the potential advantages and limitations
of the approach. A key consideration of utilizing enzymes in this study is
ensuring their activity is retained after formulation, i.e. immobilization,
hydrogel preparation and 3D printing in this case. Near-neutral MSNs
are particularly useful for immobilizing sensitive negatively charged
biologicals compared to the positively charged particles. This nano-
composite hydrogel supports diverse crosslinking methods post-3D
printing. However, the photoinitiator negatively affected enzyme ac-
tivity. This effect is critical if photo-crosslinking is used as the stabilizing
method for the 3D printed constructs. Alternative crosslinking strategies
other than photo-crosslinking may be preferred to eliminate the harm
for photoinitiators.

Future research could explore the delivery of important biologicals,
such as growth factors, to broaden the application of the developed
nanocomposite hydrogel in tissue engineering. However, the release
profile of the nanocomposite scaffold should be optimized to achieve a
more sustained release over an extended period, thereby enhancing
therapeutic efficacy. Additionally, both neutral and negatively charged
MSNs facilitate the delivery and semi-solid 3D printing of positively
charged biomolecules in combination with anionic cellulose nanofibers.

5. Conclusions

We have successfully fabricated 3D printed biocatalytic scaffolds
composed of mesoporous silica nanocomposite hydrogels, suitable for
immobilizing enzymes with distinct properties (different sizes and iso-
electric points). Two model enzymes, HRP and lysozyme, were immo-
bilized into MSNs with different surface charges. The adsorption
capacity (immobilization and immobilization stability) and the biolog-
ical activity of the immobilized enzymes were evaluated. To investigate
potential interactions between the enzymes and differently surface-
charged MSNs, we conducted two independent studies utilizing MP-
SPR and MD simulations. Both methods complemented our initial
observation where positively charged nanoparticles (PEI-MSNs) showed
the highest adsorption capacity for HRP but also resulted in a complete
loss of the HRP activity and a substantial reduction of the lysozyme
activity. In contrast, negatively charged MSNs (SUC-MSNs) displayed
the highest adsorption capacity while retaining the catalytic activity of
lysozyme compared to PEI-MSNs. Near-neutral MSNs (ACA-MSNs)
demonstrated moderate adsorption with minimal effect on the catalytic
activity of both enzymes. As a result, HRP-loaded ACA-MSNs and
lysozyme-loaded SUC-MSNs were identified as the optimal choices for
nanocomposite fabrication. These were subsequently incorporated into
a plant-based and photocrosslinkable hydrogel consisting of T-CNF and
GGMMA and compared with enzyme-loaded hydrogels. All formula-
tions, except the lysozyme-loaded hydrogels, were successfully 3D
printed. Although enzymes leached from the 3D nanocomposite scaf-
folds demonstrate more sustained release compared to hydrogel-loaded
enzymes without nanoparticles, their catalytic activity was significantly
reduced in the presence of photoinitiator (LAP). In conclusion, the net
surface charge of the integrated nanoparticles plays a pivotal role in
controlling immobilization stability and preserving biological activity.
While oppositely charged surfaces offer high adsorption capacity, they
may compromise the biological activity of the loaded proteins. The
flexibility of the fabricated MSN-laden nanocomposite biomaterial en-
ables the delivery of various biologicals with high immobilization sta-
bility and acceptable biological activity.
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