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Abstract: Silica-based mesoporous systems have gained great interest in drug delivery applications
due to their excellent biocompatibility and high loading capability. However, these materials face
challenges in terms of pore-size limitations since they are characterized by nanopores ranging between
6-8 nm and thus unsuitable to host large molecular weight molecules such as proteins, enzymes and
growth factors (GFs). In this work, for an application in the field of bone regeneration, large-pore
mesoporous silicas (LPMSs) were developed to vehicle large biomolecules and release them under a
pH stimulus. Considering bone remodeling, the proposed pH-triggered mechanism aims to mimic
the release of GFs encased in the bone matrix due to bone resorption by osteoclasts (OCs) and the
associated pH drop. To this aim, LPMSs were prepared by using 1,3,5-trimethyl benzene (TMB)
as a swelling agent and the synthesis solution was hydrothermally treated and the influence of
different process temperatures and durations on the resulting mesostructure was investigated. The
synthesized particles exhibited a cage-like mesoporous structure with accessible pores of diameter up
to 23 nm. LPMSs produced at 140 °C for 24 h showed the best compromise in terms of specific surface
area, pores size and shape and hence, were selected for further experiments. Horseradish peroxidase
(HRP) was used as model protein to evaluate the ability of the LPMSs to adsorb and release large
biomolecules. After HRP-loading, LPMSs were coated with a pH-responsive polymer, poly(ethylene
glycol) (PEG), allowing the release of the incorporated biomolecules in response to a pH decrease, in
an attempt to mimic GFs release in bone under the acidic pH generated by the resorption activity of
OCs. The reported results proved that PEG-coated carriers released HRP more quickly in an acidic
environment, due to the protonation of PEG at low pH that catalyzes polymer hydrolysis reaction.
Our findings indicate that LPMSs could be used as carriers to deliver large biomolecules and prove
the effectiveness of PEG as pH-responsive coating. Finally, as proof of concept, a collagen-based
suspension was obtained by incorporating PEG-coated LPMS carriers into a type I collagen matrix
with the aim of designing a hybrid formulation for 3D-printing of bone scaffolds.

Keywords: mesoporous silica particles; large pores; growth factor; pH-triggered release; type I
collagen; 3D printing; hydrothermal treatment

1. Introduction

Drug delivery systems (DDSs) are designed to control the release of therapeutic
substances with the aim of imparting a specific effect in humans or animals [1,2] and have
been widely used to improve dosing efficiency and safety by controlling the kinetics and
the site of drug release in the body [1,3]. These systems include nano- and microparticles,
which must be biocompatible, non-toxic as well as safe and, hence, if accumulated in the
body for a certain period, they must not cause undesirable effects [2,4].
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Over the last two decades, the research attention on DDSs based on inorganic materials
like mesoporous silica particles, gold nanoparticles, and graphene oxide [5] has seen rapid
growth in the field of biomedicine, expanding in many directions. These materials were
employed as carriers of anti-inflammatory agents [6-8], tumor diagnostic probes [9,10], as
well as in biomedical imaging [11,12] and tissue engineering [13-16].

In particular, mesoporous silicas (MSs) gained increasing attention as inert carriers
in different drug delivery applications thanks to their fundamental characteristics such
as high specific surface area, adsorption capacity for therapeutic agents and excellent
biocompatibility. Moreover, the presence of a high concentration of silanol groups (Si-
OH) on their surface can favor a large number of surface reactions [17-22]. One of the
first attempts to use MSs as carriers for drugs has been reported by Vallet-Regi and co-
workers, who demonstrated the ability of MCM-41-type MSs to incorporate ibuprofen into
their pores and subsequently release it in simulated body fluids [23]. The high loading
capability shown by MSs can be attributed to their high pore volume as well as long-
range ordered and highly accessible mesoporous structures [18,24,25]. The pore features
in terms of size and shape are essential factors in determining the drug loading capac-
ity and release kinetics [26]. However, MSs synthesized using an amphiphilic triblock
copolymer made of poly(ethylene oxide) and poly(propylene oxide) (PEO-PPO-PEO) as a
surfactant (e.g., Pluronic P123 or Pluronic F127) are normally characterized by nanopores
ranging between 2-8 nm [27], which are unsuitable when the adsorption of large and bulky
biomolecules such as proteins, enzymes, and growth factors (GFs) is desired. To solve this
limitation, MSs with larger pores (LPMSs) up to 18-20 nm have been produced by adding
cosolvents [28], block-co-polymers with long hydrophobic chains [29], or more frequently
swelling agents [30-32]. Pore expanders such as 1,3,5-trimethylbenzene (TMB) [33-39],
ethylbenzene [40], decane [41—43], hexane [44,45], heptane [36,46], nonane [46], 1,3,5-
triisopropylbenzene (TIPB)/cyclohexane [47], and octane [48] are able to dissolve into
the hydrophobic cores of the micelles, leading to their enlargement then obtaining larger
pores upon template removal. In parallel, current strategies often consider the use of
high temperature hydrothermal treatments to widen the mesopores while enhancing the
long-range order of the meso-structure when using highly hydrophilic surfactants (e.g.,
Pluronic F127) [49,50]. Furthermore, some studies showed that the adsorption and struc-
tural properties of large-pore mesoporous materials can be tailored by manipulating the
hydrothermal treatment parameters, such as temperature and process time [51-54].

The increased size of pores of LPMSs materials can allow their use in the field of
bone tissue engineering as carriers for the incorporation and release of bone GFs, with
the final aim of stimulating bone regeneration in compromised healing situations. As
a matter of fact, bone tissue is characterized by a continuous turnover, known as bone
remodeling, where bone resorption by osteoclasts (OCs) is sequentially coupled with new
bone deposition by osteoblasts (OBs) [55,56]. During the bone resorption phase, active OCs
arrange their cytoskeleton to form an adhesion belt-like structure which defines a bone area
underneath, known as the “sealing zone” [57]. The pH underneath this sealed region drops
to 5.0-5.5 due to H* species secreted by OCs, generating a local acidic microenvironment
that, in combination with the OC secreted enzymes (proteases), is responsible for the bone
matrix degradation and the subsequent release of the encased GFs [57]. The latter regulate a
variety of cellular processes, including the stimulation of OBs recruitment and activity [58].

In this context, LPMSs coated with pH-responsive materials can potentially mimic
these physiological mechanisms, enabling the smart release of biomolecules previously in-
corporated into mesopores with a suitable size. Among the synthetic polymers, poly(ethylene
glycol) (PEG) is currently one of the most popular used in the biomedical field due to
its proven biocompatibility and widely reported “stealth” properties [59,60]. PEG specif-
ically belongs to the class of polyethers and is extensively used as a solvent, plasticizer,
surfactant and ointment to obtain a wide variety of products such pharmaceuticals [61],
cosmetics [62], lubricants [63], and inks [64]. It is also frequently used as bioconjugation
agent to prolong blood circulation time and improve drug efficacy due to its shielding
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effect on the surface charge of DDSs [65]. Furthermore, PEG was extensively exploited as a
surface-coating polymer for DDS particles to prevent non-specifically proteins interaction,
improve sterically stability, and prevent premature release of the incorporated therapeutic
agents [66-68]. Surprisingly, the literature about its use as pH-sensitive coating for inor-
ganic particles is still limited, however, few studies clearly proved the faster release of the
encased biomolecules at acidic pH compared to neutral or basic conditions, when PEG was
exploited as coating layer [69,70].

Based on the previous observations, in the present work, LPMSs able to incorporate
large molecular weight proteins have been developed by using TMB as an expanding
agent. A hydrothermal treatment was optimized, investigating the potential influence of
different temperatures and times on the final mesostructure and pore size. Afterwards,
the adsorption capability and the release of a large-protein model, horseradish peroxidase
(HRP), from the optimized LPMSs were explored.

With the purpose of achieving a smart release of the incorporated HRP by mimicking
the local pH decrease provoked by the resorption activity of OCs, the developed LPMSs
were coated with PEG as a pH-responsive polymer able to degrade at acidic pH and trigger
the biomolecule release. To this aim, a silane functionalized PEG (mPEG-silane) able to
covalently bind its triethoxyl silane moieties to the hydroxyl groups on silica particle
surface has been employed [71].

Finally, with the objective of designing a 3D printed scaffold for bone regeneration
applications, the developed PEG-coated carriers were combined with type I collagen to
develop a hybrid formulation, as a proof of concept. The authors previously explored
this procedure by incorporating into collagen-based solutions both strontium-containing
mesoporous bioactive glasses (MBGs) and nanometric hydroxyapatite particles (nHA), to
develop constructs able to reproduce the natural composition of bone tissue [72-75]. In this
work, the authors aim to extend the existing knowledge on collagenous composites by em-
bedding the optimized PEG-coated LPMS loaded with HRP in a collagen matrix, allowing
the fabrication of scaffolds able to mimic the physiological release of these biomolecules
during bone resorption.

2. Materials and Methods
2.1. Preparation of Large-Pore Mesoporous Silica Particles

LPMSs were synthesized combining the use of a swelling agent with a hydrothermal
method and the influence of the different process temperatures and duration on pore size
and morphology has been investigated.

2.1.1. Synthesis of Mesoporous Silica-Based Particles with Large Pores (LPMSs)

LPMSs particles were synthesized by hydrothermal-assisted procedure under acidic con-
ditions by using a commercially available triblock copolymer (Pluronic F127, Sigma-Aldrich,
Milan, Italy) as micellar template and TMB (Mesitylene, 98%, Sigma-Aldrich, Milan, Italy)
as micelle expander adapting the procedure reported by Ma et al. [76].

Briefly, 0.5 g of Pluronic F127 and 0.6 g of TMB were mixed with 50 mL of 1M
hydrochloric acid (HCl) and the solution was stirred for 1 h at room temperature (RT) to
allow micelles self-assembly. Then, 2.08 g of silica source (tetraethyl orthosilicate—TEOS,
>99% (GC), Sigma-Aldrich, Milan, Italy) was added and the mixture was kept under
agitation at RT for 1 day. Subsequently, the obtained suspension was transferred in a tightly
closed polypropylene bottle and heated at the chosen temperature (100 °C-140 °C-220 °C)
for two different durations: 2 h or 24 h. The produced wet precipitate was collected
by centrifugation (Hermle Labortechnik Z326, Hermle LaborTechnik GmbH, Wehingen,
Germany) at 10,000 rpm for 5 min. Then, it was washed four times with 70% ethanol
solution in order to remove all acidic residuals, checking the pH at each wash step, and
subsequently dried at 70° C overnight. Finally, a calcination step (Carbolite 1300 CWF 15/5,
Carbolite Ltd., Hope Valley, UK) was performed at 550 °C under air for 6 h (heating rate
of 1.5 °C/min) to remove the surfactant template and stabilize the silica framework. The
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resulting samples were named as LPMS-X_t, where X denotes the hydrothermal treatment
temperature expressed in °C and ¢ the process duration expressed in hours.

2.1.2. Characterization of LPMSs

The synthesized materials were characterized in terms of specific surface area, pore
volume, pore size distribution, and morphology.

Nitrogen adsorption-desorption isotherms were measured at —196 °C by using Mi-
cromeritics ASAP 2020 Plus Physisorption instrument (Norcross, GA, USA). Before the
analysis, about 150 mg of each sample was outgassed under vacuum at 150 °C for 4 h. The
Brunauer-Emmett-Teller (BET) equation was used to calculate the specific surface area
(SpeT) value. The pore size distribution was determined through the Density Functional
Theory (DFT) method using the Non-Local DFT (NLDFT) kernel of equilibrium isotherms
on the desorption branch.

The LPMSs morphology was observed by Field-Emission Scanning Electron Mi-
croscopy (FE-SEM—ZEISS MERLIN instrument, Oberkochen, Germany) operated at 3 kV.
Before FE-SEM imaging, a 7 nm thick Pt layer was sputtered on particles previously
dispersed on a conductive carbon tape in order to increase sample conductivity.

2.2. Study of Protein Adsorption and Release

The ability of the LPMS_140_24 to adsorb and release large biomolecules was evalu-
ated using HRP as a model protein due to molecular size and charge properties similar to
those of GFs [77].

2.2.1. Procedure for HRP Adsorption into LPMS_140_24 Mesopores (LPMS-HRP)

The adsorption of horseradish peroxidase (HRP) into LPMS-140_24 mesopores was
carried out by adapting the method reported by Chouyyok et al. [78]. First, a protein
solution at a concentration of 1 mg/mL was prepared in Phosphate-Buffered Saline (PBS,
pH 7.4). Thereafter, 100 mg of LPMS_140_24 was mixed with 2 mL of protein solution
and gently stirred at 4 °C for 24 h. Next, the obtained HRP-loaded particles (LPMS-HRP)
were collected by centrifugation at 12,000 rpm for 5 min and the supernatant was kept and
stored at —20 °C for subsequent adsorption efficiency test. LPMS-HRP powders were dried
under laminar airflow for 48 h and then stored under vacuum at 4 °C for further studies.

2.2.2. Evaluation of the Effective HRP Adsorption

The effective HRP adsorption into LPMS_140_24 mesopores was assessed through
different analyses.

About 150 mg of dry powder, previously outgassed under vacuum at 25 °C for 4 h,
was investigated by using nitrogen physisorption instrument to determine the pore volume
reduction and evaluate changes in the isotherm shape. An outgassing temperature of 25 °C
has been used to avoid the denaturation of the loaded protein.

Fourier transform infrared spectroscopy in attenuated total reflectance mode (ATR-
FTIR) was performed to assess the effective presence of HRP. ATR-FTIR spectra were
collected between 4000 and 600 cm ™! at 4 cm ™! resolution using 32 scans using an Equinox
55 spectrometer (Bruker, Ettlingen, Germany) equipped with an MCT cryodetector and an
ATR accessory. The spectra were reported after background subtraction, baseline correction,
and smoothing (11 points) using OPUS software (Bruker, Ettlingen, Germany).

The amount of adsorbed HRP, called adsorption efficiency (AE%), was calculated
using the formula below:

(ptotal - Pfree) %

Ptotal

AE% =

where pg, is the concentration of HRP in the supernatant after centrifugation and pyy, is
the initial concentration of HRP in the solution. The concentration of protein in solution
was determined by using a MicroBCA Assay Kit (ThermoFisher, Milan, Italy) following
the manufacturer’s instructions and the absorbance was measured at 562 nm using a spec-
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trophotometer (MultiscanGo, Thermo Scientific, Waltham, MA, USA). Experiments were
performed in triplicate. Wide-angle (26 within 15-80°) X-ray diffraction measurements
(XRD—X'Pert PRO, PANalytical, Malvern, UK) were performed using CuK« radiation at
40 kV and 40 mA to evaluate the amorphous status of the adsorbed HRP.

2.2.3. In Vitro Protein Release Test

The release kinetics of adsorbed HRP was determined by soaking 10 mg of LPMS_HRP
in 2 mL of PBS, pH 7.4 [21,79]. The resulting suspension was placed in an orbital shaker
(Excella E24, Eppendorf, Hamburg, Germany) at 37 °C with an agitation rate of 150 rpm.
At specified time points (1 h, 3 h, 5 h, 7 h, 24 h), the entire volume of supernatant was
withdrawn after a centrifugation step (6000 rpm, 3 min), stored at —20 °C and fully replaced
with fresh buffer.

The amount of released HRP was assessed by a MicroBCA Assay Kit as described
above. All measurements were carried out in triplicate.

2.3. pH-Responsive Surface Coating of LPMS-HRP

With the purpose of releasing HRP upon pH drop, mPEG-silane (average Mn 5000,
Sigma-Aldrich, Milan, Italy) was covalently grafted on the outer surface of LPMS-HRP in
order to form a pH-sensitive layer.

2.3.1. Preparation and Characterization of PEG-Coated LPMS-HRP via PEGylation
(LPMS-HRP_PEG)

LPMS-HRP particles were covered with mPEG-silane through a PEGylation method.
The reaction occurred in 95% ethanol and the ratio LPMS-HRP/PEG was set to maximize
the reaction between hydroxyl groups on LPMS surface and triethoxysilane moieties of
mPEG-silane (Figure 1) [80]. In detail, a PEG stock solution at a concentration of 40 mg/mL
was prepared by dissolving the polymer in 95% ethanol for 30 min. Then, 150 mg of
LPMS-HRP were dispersed in 5 mL of 95% ethanol followed by the addition of 5 mL PEG
stock solution reaching a final concentration of polymer of 20 mg/mL. After stirring for
1 h at 4 °C, the particles were collected through centrifugation (9000 rpm, 5 min) and
washed three times with distilled water (dH;O). The supernatants recovered after each
centrifugation step were stored at —20 °C for further investigations.

Figure 1. Schematic representation of the coating of mPEG-silane on LPMS_HRP obtained through
PEGylation method.

Lastly, PEG-coated LPMS-HRP (LPMS-HRP_PEG) were let dry under laminar airflow
for 48 h and then stored under vacuum at 4°C for subsequent assessments.

FE-SEM, nitrogen physisorption and ATR-FTIR analyses were carried out with the
aim of evaluating the effective PEG coating on LPMS-HRP particles.

FE-SEM images were acquired on powders sputtered with a 7 nm platinum layer.
Adsorption-desorption isotherms were obtained by outgassing the samples for 4 h at 25 °C
to avoid the damage of protein and PEG coating.

ATR-FTIR spectra were collected between 4000 and 600 cm ™! at 4 cm ™! resolution
using 32 scans as previously described. Furthermore, thermogravimetric analysis (TGA)
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(TGA/SDTAS851¢, Mettler Toledo, Columbus, OH, USA) was performed in order to evi-
dence the presence of PEG coating on LPMS-HRP by monitoring the weight loss. TGA
curves of LPMS-HRP_PEG, LPMS-HRP and LPMS as such were collected over a tem-
perature range of 25-1000 °C with a heating rate of 10 °C/min under air in a flow of
50 mL/min.

Lastly, a MicroBCA assay was performed on the reaction and washing solutions
after PEGylation to determine the amount of HRP potentially released during the graft-
ing process. Experiments were analyzed in triplicate following the instructions of the
manufacturer.

2.3.2. In Vitro HRP Release Kinetics at pH 5.5 and pH 7.4 from LPMS-HRP_PEG Carriers

The in vitro release of HRP from PEG-coated LPMS was investigated under neutral
and acidic conditions and compared with those obtained from bare LPMS-HRP particles,
by adapting the method reported by Totovao and Dhivya et al. [69,80].

LPMS-HRP_PEG was suspended in 2 mL PBS both at pH 7.4 and pH 5.5 (PBS with
2M HC) at a final concentration of 5 mg/mL. All suspensions were placed in an orbital
shaker at 37 °C, 150 rpm up to 24 h. At defined time points (1 h, 3h, 5h, 7 h, 24 h), the
whole volume of supernatants was removed after centrifugation (6000 rpm, 3 min) and
substituted with the same quantity of fresh bulffer.

The amount of released HRP was quantified by means of a MicroBCA Assay kit
measuring the absorbance at 562 nm. Two separated standard curves using PBS pH 7.4
and 5.5 as medium were prepared to measure HRP concentration in neutral and acidic
solutions, respectively. The experiments were carried out in triplicates.

2.4. 3D Printing of the Collagen-Based Composite Systems

With the final goal of designing a 3D printed scaffold for bone applications, as proof
of concept, a composite formulation was developed by incorporating LPMS-HRP_PEG
into a type I collagen matrix and related rheology and printability have been assessed.

2.4.1. Preparation of the Composite Suspension Based on Collagen and LPMS-HRP_PEG

A collagen solution was obtained dissolving type I collagen powders (type I collagen
from bovine Achilles tendon, Blafar Ltd., Dublin, Ireland) in 0.5 M acetic acid stirring
overnight at 4 °C. After complete dissolution, the pH was neutralized by adding 1 M
sodium hydroxide (NaOH) [73]. LPMS-HRP_PEG particles were dispersed in dH,O and
subsequently added to the neutralized collagen solution to obtain a homogenous system
with a final collagen concentration of 1.5 wt%. The weight amounts of collagen powders
and LPMS-HRP_PEG particles were calculated in order to be aligned with the volume
percentages of the organic and inorganic phases in the natural bone tissue (53% v/v and
47% v /v, respectively) [81].

To promote the enzymatic crosslinking of the collagenous system upon simil-physiological
conditions (37 °C, pH 7.4), transglutaminase powders from guinea pig (TG, Sigma Aldrich,
Milan, Italy) were added to the resulting formulation. In detail, TG powders were firstly
dissolved in a solution of 2 mM DL-dithiothreitol (DTT), 5 mM calcium chloride (CaCl,)
and 10 mM Tris (pH 7.0) in dH,O, and subsequently added to the collagen-based composite
suspension kept at 10 °C to reach a final concentration of 50 pg/mL [82-84]. The suspension
containing TG was stirred for about 15 min and immediately used for analysis and 3D
printing. The entire process was carried out at 10 °C to avoid premature gelation of the
collagenous suspension and the final composite system obtained will be further reported
as Coll/LPMS-HRP_PEG_TG.

2.4.2. Rheological Characterization

The printability and the overall visco-elastic properties of the collagenic formulation
were assessed by means of a DHR-2 controlled stress rotational rheometer (TA Instruments,
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Waters, Milan, Italy) equipped with a controlled temperature system (Peltier plate) using a
20 mm parallel plate geometry.

A flow ramp test was performed to study the variation of the suspension viscosity for
increasing shear rates applied (1072-10% s~!) keeping a constant temperature of 10 °C. The
stability of the visco-elastic properties, expressed as storage (G) and loss (G”) moduli, at
10 °C and the sol-gel transition of the system at 37 °C were observed through time sweep
tests carried out at 1% strain and 1 Hz for 1 h.

2.4.3. 3D Printing of 3D Mesh-Like Composite Scaffolds

3D printed mesh-like scaffolds (10 x 10 x 3 mm?) were printed using a temperature-
controlled pneumatic printhead installed on a 3D BIOX Bioprinter (CELLINK,
Gothenburg, Sweden).

Based on the FRESH method (Freeform Reverse Embedding of Suspended Hydro-
gels) [75,85], the Coll/LPMS-HRP_PEG_TG suspension was kept at 10 °C and printed in a
gelatin-slurry kept at 20 °C to support the deposition of the extruded filaments and im-
prove the printing fidelity and the overall final resolution of the constructs. The suspension
was previously gently centrifuged before printing and the scaffolds were obtained selecting
a mesh-like structure with a 15% infill and using 27 G needles (200 um internal diameter)
after the proper optimization of the printing parameters. After printing, the scaffolds were
incubated overnight at 37 °C in order to promote the physical and enzymatic crosslinking
of the system while enabling the removal of the gelatin-based bath. The scaffolds were
washed two times in dH,O to remove any residue of gelatin and stored at 4 °C until further
investigations.

To perform the morphological analysis, the scaffolds were lyophilized for 24 h, coated
with a 7 nm thick Pt layer, and analyzed by FE-SEM at an accelerating voltage of 5 kV.

3. Results and Discussion
3.1. LPMS Particles Characterization

All the developed LPMS particles were characterized in terms of specific surface area
(SBET), pore size distribution, pore volume, and morphology.

The isotherms of LPMS materials were evaluated by Nj adsorption/desorption mea-
surements as reported in Figure 2, while Table 1 summarizes the textural properties of the
synthesized LPMS samples.

Table 1. Specific surface area (Spgt), pore volume and average pore size of synthesized LPMS materials.

Sample SBET Pore Volume Pores Mean Diameter
(m?/g) (cm3/g) (nm)
LPMS_100_2 834 0.49 10-12
LPMS_140_2 634 0.60 14
LPMS_220_2 536 0.70 16
LPMS_100_24 626 0.93 23
LPMS_140_24 428 1.09 17-23
LPMS_200_24 348 0.96 23

As shown in Figure 2, the hydrothermal temperature and treatment time proved to
have a significant effect on the final Sppt, pore volume, and pore mean diameter. All mate-
rials revealed a high Sggr and a type IV isotherm, typical of the mesoporous materials [86],
with different hysteresis loop shapes. The presence of the hysteresis loop is ascribed to the
capillary condensation phenomenon which takes place in mesopores while the shape is
closely related to the pore structure and underlying adsorption mechanism. The different
temperatures and durations of the process resulted in a change of hysteresis loop shape
between H1 and H2 (according to IUPAC classification) [86].
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Figure 2. N, adsorption-desorption isotherms and pore size distributions of synthesized LPMSs using different temperatures
and durations of the hydrothermal treatment: LPMSs obtained with 2 h (A,B) and 24 h (C,D) of process, respectively. The
classification of hysteresis loop according to pore types is reported to the left (according to reference [86]).

In details, LPMSs synthesized by a hydrothermal treatment of 2 h at any tested tem-
peratures (100 °C, 140 °C, 220 °C) exhibited the characteristic Type H2 hysteresis loop and
uniform mesopore size distribution (Figure 2A,B). Type H2 are representative of ink-bottle
shaped pores, characterized by an entrance smaller than the size of the pore body. A small
neck of the pore is considered unsuitable for the adsorption of large biomolecules that
would mostly remain exposed at the pore entrance, causing an extensive pore blocking.
Despite LPMS_100_24 sample showing a similar isotherm curve, they presented a larger
average pore width of about 23 nm, indicating that a prolonged hydrothermal treatment
is beneficial to obtain pores with bigger diameters. By observing the isotherms result-
ing from the analysis on LPMS_140_24 and LPMS_220_24, a change from Type H2 to
Type H1 hysteresis loop has been pointed out. LPMS_140_24 and LPMS_220_24 sam-
ples presented a narrow hysteresis loop, indicating a cylindrical or columnar form of
the pores (Figure 2C). Moreover, the shift of desorption branches towards high relative
pressure indicates an enlargement of the pore entrance dimension. As a matter of fact,
LPMS_140_24 e LPMS_220_24 exhibited higher pore diameters and larger pore volume:
1.09 and 0.96 cm3 /g, respectively. Nevertheless, a decrease in the Sggt from 834 to 348 m? /g
was observed when both temperature and duration of the hydrothermal process were
increased. This can be ascribed to the partial destruction and collapse of the pore structures
due to the instability of Pluronic F127 micelles at high temperatures [87].

These results suggested that an extended process at high temperature allowed to
obtain larger pores with a cylinder-like morphology, greater volume but lower Sggr.
Accordingly, other studies reported that the increase of the hydrothermal temperature
is associated with a noteworthy narrowing of the hysteresis loop and an enlargement of
pore size [88-90]. These effects are mostly due to the temperature influence on Pluronic
F127 structure during the hydrothermal process. Pluronic F127 is an amphiphilic triblock
copolymer composed of hydrophobic PPO and hydrophilic PEO segments. As the tem-
perature increases, the hydrophilicity of the PEO block decreases due to its dehydration,
resulting in a larger hydrophobic micellar core and the subsequent increase of the pore size.



Int. . Mol. Sci. 2021, 22,1718

90f 18

Furthermore, the geometry of micelles changes from spherical to cylindrical or rod-like
according to the temperature increase, due to the greater interactions between PEO blocks
of close micelles [91]. However, the use of temperatures higher than 140 °C can compromise
the overall degree of order, leading to the destruction and collapse of pore structure and
detected by a significant reduction in the Sggr [92].

The morphological assessment on LPMSs produced with a hydrothermal treatment of
2 h showed an irregular morphology and particles with irregular dimensions, as illustrated
in Supplementary Materials Figure S1A,C,E. LPMSs obtained from 24 h of hydrothermal
process exhibited a near-spherical morphology with particle dimensions between 7-10 um
(Figure S1G,I and Figure 3A). LPMS_140_24 particles showed mostly spherical morpholo-
gies with relatively uniform sizes of 5-7 um (Figure 3A). Moreover, at higher magnification
images indicated that this material exhibited a cage-like pores network throughout the
surface of the particles (Figure 3B,C), indicating a highly ordered and uniform three-
dimensional pore framework. The cage diameter directly calculated from the FE-SEM
images was about 20 nm, in good accordance with the N, desorption/NLDEFT results.

Figure 3. FE-SEM images of LPMS_140_24 at different magnifications: single particles (A), surface
cage-like mesoporous network (B,C).

Based on the presented results, LPMS_140_24 powders were selected for further
experiments since they showed the higher pore volume and the best compromise in terms
of pore diameter, pore volume, Sggt and morphology.

3.2. HRP Absorption Efficiency Assessment and In Vitro Release Test

The ability of LPMS_140_24 particles to adsorb and release large molecular weight
molecules was assessed using horseradish peroxidase (HRP) as model proteins.

As observed in Figure S2, the isotherm of LPMS-HRP particles showed a less pro-
nounced slope desorption curve compared to LPMS_140_24 samples (Figure 2C), likely
related to a restriction of mesoporous channels due to the successful incorporation of
the biomolecules on the inner surface of LPMS-140-24 particles. This observation was
underlined by the pore size distribution in which the peak at 23 nm, shown by the bare
samples, was no longer visible (Figure S2). Moreover, the total pore volume decreases
from 1.09 to 0.8 cm?/g, confirming that a great fraction of mesopores was occupied by the
incorporated HRP molecules.

The ATR-FTIR spectra of LPMS-HRP specimen reported in Figure 4A showed new
peaks due to the presence of HRP at 1670 cm ™! and 1540 cm ™! corresponding to amide I
and amide II, respectively, confirming the adsorption of HRP into LPMS_140_24 mesopores.

The adsorption efficiency (AE%) was calculated through MicroBCA Assay by deter-
mining the concentration of HRP in the supernatant after 24 h of adsorption at 4 °C and
resulted to be equal to 81.1 & 0.1%. The high surface area exhibited from LPMS_140_24
and the open structure of their pores allowed high loading efficiency. The incorporated
protein was proved to be in an amorphous status since no diffraction peaks were observed
by XRD (Figure S3) and this is known to be an essential feature for promoting an effective
release of the protein.
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Figure 4. ATR-FTIR spectrum (A) and thermogravimetric analysis (TGA) curves (B) with relative
derivative TGA curve (dotted line) of LPMS_140_24 (green), LPMS-HRP (grey), and LPMS-HRP_PEG
(purple) particles.

In vitro release test was performed at 37 °C, and pH 7.4 up to 24 h and the release
kinetics of HRP from LPMS_140_24 is reported in Figure 5. The results showed that about
21.8% of the absorbed protein was released in the first hour, which is probably due to the
presence of a certain amount of protein located at the mesopore entrances. After 7 h, HRP
was progressively released registering 41% of the overall amount, reaching 46.6% after 24 h.
The slower release rate observed between 7 and 24 h might be imputable to the release of
protein molecules located deeply into the mesopores, characterized by a higher number of
interactions with the silica surface.

Cumulative release (%)

104/ ——LPMS_HRP

/ LPMS-HRP_PEG_pH 7.4
/ —— LPMS-HRP_PEG_pH 5.5
0 . i T T T % T 1
0 5 10 15 20 25
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Figure 5. Horseradish peroxidase (HRP) release profiles from LPMS-HRP particles under physiologi-
cal conditions (grey), PEG-coated samples at pH 7.4 (light blue) and pH 5.5 (light red).

The obtained results thus proved the successful incorporation of proteins as HRP into
large mesoporous silica-based particles by adsorption method and their subsequent release.

3.3. PEG Coating Assessment and In Vitro Evaluation of the Triggering Release Kinetics in
Acidic Conditions

With the aim to trigger the release of the biomolecules exploiting a pH drop, in an
attempt to mimic the growth factors release mechanism caused by the resorption activity of
OCs during bone remodeling [55-57], LPMS-HRP particles were coated with a pH-sensitive
PEG layer.
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FE-SEM images at high magnifications demonstrated that the cage-like porous net-
work on LPMS_140_24 surface almost disappeared after the PEGylation process and a
smooth area, imputable to the polymeric coating, was observed (Figure 6B,C). However,
the spherical morphology of the particles and their dimensions were maintained, as shown
in Figure 6A. The successful PEG-coating has also been proved by the decrease in Sggt
and pores volume of LPMS-HRP_PEG samples compared with particles as such: from
438 to 335 m? /g and from 0.8 to 0.6 cm® /g, respectively. Furthermore, in comparison to
LPMS_140_24 material, the polymeric coating caused a change in the hysteresis loop shape
from Type H1 to Type H2 (Figure S4). These results suggested that the hydroxyl groups on
the surface of LPMSs reacted with the silane groups of mPEG-silane and the mesopores
were partially capped by the polymeric coating.

Figure 6. FE-SEM images of LPMS-HRP_PEG material at low (A) and high (B,C) magnifications.

The presence of the PEG coating was further confirmed by means of ATR-FTIR and
TGA analyses. After surface modification, peaks for C-H stretching at about 2900 cm ™!
and C-H bending at 1460 cm~! were observed on ATR-FTIR spectra of LPMS-HRP_PEG
particles (Figure 4A), indicating the presence of -CHy- groups related to the repetitive units
of mPEG grafted on silica particles [93].

Furthermore, the mass percentage of grafted PEG relative to the total mass of the
materials has been determined by means of TGA analysis (Figure 4B). A significant weight
loss has been observed from 250 °C until 600 °C and can be ascribed to the decomposition
of PEG. In particular, examining the derivative TGA curve (dotted line), PEG started to de-
grade at about 300 °C, in accordance with data reported in the literature [94]. An additional
weight loss in the range of 25-100 °C due to the release of the surface, adsorbed water and
water bound to the protein was noted for both loaded and coated samples. The additional
weight loss in the temperature range between 100 and 300 °C, observed exclusively for
LPMS-HRP material, can be assigned to the denaturation of the loaded protein.

MicroBCA Assay on PEGylation solution supernatants revealed the 14.8 + 0.07% of the
loaded HRP was lost during the coating process, showing that 1 h can be a suitable period
to realize the covalent bonding between silica particles and PEG alongside minimizing the
waste of the loaded protein.

The pH-responsive release of HRP due to PEG coating was investigated at pH 5.5
and 7.4, simulating the local acidic environment under the resorption zone formed by
OCs during bone remodeling [55] and the normal physiological environment, respectively.
Typically, a pH drop under the OCs sealing zone is lower than the pH value of not resorbed
tissue [56,57], meaning that the release of HRP from LPMS-HRP_PEG carriers would be
triggered by the acidic condition present in the resorption lacuna. Figure 5 depicts the
cumulative percentage of released HRP as a function of time.

The release kinetics of HRP have been thus registered in acidic conditions up to 24 h
to avoid HRP denaturation due to the direct and prolonged contact of the biomolecule with
the acidic solution [69,80]. Slower release kinetics were obtained from LPMS-HRP_PEG
samples compared with LPMS-HRP, indicating that the polymeric coating enabled to signif-
icantly reduce the initial burst release observed for bare particles. Indeed, the concentration
of the protein after 1 h of immersion was found to be 9.6% and 9.4% when coated carriers
were soaked at pH 7.4 and pH 5.5, respectively, in comparison with 21.8% calculated for
LPMS-HRP. This result confirmed the proper coating of silica-based material with the
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polymeric layer that acts as a barrier to protein diffusion. Afterwards, the pH-responsive
behavior of PEG has been proved since a higher concentration of HRP was calculated for
carriers tested in acidic medium, as illustrated in Figure 5. About 34.5% and 26.5% of HRP
was released after 7 h from LPMS-HRP_PEG at pH 5.5 and pH 7.4, respectively, reaching
values of 43.8% and 31% of release at 24 h. The faster release of HRP in acidic conditions
can be ascribed to the degradation mechanisms of PEG catalyzed by the protonation of the
carbonyl oxygen, leading to accelerated hydrolysis of acetal linkages.

These findings are consistent with the few studies reported in the literature about the
use of PEG as pH-responsive polymer for inorganic particles coating. For instance, Dhivya
and co-workers observed that the curcumin release rate from their developed platform
based on ZnO nanoparticles coated with PEG and poly(methyl methacrylate) (PMMA)
after 30 h of soaking at 37 °C was faster at pH 5.4 than in physiological conditions [69].
The faster degradation of PEG under acidic conditions has been confirmed also by Stillman
et al.,, who noted that polymeric nanoparticles made of poly(ethylene glycol)diacrylate
(PEGDA) upon a month of immersion at pH 5.0, 37 °C lost more than half of the initial
sample mass, at variance with neutral or basic conditions (pH 10.0), which allowed slower
degradation kinetics [70].

3.4. 3D Printing of the Collagen-Based Composite System

To prove the potential use of the developed carriers in the design of more complex 3D
structures, LPMS-HRP_PEG particles have been combined with type I collagen to create a
formulation suitable for the 3D extrusion printing of scaffolds.

Based on previous studies conducted by the authors [73,75], a homogeneous suspen-
sion was produced by dispersing LPMS-HRP_PEG particles into a highly concentrated
collagen solution at neutral pH in order to avoid the premature dissolution of the PEG
coating, as well as promoting the self-assembly of collagen in simil-physiological conditions
(37 °C; pH 7.4). Moreover, TG was added in the final formulation in order to promote the
enzymatic crosslinking of collagen and further improve the stability of the system.

The printability of the composite formulation (Coll/LPMS-HRP_PEG_TG) was firstly
assessed by means of rheological analyses, testing the visco-elastic properties of the de-
veloped material at different conditions. As represented in Figure 7A, the viscosity of the
suspension kept at 10 °C significantly decreased from about 110 Pa.s down to 0.12 Pa.s
when increasing shear rates were applied, proving the shear thinning behavior of the
system, a key feature for the material inks used for extrusion printing technologies [95,96].
In addition, the time sweep test performed at 10 °C (Figure 7B) further confirmed the
processability and stability of the material, showing no evident changes in the storage (G)
and loss (G”) modulus values over time, even if TG was included in the initial formulation
of the system.
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Figure 7. Shear thinning (A) and stability of the storage (G’) and loss (G”) modulus values of the
Coll/LPMS-HRP_PEG_TG suspension over time (B) at 10 °C. Sol-gel transition of the composite
system at 37 °C (C).

Despite the presence of the inorganic particles, the self-assembly of the collagen
molecules and the enzymatic crosslinking was proved (Figure 7C). Keeping the system at
37 °C, the rapid increase of G’ over G” showed the formation of a stable gel up to 1 h and
reaching values of about 386 Pa and 33 Pa, respectively.
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According to the rheological results, the use of the developed formulation as material
ink for extrusion printing technologies was additionally proved by obtaining 3D mesh-like
scaffolds presenting a surface of 10 x 10 mm? and a thickness up to 3 mm (Figure 8A).
The 3D printed scaffolds were produced exploiting a strategy previously optimized by
the authors and based on the FRESH method [75,85]. After the proper optimization of the
printing parameters, the 3D printed composite constructs showed a high-resolution mesh-
like structure with a great printing fidelity. In particular, a pressure of 30 kPa, a printhead
speed of 8 mm/s and a z-layer of 170 um were selected to obtain the best resolution and
printing fidelity. After printing, the constructs were incubated overnight at 37 °C in order
to promote the sol-gel transition of the system due to the natural self-assembly of collagen
and the enzymatic crosslinking by TG [75,82-84]. Furthermore, the gel to sol transition of
gelatin at 37 °C enabled the easy removal of the printing supporting bath.

FE-SEM images performed on lyophilized scaffolds (Figure 8B,C) proved the homoge-
neous distribution and embedding of the LPMS-HRP_PEG particles into the collagenous
matrix at the microscale, together with the successful reconstitution of a highly fibrillar
structure due to the collagen crosslinking.

The biocompatibility of mesoporous silicas used as DDS, PEG as coating, and bovine
type I collagen as 3D support for cells is widely demonstrated both in vitro and in vivo [97-99].

Figure 8. 3D mesh-like scaffolds of Coll/LPMS-HRP_PEG_TG (A) and FE-SEM images representing
their micro-structures at different magnifications (B,C).

4. Conclusions

In this study, the successful development of mesoporous silica microparticles with
large pores up to 23 nm (LPMSs) synthesized via an optimized hydrothermal treatment
has been reported. For a final application in the field of bone tissue engineering, the
optimized LPMS carriers were coated with a pH-sensitive PEG-based polymer, with the
aim of triggering the release of the incorporated protein by exploiting a pH decrease. In
particular, the designed smart system aims at mimicking the mechanism underlaying the
physiological release of GFs encased in the bone matrix upon the local pH drop caused by
the osteoclast resorption activity during bone remodeling.

The tuning of synthesis parameters, particularly the temperature and duration of the
hydrothermal process, allowed to obtain mesoporous particles with the desired characteris-
tics. This enabled the generation of open, large pores with dimensions greater than 20 nm.
LPMS synthesized at 140 °C for 24 h was found to be the best candidate for the adsorption
of large biomolecules since it presented the best compromise in term of specific surface area,
mesostructure framework, pore size, and entrance dimension. A protein model, HRP, has
been successfully adsorbed into LPMS mesopores and the release kinetics at different pH
(pH 7.4 and pH 5.5) from the silica microparticles as such and after PEGylation have been
investigated. PEG-coated carriers tested at acidic pH enabled a faster release compared to
those observed under physiological conditions.

Finally, PEGylated LPMS have been incorporated into a type I collagen suspension to
produce a biomaterial ink for the design of high-resolution 3D printed scaffolds to be used
in the field of bone tissue engineering.

These findings lay the basis for future studies focused on the development of biomimetic
stimuli-responsive systems able to modulate the release of biomolecules that could find sev-
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eral biomedical applications (such as bone tissue engineering, treatment of osteolytic tumor
lesions) where the acidic conditions can trigger the release of an incorporated biomolecule.

Further investigations are ongoing using bone GFs (e.g., insulin-like growth factor
1—IGF1 and transforming growth factor Betal —TGF-f31) and Western blot analysis will be
performed to exclude chemical and structural damages during the entire manufacturing process.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1422-006
7/22/4/1718/s1, Figure S1: FE-SEM images of the different synthesized LPMS particles and their
surface pores network: LPMS_100_2 (A,B), LPMS_140_2 (C,D), LPMS_220_2 (E,F), LPMS_100_24
(G,H), LPMS_220_24 (I,L). Figure S2: N, adsorption-desorption isotherm and pore size distribution
of LPMS-HRP material. Figure S3: XRD pattern of LPMS_140_24 material before (green) and after
HRP adsorption (grey). Figure S4: N, adsorption-desorption isotherm and pore size distribution of
LPMS-HRP_PEG material.
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