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A 3D Printed Bone Tissue Engineering Scaffold Composed
of Alginate Dialdehyde-Gelatine Reinforced by Lysozyme
Loaded Cerium Doped Mesoporous Silica-Calcia

Nanoparticles

Mahshid Monavari, Rucha Medhekar, Qaisar Nawaz, Mehran Monavari,
Miguel Fuentes-Chandia, Shahin Homaeigohar, and Aldo R. Boccaccini*

A novel biomaterial comprising alginate dialdehyde-gelatine (ADA-GEL)
hydrogel augmented by lysozyme loaded mesoporous cerium doped
silica-calcia nanoparticles (Lys-Ce-MSNs) is 3D printed to create bioactive
scaffolds. Lys-Ce-MSNs raise the mechanical stiffness of the hydrogel
composite scaffold and induce surface apatite mineralization, when the
scaffold is immersed in simulated body fluid (SBF). Moreover, the scaffolds
can co-deliver bone healing (Ca and Si) and antioxidant ions (Ce), and Lys to
achieve antibacterial (and potentially anticancer) properties. The
nanocomposite hydrogel scaffolds can hold and deliver Lys steadily. Based on
the in vitro results, the hydrogel nanocomposite containing Lys assured
improved pre-osteoblast cell (MC3T3-E1) proliferation, adhesion, and
differentiation, thanks to the biocompatibility of ADA-GEL, bioactivity of
Ce-MSNs, and the stabilizing effect of Lys on the scaffold structure. On the
other hand, the proliferation level of MG63 osteosarcoma cells decreased,
likely due to the effect of Lys. Last but not least, cooperatively, alongside
gentamicin (GEN), Lys brought about a proper antibacterial efficiency to the
hydrogel nanocomposite scaffold against gram-positive and gram-negative
bacteria. Taken together, ADA-GEL/Lys-Ce-MSN nanocomposite holds great
promise for 3D printing of multifunctional hydrogel bone tissue engineering
(BTE) scaffolds, able to induce bone regeneration, address infection, and
potentially inhibit tumor formation and growth.

1. Introduction

Various medical scenarios such as tumor
resection, trauma, deformities, among oth-
ers, lead to the formation of bone de-
fects. The treatment of bone defects and
their reconstruction can be properly real-
ized by developing flexible, customized, and
bioactive scaffolds that match the damaged
bone cavity physically and interact with the
neighboring bone tissue biochemically."?
In this regard, different biodegradable
and even nondegradable formulations have
been studied that can be shaped to fit the
bone defect by advanced processing tech-
niques such as 3D printing.>*! 3D printed
BTE scaffolds efficiently imitate the natu-
ral microenvironment in terms of provision
of a 3D architecture equipped with neces-
sary biochemical cues for the attachment
and proliferation of bone cells.[*¢] Hydro-
gels are widely investigated materials for
3D printing of BTE scaffolds. Hydrogels
can properly recapitulate the conditions of
the native extracellular matrix, thanks to
their customizable degradation behaviour
and functionality.] However, hydrogels are
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mechanically weak and rarely bioactive, thus pose significant
challenges with respect to BTE wherein robust, cell-interactive
scaffolds play a pivotal role.'”] One successful strategy put for-
ward to address the mentioned bottlenecks is the hybridization
of hydrogels by adding inorganic fillers including bioactive glass
(BG) nanoparticles.>#? For instance, Zhu et al.!% have reported
that BG/sodium alginate hydrogel can offer an anti-inflammatory
effect via polarizing macrophages toward M2 phenotype both
in cell culture tests and in animal models. In another relevant
study,"!l it has been proven that copper doped BG incorporated
in furan-sodium alginate/bis-maleimide-polyethylene glycol in-
duces bone regeneration through the release of osteogenic and
angiogenic ions such as Ca, Si, and Cu.

Natural polymer-based hydrogels such as gelatine and alginate
are widely studied for a plethora of biomedical applications.[!2715]
Gelatine-made hydrogels are biocompatible and highly degrad-
able. They also encompass the Arginine-Glycine-Aspartic acid
(RGD) peptide sequence that facilitates cell adhesion.!'®] De-
spite such merits, gelatine hydrogels are mechanically weak.!'”]
On the other hand, alginate hydrogels show poor cell adhesion
mainly due to the absence of cell-binding moieties.'®1°] As a
promising solution, partially oxidizing alginate and its combi-
nation with gelatine to form alginate dialdehyde-gelatine (ADA-
GEL) hydrogels have been developed to address the respective
shortcomings of each constituent.[?) ADA-GEL is a cell (e.g.,
fibroblast!*!) and osteoblasts(??)) supportive and durable hydro-
gel with promising potential in BTEP! and in construction of
3D tumour models.?* The combination of ADA-GEL with BG
nanoparticles has been also investigated by a number of research
groups. For example, Leite et al.l8] created 3D-printed ADA-GEL
nanocomposite constructs including BG nanoparticles that could
drive the synthesis of a bone-mimicking apatite layer on the
surface when submerged in simulated body fluid (SBF). Sarker
et al.?Yl demonstrated that ADA-GEL scaffolds incorporating sil-
icate BG nanoparticles are mechanically stronger than the pris-
tine ADA-GEL scaffold and enable more optimum cell-material
interactions. Rottensteiner et al.’! proved that inclusion of BG
nanoparticles (45S5 BG composition) into ADA-GEL could pro-
voke adhesion, proliferation, and growth of bone marrow-derived
mesenchymal stem cells (MSCs) seeded on the surface of the
composite.

Compared to dense BG nanoparticles, mesoporous BG
nanoparticles (MSNs) feature a much larger specific surface area
and an adjustable pore size in the nanoscale, 2! thus allow-
ing for co-delivery of beneficial ions and biological agents!?¢:?’]
with different therapeutic effects. In this regard, we recently re-
ported the reinforcement of ADA-GEL hydrogel using icariin-
loaded (Si0,-CaO) MSNs to create 3D printed BTE scaffolds.*! In
the current study, to extend the applicability of such a nanocom-
posite hydrogel in BTE, MSNs are upgraded via cerium (Ce) dop-
ing to acquire an antioxidant effect, which is crucial for allevia-
tion of the oxidative stress level associated with bone remodel-
ing and bone diseases.?®] Additionally, Lys is loaded on MSNs
to endow the nanocomposite hydrogel with antibacterial?®l and
anticancer®® properties. Lys is an enzyme able to induce lysis
of bacteria via hydrolysis of specific peptidoglycan bonds avail-
able in the cell wall.[?”l The enzyme also contributes to the perfor-
mance of the human innate immune system(™! and can hinder
tumor formation and growth.**) Consequently, codelivery of Ce
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and Lys by the 3D printed Lys-Ce doped MSNs incorporated ADA-
GEL (ADA-GEL/Lys-Ce-MSN) scaffold is expected to induce an-
tioxidant, antibacterial, anticancer, and pro-angiogenesis effects,
beneficial for bone regeneration. As the second class of such
nanocomposite hydrogels, Gentamicin, an aminoglycoside an-
tibiotic that properly inactivates gram-negative bacteria,3!] will
also be included in the nanocomposite hydrogel to further sup-
port antibacterial activity. Commonly, gentamicin is prescribed
with other antibiotics such as f-Lactams with a gram-positive an-
tibacterial effect to induce a synergistic, broad spectrum bacteri-
cidal activity.®?]. Given that Lys is well-known as a gram-positive
antibacterial factor, 334 gentamicin was co-loaded to assure the
creation of a nanocomposite scaffold with a broad-spectrum an-
tibacterial activity.

2. Experimental Section

2.1. Materials

Aqueous ammonia (1 M), cetrimonium bromide (CTAB),
tetraethyl orthosilicate (TEOS), ethyl acetate (EA), ethanol (96%),
calcium nitrate tetrahydrate (CaN), and cerium (III) nitrate hex-
ahydrate were obtained from Sigma-Aldrich (Darmstadt, Ger-
many) and used as received. Ultrapure water was prepared by
using Milli-Q equipment (Millipore, Billerica, MA, USA). Dul-
becco’s phosphate-buffered saline (DPBS, pH ~7.4) and Dul-
becco’s modified Eagle’s medium (DMEM) were purchased
from Gibco® (Darmstadt, Germany). Fetal bovine serum (FBS),
penicillin, streptomycin, l-glutamine (Gibco®, Darmstadt, Ger-
many), and dimethylsulphoxide (DMSO) were purchased from
Thermo Fisher Scientific (Waltham, USA). Lysozyme (Lys,)
and Gentamicin (Gen) were also obtained from Sigma-Aldrich
and Gibco®, respectively. The bacteria strains of Escherichia
coli (E. coli, ATCC25922) and Staphylococcus aureus (S. au-
reus, ATCC25923) were purchased from the Leibnitz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). Lysogeny broth (LB) medium and
Luria-Bertani agar were obtained from Carl Roth GmbH (Karl-
sruhe, Germany).

2.2. Synthesis of MSNs

MSNs were synthesized via a microemulsion-assisted sol-gel
method following the protocol described in the literature.] As
shown in Figure 1a, CTAB (0.7 g), EA (10 ml), aqueous ammonia
(1 M; 7 ml), TEOS (3.6 ml), and CaN (2.28 g) were one by one
dissolved in deionized water (33 ml) and the solutions prepared
at each step were stirred at 35 °C for a given time depending on
solubility of the added material. The as-prepared solution was ul-
timately centrifuged to separate the synthesized nanoparticles,
which were subsequently washed two times using deionized wa-
ter and one time using ethanol. The nanoparticles were last dried
overnight at 6 °C and then calcined for 3 h at 700 °C in a furnace
with a heating rate of 2 °C min~' under an air atmosphere.

2.3. Cerium Doping of MSNs

The synthesized MSNs were doped with Ce (Ce-MSNs), follow-
ing a previously reported protocol.***”] To do so, MSNs were sus-
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Figure 1. Schematic demonstration of the synthesis procedure of Lys-Ce-MSNs a) and 3D printed ADA-GEL/Lys-Ce-MSN scaffolds b).

pended in a cerium nitrate-ethanol solution (0.2 M) under contin-
uous stirring for 24 h at room temperature. At this step, 60 ml of
the cerium nitrate solution was used per each gram of MSNs.
The as-treated MSNs were later collected by centrifuging the sus-
pension and washed twice with ethanol. Subsequently, Ce-MSNs
were dried at 60 °C overnight and later calcined in a furnace at
680 °C for 2 h with a heating rate of 2 °C min~"' to exclude the
residual nitrate and to stabilize the structure. The preparation
procedure of Ce-MSNs is schematically illustrated in Figure 1la.

2.4. Physicochemical Characterization

The morphology of Ce-MSNs and nanocomposite hydrogel scaf-
folds was observed using a field emission scanning electron mi-
croscope (FESEM) (Auriga, Zeiss, Germany). For this purpose,
the nanoparticles/ethanol dispersion was homogenized by ul-
trasonication and later dropwise deposited on electrically con-
ductive aluminum tapes and later sputter-coated with a thin Au
layer. With respect to the scaffolds, they were first fixed by im-
mersing them in the SEM fixing solutions I and II (mixture of
glutaraldehyde-formaldehyde in water with or without sucrose)
for 30 min each. Afterward, they were immersed in an ethanol
series (30%, 50%, 70%, 80%, 90%, 95%, and 99%) for 30 min at
each concentration to get dehydrated and eventually dried within
a critical point dryer (Leica EM CPD300, Germany). To analyze
the elemental composition of the samples (Ce-MSNs and scaffold
surface), energy dispersive spectroscopy (EDS, X-MaxN Oxford
Instruments, UK) was carried out at the applied voltage of 20 kV
and considering a 6 mm working distance during SEM measure-
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ment. Last, the samples’ surface chemistry was investigated by
using ATR-FTIR (IR-Affinity-1S, Shimadzu, Japan). ATR-FTIR
spectroscopy was performed at the resolution of 4 cm™ and
by applying 40 scans within the wavenumber range of 400 to
2000 cm™L.

2.5. Lysozyme Loading and Release from Ce-MSNs

The Lys loading efficiency of Ce-MSNs was determined by im-
mersing 100 mg of the nanoparticles in Lys/HBSS (Hank’s Bal-
anced Salt Solution) solutions of varying concentrations (600,
800, and 1000 pg ml=1) for 20, 30, and 60 min. The as-prepared
suspensions were then centrifuged and supernatants were ana-
lyzed in terms of Lys concentration. The amount of the unloaded
Lys present in HBSS was quantified by using a UV-vis spec-
trophotometer (Specord 40, Analytik Jena AG) at the enzyme’s
characteristic wavelength (4 = 282 nm) via correlating the ab-
sorbed light intensity to enzyme concentration based on a pre-
constructed calibration graph.

The Lys release behavior from Ce-MSNs was quantified after
immersion of 100 mg of Lys-Ce-MSNs in 20 mL of HBSS and
placement of the suspensions in a shaking incubator (KS 4000i
control, IKA, Germany) for 21 days at physiological temperature.
At given time intervals, after centrifugation, 1 ml of the super-
natant was removed and the suspensions were replenished with
1 mL of fresh HBSS. The removed supernatants were examined
in terms of Lys concentration using the above-mentioned UV-vis
spectrophotometer.
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2.6. 3D Printing of ADA-GEL/Ce-MSN Scaffolds

The inks for 3D printing were formulated based on dissolving
7.5% GEL and 5% ADA in phosphate-buffered saline (PBS) and
dispersing 0.1% of Ce-MSNs with and without Lys in the re-
sulting solution. ADA was first dissolved in half of the whole
PBS volume and the solution was stirred at room temperature
overnight. MSNs were then added to the solution and stirred un-
til they became homogeneously distributed. GEL was dissolved
in the remaining amount of PBS and the solution and suspen-
sion were then mixed and stirred at 37 °C for 10 min. In the
case of Gen containing hydrogel scaffolds, Gen (50 pg ml™)
was added to the ADA-GEL/(Lys)Ce-MSN suspension. The mix-
ture suspension was subsequently poured into a cartridge, which
was later cooled down in a fridge for 10 min to allow its gela-
tion. The cartridge containing the ADA-GEL/(Lys)Ce-MSN hy-
drogel was loaded on a pneumatic 3D printer (BioScaffolder 3.1
GeSim printer). The printing parameters such as pressure, print-
ing speed, and scaffold dimensions were optimized to create
open porous grid-like square shaped (15 mm in length) scaffolds.
The scaffolds were 3D printed in four layers along the z-axis with
10 struts over the length. The pore circularity and printability of
the scaffolds were determined based on pore area using the fol-
lowing equations (1 and 2)(38):

Circularity of pores (C) = 4z X Parea (1)
Printability (P) = z/(4C) 2)

Eventually, the 3D printed scaffolds were immersed in a CaCl,
aqueous solution (0.2 M) for 30 min to be cross-linked. The prepa-
ration procedure of the 3D printed ADA-GEL/Lys-Ce-MSN scaf-
folds is schematically shown in Figure 1b.

2.7. Mechanical Testing of ADA-GEL/Ce-MSN Scaffolds

To determine the mechanical properties of the 3D printed scaf-
folds after inclusion of Ce-MSNs, a compression test was per-
formed. In this study, using a puncher, round-shaped discs
(3 mm in diameter and 2 mm in height) were fabricated. The
compressive stiffness of the hydrogel scaffolds was determined
using a Microtester (Cellscale, Canada) applying a compression
displacement of 15%.

2.8. Lys and GEL Release and Degradation Behavior of
ADA-GEL/Lys-Ce-MSN Scaffolds

The 3D printed scaffolds composed of ADA-GEL/Ce-MSN with
or without Lys were immersed in HBSS containing beakers lo-
cated inside a shaking incubator (80 rpm) for 21 days at physi-
ological temperature. At given intervals, 1 ml of the supernatant
was taken and instead an equal amount of fresh HBSS was added.
The cumulative release of Lys was quantified by UV-vis spec-
troscopy considering a pre-constructed calibration graph. The
GEL release was investigated via the Biuret colorimetric test. In
this test, the Biuret reagent (Sigma, USA) was employed for iden-
tification of the peptide bonds that drive the reduction of Cu**
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ion to Cu* ion in an alkaline solution, thereby forming a purple-
colored compound. This measurement was carried out by taking
the sample solution (0.1 ml) and mixing it with the Biuret reagent
(1.1 ml) for 10 min at room temperature. Afterward, the Folin
and Ciocalteau’s phenol Reagent (FCR) (50 pl) was added to the
solution and the new solution remained to react for 30 min. The
generated color’s intensity (as quantified by UV-vis spectroscopy
(A =758 nm)) was correlated to the quantity of the released GEL
via a pre-constructed calibration graph. The release of ions and
GEL from the scaffolds alters the medium pH. Thus, the pH level
can represent the degradation extent. The medium pH was de-
termined using the same supernatants taken for the Lys release
assay.

In vitro degradation tests were carried out through incubation
of the 3D printed scaffolds immersed in 5 ml of supplemented
alfa-minimum essential medium (¢-MEM) within a shaking in-
cubator (80 rpm) at physiological temperature for 28 days. The
medium was refreshed every 2 days and at given intervals, the
scaffolds were taken out from the medium and then weighed.
The weight loss percentage of the scaffold (W,) was quantified
via the following equation (3):

Wt
W, = — ) x 100 (3)
Wo
where W, and W, represent the sample’s initial and momentary
weight, respectively.

2.9. Formation of Hydroxyapatite (HA) Surface Layer on
ADA-GEL/Ce-MSN Scaffold

The formation of HA surface layer on the 3D printed scaffolds
was studied under sterile conditions by immersing the samples
in 20 ml of SBF for 21 days at 37 °C. At given time points, the scaf-
fold was removed from SBF and the formation of HA was moni-
tored by SEM, FTIR, EDS, and X-Ray Diffraction (XRD). The SBF
was prepared according to the protocol of Kokubo et al.*l.

2.10. Cell Culture Protocol

Human bone osteosarcoma cell line, MG63, was cultured in
DMEM, supplemented with 10% (v/v) of FBS and 1.0% (v/v)
penicillin-streptomycin. The undifferentiated pre-osteoblastic
cell line MC3T3-E1 was cultured in supplemented a-MEM with
extra 1.0% (v/v) L-Glutamine. The cell incubation conditions in-
cluded: temperature of 37 °C and atmosphere of 5% CO, and
95% relative humidity. The cells were eventually passaged based
on standard protocols. The cell experiments were carried out us-
ing 1 x 10° cells per well in 6-well plates.

2.11. Cell Proliferation
The cell proliferation was characterized by a colorimetric WST-8

bioassay (Sigma Aldrich, Germany). The experiment was carried
out using three replicas of the samples (3D printed scaffolds) in
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different compositions under sterile conditions. An equal density
of the above mentioned cells was added to the scaffold contain-
ing wells and the cells were allowed to adhere onto the scaffold
surface over the course of incubation, i.e., 7 days, at 37 °C and un-
der 5% CO,. The culture medium was renewed once in 3 days.
On the 2nd, 4th, and 7th days, 1 ml of WST-8 solution (5% v/v)
was added to the wells and incubation continued for 3 h. The
cell viability was measured by transfer 100 pl of the medium to
a new (96) well plate and reading the optical absorbance (at 4 =
450 nm) by a multi-mode microplate reader (CLARIOstar®plus,
BMG Labtech, Germany).

2.12. Live-Dead Assay and Cell Adhesion Assay

The cell viability and cell distribution mode were visualized
by Calcein-AM/Phalloidin/DAPI (Invitrogen, USA) staining and
subsequent fluorescence microscopy imaging. SEM was also em-
ployed to image the cell morphology. Both imaging approaches
were carried out after 40 h and 4 and 7 days of cell-scaffold in-
cubation. To do so, the scaffolds were first rinsed using HBSS
and then treated using a diluted calcein-AM/HBSS solution
(4 Wl m1~1) while being incubated for 45 min. Thereafter, the scaf-
folds were rinsed again using HBSS and the adhered cells were
fixed by formaldehyde (3.8% (v/v)) for 15 min at ambient tem-
perature. To stain the cell actin filaments, rhodamine-phalloidin
(8 ulml~! HBSS) was added to the scaffolds after cell fixation, and
the assembly was left for 1 h in an incubator. The nuclei were
stained with DAPI (1 pl ml=! HBSS) in 5 min after they were
washed with HBSS. Finally, the images of the stained cells were
captured via fluorescence microscopy and were merged by using
the Image] software.

2.13. Alkaline Phosphatase (ALP) Analysis

To analyze the osteogenic behavior of the scaffolds, ALP activity
was photometrically measured after 7 and 14 cell culture days.
Briefly, at the mentioned time points, MC3T3-E1 cells were prop-
erly lysed by a lysis buffer (at pH 7.5) containing 10 X 107* M
Tris-HCl, 0.05% Triton X-100 (pH 10.0), and 1 x 10~* m MgCl,.
The ALP activity was measured by 4-p-nitrophenyl phosphate
(0.1 X 1073 m) that was enzymatically dissociated by ALP. NaOH
solution (650 pl, 1 M) was employed to stop the process after
30 min incubation at room temperature. Thereafter, optical ab-
sorbance was measured at 4 = 405 and 690 nm by a Specord
40 UV-vis spectrophotometer (Analytik Jena AG, Germany). The
ALP induced conversion extent of para-nitrophenyl phosphate
(pNPP) to para-nitrophenol (pNP) over time (per minute) indi-
cated ALP activity that was later normalized to the total protein
content to measure the specific ALP activity. The Bradford test
was employed to measure the cells’ total protein content. To do
so, the lysed cells supernatant (25 pL) was transferred to a cuvette
containing the Bradford protein assay kit (AppliChem GmbH,
Germany) (975 pL). The optical absorbance intensity of the as-
prepared solution kept in the dark was determined at A = 595 nm
via UV-vis spectrophotometery after 10 min.
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2.14. Mineralization Assay

Cell induced HA deposition on the scaffolds was monitored us-
ing the Osteolmage® fluorescent staining kit (Lonza). The fluo-
rescent staining of HA was carried out on the 14th and 21st days
of cell culture on the scaffolds according to the protocol intro-
duced by the manufacturer. To do so, the scaffolds were first thor-
oughly rinsed using HBSS and thereafter fixed for 20 min using
a 3.7% (v/v) paraformaldehyde solution including a fixing buffer.
Afterward, the scaffolds were rinsed twice using a diluted (10x)
Osteolmage wash buffer and subsequently stained with a diluted
(1:100) Osteolmage staining reagent, followed by incubation for
0.5 h. The staining reagent was later discarded and the scaffolds
were rinsed thrice using a diluted wash buffer. Eventually, the
images were captured by a fluorescence microscope. The quan-
titative assay was performed by using a multi-mode microplate
reader (CLARIOstar®plus, BMG Labtech, Germany) at the exci-
tation/emission dual wavelengths of 492/520 nm.

2.15. Antibacterial Test

The antibacterial activity of the 3D-printed scaffolds containing
Lys and Gen was characterized against S. aureus (gram-positive)
and E.coli (gram-negative) bacteria via the agar-plate assay and
turbidity assay. For the first assesment, 20 ml of the agar medium
was poured into a Petri plate and cooled to be solidified. The
plate was later inoculated with 15 pl of inoculum that was spread
uniformly on the solidified agar medium. The 3D printed ADA-
GEL/Ce-MSN and ADA-GEL/Lys-Ce-MSN scaffolds with or with-
out Gen were mounted on the agar plates and then incubated for
24 h at 37 °C to form respective inhibition zones. Regarding the
turbidity assay, first, the bacteria strains were incubated in the LB
medium for 24 h at 37 °C under shaking conditions to gain the
logarithmic phase of growth. Subsequently, optical density (OD)
of the bacteria colony was calibrated at 4 £600 nm (Thermo Sci-
entificTM GENESYS 30TM, Germany) to reach 0.015, according
to the standard protocol for measurement of the turbidity of bac-
terial cultures. Each sterilized scaffold was placed in one well of
a 12-well plate containing 2 ml of the LB medium plus 15 pl of
the bacteria suspension and then incubated for 48 h at 37 °C.
Afterwards, 100 pl of the medium from each sample containing
well was shifted to a 96-well plate. The bacteria suspension in the
LB medium and the LB medium were employed as the control
and blank samples, respectively. Finally, the samples’ OD values
were quantified at 4 600 nm and thereby bacterial viability was
determined as follows (equation 4)[*°]:

OD sample — OD Blank
OD control — OD Blank

Bacterial viability (%) = < > x 100 (4)

2.16. Statistical Analysis

The obtained biological data were statistically analyzed through
the one-way analysis of variance (ANOVA) method. The p-
values < 0.05 indicated a meaningful (significant) discrepancy
between the compared data.
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Figure 2. a) SEM image showing the morphology and size distribution of Lys-Ce-MSNs (the scale bar represents 1 pum). EDS spectra verifying the co-
existence of Ca, Ce, and Si, in: b) Ce-MSNs and c) Lys-Ce-MSNs. d) ATR-FTIR spectra representing the surface chemistry of MSNs doped with Ce and

loaded with Lys.

3. Results and Discussion

3.1. Physicochemical Properties of Lys-Ce-MSNs

As shown in Figure 2a, Lys-Ce-MSNs are spherical and al-
most monodisperse in terms of particle size (~100-200 nm
determined by using the Image] software). A few ellipsoidal
particles also formed thanks to the firm adhesion of the mi-
croemulsion templating droplets during the synthesis.?8] The
obtained particle size matches well with the values already re-
ported for MSNs similarly synthesized through microemulsion-
based techniques.!?®3537] The EDS analysis, Figure 2b,c, verifies
the presence of Ca, Si, and Ce in both groups of nanoparticles,
though with lower peak intensities that could be related to the sur-
face coverage of the nanoparticles with a Lys coating. Figure 2d
shows the ATR-FTIR spectra for all classes of nanoparticles in-
cluding MSNs, Ce-MSNs, and Lys-Ce-MSNs as well as Lys as a
control. Commonly, all MSNs possess the characteristic band of
Si—O-Si appearing at 447 cm™ (rocking mode), 804 cm™ (bend-
ing mode), and 1056 cm™ (stretching mode).[*!] Additionally,
ATR-FTIR spectra for Lys-Ce-MSNs and Lys feature two dips at
1510 and 1650 cm™! that are absent for the enzyme-free nanopar-
ticles and are assigned to the characteristic amide (I and II) bands
of Lys.[*?l Such dips are highly faded in the case of Lys-Ce-MSNs,
most likely owing to formation of a covalent (coordinate) bond
between Lys (electron-donating amide groups) and the nanoparti-
cles’ metal ions and emergence of metal-protein complexes. Such
an interaction potentially affects the secondary structure (confor-
mation mode) of the enzyme and disintegrates the long chain
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of the polypeptide, reflected in the low dip intensity of amide
bands in Lys-Ce-MSNs.[*3] With respect to the Lys loading mech-
anism, other than likely formation of a covalent bond between
Lys and Ce-MSNs, electrostatic interaction and hydrogen bond-
ing can also play a role. Knowing that silica nanoparticles’ iso-
electric point is ~2,1*l MSNs possess a highly negatively charged
surface, thereby electrostatically attracting the positively charged
(protonated) Lys molecules with isoelectric point of 11.[] The
electrostatic interaction between Lys and mesoporous bioactive
glass has been also reported by Lou et al.l*¢]. Particularly, hydro-
gen bonding between the amide groups of Lys and surface hy-
droxyl groups of Ce-MSNs is plausible.

3.2. Lys Loading/Release Behavior of Ce-MSNs

The Lys loading efficiency of Ce-MSNs over different time pe-
riods (at the Lys concentration of 1 mg ml~!) is demonstrated
in Figure 3a. As seen in this figure, after 20 min, loading effi-
ciency reaches a plateau and MSNs are fully saturated with Lys.
To characterize the optimum Lys concentration, Ce-MSNs were
immersed in Lys/HBSS solutions with different Lys concentra-
tions. As shown in Figure 3b, both Lys concentrations of 600 and
800 pg ml~' provide high loading efficiencies of 93% and 90%,
respectively. Taking into consideration the therapeutic window of
Lys,[*7] 800 ug ml~! was selected as the optimum concentration
for the synthesis of Lys-Ce-MSNs in this study.

With respect to the enzyme release, as seen in Figure 3c, the
Lys delivery by Lys-Ce-MSNs follows an ascending trend until the

© 2022 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. Lys loading efficiency versus: a) time (MSNs immersed in a 1 mg ml~" Lys solution) and b) concentration (after 20 min immersion), c) Lys

release behavior of Ce-MSNs over 21 days at 37 °C.
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Figure 4. a) Stereomicroscopic image showing the 3D printed ADA-GEL/Lys-Ce-MSN scaffold, b) compressive modulus, and c) % degradation of ADA-
GEL/Ce-MSN scaffolds with or without Lys, d) GEL, and e) Lys release profile of ADA-GEL/Lys-Ce-MSN scaffolds.

7th day, thereafter some of the unbound Lys molecules re-adsorb
on MSNs, reflected in a negligible loss of the amount of the re-
leased Lys. In general, the rate of Lys release from Lys-Ce-MSNs
was insignificant (24 + 3% after 21 days), most likely due to ro-
bust interaction of the enzyme and MSNs via hydrogen bonding
and coordinate bonding.

3.3. Physicochemical Properties of ADA-GEL/Ce-MSN Scaffolds

Figure 4a shows a stereomicroscopic image of the 3D printed
ADA-GEL/Lys-Ce-MSN scaffold whose average pore circularity is
0.69 + 0.05, implying proper printing conditions resulting in the
formation of quasi-circular pores. Additionally, the 3D printed

Macromol. Biosci. 2022, 22, 2200113 2200113 (7 of 15)

scaffold shows an average pore area of 0.49 + 0.82 mm? and an
average printability of 1.15 + 0.09.

The compressive stiffness of the hydrogel nanocomposites
with or without Lys compared to that of the neat ADA-GEL scaf-
fold is demonstrated in Figure 4b. As seen in this figure, inclu-
sion of Ce-MSNs in ADA-GEL leads to a significant improve-
ment of the compressive stiffness. Such enhancement in me-
chanical properties originates likely from the emergence of co-
valent bonds between MSNs and ADA-GEL. Particularly, amine
groups of gelatine’s amino acids such as lysine or hydroxylysine
can chelate Ce cations and form a coordinate bond. The lysine
amino acid in gelatine is known to have a single terminal amine
on its side chain, that can act as a flexible ligand for chelation
of a variety of metal cations. Moreover, the oxygen atom of the
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OH group of lysine (that is only available at the C-terminus in a
peptide) can dominantly chelate metal cations.[*!] Another possi-
ble strengthening mechanism could be through hydrogen bond-
ing between the amine groups of gelatine and surface hydroxyl
groups of the nanoparticles. A comparable behavior has been ob-
served for a hydrogel nanocomposite composed of HA nanopar-
ticle incorporated poly(acrylonitrile-co-1-vinyl imidazole).[*] As
verified through mechanical testing, Lys does not notably con-
tribute to the improvement of the scaffold’s stiffness. This behav-
ior implies that Lys mainly interacts with the nanoparticle carri-
ers rather than with the hydrogel.

3.4. Degradation and Enzyme Release Behavior of
ADA-GEL/Ce-MSN Scaffolds

Multifunctional BG/hydrogel scaffolds, including ADA-GEL/Ce-
MSN, can address several therapeutic goals such as osteoinduc-
tivity and angiogenesis and offer antibacterial, antioxidant, and
anticancer effects that are highly demanded for BTE. In the case
of inclusion of drug or bioactive agents (e.g., Lys), the hydro-
gels can also deliver the incorporated cargo in a precise, selec-
tive manner. As a result, the scaffolds drive a therapeutic effect
at reduced drug dosages by tailoring the delivery to a localized
region, thereby excluding concerns related to systemic drug ad-
ministration and its side effects.’*3!] The degradation mode of
hydrogel scaffolds dictates the release behavior (kinetics) of the
incorporated therapeutic cargo, and thus assessment of degrada-
tion in a simulated medium is crucial. Figure 4c shows the in
vitro degradation behavior of the ADA-GEL/Ce-MSN scaffolds
with or without Lys after immersion in a-MEM over 28 days.
As seen in this graph, both types of hydrogel scaffolds are de-
graded over time but with a higher rate for those free of Lys.
The water (HBSS) induced swelling leads to formation of large
voids inside the samples, thereby facilitating further infiltration
of water thus intensifying the degradation amount of the scaf-
folds. Noteworthy, hydrogels made of oxidized alginate typically
undergo bulk erosion instead of surface erosion, due to a higher
diffusion rate of enzyme or water into the hydrogel bulk com-
pared to the bond scission rate of the hydrogel surface.’?) While
there is an ascending degradation trend for the ADA-GEL/Ce-
MSN scaffolds until day 28, peaked at 78%, the ADA-GEL/Lys-
Ce-MSN scaffold reaches a maximum (70%) on the 4th day and
thereafter degradation declines (down to 55%). As proven in our
recent study,®] MSNs per se act as a cross-linker for ADA-GEL
upon bonding of their silanol groups with aldehyde (ADA) and
amine or carboxyl groups (glutamic acid or lysine/aspartic acid of
GEL), thereby enhancing degradation resistance of the scaffold
made thereof. Such covalent bonding between gelatine and silica
via their carboxylic acid and silanol groups, respectively, has been
previously demonstrated.>3! On the other hand, the presence of
Lys can further help stabilization of the hydrogel nanocomposite,
considering the possibility of peptide—peptide bonding of Lys and
GEL and/or hydrogen bonding between the amine and hydroxyl
groups of Lys and ADA, respectively. Such intermolecular bond-
ing of enzyme, Ce-MSNs, and ADA-GEL is likely the reason for
the improved degradation resistance of ADA-GEL/Lys-Ce-MSN
compared to the enzyme-free hydrogel counterpart. Surprisingly,
after the 4th day, the ADA-GEL/Lys-Ce-MSN scaffold shows less
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degradation tendency that could be due to the release of Lys from
Ce-MSN s and their higher exposure to ADA-GEL molecules and
thus their further contribution to cross-linking of the polymer
chains. Figure 4d shows the GEL release behavior of both hy-
drogel scaffolds, which does not significantly increase over the
course of the incubation time for neither of the scaffolds. This
is most likely due to the persistent covalent bonding between
the amine groups of GEL’s amino acids (lysine or hydroxyly-
sine) and ADA’s aldehyde groups. Moreover, given the presence
of a high amount of GEL in ADA-GEL, GEL can be subjected
to intermolecular renaturation induced by interchain hydrogen
bonding.>* As stated by Lazzara et al.5*], a delayed protein (GEL
in this study) release can be caused by the protein adsorption in
a palisade matrix, leading to a release-resorption-rerelease cy-
cle. Comparing the hydrogel scaffolds with or without Lys, no
remarkable discrepancy in terms of GEL release is observed, im-
plying that Lys could have bonded mainly with ADA rather than
GEL. Figure 4e demonstrates the cumulative Lys release from the
ADA-GEL/Lys-Ce-MSN scaffold over the course of the 21-day im-
mersion time. As seen in this graph, Lys is gradually released
from the scaffolds with an insignificant amount. This observa-
tion confirms our earlier assumption about the remaining Lys
within the hydrogel and its contribution to stabilization (cross-
linking) of the scaffold.

The emergence of a hydroxyapatite (HA) surface layer on hy-
drogel scaffolds indicates their potential osteoconductivity and
bioactivity.>® The evolution of the apatite surface layer was mon-
itored via SEM and surface chemical characterizations such as
EDS, XRD analysis, and ATR-FTIR spectroscopy over the course
of the immersion of the scaffolds in SBF for up to 21 days.

Figure 5a demonstrates that upon immersion of the nanocom-
posite scaffolds with or without Lys in SBF, a biomineral
surface layer forms that gradually grows over time until day
14 when full coverage of the surface takes place. The el-
emental composition of the biomineral layer formed after
21-day immersion in SBF, characterized through EDS anal-
ysis, verifies the emergence of HA with Ca/P = 1.52 and
1.45 on ADA-GEL/Ce-MSN and ADA-GEL/Lys-Ce-MSN, respec-
tively. The Ca/P =~1.52 indicates the emergence of a calcium-
deficient HA (CDHA) surface layer on the enzyme-free hydro-
gel nanocomposites.l>”>8 Advantageous over stoichiometric HA,
CDHA (Cay,_, (PO,)_ (HPO,)x(OH),_,, 0 < x < 1) offers higher
biological activity thanks to its composition similarity with bio-
logical HA (found in bone, for instance) with Ca/P = 1.5.5%1 In
contrast, the biomineral layer appearing on ADA-GEL/Lys-Ce-
MSN is a calcium phosphate compound with further calcium
deficiency than CDHA. Comparing the SEM images of the min-
eralized ADA-GEL/Ce-MSN and mineralized ADA-GEL/Lys-Ce-
MSN scaffold, no significant qualitative difference in terms of
mineral density is observed. Figures 5b,c show the ATR-FTIR
spectra for the mineralized hydrogel nanocomposite scaffolds
with or without Lys after their immersion in SBF for given du-
rations. As clearly seen in the spectra, the HA-related doublet
dips appearing at 501 and 603 cm™, related to O-P-O bend-
ing mode,!®l emerge upon immersion in SBF, and are intensi-
fied over the immersion time. The main broad dip at 1035 cm™?,
which is observed at day O (before mineralization) for ADA-
GEL/Ce-MSN, is attributed to v,,,, (Si-O-Si) bands of SiO, tetra-
hedra, implying the availability of MSN in this scaffold.[6162]
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Figure 5. a) EDS spectra and SEM micrographs of ADA-GEL/Ce-MSN (left column) and ADA-GEL/Lys-Ce-MSN (right column) scaffolds over the course
of SBF immersion for up to 21 days. ATR-FTIR spectra and XRD patterns for ADA-GEL/Ce-MSN (b and d, respectively) and ADA-GEL/Lys-Ce-MSN (c
and e, respectively) scaffolds over the course of SBF immersion.
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Figure 6. a) MC3T3 cell viability and b) MG63 cell viability for the ADA-GEL/Ce-MSN and ADA-GEL/Lys-Ce-MSN scaffolds after 2, 4, and 7 days incubation

(% = p < 0.001).

In the case of non-mineralized ADA-GEL/Lys-Ce-MSN, this dip
slightly shifts to a larger wavenumber, most likely due to the
presence of the enzyme and hydrogen bonding between Lys and
MSNs. However, upon mineralization of the hydrogel nanocom-
posites, such broad dips are overlapped by a sharp dip attributed
to the P-O stretching vibration mode of HA.[®* Figures 5d,e
show the XRD patterns of the hydrogel nanocomposites with or
without Lys. The characteristic HA peaks that emerge at 20 =
31.5° and 45.5° are assigned to (211) and (310) crystal planes,
respectively.’®) Similarly, these peaks are seen for the hydro-
gel nanocomposites before mineralization, implying that ADA-
GEL can also show such crystallographic planes, as previously
reported by Sarker et al.'®l. However, as soon as the hydrogel
nanocomposite surface is mineralized, the peaks intensity de-
clines, implying that less crystalline HA covers the surface. There
is an extra peak at 20 = 21° that appears after mineralization of
ADA-GEL/Ce-MSN. As reported by Harding and Krebs,*® this
peak does not correlate with the formation of apatite and can
be associated to dicalcium phosphate dihydrate (DCPD). Under
physiological conditions, such a metastable calcium phosphate
polymorph can transform to apatite, as reflected by the appear-
ance of the HA peaks mentioned above.[*] Noteworthy, Lys incor-
porated in the hydrogel nanocomposite inhibited the formation
of DCPD, most likely due to highly positively charged moieties at
SBF’s pH, which affect the nucleation and growth of this calcium
phosphate polymorph.

As discussed earlier, the hydrogel scaffolds with or without Lys
can induce the creation of a surface apatite layer that indicates
bioactivity and osteoconductivity of the developed materials. To
validate the latter feature, interactions of pre-osteoblast (MC3T3-
E1) cells and the hydrogel nanocomposite scaffolds were mon-
itored. As shown in Figure 6a, with regards to the viability of
MC3T3-E1 cells, during the incubation period of cell-hydrogel
nanocomposite, i.e., 7 days, the cell number increased, particu-
larly with a higher rate for the hydrogel nanocomposites contain-
ing Lys. The supportive effect of Lys on proliferation of MC3T3-E1
cells, particularly after 7 days, can be associated to its stabilizing
contribution to the hydrogel structure, reflected in a less degra-
dation level, as previously shown in Figure 4c. The enzyme free
hydrogel nanocomposite is more vulnerable to degradation and
thus releases a larger amount of Ca?*and thereby alkalizes the
medium. Within the alkaline medium, the viability of MC3T3-
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E1 cells declines and the cells do not differentiate to a large ex-
tent in comparison to the cells adjacent to the other scaffold
type. Additionally, thanks to the presence of amide groups, Lys
can chelate Ca?* ions and thereby neutralize their negative ef-
fect on cell viability. In contrast to its positive impact on MC3T3-
E1l (normal) cell viability, Lys has a negative effect on the pro-
liferation of MGG63 osteosarcoma cells, Figure 6b. ADA-GEL has
been shown to have a non-harmful effect on MG63 cells,[??! there-
fore less viability of these cells adjacent to the nanocomposite
hydrogel scaffold can solely be attributed to Lys. It is worthy to
note that MG63 osteosarcoma cells have been considered as a
cancer cell model to monitor the anticancer properties of differ-
ent compounds such as quinoline-platinium complex,[®*] doxoru-
bicin hydrochloride, %! lactoferrin,[®) among others. Anticancer
effects of Lys have been proven by other research groups and have
been attributed to the increased production of reactive oxygen
species (ROS) by this enzyme.l”] MG63 cells are already sub-
jected to oxidative stress, owing to a high concentration of in-
ternal ROS and downregulation of antioxidant factors.[%#¢%] As a
result, these cells can be harmed by extra ROS generation to a
larger extent than normal cells. Somu and Paul(®’] state that ROS
generation is mainly responsible for cancer cell death, while neg-
ligibly damages healthy cells.

Cell morphology (shape) and cell distribution mode were
observed by staining the cells with Calcein/DAPI and Phal-
loidin/DAPI and cell imaging by fluorescence microscopy, Fig-
ure 7. The Calcein/DAPI and Phalloidin/DAPI images implied
an inferior density of MG63 cells on both hydrogel nanocom-
posite scaffolds with or without Lys. In contrast, normal cells
(MC3T3-E1) are abundant on the hydrogel nanocomposites’ sur-
face. It is worthy to note that some part of the colored (both
red and green) spots can be attributed to MSNs rather than the
cells due to their mesoporous structure providing a high binding
capacity.”’l However, considering the low concentration of MSNs
in our study (0.1%(w/v)), this interference could be negligible, as
compared to that reported by Guduric et al.,"% i.e., 7 wt.%. The
population of MC3T3-E1 cells on the scaffold’s surface rose over
time and peaked at day 7. Comparing the cell density on the hy-
drogel nanocomposites with or without Lys, it is obvious that Lys
has played a major role and further supported adhesion and pro-
liferation of the MC3T3-E1 cells. This behavior might originate
from Lys’ stabilizing/reinforcing effect for the hydrogel scaffolds,
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Figure 7. Morphology of MC3T3-E1 and MG63 cells adhered on ADA-GEL/Ce-MSN and ADA-GEL/Lys-Ce-MSN scaffolds imaged by fluorescence mi-
croscopy (after Calcein/DAPI and Phalloidin/DAPI staining) and SEM i after 40 h, 4 days, and 7 days incubation.

lowering their degradation rate. On the other hand, thanks to
large ROS generation, Lys has offered an antiproliferative effect
and inhibited the surface accumulation of the osteosarcoma cells.
SEM micrographs clearly show that normal cells are stretched
and expanded largely on the surface of the hydrogel scaffolds
with or without Lys. In contrast, the osteosarcoma cells are ei-
ther rarely adhered to the Lys-containing scaffolds or are seen as
round, individual cells scattered on the Lys-free scaffold’s surface.
Conclusively, both hydrogel nanocomposite scaffolds properly al-
low for adhesion and growth of MC3T3-E1 cells, while discour-
aging the cellular activity of MG63 cells, particularly when Lys is
available within the scaffold. The adhesion mode of MC3T3-E1
cells on both hydrogel nanocomposite scaffolds, i.e., widespread
of the cells and formation of actin filaments, indicates the be-
ginning of osteoblast differentiation, without application of os-
teogenic driving factors.[”!]

In addition to mechanical stiffness and composition, as two
influential factors dictating cell-material interactions, surface to-
pography, and surface charge are also decisive. ADA-GEL surface
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is negatively charged thanks to the abundance of carboxyl and
hydroxyl groups. On the other hand, possessing silanol groups,
MSNs are also negatively charged. Considering the negative
charge of the cell membrane,”?! the cells could be repelled elec-
trostatically from the ADA-GEL/Ce-MSN surface. However, the
presence of Lys and particularly GEL with the positively charged
(protonated) amine functional moieties can lower this repulsion
allowing cells to adhere to specific regions of the surface that are
electrostatically favorable. Last, living cells’ shape and adhesion
mode depend on the local nanoscale topography.l’*] The availabil-
ity of Ce-MSNs raises surface roughness and reduces porosity,
owing to the interaction of the nanoparticles with ADA-GEL via
intermolecular bonding. As a result, a dense surface with rough
nanotopography can be created that provokes cell attachment.
This is reflected in the morphology of the MC3T3-E1 cells ad-
hered to both hydrogel nanocomposites indicating that cells are
available in a large number and are flattened on an extensive area.

The specific ALP activity and mineralization (formation of HA
crystals) by MC3T3-E1 cells were quantified to evaluate the os-
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Figure 8. a) Specific ALP activity of the differentiating MC3T3-E1 cells (***: p < 0.001, **: p < 0.07, ns: non-significant), b) phalloidin/DAPI staining of the
MC3T3-E1 cells adhered on the hydrogel nanocomposite scaffolds’ surface with or without Lys after 14 and 21 days incubation. The green-colored phase
represents the cell-induced biomineralization of the scaffold surface (the scale bars represent 50 um). c) Cell-induced mineralization on the hydrogel
nanocomposite scaffolds represented by fluorescence intensity after 14 and 21 days incubation.

teogenic differentiation capacity of the cells seeded on the hydro-
gel nanocomposite scaffolds. As seen in Figure 8a, compared to
day 7, both scaffolds induce a significantly increased ALP activity
(p <0.01 and < 0.001 for ADA-GEL/Ce-MSN and ADA-GEL/Lys-
Ce-MSN, respectively), indicating a favorable osteogenesis capa-
bility. Among the hydrogel scaffolds, ADA-GEL/Lys-Ce-MSN of-
fered a lower differentiating performance, most likely due to its

Staphylococcus Aureus

a (Gram+) (Gram-)

z
%
3
frr
Qe
3
<

ADA-GEL/Lys-Ce-MSN

4d 7d
Incubation time

Escherichia coli b

ADA-GEL/Gen/Lys-Ce-MSN ADA-GEL/Gen/Ce-MSN

5O
o
§'§§
|

2

Bacterial viability (%)

higher resistance against degradation and thus GEL release that
provokes osteogenic differentiation.[*) Such a behavior was sim-
ilarly observed in our earlier study, where icariin could stabilize
the structure of ADA-GEL and thus hamper GEL release.>*] Fig-
ure 8b shows phalloidin/DAPI images that visualize cell-induced
mineralization adjacent to the hydrogel nanocomposites after
14- and 21 days incubation. In general, the ions released from
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Figure 9. Antibacterial activities of the hydrogel nanocomposite scaffolds with or without Lys: a) and b) camera images showing the formation of an
inhibition zone around the scaffolds, c) gentamicin release behavior of ADA-GEL/Gen/Lys-Ce-MSN scaffolds over 21 days incubation, d) bacterial viability
(quantified via turbidity assay) adjacent to the hydrogel nanocomposite scaffolds (**: p < 0.01, ns: non-significant).
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MSNs into body fluid promote the formation of hydroxyl car-
bonate apatite (HCA) and excite the genes that contribute to
osteogenesis.l”* After 21 days of cell culture, the Lys containing
hydrogel nanocomposite appeared to be slightly more encourag-
ing toward apatite formation than the enzyme-free nanocompos-
ite. This observation was confirmed quantitatively, as shown in
Figure 8c. Such a discrepancy in apatite mineralization could be
associated with the larger population of cells in a medium con-
taining Lys. As discussed earlier (Figure 6a), the MC3T3-E1 cells
proliferate more in a less alkaline medium, created in the pres-
ence of Lys that can chelate Ca?* ions.

Lys is an enzyme well-known for its antibacterial activity via
hydrolysis of the cell walls of bacteria.””) However, as seen in
Figure 9a, where antibacterial activity of the ADA-GEL/Lys-Ce-
MSN scaffold is demonstrated, the potential of Lys loaded on Ce-
MSNs and entrapped within ADA-GEL for inactivation of bac-
teria is negligible and should be augmented by supplementary
antibacterial drugs. In this study, we coupled Lys with Gen to
develop a broad-spectrum antibacterial hydrogel scaffold. Fig-
ure 9b shows the bacterial inhibition zone formed around the
3D printed ADA-GEL/Gen/Ce-MSN scaffolds with or without
Lys. Irrespective of the bacteria type, the hydrogel scaffold re-
leasing Lys shows a recognizable bacteria-free boundary that is
more evident than that for the scaffolds without Lys and in-
corporating only Gen. This might originate from the Gen re-
lease, leading to the availability of a less significant amount of
Gen compared to Lys (Figure 9c vs. Figure 4e). Despite such
an observation, the quantified antibacterial efficiency (via tur-
bidity assay), Figure 9d, indicates no significant discrepancy be-
tween the hydrogel scaffolds with or without Lys. The bacterici-
dal mechanism of Lys is attributed to its catalytic role in the hy-
drolysis of 1,4-8 linkages between N-acetyl-D-glucosamine and
N-acetylmuramic acid in the cell wall of bacteria.l’®] Notewor-
thy, Lys has been proven to be more functional against gram-
positive bacteria (e.g., S. aureus)l*’”’! than gram-negative bacte-
ria (e.g., E. coli), for which the lipopolysaccharide layer covering
their outmost membrane hampers Lys infiltration.[”®! However,
ADA-GEL/Gen/Lys-Ce-MSN scaffold did not show superior an-
tibacterial performance when exposed to gram-positive bacteria,
most likely due to partial contribution of Gen and its release, lead-
ing to the inactivation of both gram-positive and gram-negative
bacteria equally.

4, Conclusions

The incorporation of Lys-Ce-MSNs in ADA-GEL and 3D printing
of the as-developed nanocomposite hydrogel enabled the creation
of customizable, multifunctional scaffolds for bone tissue engi-
neering. The nanofiller provides an outstanding platform assur-
ing bioactivity, witnessed by large, rapid formation of a calcium
phosphate phase on the scaffold surface in SBF, and proper cell-
material interactions. Additionally, the added Ce-MSNs allow for
co-delivery of beneficial ions for bone regeneration as well as bi-
ological agents such as Lys that offer anticancer and antibacte-
rial properties. Lys could also raise the mechanical stability and
degradation resistance of the hydrogel scaffolds, thereby indi-
rectly affecting osteoblast cell behavior. While pre-osteoblast cells
were shown to have improved proliferation and adhesion on the
scaffolds due to the release of Lys, osteosarcoma cells were less vi-
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able. This selective cytotoxicity is crucial for possible anticancer
applications. Lys is recognized for its antibacterial activity, par-
ticularly against gram-positive bacteria. However, in the current
study, the presence or absence of Lys did not contribute largely to
the antibacterial property of the scaffolds. This effect might orig-
inate from the minor concentration of included Lys. Therefore,
the biological effects of the enzyme dosage as loaded on MSNs
or simply distributed in the hydrogel scaffold should be further
evaluated in future work. Moreover, the cross talk between os-
teoblasts and osteoclasts and its influence on bone remodelling
in the presence of the hydrogel nanocomposites should be stud-
ied.
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