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Multi-functional materials are of paramount importance in bio-
medical engineering. In this work, we present the synthesis of a
hybrid, organic—inorganic material functionalized with covalently-
attached natural antimicrobial moeties based on thymol, an essen-
tial oil found in thyme. The hybrid material is a double organic—in-
organic network formed by sol—gel chemistry followed by photo-
polymerizaton of the organic moeities, and allows the fabrication
of highly accurate 3D scaffolds by means of multi-photon
polymerization. The cytocompatibility of the materials and
scaffolds was proved by the excellent cell adhesion and prolifer-
ation of dental pulp stem cells, whereas their osteogenic potential
was evidenced by the significant production of calcium in the
matrix, following functionalization with bone morphogenetic
protein-2. The antimicrobial activity of the thymol-functionalized
3D scaffolds against E. coli and B. cereus was demonstrated by the
inhibition of bacterial growth after 1 and 4 days in culture. These
dual-functional, hybrid materials, exhibiting simultaneously bio-
compatibility and osteogenic potential, as well as an effective anti-
bone tisue

microbial activity are excellent candidates for

engineering.

Multi-functional materials have drawn great attention over the
last years.' The unique combination of diverse material pro-
perties and the material response to a variety of external
stimuli are of paramount importance in many research fields,
among which drug delivery and tissue engineering are the
most prominent ones.* Smart polymeric biomaterials should
closely mimic the tissue and/or organs they will regenerate or
support, while simultaneously respond to the dynamic
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changes of the biological environment.>® Major challenges
encountered in the implantation of biomaterials nowadays are
their rejection by the body, due to the lack of biocompatibility,
and the postoperative infection of the constructs, which
requires revision surgery. Therefore, the synthesis of biomater-
ials that combine good biocompatibility with excellent anti-
microbial properties is urgently needed. Polymeric,”® in-
organic’ as well as hybrid, organic-inorganic, materials have
been shown to exhibit good biocompatibility,’® which is com-
bined with an effective antimicrobial action conferred by the
incorporation of active antimicrobial species, such as silver'*
and zinc metals'® or organic compounds, i.e. chlorhexidine,"
quaternary ammonium salts,'* antimicrobial peptides,
amine containing polymers,'®'” etc. However, in the majority
of these cases, the gradual release of the antibacterial com-
pounds from the constructs results in a short-term antibacter-
ial action and toxic side effects to the surrounding tissues,
whereas the functionalization of the material with the anti-
microbial species can have a detrimental effect on its biocom-
patibility, impairing the implant integration in the body."®"°
An important class of antimicrobial agents are natural pro-
ducts®® which exhibit remarkable biological properties
through their high activity and selectivity. Recently, many bio-
logical and engineering studies have suggested the use of
natural products as novel compounds for the control of bio-
logical events and disease,” however, the vast majority of
these studies explores the release of these compounds from
different types of materials, leading to short-term anti-
microbial activity and high cell toxicity. The development of
biocompatible materials bearing immobilized antimicrobial
moieties has been proposed to overcome the above challenges.
While these materials inhibit the activity of contacted bacteria,
the active agents are chemically bound to the matrix and
cannot leach out. 2-Isopropyl-5-methylphenol (thymol), an
essential oil extracted from Thymus vulgaris (thyme), is exten-
sively used in dentistry to treat oral infections, due to its
strong bacteriostatic and bactericidal activity against a wide
range of bacteria.>'> However, to the best of our knowledge,
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there are only three reports on the synthesis of polymeric
materials bearing chemically-bound thymol moieties. Moszner
et al. has described the synthesis and free-radical polymeriz-
ation of thymyl methacrylate (THYMA) and p-styrene sulfo-
nate.>® The antibacterial activity of poly(thymyl methacrylate)
in a water suspension against Streptococcus mutans was attrib-
uted to the enzymatic release of thymol upon ester hydrolysis.
In another study, Prudencio et al. reported the synthesis of
antiseptic polyanhydrides bearing pendant thymyl groups.**
Although, the cell compatibility was shown at low polymer con-
centrations for L929 mouse fibroblast cells, the antimicrobial
action of the polymers was not studied. More recently, Bedel
and co-workers have reported the synthesis and antimicrobial
activity of poly(thymyl methacrylate)-grafted poly(ethylene tere-
phthalate) films.>® The antimicrobial studies showed that the
polymer surface was highly resistant to bio-adhesion toward
P. aeruginosa, L. monocytogenes, and S. aureus and strongly
inhibited biofilm formation against S. aureus. However, none
of these studies have investigated the dual-function, biocom-
patibility and antimicrobial activity, of the synthesized poly-
mers, which is important for their application in the bio-
medical field.

Three-dimensional (3D) scaffolds have emerged as an
attractive approach in tissue engineering to mimic more
closely the cell environment and tissue regeneration processes
in native tissues.>® Photo-bioprinting enables the fabrication
of accurate 3D structures for use in tissue engineering and
other biomedical applications, as well as in microoptics, nano-
photonics, micro-/nanomechanics, and micro-nanofluidics.
Among all bioprinting techniques, multiphoton lithography
(MPL), based on multi-photon polymerization (MPP), has
certain advantages over traditional extrusion or inkjet-based
bioprinting. MPP is based on the localized polymerization/
cross-linking of photosensitive materials induced by femtose-
cond laser pulses.?” In MPP, the beam of an ultrafast NIR laser
is tightly focused into the volume of a photosensitive material.
In this very specific focal volume, a free-radical photo-
polymerization/photo-cross-linking process is initiated by the
nonlinear absorption of photons from the photoinitiator.”®
During the polymerization, the soluble monomers/macromers
are converted into a solid polymer network insoluble in the
solvent. By moving the beam in the three dimensions within
the volume of the photosensitive material, arbitrary, high-
resolution 3D structures can be written. Finally, by simply
immersing the sample in an appropriate solvent, the
unscanned, unpolymerized area can be dissolved, revealing
the 3D structures.””

In the present study, we synthesized a hybrid, organic-in-
organic, material with covalently attached THYMA moieties.
MPP was employed to fabricate accurate 3D porous scaffolds
from this material, which were used in dental pulp stem cell
(DPSC) and bacterial cultures for the assessment of its bio-
compatibility and antimicrobial activity, respectively. In
addition to the dental cell adhesion and proliferation assess-
ment on the thymol-functionalized hybrid material, we evalu-
ated the osteogenic potential of the 3D scaffolds, upon
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functionalization with bone morphogenetic protein-2 (BMP-2),
by quantifying the production of calcium in the extracellular
matrix, and their antimicrobial action against Gram-negative
and Gram-positive bacteria strains.

The hybrid material was synthesized by a sol-gel reaction of
organically-modified metal alkoxide precursor compounds, fol-
lowed by the photopolymerization of the organic groups to
obtain the double network structure. In the first step, 3-(tri-
methoxysilyl)propyl methacrylate (MAPTMS) was hydrolyzed by
HCI to yield hydroxyl silane groups and methanol as a by-
product of the reaction. In the second step, a mixture of 2-(di-
methylamino)ethyl methacrylate (DMAEMA) and zirconium
n-propoxide (ZPO) was added in the solution of hydrolyzed
MAPTMS, and condensation between MAPTMS and ZPO took
place to form the Zr-Si oxide inorganic network. As reported
in an earlier study from our group, DMAEMA acts simul-
taneously as a monomer and a scavenger in the MPP process,
due to its methacrylate and amino functionalities, respectively,
allowing to increase the resolution of the 3D printed structures
without compromising their mechanical stability.>® To confer
antimicrobial properties on the hybrid material, thymyl meth-
acrylate, synthesized via the esterification of thymol with
methacrylic anhydride (Scheme S1 and Fig. S1, S27), was also
added in the mixture.’" 4,4-Bis(diethylamino) benzophenone,
was used as the photoinitiator to produce the radical species
that will initiate the polymerization process. The above pro-
cedure produced a viscous liquid, which was drop-casted onto
glass slides. The samples were allowed to dry in a vacuum oven
to evaporate the methanol and propanol produced during the
hydrolysis reactions, as well as the isopropanol of the ZPO
solution. Once the samples were dry and condensation was
complete, the drops were transformed into a gel which was
photopolymerized (Fig. 1a). 3D microstructures were fabricated
via MPP using an ultrafast pulsed laser at 780 nm. A grid-
shaped porous scaffold with pore size 80 pm and dimensions
555 x 555 x 50 pm® was designed for this study. This pore size
was selected based on previous reports indicating a strong cell
infiltration within the scaffold pores of 70-120 pm, followed by
enhanced osteogenic and odontogenic differentiation®*"** The
velocity vs. energy scanning of the laser allowed to determine
the optimum fabrication parameters, which were 60 mW laser
power and 1000 pm s~ ' writing speed. This velocity-energy
combination led to the formation of highly accurate 3D struc-
tures in 10 min. Fig. 1b-d shows the SEM images of the fabri-
cated 3D scaffolds. The top view (Fig. 1b), as well as the 45°
tilted side view (Fig. 1c and d) images show highly accurate 3D
porous scaffolds, with respect to the design dimensions. The
produced 3D scaffolds confirm that the synthesized THYMA-
hybrid material is suitable for MPP and can be used for the
fabrication of 3D structures. Next, DPSCs were cultured on the
material films and 3D scaffolds. Representative optical
microscopy images show the morphology of DPSCs cultured
on the hybrid and THYMA-hybrid material films and on the
polystyrene control surface for 2 and 7 days in culture
(Fig. S31). Cells seeded for 2 days in culture indicated a similar
spindle-shaped morphology on the two film surfaces, the
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(a) Schematic representation of the THYMA-hybrid material photopolymerization. 3D grid-shaped scaffolds produced by MPP, (b) top view,

(c) side view and (d) side view at higher magnification, using a 20x plan achromat lens (N.A. = 0.8) at 60 mW laser power and writing speed

1000 pm s~

hybrid and THYMA-hybrid material, which is similar to that on
the polystyrene control surface (Fig. S3,1 top panel). After 7 days
in culture, a clear increase in proliferation was observed with a
dense layer of well-spread, flattened cells completely covering
the material surface, as shown in the bottom panel of Fig. S3.1
Fig. 2a shows the viability of the DPSCs on the hybrid and
THYMA-hybrid material films assessed using the PrestoBlue®
assay after 2, 4, and 7 days in culture. The cell viability was
~100%, compared to the tissue culture treated polystyrene
control surface, for both materials at the three investigated time
points. The material cytocompatibility was examined on geome-
trically well-defined films, in order to quantify the cell prolifer-
ation results. For both materials, an excellent initial cell
adhesion and a subsequent cell proliferation increase, after 4
and 7 days in culture, was found. The cell number on both
films increased approximately by two-fold from day 2 to day 4,
and 4 times from day 2 to day 7. These results indicate the
absence of any cytotoxic effects and suggest that the THYMA-
hybrid material is cytocompatible, and therefore, can be used
for the fabrication of biomaterial scaffolds.

4080 | Polym. Chem., 2020, 11, 4078-4083

After examining the materials in 2D cell culture, in which
they exhibited an excellent cell viability and proliferation
profile, 3D porous scaffolds, made from the hybrid and
THYMA-hybrid materials, were used to study the adhesion of
the cells and bacteria in 3D culture. For this purpose, 2 x 10*
DPSCs were cultured on a glass substrate with dimensions 1 x
1 cm?, which contained 9 scaffolds with dimensions 555 x 555
x 50 um?, for a period of 7 days. Fig. S41 shows the optical
microscopy images of the cells cultured on the 3D scaffolds at
different time points. In order to visualize cell adhesion on the
3D scaffolds, immunocytochemistry, and the actin/DAPI assay,
was employed. However, the high autofluorescence of the
photoinitiator presents a great challenge for this assay since it
overlaps with the fluorescence of the dyes. In Fig. 2c-f laser
scanning confocal microscopy images of the hybrid and the
THYMA-hybrid 3D scaffolds with DPSCs, after 7 days of
culture, are presented, indicating a good cytoskeleton mor-
phology. Furthermore, the 3D cell cultures were characterized
by SEM. Fig. 3 shows the adhesion and growth of DPSCs onto
the 3D hybrid and THYMA-hybrid material scaffolds, after 4

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Viability of DPSCs on the hybrid material films, THYMA-hybrid
material films, and the TCPS control; (b) calcium mineralization on the
BMP-2-functionalized hybrid and THYMA-hybrid material 3D scaffolds
and their respective control scaffolds without BMP-2 for 21 days. (***)
designate statistically significant differences (p = 0.0001); (c-f) laser
scanning confocal microscopy images showing the adhesion of DPSCs
on the multi-photon polymerized 3D scaffolds after 7 days in culture.
The upper panel images (c and d) represent stained cells on the hybrid
material 3D structures, and the lower panel (e and f) the cells on the
THYMA-hybrid material 3D scaffolds. The cells were stained with phal-
loidin (green: actin filaments) and DAPI (blue: nucleus). Scale bar rep-
resents 50 pm for images c and e, and 25 um for (d) and (f).
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days in culture. Strong cell attachment and high proliferation
within the 3D porous scaffolds, for both materials, can be
clearly observed, with the THYMA-hybrid material indicating a
stronger attachment of a higher cell number. The character-
istic spindle-shaped cell morphology on the hybrid 3D
scaffolds is in good agreement with the previous studies from
our group.*® Additionally, we observe a significantly higher
calcium biomineralization for the hybrid and the THYMA-
hybrid BMP-2-functionalized scaffolds, compared to the non-
functionalized controls as depicted in Fig. 2b and S5.f Both
the hybrid and the THYMA-hybrid materials after functionali-
zation with BMP-2 show higher levels of calcium production,
compared to their non-functionalized counterparts. These
results are in line with calcium deposition values presented in
other reports, indicating that mineralization measured by ali-
zarin staining is significantly higher on the BMP-2-functiona-
lized hybrid material compared to TCPS control in pre-osteo-
blastic cells,>® while another study using dental pulp stem
cells demonstrates more calcified nodules in a parathyroid
hormone treated group compared to the control.?”

Next, we aimed to mimic a bacterial infection on the 3D
scaffolds of the hybrid and THYMA-hybrid material in a nutri-
ent-rich environment (LB medium), contaminated with E. coli
and B. cereus, which are two representative Gram-negative and
Gram-positive bacterial strains, respectively. Bacteria were
introduced onto the 3D scaffolds and were incubated for
4 days, in the presence of fresh culture medium every 24 h, in
order to promote bacterial attachment and growth on the
scaffolds. The extent of bacteria growth and biofilm formation
on the scaffolds, after 1 day (Fig. S67), and 4 days (Fig. 4) in
culture, was monitored by SEM. For E. coli, no sign of bacteria
contamination on the hybrid and THYMA-hybrid 3D structures

10pm

X1,000

X1,000° 10pm

Fig. 3 SEM images showing the adhesion and morphology of human dental pulp stem cells onto multi-photon polymerized, grid-shaped 3D
scaffolds after 4 days in culture. Images (a—c) represent the cells on the hybrid material scaffolds and (d—f) show the cells on the THYMA-hybrid

material scaffolds.
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Fig. 4 SEM images of E. coli (a and b) and B. cereus (c and d) after
4 days in culture. Images (a), (c) represent bacteria cultured on the
hybrid material 3D scaffolds, while (b), (d) bacteria cultured on the
THYMA-hybrid material 3D scaffolds.

was observed after 1 day of incubation, while bacterial attach-
ment was developed on the surrounding glass substrate
(Fig. S6a and b, see red arrows). In contrast, on day 4, exten-
sive bacteria growth was found on the hybrid material 3D
scaffolds (Fig. 4a), while, no bacteria attachment was observed
on the THYMA-hybrid 3D structures (Fig. 4b), verifying the
strong antimicrobial action of the latter material. A similar
behaviour was found for B. cereus, with the hybrid scaffolds
allowing bacterial attachment on the 3D structures on both
days 1 and 4 (Fig. Séct and 4c), while no bacteria were visible
on the THYMA-hybrid 3D scaffolds for either time point
(Fig. S6dt and 4d), despite the extensive bacteria growth on
the surrounding glass substrate. It is noted, that the difference
in the adhesion of the two bacteria strains on the hybrid
material scaffolds in day 1, is attributed to the different
physicochemical characteristics of the microorganisms, which
has been reported to influence bacteria adherence on a given
material.*® More importantly, the absence of any bacteria
attachment for both E. coli and B. cereus on the THYMA-hybrid
3D scaffolds, after a long incubation period of 4 days, demon-
strates the strong antibacterial potency of this material, in con-
trast to the control hybrid material scaffolds which promote
bacteria attachment and growth. This profound antimicrobial
action of the THYMA-hybrid 3D scaffolds, against both Gram-
negative and Gram-positive bacterial strains, is attributed to
the incorporation of the THYMA moieties in the biocompatible
hybrid material. The antibacterial mechanism of action of
thymol in the THYMA-hybrid 3D scaffolds is attributed to a
strong antifouling activity (resistance to bio-adhesion),
induced by the increase in the hydrophobicity of the material
surface in the presence of THYMA.> This was verified by water
contact angle (WCA) measurements on the polymerized hybrid
and THYMA-hybrid films, since WCA measurements on the
3D scaffolds are prohibited by their small size and high poro-
sity. A WCA of 58° was measured on the hybrid material

4082 | Polym. Chem., 2020, 11, 4078-4083
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surface, whereas the respective value on the THYMA-hybrid
film was 80° (Fig. S77) verifying the increase in the hydropho-
bicity of the surface upon the incorporation of THYMA, and
therefore the antifouling action of the THYMA-hybrid
material.

In conclusion, dual-functional, 3D scaffolds exhibiting sim-
ultaneously, biocompatibility and osteogenic potential, as well
as an effective antimicrobial activity, were fabricated using
MPP. The biocompatibility is based on the hybrid, organic-in-
organic, nature of the material, comprising an organically-
functionalized Zr-Si oxide double network, while the anti-
microbial action is due to the presence of a natural essential
oil, thymol, which was appropriately modified and covalently
bound onto the hybrid material. DPSCs cultured on the 3D
scaffolds proved the material cytocompatibility, evidenced as a
strong cell adhesion and proliferation increase on the THYMA-
hybrid material scaffolds. Additionally, the functionalization
of the scaffolds with BMP-2 demonstrated a significant
increase of the produced calcium in the matrix, supporting
their osteogenic potential. Finally, the THYMA-hybrid material
exhibited a strong antimicrobial action against both Gram-
negative and Gram-positive bacteria, rendering it very promis-
ing for bone, dental and craniofacial tissue engineering
applications.
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