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Abstract

Materials with microscale structures are gaining increasing interest due to their range of technical and medical applications.
Additive manufacturing approaches to such objects via laser two-photon polymerization, also known as multiphoton fabrica-
tion, enable the creation of new materials with diverse and tunable properties. Here, we investigate the properties of 3D struc-
tures composed of organometallic polymers incorporating aluminium, titanium, vanadium and zirconium. The organometallic
polymer-based materials were analysed using a variety of techniques including SEM, energy-dispersive X-ray spectroscopy,
X-ray photoelectron spectroscopy analysis and contact angle measurements and their biocompatibility was tested in vitro.
Cell viability and mode of death were determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay and acridine orange/ethidium bromide staining. Polymers incorporating Al, Ti and Zr supported cell adhesion and pro-
liferation, and showed low toxicity in vitro, whereas the organometallic polymer incorporating V was shown to be cytotoxic.
Inductively coupled plasma optical emission spectrometry suggested that leaching of the V from the organometallic polymer is
the likely cause of this. The preparation of the organometallic polymers is straightforward and both simple 2D and complex 3D
structures can be fabricated with ease. Resolution tests of the newly developed organometallic polymer incorporating Al show
that suspended lines with widths down to 200 nm can be fabricated. We believe that the materials described in this work show
promising properties for the development of objects with sub-micron features for biomedical applications (e.g. biosensors, drug
delivery devices, tissue scaffolds etc.).
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INTRODUCTION demonstrated the possibility of encapsulating living cells inside

Laser two-photon polymerization (LTPP) is a very promising photopolymerizable materials and keeping them viable after
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technique for 3D microstructure fabrication. It has been used to ~ Structure formation.” ) )
make structures for a variety of applications, ranging from pho- The chemical, mechanical and topographical properties of mate-
tonic crystals,’ metamaterials,> micromachines waveguides,* rials can influence cellular processes. It has been shown that
microoptical components® microelectromechanical systems® cellular differentiation can be affected by matrix stiffness'® or
and scaffolds for tissue engineering.” Some excellent reviews topography.'® Cellular proliferation rate can be tuned by treating

regarding the use of LTPP for biological applications have been
written.®1% Various materials can be polymerized using LTPP
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Figure 1. Components used in the organometallic polymers studied here: (A) 3-(trimethoxysilyl)propyl methacrylate; (B) methacrylic acid; (C) aluminium
isopropoxide; (D) titanium(lV) isopropoxide; (E) vanadium(V) oxytriisopropoxide; (F) zirconium(lV) propoxide.

the substrate in various ways. Hamid et al. showed that modifying
the chemical properties of materials by plasma treatment can
significantly improve the biocompatibility of SU-8 microfluidic
chips,?® and a study by Thrivikraman etal. demonstrated the
effects of electrical conductivity on cellular proliferation and
differentiation.?’

LTPP-fabricated structures have been investigated for their
potential as scaffolds for tissue engineering applications.”22-24
3D structures capable of supporting embryonic stem cells in an
undifferentiated state without the use of feeder cells have been
demonstrated before.?>

A widely investigated class of materials for LTPP are hybrid
organic-inorganic materials, some of which are based on
organometallic polymers.?® These materials are composed of
metal alkoxides and acrylates that often contain silicon oxide.
In most cases, the hybrid materials are rendered photosensitive
by adding photoinitiators with high two-photon absorption
cross-sections, either commercially available ones (e.g. Irgacure
2959, Irgacure 369 and Michler’s ketone) or custom-synthesized
ones.?’3" Hybrid organic-inorganic materials such as those based
on organometallic polymers are highly promising due to their ver-
satility of applications and properties. To date, organometallic
materials incorporating Ge,*? Ti,3* V3* and Zr*® have been pro-
duced by LTPP. Hybrid materials incorporating Zr have been
most widely used in the production of various 3D structures,
from elements of microoptics,*® photonics,>” metamaterials,? to
scaffolds for tissue engineering.3®3° Tissue scaffolds fabricated
out of this material have been shown to improve the proliferative
potential, clonogenic capacity and differentiation potential of
human mesenchymal stem cells.*’ The post-fabrication shrinkage
of this material can be tuned by changing the duration of laser
irradiation.*! The polymer poly(2-(dimethylamino)ethyl methacry-
late) can be used to further tune the mechanical properties of this
material.*> The in vivo biocompatibility of one of the iterations
of the Zr-based hybrid material®** was shown to be comparable
to that of Polysorb™ 4-0 glycolide/lactide copolymer surgical
sutures.** LTPP-produced Ti-based hybrid organic-inorganic
materials have been less frequently described in the literature
but have been used in the production of tissue scaffolds* and
photonic crystals.3* Ge-based hybrids have been used to fabricate
photonic structures and microoptical elements such as photonic
crystals, prisms and spatial polarization plates on either flat sub-
strates or fibre tips.32 V-based hybrids generated from pentavalent
vanadium in vanadium triisopropoxide oxide (VOTIP) do not
necessarily require photoinitiators to be added, since they absorb
light and generate radicals which induce polymerization. Over the
course of the polymerization V is reduced to its tetravalent form,
while photonic crystal structures have been fabricated from this
material as described earlier.3*

Aluminium is another metal with great potential for biomedi-
cal applications. Its benefits include low cost, lightness and good
biocompatibility. Poinern et al. have demonstrated the in vitro bio-
compatibility of anodic aluminium oxide membranes in culture

with RK-13 rabbit kidney epithelial cells.** Furthermore, work by
Kolekar et al. showed that Al doped hydroxyapatite was biocom-
patible with L929 mouse fibroblast cells in vitro.*®

The development of complex tissue engineering products may
require the integration of materials with different properties, yield-
ing site-specific cellular adhesion, proliferation and differentia-
tion, which motivates the creation of new polymers for pre-
cise microfabrication via LTPP. To the best of our knowledge, no
LTPP-produced hybrid materials incorporating Al have yet been
reported. Here, we report the use of LTPP to fabricate 3D structures
based on a novel organometallic polymer containing Al. We then
compare its spectroscopic and surface properties to those of Ti-,
V- and Zr-incorporating organometallic polymers (the monomers
used are displayed in Fig. 1) and relate them to their in vitro bio-
compatibilities.

EXPERIMENTAL

Materials

HCl (37% ultrapure) was purchased from AppliChem GmbH.,
Darmstadt, Germany. Aluminium isopropoxide (AIP) (>98%) and
toluene (ACS, ISO, Reag. Ph Eur) were purchased from Merck,
Watford, UK. 3-(trimethoxysilyl)propyl methacrylate (MAPTMS)
(98%), 4,4'-bis(diethylamino) benzophenone (DEABP) (>99%),
methacrylic acid (MAA) (99%), titanium(lV) isopropoxide (97%),
VOTIP (Cat. #404926) and zirconium(lV) propoxide (70% in iso-
propanol) were purchased from Sigma-Aldrich, Gillingham, UK.
Circular borosilicate cover glass slides 13 mm in diameter were
purchased from Thermo Scientific, Warrington, UK. NIH/3T3 mouse
embryo fibroblasts were purchased from ATCC, Kielpin, Poland.
Dulbecco’s phosphate buffered saline (DPBS), (ethylenediaminete-
traacetic acid)-trypsin, foetal bovine serum, Iscove’s modified
Dulbecco’s medium (IMDM) and penicillin-streptomycin mixture
were purchased from Gibco, Thermo Scientific, Vilnius, Lithuania.
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) (98.9%) was purchased from Merck, Vilnius, Lithuania.
Acridine orange (AO), ethidium bromide (EB) and dimethyl sul-
foxide (DMSO) (>99.5%) were purchased from Sigma-Aldrich,
Gillingham, UK.

Synthesis
The Al-containing hybrid was synthesized by hydroly-
sis of MAPTMS using 0.1 molL™" HCl (10:1v/v ratio) to
3-(trihydroxysilyl)propyl methacrylate (MAPTHS), stirring for
15 min. In parallel, AIP was dissolved in toluene in an ultrasonic
bath for 15min. MAA was then added to the AIP solution at
a 1:1 AIP:MAA molar ratio. The two solutions of MAPTHS and
MAA-AIP/toluene were mixed together at 1:1:4 AIP:MAA:MAPTHS
molar ratio and stirred for ca 15 min. DEABP was used as a pho-
toinitiator (1% by weight to the sum of AIP, MAA and MAPTHS)
and stirred for 15 min.

Other hybrid materials were prepared in accordance with the
literature. Zr-based hybrid materials were prepared with a molar
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ratio of 1:1:4 between zirconium propoxide, MAA and MAPTHS
with 1% DEABP3® Ti-based hybrid materials were prepared with a
1:1:4 molar ratio between Ti isopropoxide:MAA:MAPTHS with 1%
DEABP:32? V-based hybrid materials were prepared with a 1:1 molar
ratio between VOTIP and MAPTHS 34

Sample preparation

Cover glass slides were washed and silanized using MAPTMS
according to a protocol adapted from Kapyld etal®’ to ensure
polymer bonding to the slides. Finally, the slides were washed
again in ethanol to remove any uncrosslinked MAPTMS. Films were
prepared by drop-casting a small volume of a precursor material
on a slide and leaving the sample overnight in a fume hood in
order for the solvent to evaporate. Samples were shielded from
ambient light at all steps prior to photopolymerization to avoid
unintentional crosslinking.

For energy dispersive X-ray (EDX) spectroscopy measurements,
the slides were prepared in an analogous manner to those for
structure fabrication. However, after solvent evaporation in a fume
hood, the samples were polymerized using a UV lamp (UV-C, 40 W,
Phillips, Amazon, Manchester, UK) for at least 2 h and then washed
in a solvent for 15 min: Al hybrids were washed in toluene, Ti
hybrids and Zr hybrids were washed in 4-methyl-2-pentanone and
V hybrids were washed in isopropanol. Subsequently, all materials
and reference glass slides were rinsed with ethanol and air-dried.

For biocompatibility testing, thin polymer films were prepared
by spin-coating at 1500 rpm for 30 s on 13 mm circular glass slides
and subsequently leaving them in a fume hood overnight for
evaporation of the solvents. The films were polymerized using a
248 nm KrF excimer laser (30 ns pulse duration operating at 21 kV,
5 Hz repetition rate) for 2 min per sample ora UV lamp (UV-C, 40 W,
Phillips, Amazon, Manchester, UK) for at least 2 h.

Prior to cell culture, the samples were washed in DPBS (three
times for at least an hour each). The samples were disinfected
under UV light in a laminar flow hood for at least 1 h per side to
allow in vitro cell culture and were placed in sterile 24-well tissue
culture plates.

Laser two-photon polymerization (multiphoton fabrication)
Two LTPP systems were used in structure fabrication. One is
a commercially available Nanoscribe Photonic Professional
GT (Nanoscribe  GmbH/Eggenstein-Leopoldshafen, Baden-
Wurttemberg/Germany) and based in the Department of Chem-
istry at Lancaster University. The system is based on a Topica
FemtoFiber pro 100fs pulsed 780 nm wavelength laser with a
maximum power of 50mW. A 63x 1.4 NA oil immersion Zeiss
objective lens was used for fabrication. Structures were imported
or programmed in DeScribe scripting software for controlling the
fabrication process.

The other system was custom-built (described previously)*®
and based at FORTH-IESL. A schematic representation is given in
Fig. 2. A Ti:sapphire laser (Femtolasers Fusion) was used as a light
source, operating at 780 nm central wavelength with 20fs pulse
duration and 75 MHz repetition rate. The average laser power was
set between 10 and 100 mW using an attenuator (Altechna). The
sample was positioned on piezoelectric stages and the laser beam
was guided using a galvanometric mirror scanner (Scanlabs Hur-
ryscan Il) through a 40x 0.95 NA (Zeiss, Plan-Apochromat) or an oil
immersion 100x 1.4 NA (Zeiss, Plan-Apochromat) objective lens.
The process of fabrication was controlled by SAMLight (SCAPS)
software. Writing speeds between 0.1 and 1 mms~' were found
to be suitable for this purpose.

Figure 2. A schematic representation of the LTPP system used at
FORTH-IESL: (A) the laser; (B) a beam splitter; (C) spectrum analyser; (D) mir-
ror; (E) an attenuator; (F) a telescope; (G) a dichroic mirror; (H) a CCD camera
for real-time observation of the fabrication process; (I) a galvo-scanner; (J)
an objective lens; (K) the sample stage with light-emitting diode illumina-
tion for the CCD camera.

Scanning electron microscopy (SEM)

Samples were washed in toluene for 15 min and then rinsed with
isopropanol and air-dried. Prior to imaging the samples were
sputter coated with a 10 nm layer of gold. The structures were
observed using either a JEOL JSM—6390L V operating at 15kV or
a JEOL JSM 7800F scanning electron microscope (JEOL, Welwyn
Garden City, UK) operating at 10-15 kV.

EDX analysis

For qualitative EDX analysis, the samples were sputter coated
with a layer of gold (60's, 20 mA, 8 x 10~2 mBar, ca 5nm) using a
Quorum Q150RES sputter coater (Quorum Technologies Ltd) and
then investigated using a field-emission SEM JEOL JSM 7800F with
an EDX system (X-Max50, Oxford Instruments, Abingdon, UK) at
10 mm working distance and 10 kV voltage mounted on a brass
JEOL holder with 25 mm carbon tables (G3348N, Agar Scientific,
Stansted, UK). Three measurements were performed per sample
and average results are presented.

X-ray photoelectron spectroscopy (XPS) analysis

The XPS analyses were carried out with a Kratos Axis Supra spec-
trometer (Kratos Analytical, Manchester, UK) using a monochro-
matic Al Ka source (20 mA, 15kV). XPS can detect all elements
except hydrogen and helium, probes the surface of the sample to a
depth of 5-7 nm and has detection limits ranging from 0.001 to 0.5
at% depending on the element. The instrument work function was
calibrated to give a binding energy of 83.96 eV for the Au 4f7/2 line
for metallic gold and the spectrometer dispersion was adjusted to
give a binding energy of 932.62 eV for the Cu 2p3/2 line of metallic
copper. The Kratos charge neutralizer system was used on all spec-
imens. Survey scan analyses were carried out with an analysis area
of 300 x 700 pm and a pass energy of 160 eV. High resolution anal-
yses were carried out with an analysis area of 300 X 700 pm and a
pass energy of 20 eV. Spectra have been charge corrected to the
main line of the carbon 1s spectrum (adventitious carbon) set to
285.0 eV.
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Contact angle measurements

Two microlitre droplets were placed on spin-coated sample
slides or ethanol-washed reference glass slides and pictures
were taken using a Kriiss EasyDrop contact angle measurement
system (KRUSS GmbH Wissenschaftliche Laborgerate, Hamburg,
Germany) and analysed using proprietary software. The sample
chamber temperature was kept constant at 21 °C using a LabTech
H50-500 water chiller (Thermo Scientific, Vilnius, Lithuania). A
total of five measurements per material were performed. Results
are presented as mean + standard deviation.

Polymer extracts

Polymer samples were spin-coated and polymerized under UV as
in the case with biocompatibility testing. The samples were then
incubated in DPBS on a plate shaker at 40 rpm for 24 h at room
temperature. The PBS containing spin-coated polymer extracts
was subsequently aspirated to new tissue culture plate wells and
heated for 5 h at 80 °C until the water had evaporated.

Polymer extract metal content analysis via inductively
coupled plasma optical emission spectrometry (ICP-OES)
Measurements were performed using an Agilent 5100 VDV induc-
tively coupled plasma optical emission spectrometer (Agilent
Technologies UK Limited, Cheadle, UK) in axial mode. The sam-
ple introduction system consisted of a glass concentric nebuliser,
a glass cyclonic double pass spray chamber and a demountable
dual view quartz 1.8 mm torch. The solid samples were dissolved
directly from the well-plate locations in dilute nitric acid (2% w/v)
with several washings and made up to the final volume (10 mL)
with dilute nitric acid (2% w/v). Calibration curves of the target
elements Al, Ti, V, Zr, Na and P were prepared between 1 and
100 ppm using single element standards (Sigma-Aldrich, Trace-
CERT, 2% HNO;,), with the exception of P (Alfa Aesar, SpecPure, 5%
HNO;). All blanks were prepared from the original stock of dilute
nitric acid (2% w/v) used to prepare standards and samples. All
blanks, standards and samples were prepared with yttrium internal
standard (1 ppm, Sigma-Aldrich, TraceCERT, 2% HNO,).

Cell culture and maintenance

All biocompatibility tests were performed on NIH/3T3 mouse
embryo fibroblasts from American Type Culture Collection (ATCC,
Manassas, USA). The cells were cultured in IMDM supplemented
with 10% foetal bovine albumin, 100UmL™" penicillin and
100 pgmL~" streptomycin. The cells were maintained at 37°C
with 5% CO, and passaged every 3-4days. The passage proce-
dure started with washing the monolayer of cells once with DPBS
followed by 0.25% (ethylenediaminetetraacetic acid)-trypsin
treatment for 1 min. Detached cells would later be collected in full
medium and passaged in a new flask.

Polymer extract toxicity

Polymer samples were spin-coated and polymerized under UV as
described for the biocompatibility testing. The samples were then
incubated in a full cell growth medium (containing serum and
antibiotics) for 24 h at room temperature. The medium containing
spin-coated polymer extracts was subsequently aspirated and
used on NIH/3T3 fibroblasts grown in a monolayer for 24 h. They
were cultured for another 24 h with normal medium as a reference
point at 37 °C with 5% CO, atmosphere. An MTT assay was then
performed on the cells grown in extract-containing media.

MTT assay and light microscopy

NIH/3T3 mouse embryo fibroblasts were seeded on spin-coated
samples at a density of 20000 cells mL~" per sample, using glass
slides as control. The samples were incubated at 37 °C with 5%
CO, atmosphere. Light microscopy images were taken after 96 h
of culture on each surface and cellular morphology was quali-
tatively assessed. After 120 h of culture, the samples were trans-
ferred to new tissue culture plates, where they were treated with
0.2 mgmL~" and incubated for 1 h at 37 °C. The MTT solution was
then carefully replaced with 200 pL of DMSO to solubilize the for-
mazan. The optical density at 545 nm was measured by using an
automatic microplate reader. Results were calculated as the ratio
between cells grown on hybrid materials and glass. A total of 40
samples per material were prepared and split into eight indepen-
dentexperiments with n =5 per experiment. Results are presented
as averages + standard error.

Analysis of cell death

NIH/3T3 mouse embryo fibroblasts were seeded and cultured as
described in the previous section. The type of cell death was
determined microscopically by using two fluorescent dyes, AO/EB,
as described by Mercille and Massie.*® Briefly, cells from the dif-
ferent samples and glass slides were individually collected, cen-
trifuged and suspended in 20 pL of fresh IMDM supplemented
with foetal bovine serum and antibiotics and stained with 4 pL of
AO (100 pg mL~")/EB (100 pg mL~") solution for 5 min. Then, the
cells were observed using an Olympus IX51 inverted fluorescence
microscope with an X-Cite 120PC Q UV lamp (Lumen Dynamics)
and photographed using an ExiBlue camera (Qlmaging) with pro-
prietary imaging software. 100 cells were counted per sample and
split into three categories based on their nuclear and membrane
integrity: live (cells with uniform green nucleus), apoptotic (cells
with fragmented nuclei that fluoresce green (early apoptosis) or
orange (late apoptosis)) and necrotic (intact, bright orange stained
nuclei). Five independent experiments were carried out and aver-
ages + standard deviations are presented.

Statistical analysis

Statistical analysis was performed using RStudio® (version 1.1.383
for Macrunning on R 3.4.2) and plotted using the ggplot2 package.
The data are presented as either mean + standard error or stan-
dard deviation. Statistical significance was assessed using one-way
ANOVA and Tukey’s honestly significant difference (HSD) post hoc
test. Differences between groups were considered to be significant
for P <0.05 (*), P <0.01 (**) and P < 0.001 (***).

RESULTS AND DISCUSSION

Material preparation

The Ti, V and Zr formulations were adapted from the literature.33-3°
The preparation procedure of the Al hybrid is analogous to those
of other hybrid materials that have been used for LTPP except that
the metal propoxide comes in a powder form, so it has to be dis-
solved first. Several solvents were tested for this purpose, including
ethanol, isopropanol, hexane, cyclohexane and benzene, but the
best solubility was obtained using toluene. The resulting mate-
rial is a clear liquid with a yellow hue because of the presence of
DEABP. After evaporation of the solvent, the material transitions to
aviscous gel-like state. Gelation reduces structural distortions that
would arise during fabrication in a liquid due to vibrations, diffu-
sion and stage movement in some LTPP systems.
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Figure 3. 2D structures fabricated out of the Al hybrid material: (A) honeycomb patterns fabricated using the custom-built LTPP system with a 40x 0.95
NA objective lens; (B) the coat of arms of Lancaster University fabricated using the Nanoscribe® system with a 63x 1.4 NA oil immersion lens.
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Figure 4. Support structures with suspended lines between them fabricated out of the Al hybrid material: (A), (B) structures fabricated using the

custom-built LTPP system with a 100x 1.4 NA oil immersion lens at different magnifications; (C), (D) structures fabricated using the Nanoscribe® system
with the 63 1.4 NA oil immersion lens. Lines with resolutions down to around 200 nm were reproducibly fabricated using both systems.

Material iterations with different proportions between the
components were tested with the AIP:MAA molar ratio remaining
constantat 1:1 and AIP:MAPTHS being 1:1, 1:4 or 1:9. All the combi-
nations were shown to be polymerizable in 3D, but 1:4 AIP:MAPTHS
was chosen to be the same as in Ti and Zr hybrid materials.

Laser two-photon polymerization (multiphoton fabrication)

LTPP of hybrid organometallic polymers based on Ti3? V34
and Zr* have been described in the literature. Both Ti and Zr
hybrid materials have been used to produce scaffolds for tis-
sue engineering.?** Consequently, in this work we focused on
investigating the properties and structurability of the novel Al
hybrid material. The Al hybrid material is transparent, while the

intrinsic photoinitiator renders it fluorescent upon irradiation with
a laser. This makes finding the interface between the material and
the glass slide as straightforward as with commercially available
photoresists such as OrmoComp® or OrmoClear®. We first tested
the Al hybrid organometallic polymer on both the Nanoscribe®
and the custom-built LTPP systems in an attempt to fabricate 2D
structures (Fig. 3). The printing of each of these structures took no
more than 10 min.

Having shown that it is possible to fabricate high quality
structures with minimal spatial distortions (Fig. 3), we modelled
and fabricated suspended lines with varying laser power and
scanning speed between bulky support structures to assess max-
imum resolution of the Al hybrid (Fig. 4). Lines that survived the
development process reproducibly reached <200nm in width
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Figure 5. 3D structures fabricated out of the Al hybrid material: (A) a hollow pyramid shell fabricated using the custom-built LTPP system with a 100x 1.4
NA oil immersion lens; (B) a micro-Yoda fabricated using the Nanoscribe® system with a 63x 1.4 NA oil immersion lens.
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Figure 6. EDX spectra of the different organometallic hybrid polymers containing Al, Ti, V and Zr, and the borosilicate glass control.

using the 100x 1.4 NA oil immersion lens on the custom-built
LTPP system and <250 nm using a 63x 1.4 NA oil immersion
lens on the Nanoscribe® system. The result is comparable to
resolutions reached using other hybrid organic-inorganic mate-
rials via LTPP. 3D structures were fabricated on both systems
(Figs4 and 5), taking no more than 30min each. The struc-
tures survived the development and washing processes with
minimal shrinkage or deformation. The hollow pyramid and
Yoda structures (Fig.5) demonstrate the relative rigidity of the
material.

EDX analysis

EDX spectroscopy was performed on all the tested materials based
on Al, Ti,Vand Zr in order to compare their chemical constituents.
The analysis was performed on drop-cast films and confirmed the
presence of metals in the organometallic materials (Fig. 6). The
films were relatively thick (of the order of hundreds of microns),
so the X-ray signals were most likely being generated by the

materials. The same type of glass slides on which the materials
were drop-cast were used as references. The Al hybrid showed
a peak at around 1.5 keV that had 1.96 times greater X-ray pho-
ton count than that measured in glass, indicating the presence
of Al (characteristic Ka = 1.486 keV). In the case of the V hybrid,
a peak at around 5 keV indicates the presence of V (characteristic
Ka =4.949 keV and La = 0.511 keV) with X-ray photon count dif-
fering around 20 times from that of glass at 4.949 keV. The La of V
was not visible due to overlap with the Ka of O. Significantly larger
amounts of Ti were found in Ti hybrid material compared to con-
trol glass slides, with X-ray photon count at Ka = 4.508 keV being
around 2.7 times greater than in reference glass. Finally, a peak at
2 keV indicates the presence of Zr (characteristic La = 2.042 keV)
in the Zr hybrid with X-ray photon counts differing from glass by
10.7 times. The presence of gold due to the coating method was
confirmed in all samples at 2.120 keV. Signals from K and Na were
only detectable in the glass, confirming that the resin thickness
was high enough for the X-rays to be generated within the resins.
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Figure 7. XPS spectra of the different organometallic hybrid polymers containing Al (A), (B), Ti (C), (D), V (E), (F) and Zr (G), (H). (A), (C), (E) and (G) show
the oxidation state of the metals in the polymers and relative proportions thereof. (B), (D), (F), (H) show the compositions of carbonaceous species in the
polymers and relative proportions thereof.
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Table 1. A summary of the surface compositions (%) of the
metal-based species from the representative large area survey XPS
spectrum of the various samples

Substrate
Metal Al Ti Vv Zr
Binding energy (eV) 74.90 457.65and 516.31and 183.07
459.37 517.63
Possible species Al(OH); or Ti(l) or — V(V)or V(V) Zr(IV)
AlO(OH) Ti(IV)

Table 2. A summary of the surface compositions (%) of the C-based
species from the representative large area survey XPS spectrum of the
various samples

Substrate
Cls Al Ti Vv Zr
Cc-C 60.63 58.31 67.75 59.78
c-0 20.67 25.22 16.89 23.57
=0 6.46 6.18 4.02 6.82
0-C=0 11.37 10.30 11.33 9.83
(C-0)5 0.87 0.00 0.00 0.00
XPS analysis

Akin to EDX analysis, XPS analysis (Fig.7, Tables1 and 2,
Figs S1-S12 and Tables S1-S3) confirms the presence of the
metals in the polymer films. XPS also offers insight into the
oxidation state of the metals (and relative proportions thereof,
Fig. 7 and Table 1) and carbonaceous species (and relative pro-
portions thereof, Fig.7 and Table 2). Interestingly, XPS shows
that the polymers for Al-, Ti- and Zr-containing polymers have
similar compositions of carbonaceous species. By comparison,
the V-containing polymer compositions had lower C=0 content
which is related to their content of MAA which would bind the
metal cation through interaction with the anionic carboxylates

from MAA moieties (i.e. weaker metal ion binding than the other
polymers).

Contact angle measurements

The results show that the hybrid organic-inorganic materials had
higher contact angles than those of glass slides (Fig. 8). We found
that the average contact angle of glass slides prior to washing was
64° and 39° after ethanol washing and air-drying. The Al and Zr
hybrid materials had contact angles of ca 72° and 71°, respectively.
The Ti hybrid material was more hydrophobic, with a contact angle
of around 90°. The V hybrid material had the highest contact angle
of ca 102°.

Biocompatibility assessment

NIH/3T3 fibroblasts were seeded on the surfaces to investigate
their biocompatibility. Light microscopy images were taken after
96 h of culture. Healthy fibroblasts tend to be spindle-shaped,
while non-viable cells tend to become rounded and detach from
the surface. We observed that after 96 h spindle-shaped cells can
be found on all surfaces except for the V hybrids (Fig. 9).

All surfaces supported cell adhesion and proliferation (probably
via protein-adsorption-mediated adhesion in line with other bio-
materials) with the exception of the V-containing hybrid which
is likely to be because vanadium oxides are more toxic than
vanadium in its elemental form. To quantify the biocompatibil-
ity results, MTT assays were performed after 120 h of culture. The
data obtained are presented as a ratio of optical density of cells
grown on the hybrid materials to that of cells grown on glass
(Fig. 10). The total cellular metabolic activity is proportional to
the optical density. NIH/3T3 mouse fibroblasts tended to attach
and proliferate on all surfaces except the V hybrid material. We
observed that the cells tended to have the highest metabolic activ-
ity on the Zr-based hybrid material. These findings support the
biocompatibility notion of this material together with in vivo stud-
ies that have previously shown the material to be of comparable
biocompatibility to that of a surgical suture composed of gly-
colide/lactide (Polysorb™ 4-0).** There were no significant dif-
ferences between the rates of total cellular metabolism on the
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Glass*** Al***
Al*** Zr***
Zr*** Ti**

? 100 Glass*** Glass*** v

96)) Ti*** Ti***

-8 V*** V***

sl %kk T
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; L
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o

(@]

0
Glass Al ZE T v
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Figure 8. Water contact angles + standard deviation. Al, Ti, V and Zr correspond to Al, Ti, V and Zr hybrid materials; glass was used as a control. **P < 0.01,
***P < 0.001, glass was significantly different from all other surfaces with P < 0.001.
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Figure 9. NIH/3T3 fibroblasts grown on the organometallic polymer mate-
rials and control glass surfaces. Pictures were taken 96 h after cell seeding
using both 4x and 10x objective lenses on an inverted light microscope.
Cellular morphology is healthy in glass and Al-, Zr- and Ti-containing poly-
mers. However, none of the cells was attached to the V-containing poly-
mers after 96 h (probably due to leaching of V from the films).

Al and Ti hybrids. The Zr hybrid was significantly more support-
ive of cell growth than Al- and Ti-based hybrids. The preliminary
studies de-risk a more extensive (and costly) investigation into
the cell-surface interactions and surface protein adsorption that
would underpin the use of the materials in tissue engineering or
other biological applications.

To investigate whether the toxicity of the V-containing polymers
is due to their surface properties or to some components being
washed out into the medium, we used sample extracts to treat
cells grown in a monolayer. The results are presented in Fig. 11
showing that the Al extract was significantly (P < 0.05) beneficial
to the cell culture, while control, Ti and Zr sample extracts did
not have significantly different effects on cellular viability. The
V sample extract was highly toxic to the cell monolayer with
P <0.001 compared to all other sample extracts. This suggests

non-crosslinked metal ions are washed out into the medium, thus
contributing to the toxicity towards cells grown in vitro (which
correlates with the ICP-OES data).

To assess the mechanism of cell death, differential staining with
AO/EB was applied and the numbers of live, apoptotic and necrotic
cells were calculated. Results confirm that the most cytotoxic sur-
face for cell culture was the V hybrid (Fig. 12). The majority of cells
had undergone necrosis after 24 h of culture, while after 96 h and
120 h there were virtually no living cells remaining on these sur-
faces. Necrosis was a much more prevalent type of cell death on all
of the surfaces compared to apoptosis. We investigated whether
there were any significant differences between the numbers of live
cells on the surfaces. We observed that the number of live cells on
all samples (except for the V hybrids) was between 60% and 80%
at all time points (24, 96 and 120 h).

The V hybrid materials displayed the highest cytotoxicity with
the majority of cells dying via necrosis. Statistically significant
(P < 0.001) differences were found between all samples compared
to the V hybrid material in terms of the number of live and
necrotic cells (Fig. 12), consistent with very low optical density in
the MTT assay and ICP-OES confirmed leaching of the V (Fig. 13).
This is in accordance with previously reported work showing the
toxicity of V both in its elemental and oxide forms.>® No statistically
significant differences were observed between the numbers of
apoptotic cells (Fig. 12). Other statistically significant differences
between the numbers of live and necrotic cells on the surfaces are
summarized in Table 3.

Al-, Ti- and Zr-based hybrid organometallic polymers showed
good biocompatibility in vitro. The numbers of live, apoptotic and
necrotic cells on all these surfaces were comparable at every time
point (after 24, 96 and 120 h). However, the highest metabolic rate
according to the MTT assay was found on the Zr hybrid.

Increased surface hydrophobicity improves irreversible protein
adsorption with albumin being one of the first proteins to reach
the surface® which does not have cell adhesion motifs, possibly
having a negative impact on material biocompatibility.

Ti is attractive due to its mechanical strength and biological
inertness asits alloys are widely used in dental®? and orthopaedic®?
applications. Zr-based biomaterials are also widely used in the
clinic, and zirconia ceramics are a class of biocompatible mate-
rials with comparable properties to those of Ti.>* Since both Ti
and Zr are being widely used for biomedical applications, hybrid
organometallic polymers containing these metals are worthy of
investigation.

Good in vitro biocompatibility has been demonstrated in many
3D printing materials ranging from hydroxyapatites® to organic
polymers, such as polyvinyl alcohol reinforced with cellulose
nanofibrils.>® However, a limited number of the existing biocom-
patible materials offer the possibility of reproducible sub-micron
structure fabrication in 3D.

Al is not used for implant fabrication due to its solubility under
acidic conditions as well as limited mechanical strength. AP*
has also been linked to Alzheimer’s disease and other types of
neurodegeneration.”” However, in chemically stable and inert
structures, the presence of Al is not considered to be dangerous,
and it is noteworthy that Al is a part of many Ti alloys used in
biomedical applications.”® While the toxicity of AI** is known,
compounds of Al such as oxides and hydroxides are widely used
asfood additives, pharmaceuticals and personal care products and
are considered safe.>® Our data presented in this work confirm that
Al-containing polymers have potential to be used in biomedical
applications.
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Figure 10. Relative optical density as measured via MTT after 120 h of cell culture. The optical density is directly proportional to the total metabolic activity
of cells on each surface. Results are presented as absorption ratio to that of glass + standard error. **P < 0.01, ***P < 0.001.

V*** V*** V***
Wik Control*
Al* T
1.0 -L
2
=
@
>
3
g Control*
= 0.5 Al**
©
& Zr***
Ti***
0.0
Control Al Zr Ti \Y

Sample extract

Figure 11. Cells cultured in media containing the polymer sample extracts. Results are presented as absorption ratio to that of glass + standard deviation.
Al and control surfaces had a significant difference with *P < 0.05, while V was significantly different from all other surfaces with ***P < 0.001.

The use of hybrid organometallic polymer-based materials as
implants is a relatively new concept and is being more thor-
oughly investigated due to the possibility of 3D microstructure
fabrication. Good in vitro biocompatibility has been demonstrated
in many 3D printing materials, ranging from hydroxyapatites>
to organic polymers, such as polyvinyl alcohol reinforced with
cellulose nanofibrils.® However, a limited number of the exist-
ing biocompatible materials offer the possibility of reproducible
sub-micron structure fabrication in 3D. Moreover, integration
of several different materials with varying properties will allow
bioengineers to finely tune both the mechanical and biological
properties of this next generation of implants.

CONCLUSIONS

A hybrid organic-inorganic material based on Al has been devel-
oped for laser 3D fabrication purposes. LTPP experiments show
that the organometallic polymer-based materials can be used to
easily fabricate 2D and 3D structures. Low shrinkage of the mate-
rial allows high resolution (down to 200 nm) structures to be made,
which is on a comparable scale to other hybrid organic-inorganic
materials.

Biocompatibility testing shows that Al-, Ti- and Zr-containing
organometallic polymers support NIH/3T3 fibroblast growth. Cell
viability on these surfaces was comparable to that of control
glass surfaces. We observed that the rate of metabolism on Al-
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Figure 13. ICP-OES data of extracts from Al, Zr, Ti and V organometallic hybrid materials.

Table 3. A summary of statistically significant differences not pre-
sented in Fig. 10

Comparison Live Necrotic
Al96-G24 ** *
Zr120-G24 FxE **
Ti96-G24 * *
Ti120-G24 wx HxE
Zr120-G96 * -
Ti120-G96 * *
Zr120-Al24 * **
Ti120-Al24 * -
Zr24-Al96 * *
Zr120-Zr24 ** *
Ti120-Zr24 ** HEX
*P <0.05.

**p<0.01.

***P < 0.001.

and Ti-containing materials was comparable to that of glass,
while Zr supported a significantly higher proliferation rate of
NIH/3T3 fibroblasts. Cellular morphology was normal on Al-, Zr-
and Ti-containing materials. The V-containing organometallic
polymer was shown to be toxic to cells and induced necrosis. The
Al-, Zr- and Ti- containing organometallic polymers have been
shown to be promising candidates for tissue engineering appli-
cations. However, an extensive investigation of cell topography
responses, taking into account the expression of adhesion pro-
teins, long-term viability and biodegradability studies of the
materials are needed if they are to be used for tissue engineering
or other in vivo applications, and the specific tissue niches in
which they may be applicable based on the conditions to which
the materials would be exposed in vivo (fluid flow, mechanical
stress, tissue mechanics etc.).
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