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ABSTRACT

In this work, a novel dual-response hydrogel for enhanced bone repair following multiple
fractures was investigated. The conventional treatment of multiple bone fracture consists
on removing smaller bone fragments from the body in a surgery, followed by the fixation
of the bone using screws and plates. This work proposes an alternative for this treatment
via in-situ UV-initiated radical polymerization of a novel IPN hydrogel composed of
PAA/P(NiPAAM-co-PEGDMA) incorporated with ceramic additives. The influence of
different additives on mechanical properties and sensitivity of the polymer, as well as the
prepolymer mixture, were investigated in order to analyse the suitability of the
composites for bone healing applications. This material exhibited an interpenetrating
network, confirmed by FTIR, with ceramics particles dispersed in between the polymer
network. These structures presented high strength by tensile tests, sensitivity to pH and
temperature and a decrease on Tg values of NiPAAm depending on the amount of
PEGDMA and ceramics added; although, the addition of ceramics to these composites
did not decrease their stability drastically. Finally, cytotoxicity tests revealed variations
on the toxicity, whereas the addition of TCP presented to be non-toxic and that the cell
viability increased when ceramics additives were incorporated into the polymeric matrix
with an increased reporter activity of NF-«xB, associated with aiding fibroblast adhesion.
Hence, it was possible to optimise feedstock ratios to increase the applicability of the
prepolymer mixture as a potential treatment of multiple fractures.
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1. Introduction

Many materials used in the field of tissue engineering already made their way from the
laboratory to an appliance in everyday life. For example, damaged veins, joints or parts
of other organs can be replaced or repaired using synthetic materials [1,2]. A drawback
in these techniques is often the occurrence of inflammation, as the surrounding natural
tissue might not always tolerate the artificial material [3]. Further, the immobilization of
the implant is mainly mechanical, that means it has to be screwed or sewed in place before
a biological response with this foreign body material occurs [4,5]. However, all implants,
including screws and plates, have a passivation phase where leachable ions dissolve out

following implantation and could induce a tissue reaction [6].

In this work, biocompatible hydrogels for enhanced bone regeneration after multiple
fractures were investigated. Multiple bone fracture can frequently occur in patients with
osteoporosis [7], injury assault victims [8] and patients with Fanconi syndrome [9] — some
of them due to osteomalacia [10]. Conventionally, the treatment for patients with
osteoporosis and osteomalacia, is with the usage of pharmacological agents such as
calcium, vitamin D and biphosphanates to prevent further fractures [11]. However, there
are no special treatments after the occurrence of multiple bone fracture [7]. The
conventional treatment consists of removing the smaller bone fragments from the body
in surgery, followed by the fixation of the bone using bone screws and plates [12]. In case
of the removal of a larger amount of bone, the metal objects have to stay in the body, as

it is too time-consuming or even not possible to regrow a large amount of bone [13].

Therefore, it would be interesting to be able to apply a material to fix multiple bone
fragments during surgery, so they can be incorporated in the regrowing bone [14]. The
desired material should be easily applicable during surgery, it should enable easy
dispersion of dislocated bone fragments and should have fast hardening to keep the
structure intact [15,16]. For these reasons, polymeric biomaterials can be a good
possibility due to their ability to promote accelerated regenerative processes of tissues
with slow or difficult healing. Several types and formulations have been examined for
implants with adequate structural and cellular properties [17,18]. For this purpose, a UV-
curing material would be interesting, as portable UV-curing devices are already applied
for example in dental treatments [19]. Ideally, the material should not only be
biocompatible but also enhance bone regeneration, for example by supplying necessary

ceramic particles [20,21]. The material should be replaced gradually by the growing bone



in an osteotransductive manner where, it degrades under physiological conditions at a rate
similar to bone formation which maintains mechanical stability of the fracture and keeps
the loose bone fragments in place [22].

There are several polymers that can be easily photopolymerized using conventional
initiators, such is the case of polyethylene glycol dimethacrylate (PEGDMA), which has
already been reported by our group as a potential bone regeneration material [23].
However, it is possible to incorporate a temperature and/or pH sensitivity for drug
delivery applications into its structure and also further enhance its potential mechanical
properties [24,25]. Besides improving its mechanical properties, bio-functional
monomers can also improve biocompatibility and cell proliferation, adhesion and

modulate the inflammatory response of a device in a living tissue [26].

One polymer highly used as a temperature-sensitive hydrogel is Poly(N-
isopropylacrylamide) (PNiPAAmM) [27]; though, conventional PNiPAAm hydrogels from
radical polymerization are fragile and weak impending their actual utilization due to their
inhomogeneous network structure [28]. Consequently, researchers have been reporting
that copolymerization of NiPAAm and PEGDMA can provide a temperature sensitivity
to the generated structure while maintaining the favourable mechanical properties
obtained for poly(PEGDMA) alone [29,30]. Even though PPEGDMA has been reported
for having good biocompatibility within the human body [31], it lacks sufficient
mechanical integrity to provide sufficient support for healing. For these reasons, several
researchers have tried to overcome this challenge by applying different additives while
obtaining an interpenetrating network, although, these materials still lacks sufficient

strength comparable to the human bone [32].

In this work we developed a temperature- and pH-sensitivity hydrogel with improved
strength and suitability for bone regeneration using two distinct monomer ratios for the
copolymerization of NiPAAmM and PEGDMA in the presence of Polyacrylic Acid (PAA).
Ceramics materials were also incorporated into this monomer, nanoHaP and microsized
particles of a ceramic mixture of tricalcium phosphate (TCP), Wollastonite (W) and Talc,
as inorganic material to enhance bone regeneration. These ceramic particles supply the
necessary building blocks for the regeneration of the inorganic bone material.
Hydroxyapatite is the main ceramic present in natural bone. Consequently, both ceramics
might show beneficial effects on bone healing.



2. Materials and methods
2.1 Materials

The bifunctional monomer poly(ethylene glycol) dimethacrylate (750 g/mol, PEGDMA-
750), polymeric additive (polyacrylic acid, 3,000.000 g/mol, PAA), Phosphate Buffer
Saline (PBS), CaClz, (NH4):HPO4, Minimum Essential Medium Eagle, fetal bovine
serum and trypsin-ethylenediaminetetraacetic acid were obtained from Sigma Aldrich. N-
isopropyl acrylamide (NiPAAm) was obtained from TCI chemicals. The photoinitiator
used (4-(2-hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone, Irgacure 2959) was
supplied by Ciba Specialty Chemicals. Tricalcium phosphate (TCP) supplied from Carlo
Erba, Italy, Wollastonite (W) NYAD® 1250 from NYCO®, and Talc were supplied by
Sigma-Aldrich, Spain- NIH 3T3 fibroblast cells were supplied by American Type Culture
Collection (ATCC).

2.2 Ceramics synthesis
2.2.1 Nano hydroxyapatite

Hydroxyapatite was synthesized based on the work carried by R. Murugan et al. [33] via
the wet chemical method using a slightly different concentration of 1.2 M CaCl, + 2 M
(NH2)2HPOa.

2.2.2 Ceramic synthesis of TCP, W and Talc

Ceramic grains were obtained using the procedure previously described by Canillas et
al.[34]. Briefly, 60% TCP, 25% W, and 15% Talc (wt.%) powders were mixed by
attrition milling for 1 h and dried at 60 °C which were further grounded using a tungsten
mortar and sieved to a size <100 pm. Afterwards, the powder was compacted at 1,000
kPa/cm? during 60 s using uniaxial press and sintered at 1050 °C for 2 h. Grains were
reground and sieved to a particle size ranging between 100 pum - 300 pum. The ceramics
phases obtained on completion of the thermal treatment process were B-TCP, where Ca?*
is partially substituted with Mg?* (Caz.s:Mdo.19(PO4)2), Wollastonite 2M (CaSiOs) and
traces of Enstatite (M@2Si2Oe).

2.2 Syntheses



The prepolymer mixture was generated by dissolving NiPAAm in a mixture of PEGDMA
and water. PAA was added slowly to the mixture as a powder under constant stirring to
prevent the formation of PAA clusters within the resulting gel-like mixture. If no
complete dissolution of the monomer or the polymeric additive was possible, the samples
were heated to 70°C. For the samples containing ceramics, the ceramic particles were
added under stirring, followed by Irgacure 2959, which was used as photoinitiator. After
obtaining a homogenous prepolymer mixture, it was allowed to reach room temperature

prior to UV-initiated polymerization.

For the preparation of the samples, suitable silicone moulds were chosen to generate the
sample shapes necessary for testing. The prepolymer mixture was transferred to the
moulds by using a spatula. The samples were cured in an UV-cube (Dr. Grobel UV
Electronics GmbH) for 10 minutes. This device is a controlled radiation source with 20
UV-tubes that provide a spectral range of between 315-400 nm at an average intensity of
10-13.5 mW/cm?. A general reaction scheme is presented in Figure 1.

After the desired polymerization time, UV irradiation was stopped, and the samples were
dried using paper tissue to remove residual monomer and moisture prior to testing. The

monomers and additives applied are listed in Table 1.

Table 1. Composition (wt%) of the prepolymer mixtures polymerized under UV

irradiation.
Sample PEGDMA NiPAAmMm H;O Irgacure PAA  Ceramic
2959 additive
NiPAAM/PEGDMA 36.90 44.40 14.80 0.05 3.70 0.00
55:45
NiPAAM/PEGDMA 36.10 43.40 14.50 0.05 3.60 2.00
55:45+TCP (TCP)
NiPAAM/PEGDMA 36.10 43.40 14.50 0.05 3.60 2.00
55:45+HAp (HAP)
NiPAAM/PEGDMA 51.80 51.80 14.80 0.05 3.70 0.00
64:36
NiPAAM/PEGDMA 28.80 50.70 14.50 0.05 3.60 2.00
64:36+TCP (TCP)
NiPAAM/PEGDMA 28.80 50.70 14.50 0.05 3.60 2.00

64:36 +HAp (HAP)
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Figure 1. General reaction scheme of the UV-polymerization during the curing of the
composite NIPAAM/PEDGMA.

2.3 Scanning Electron Microscope

Composite morphology was observed using a Tescan mira XMU scanning electron
microscope (SEM, TESCAN, Brno, CZ) in back scattered electron (BSE) and secondary
electron mode using magnifications, which ranged from 50-500x. Prior to scanning dried
samples were sliced in liquid nitrogen to obtain cross-sectional regions. The samples also
were gold-sputtered Baltec SCD 005 for 110 s at 0.1 mBar vacuum before testing,
yielding a coating of approximately 110 nm.

2.4 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was performed on an PerkinElmer
Spectrum One device and used to investigate inter- and intramolecular interactions within
the investigated samples. The IR spectra were recorded in the spectral range of 4000-500

cmt and subsequent analysis was carried out using Spektragryph spectroscopy software.

2.5 Swelling studies

The dry weights of the samples (Wg4) were determined after photopolymerization.
Subsequently, samples were placed in distilled water to determine their water uptake
(Ws). Tests were carried out in duplicate and data is presented as mean + SD. The

percentage of gel weight was calculated using following equation:
Mass increase (%) = ((Ws —Waq)/Wq)

W; and Wy are the weights of the hydrogels in the swollen state and the dried state,

respectively.



To investigate temperature and pH responsiveness during swelling, swelling studies were
carried out at 7, 20, 35, 55 and 65 °C and at pH of 2, 4, 6, 8 and 10 respectively.

2.6 Differential scanning calorimetry

For thermal analysis, differential scanning calorimetry (DSC) was carried out using
DSC2920 Modulated DSC from TA instruments. All the samples were sealed in hermetic
aluminium pans (Hermetic Pans, TA Instruments, USA) with the sample weight around
10-12 mg. Each sample test was performed with a heating ramp mode from 0 °C to 170
°C and heating rate of 1 °C/min under the flow of nitrogen gas.

2.7 Tensile testing

Tensile tests were performed on a Lloyd Lr10K screw-driven testing machine fitted with
a 2.5 kN load cell with a bespoke 30 mm diameter testing head connected to a control
computer with NeygenTM software. All samples were moulded into dumbbell shape with
an average breadth of 3.5 mm and an average with of 1.5 mm in non-swollen state. The
gauge length applied in the tests was 30 mm. Fixed grips were mounted onto the tensile
testing machine and a crosshead speed of 50 mm/min was used. Tensile testing was
performed at least in triplicate for each batch and mean stress at break, Young’s modulus
and strain at break values were calculated. All data and parameters calculated are

presented as mean x SD.
2.8 Cytotoxicity

2.8.1 Sample preparation

Samples were first immersed in 0.1M of sodium bicarbonate for 10 mins following
immersion in ethanol for 10 mins and PBS for 10 mins prior to the elution test.

2.8.2 Cell culturing

NIH 3T3 Cells were cultured in Minimum Essential Medium Eagle (MEM) supplemented
with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 1% L-Glutamine at
37 °C with 5% CO2 in humidified incubator. The medium was changed every 2 days.
Once the NIH 3T3 fibroblasts monolayer was grown to 80-90% confluence in a 75cm?
flask, the cells were harvested by washing twice using PBS and followed by adding 5 mL
trypsin-ethylenediaminetetraacetic acid (EDTA) to carry out trypsinisation and further

8ml of fresh DMEM medium was added to inactivate trypsin-EDTA solution. Finally, the



cells were centrifuged to obtain a pellet at 1500 rpm for 5 minutes, and re-suspended in
the fresh MEM medium.

2.8.3 Metabolic activity (Elution test)

NIH 3T3 cells were seeded at 1x10° cells per well in 96 well microtitre plates and
incubated in a humidified atmosphere of 5% CO2: 95% air at 37°C for 24 h. Cultures
were exposed to pre-warmed test media containing 100 pl of 100, 75, 50, 25,0% extract
samples for a further 24 h at 37 °C. 100 pL of 0.5 mg mL™* MTT was added to each well
and plates were incubated for a further 4 h at 37 °C. The MTT media was aspirated off
and 100 uL DMSO was added to each well. Plates were shaken for 15 s and the optical
densities at 540 nm was recorded. Cell viabilities were calculated using equation below:
Metabolic Activity (%) = Absorbance (540 nm) treated cells / Absorbance (540 nm)

untreated cells.
2.8.4 Direct contact cytotoxicity test

1 x 10° cells/ml cells were seeded on 6-well plate. After incubation overnight, the cells
were exposed to the test samples and incubated overnight. During incubation, leachable
chemicals in the test sample could diffuse into the culture medium and contact the cell
layer. The morphology of the cells around the test sample was then examined and
photographed using a confocal microscope connected with a digital camera. The cells are
given a grade from 0 to 4 corresponding to no reactivity to severe reactivity [35]. The

MTT assay was then performed to determine the cell viability.
2.8.5 Determination of p65-NF-«B by ELISA

1x10° cells/well is seeded on the 96-well plate. After incubation overnight, 100 pL of 1
mg/mL of each sample elution is added into the well and incubated overnight. The amount
of NFkB p65 present in the cell lysate was then quantified using an Invitrogen™ NFkB
p65 (Total) InstantOne ELISA, following the manufacturer's instruction.

2.9 Statistical Analysis.

Statistical analysis was performed with Action Stat software. A comparison between the
experimental parameters within each group was performed using analysis of variance for

repeated samples, followed by the nonparametric Friedman test. For comparison between



groups, at each experimental moment the parametric Student’s t test was used for

independent samples. Both tests were applied at the 5% level of significance.

3. Results and Discussion

Even though the photopolymerization of the chosen monomers occurred at a very fast
rate and within minutes, it was still necessary that the uncured resin had a sufficient
viscosity to enable easy retention of multiple bone fragments as intended in the final
application. The prepolymer mixture function as a cream-like texture that can be applied
easily with a medical tool or a simple spatula. Therefore, high molecular weight PAA
(3.000.000 g/mol) was used as additive to improve applicability of the prepolymer
mixture for example in surgeries, helping it acting as cement and as implant [36,37]. The
studied polymers in this work polymerized evenly without phase separation. The possible

photopolymerization scheme of this material is shown in Figure 2.
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Figure 2. UV-curing reaction of a prepolymer mixture containing the necessary

monomeric structures as well as additives suitable during application.
3.1 Morphology analysis

To analyse the effect of ceramic addition on the morphology of the hydrogel, SEM images
of the cross-section of the materials with or without ceramics were investigated in the
samples of NIPAAM/PEGDMA 64:36 (Figure 3); it is possible to observe that the
ceramics were embedded in the hydrogel. Furthermore, TCP and nano-HAp presented no
signs of agglomeration that could lead to a poor intimate contact between the ceramic and
the polymeric material. The additives were well dispersed and different sizes of the

ceramic particles can be observed (Figure 3b). However, in the case of nano-HAp (Figure



3c) it is possible to observe the small nanoparticles of HAp also incorporated into the

structure of this polymeric material.

Figure 3. Scanning electron microscope images of the cross-section of pure (a)
NiPAAM/PEGDMA 64:36; (b) NiPAAM/PEGDMA 64:36+TCP and (c)
NiPAAM/PEGDMA 64:36+HAp.

3.2 FTIR Measurements
3.2.1 Effect of monomer addition

To gain a wider knowledge about interactions in the composites, FTIR measurements
were carried out. The expected signals for NIPAAmM and PEGDMA units can be found in
the spectra (Figure 4-5) — guided lines were drawn to these figures to simplify the
analysis. The reaction of the acrylate double bonds in photopolymerization decreases the
intensity of the PEGDMA signals at 815 cm™ (twisting vibration of the acrylic CH,=CH
bond), at 1410 cm™ (deformation of CH,=CH bond) and at 1167 cm™ (acrylic C=0 bond)
[38,39]; for NiPAAm the peaks of C=C and CH»=C stretching at 1620, 1409, 986, 917,
808 and 708 cm [40,41] disappeared, confirming the consumption of this monomer in
photopolymerization. The assignment of the FTIR signals to PEGDMA and NiPAAmM

units within the copolymer is in agreement with other reports in literature [42-44].

Nevertheless, the investigated material in this work also contained polyacrylic acid in its
structure to provide support and generate an interpenetrating network structure [45,46]
that could reinforce the material. For these reasons, the spectrum of pure PAA is also
included in Figure 4.

The spectra of the studied samples contains the pattern of the PAA as well as it is detailed
in the regions i, ii, and iii of Figure 4. The sharpest and strongest band is found at 1702
cm™ (C=0 carbonyl stretching vibration in Figure 4 region i). When incorporated into the



PEGDMA/NiIPAAmM hydrogel, this peak disappears but a new peak at 1642 cm™ is
formed. This could represent an interaction with the NiPAAm units (signal at 1656 cm™,
C=0 stretching of amide bond [47] and the PEGDMA monomer (signal at 1637 cm™,
C=C stretch vibration of the methacrylate [23]) present in the hydrogel. These interactions

can occur at the expense of cyclic dimers of PAA [48].

This effect can also be observed in two other regions of the PAA band; the first is at 800
cm* (CH; twisting and stretching of the PAA backbone, region ii of Figure 4), where it
overlaps with the double bond region of NiPAAm at 808 cm™ and a signal of low intensity
of PEGDMA at 815 cm™. The second region is at the large broad signal between 1132
cm™and 1320 cm™ of PAA which appears to be incorporated into the NiPAAM/PEGDMa
polymer produced, although as a shortened profile which is unique as it is not perceived
in the NiPAAm and PEGDMA spectra alone. Nonetheless, the signal maxima of PAA
within this region at 1241 cm™ and 1170 cm™ (CH; and CH-CO vibrations, respectively)
are within the region of a very defined NiPAAm band at 1244 cm, (isopropyl groups,
[49]) and a small band of PEGDMA at 1250 cm™, which could justify the signal shift
towards to 1247 cm™ in the studied spectra. Furthermore, the defined signal of NiPAAmM
in this region is shortened in the studied material; therefore, the shortening of the signals
in this region also confirms successful incorporation of these three components into the

overall structure.

Lastly it is the broad signal of —OH group presented for PAA (2700-3700 cm™)
(intermolecular cyclic dimer interaction from the —COOH group), in which the group -
NH stretching band of NiPAAm at 3282 cm™ has weakened and broadened and tends to
overlap with the broad band of carboxylic group (-COOH) of PAA in 2400-3500 cm*
[48].



us3 g 1250
1319

Transmittance

986,

992 8409

1039

3103 :
073 g i
386 1305 || 1179
2970 i %
1280 1457
) 1409
1
PEGDMA uncured 1358 11 1,
— PAA powder 2523, | r
== NiPAAM uncured 2970 - |
— NiPAAM/PEGDMA 55:45 (l) 145
1536

5

1248
(ii) (iii)
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800

Wavenumbers (cm-1)

Figure 4. FTIR of the monomers and polymers used before and after polymerization of
the hydrogel.

3.2.2 Effect of varying monomer content

The effect of varying the PEGDMA/NiPAAmM monomer ratio in the studied materials can
be determined by two major bands at 1716 cm™ and 1099 cm™ (guided lines (i) and (ii)
in Fig 5.a). The signal at 1716 cm™*, which corresponds to the C=0 stretching obtained in
pure PEGDMA spectra (from Fig. 4), the peak intensity increases with increasing
PEGDMA content. Also, the broad signal of pure PEGDMA at 1099 cm™ (area of
carbonyl groups from Fig. 4) is well perceived in the samples investigated in this work.
Additionally, a shift towards the signal position of the PEGDMA monomer occurs with
increasing PEGDMA content. The effect of NiPAAm in the studied samples also follows
a similar pattern, the signal at 1547 cm™ (N-H stretching of amide I, guided line iii)
shifted towards lower wavenumbers and shortened with increasing content of PEGDMA
monomer. Although, there is a variation on peak intensity when varying the monomer
ratio following the same profile. No new peaks are visible when increasing the amount of

these monomers.
3.2.3 Effect of ceramic addition

Finally, we investigate the effect of the addition of ceramics to the studied material, from
Figure 5b-c. It is possible to see that TCP shows characteristic absorption bands in the
range between 800 and 1200 cm™. The signals at 682 and 902 cm™ are assigned to the
SiO2 groups of wollastonite [50]. The signals at 938, 968, 1022 and 1107 cm™ are




attributed to PO~ groups from TCP [51]. In the case of nano-HAp the peak at 1023 cm’
L (P0}75 stretching) and 962 cm™ (P02, stretching) [52].
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Figure 5. FTIR of the studied hydrogels (a) without ceramics and with (b) TCP and (c)
HAp — the spectra of the ceramics are also included.

Interactions with the ceramics were not visible clearly, as their amount in the composites
is relatively low and stronger signals corresponding to the polymers were found in the
important regions. However, earlier reports of our group suggest that the synthesis and
interactions of these ceramics can be analysed by the absence of signals caused by
calcium carbonate groups between 1400 and 1500 cm™ [53]. Regions of the polymer
within the area of the main signals of the additives ceramics appear to shift the bands of
the polymers in the hydrogel towards the ones of the main signals of ceramics. The
structure-interaction of the ceramic and the monomers after photopolymerization

discussed herein is represented in Figure 2.



3.2 Swelling Studies

Swelling studies (Figure 6) show the swelling ratio of all samples investigated. As
swelling of the samples is dependent on the temperature, the swelling behaviour was
investigated at different temperatures. It can be seen that the swelling ratio is very low
and although a temperature sensitivity does occur within these samples, the lower critical
solution temperature (LCST) is not within the studied temperature of this material.
Nonetheless, PNiPAAmM shows a transition from hydrophilic to hydrophobic behaviour
around 37°C, which might result in increased hydrophobicity of the material when
incorporated in the body [43]. For the samples studied in this work, we deduce from the
results obtained in the swelling studies that the LCST could lies at a temperature below
7°C. Nevertheless, there are reports of PEGDMA/NIPAAmM copolymers with a LCST
similar to pure PNiPAAmMm; they present swelling ratios twenty times higher than the ones
reported in this work [29] and at much lower content of PEGDMA[30].

Nonetheless, samples swollen at 37 °C presented a 70% mass increase. For a material
used as implant, swelling is a required feature to some extent as it eliminates dead space
where bacteria can colonize, however it should be controlled to prevent limb swelling
which could cause patient pain. The values obtained from swelling are lower than of the
ones reported for PEGDMA and NiPAAmM homopolymers [23]. We deduce that the PAA
acting as an interpenetrating network may influence temperature sensitivity by
reinforcing the structure, resulting in a low swelling ratio and lowered LCST. However,
there was no significant difference between the hydrogels containing ceramic additives
and the hydrogels without ceramics for temperatures higher than 37°C. For lower
temperatures, ceramic addition slightly increases the swelling ratio. Although, it is
possible that ceramics increase the swelling properties while also increasing its
mechanical properties [34].

These samples also presented a pH sensitivity. A statistically significant difference from
basic to acidic environment in swelling was found for all of the samples. Although, in
between the groups, hydrogels containing HAp exhibited significantly lower values than

hydrogels without ceramics.
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Figure 6. Swelling ratio of the studied materials at different temperatures and pH values

reveals double simuli responsiveness of the hydrogel.
3.3 Mechanical properties

As it can be seen from Figure 7, adding a suitable polymer can increase mechanical
properties of a composite. Standard values of NiPAAm and PEGDMA photopolymers
are reported on the order of 10-80 kPa and 5-10 MPa respectively [23,32,54], and there
have been several efforts to improve the mechanical properties of PNiPAAmM without

losing the temperature responsiveness of these materials [32].
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Figure 7. Results of a) maximum load, b) Deflection at break and Young's modulus
calculated from tensile tests in dry c) and swollen d) samples. (*) corresponds to
statistically significant difference between groups (p < 0.05).

Tensile tests obtained in this work show higher values in dried state: ~300 MPa and
~1000MPa, depending on the monomer ratio (Figure 7c). Also, tensile tests on swollen
samples also show values much higher than the ones reported for PNiPAAmM (~10KPa,
[32]). Although these are very interesting mechanical properties, the materials exhibit a
low swelling capacity and LCST. Nonetheless, considering this as an implant material,
these are interesting results and, we believe, that the high molecular weight PAA does not
only increase the viscosity of the prepolymer mixture assuring a better applicability for
the multiple bone fraction application as intended, but it also strengthens the composite,



possibly by formation of strong hydrogen bonds. With PAA, interactions between the
carbonyl group between the monomers and the hydrogen atoms in acrylic acid moieties
are possible. Figure 7 shows further that increasing the amount of linear monomer in case
of the NiPAAm-containing composites increases mechanical properties. Apparently,
NiPAAm is able to form strong interactions which are disturbed if overly high amounts

of PEGDMA or ceramics are applied.

On the other hand, polymers containing larger amounts of NiPAAmM were also less
deflectable (Figure 7b). Even if a certain degree of flexibility might be beneficial for the
material in order to generate space for the regenerating bone, a low deflection to break
combined with a high mechanical strength would mimic properties of natural bone. In
any case, the maximum deflection of bone before break is significantly lower as for the

polymers investigated here.

The use of ceramics for improvement of biocompatibility has been reported by several
authors [51]. However, depending on the amount of ceramic content, its mechanical
properties could be significantly varied. Therefore, the amount of ceramic used in this
work around 3wt% was not only beneficial to improve the biocompatibility but is also
able to maintain the integrity of the pure PAA/P(NiPAAmM-co-PEGDMA) material.
However, it is also worth to note that the maximum amount of nano-HAp that can be
suspended in the prepolymer mixture without precipitation is quite low, around maximum
7 wt% [55].

Further, it can be seen that the addition of ceramic additives decreases the mechanical
properties for higher amounts of NiPAAm in the copolymer. This was not the case for
lower amounts of NiPAAm in the copolymer (not statistically significant). Nonetheless,
the decrease of the values of Young’s modulus are not drastically when samples are

swollen. The Young’s modulus for all samples tested is in the range of 5-10 MPa.

Nevertheless, the comparison of the composites with the mechanical properties of human
bone show that the appliance of the UV curing materials without the support of
conventional screw plates used for bone fixation is not possible at the moment. This can
also be further associated with the maximum load on tensile tests results for these
polymers, resulting in values of 80 N and 40 N depending on the ratio of the monomers.
Although these should be accompanied by its ultimate tensile strength, it can already give

an indication that these materials still require further improvement if used exclusively.



Therefore, although this material can contribute to load bearing, it probably will need to
be used in conjunction with a fixation plate to take most of the load. It is important to
note that even though the young’s modulus values of the materials cannot reach values
comparable to mammalian bone, it is still higher than what is currently possible to achieve

with conventional NiPAAmM monomers and conjugates [32].

3.4 Glass transition temperature (Tg)

The influence of the monomer ratio, nano-HAp and TCP on the glass transition
temperature of the P(NiPAAm-co-PEGDMA) composites was analysed via DSC

(Figure 8).
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Figure 8. DSC to investigate the Tg of the studied hydrogels. It is possible to observe that
ceramic additives as well as an increased amount of PEGDMA - leads to a decrease of

the Tg.



The values of Tg, for samples without ceramic, show that a higher amount of NiPAAmM in
the copolymer led to an increase in its Tq — which is in agreement with mechanical
properties results; the effect of adding a comonomer such as PEGDMA, which has
flexible segments, leads to a more flexible polymer and is coherent with the results
obtained from deflection at break in the mechanical testing. Similar behaviour has already

been reported [30].

When ceramics are introduced into this polymer, its T4 values are further reduced; it has
been reported that ceramic additives in a polymer composite can act as a plasticizer by
inhibiting a degree of intermolecular bonding in the polymer matrix [34]. The T4 values
are only slightly reduced when there is a higher quantity of PEGDMA; when reducing
the amount of this monomer and increasing NiPAAm content, an even further reduction
of the Ty values can be observed, which is in agreement with what was obtained from
tensile results. Comparing the different ceramic particles, it can be seen that adding HAp
to this hydrogel structure gives the lowest Tg values.

3.5 Cytotoxicity

To investigate potential toxicity of the studied materials on cells, cytotoxicity tests were
carried out using fibroblasts NIH 3T3. The results exhibit that cell metabolic activity for
all samples are all larger than 70% (shown in Figure 9) and that the investigated materials
can be considered as non-toxic. It is possible to observe that there is a significant
difference in toxicity depending on the amount of PEGDMA monomer. With higher
amounts, the polymer stands with a mean of viability of 70.94% almost at the threshold
to be considered non-toxic. When decreasing the amount of this monomer, the cellular
viability is significantly higher. Reports on PEGDMA using Irgacure 2959 as initiator has
shown that it is non-toxic for mESC and hNSC cells [31].

Contrarily, reports on toxicity of the monomers acrylic acid and methacrylic acid suggest
that both have ability to inhibit the growth of fibroblasts [56]. Therefore, it is possible
that PAA functionalities, depending on their incorporation and interactions within the

material, cause cytotoxicity in these studies.

Nonetheless, the addition of ceramics to the materials containing higher quantity of
PEGDMA exhibit a significant improvement of cellular viability, with HAp having a
larger effect than TCP. However, in the case of the hydrogel containing lower amounts

of PEGDMA no significant differences were perceived with the addition of the ceramics.



We deduce that this factor could be due to the link to the phosphate groups that might be
formed here.
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Figure 9. Cellular metabolic activity using NIH 3T3 cells of the studied hydrogels. (*)
corresponds to statistically significant difference between samples (p < 0.05).

Cell morphology and cell viability MTT assays were performed for all samples (Figure
10). Herein, hydrogels containing TCP were given a grade of 1, meaning both samples
have a slight reactivity upon the cell layers, but can be considered non-cytotoxic. The
cells remained attached to the well and only some rounded cells are observed, indicating
they are alive and are not suffering from a toxic response. In addition, both samples have
cell viability of 72%. Conversely, all other samples have cell viability below 70%. Half
or more than half of the cells stop growing and are rounded or detached from the well,
indicating they either dead or dying. Hence, these samples are categorised into Grade 3
which they have moderate reactivity to cells and considered cytotoxic according to the
procedure adopted [35].
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A study on the Nuclear Factor kappa B (NF-xB) p65 signalling were investigated using
InstantOne ELISA kit (Figure 11). The 3T3 cells were incubated in contact with the
studied hydrogels to stimulate the signalling pathway. The total NF-xB p65 protein is
then determined from the cell lysate using the NF-xB (Total) antibody cocktail. It is noted
that the NF-«xB p65 (Total) antibody recognizes NF-xB p65 irrespective of
phosphorylated NF-kB p65. NF-«xB is a transcription factor related to an inflammatory
process and is strongly implicated in initiation of pro-inflammatory target gene
expression, e.g., IL-6, IL-8 or COX-2 [57]. Nonetheless, studies have shown that NF-xB
plays a crucial and reciprocal role in fibroblast healing because it monitors the expression
of genes involved in inflammatory and oxidative stress response by inducing protein
expression levels of IKKa, IKKf, p65 and also the differentiation, proliferation, apoptosis
and cell adhesion [58]. Furthermore, recent studies indicate that it plays a key role in the
regeneration for various biomaterials [59,60].

Correlating these data with the cell adhesion tests it could be deduced that the NF-«xB also
plays an important role in the proliferation and cell adhesion of the investigated hydrogels
by the increased reporter activity of NF-xB in a dose-dependent manner (Fig. 11).



Increased activity was associated with an increased nuclear translocation of p65, a major
subunit of NF-kB. The ceramics added in the structure of the hydrogels exhibited
significant influence, and cells in contact with TCP-containing samples showed the
highest cellular viability on direct contact assay and the highest activation of the nuclear
factor kB, which is in agree with our hypothesis. However, the samples containing HAP
exhibited a significant decrease of cell viability with a decrease on PEGDMA monomer,
this trend follows the cellular metabolic activity (Fig. 9). These might be due to the
slightly different concentration used to produce the nano-HAp — leading to a slightly
different ratio of Ca/P formed.
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Figure 11. Phosphorylated NF-kB activity for the studied hydrogels. It is possible to
observe an increase in cell viability for samples containing TCP ceramics.

Nonetheless, to obtain these results some primary steps were necessary in order to remove
any unreacted monomer and neutralize the acrylic acid. In the case of application of this
polymer, it would be standard in surgery to flush the wound with saline to remove any
debris. So, either a neutralization washing with a weak base such as sodium carbonate or



washing with copious amounts of saline prior to closure of the wound, which is routinely

done to clean the surgical area, would be necessary.
Conclusion

In this work, IPN hydrogels composed of NiPAAm and PEGDMA as UV-curable
monomers, coupled with PAA as polymeric additive with varying concentrations of
monomers and ceramic additives, were investigated as an alternative to mechanical
fixation of bone fragments in multiple bone fracture surgeries. These materials presented
an IPN structure confirmed by FTIR. This structure led to remarkable values of
mechanical properties. Although these were reduced when swollen, they are higher than
what is currently found in literature. Furthermore, these hydrogels presented low values
of swelling. Still, they presented a temperature-response with an LCST below 7°C as well
as pH-responsiveness and they presented variations on the toxicity, whereas the addition
of TCP in the structure of these hydrogels presented to be non-toxic for the cells
investigated (fibroblasts). On the other hand, ceramics added to the structure varied the
values of mechanical properties depending on the NIPAAM/PEGDMA monomer ratio.
Finally, the values of T4 of the composites were also shown to be dependent on monomer
ratio and ceramic content. Overall, these initial results support the hypothesis that a
tailorable in situ UV curable resin could potentially be used to consolidate bone fragments

for direct repair of multiple fractures.
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