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Abstract: Biomaterials that promote angiogenesis are required for repair and regeneration of bone.
In-situ formed injectable hydrogels functionalised with bioactive agents, facilitating angiogenesis have
high demand for bone regeneration. In this study, pH and thermosensitive hydrogels based on chitosan
(CS) and hydroxyapatite (HA) composite materials loaded with heparin (Hep) were investigated
for their pro-angiogenic potential. Hydrogel formulations with varying Hep concentrations were
prepared by sol-gel technique for these homogeneous solutions were neutralised with sodium
bicarbonate (NaHCO3) at 4 °C. Solutions (CS/HA/Hep) constituted hydrogels setting at 37 °C
which was initiated from surface in 5-10 minutes. Hydrogels were characterised by performing
injectability, gelation, rheology, morphology, chemical and biological analyses. Hydrogel solutions
facilitated manual dropwise injection from 21 Gauge which is highly used for orthopaedic and dental
administrations, and the maximum injection force measured through 19 G needle (17.191 + 2.296N)
was convenient for manual injections. Angiogenesis tests were performed by an ex-ovo chick
chorioallantoic membrane (CAM) assay by applying injectable solutions on CAM, which produced in
situ hydrogels. Hydrogels induced microvascularity in CAM assay this was confirmed by histology
analyses. Hydrogels with lower concentration of Hep showed more efficiency in pro-angiogenic
response. Thereof, novel injectable hydrogels inducing angiogenesis (CS/HA/Hep) are potential
candidates for bone regeneration and drug delivery applications.

Keywords: thermosensitive injectable hydrogels; injectability; angiogenesis; ex-ovo chick
chorioallantoic membrane (CAM) assay; chitosan; hydroxyapatite; heparin

1. Introduction

The conventional cell-scaffolds techniques in tissue engineering require direct surgical operations
leading causality of bones, devastation of vicinal tissues and traumas as well as difficulties in their
production and cell seeding into their inner cavities. Hereof, in situ form-injectable hydrogels have
drawn attentions since they offer minimal invasive straightforward injection and subsequent crosslinked
gel formation by moulding complex tissue defects in the body stimulated by an external or internal
stimulus [1,2]. Hydrogels as extra cellular matrix (ECM) mimetic materials due to their highly hydrated,
permeable and porous structures enable guided tissue regeneration facilitating cell activities, nutrition
and waste transfer through their crosslinked networks [3]. Swelling and degradation ability of polymer
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matrix hydrogels make them suitable vehicles to encapsulate and deliver numerous therapeutic agents,
such as cells, growth factors, drugs, and genes at tissue defects [4].

In-situ forming thermosensitive hydrogel found as liquid in room temperature and form gel
via an internal stimuli of natural body temperature. Thermosensitive polymer hydrogels undergo a
phase alteration owing to presence of similar amount of hydrophobic and hydrophilic groups in their
networks [5]. Mostly, thermally responsive hydrogels are soluble below a certain temperature, which
is known as lower critical solution temperature (LCST) whereas they form insoluble gels above this
temperature in body [6].

On the other hand, pH responsive gelation occurs due to the pH related ionic interactions leading
proton loose or gain. The swelling in pH sensitive hydrogels is monitored by alteration of electrostatic
charge of the ionised pendant sites of polymers leading electrostatic repulsion. pH sensitive hydrogels
having anionic pendent groups e.g., carboxylic and sulphated groups are entitled as anionic hydrogels
whereas cationic pendent groups (for instance, amine) involved hydrogels are designated as cationic
hydrogels. Anionic hydrogels (such as carboxymethyl chitosan) swell when pH is raised above pKj,
which is feasible for drug delivery at high pH (e.g., intestine possess pH 7.4). On the other hand, cationic
hydrogels (such as chitosan) swell in low pH under the pKj, once ionisation occur, and beneficial for
drug delivery in acidic pH e.g., in stomach [7,8].

Drug delivery via diffusion of particles from hydrogel network was based on Fick’s Law [8,9].
The diffusion of molecules depends on net ionic charge in multi-ion systems. For instance, in counter
charged polycomplex systems, particle diffusion is retarded due to electrostatic bonding. Solute
diffusion and partitioning in hydrogels have been correlated by ionic, chemical and steric interactivity
and concentration in theories based on Poisson-Boltzmann (PB) cell model [9,10]. The partition
coefficient equality is given at the Equation (1) [9].

® = Oan = [Alg/[Alw 1)

(®: partition coefficient, 0, cc and 7: steric, chemical and electrostatic interactions, and [A]g and [A]y:
concentration of solute in gel and water, respectively.)

Among in-situ formed hydrogels, pH and thermosensitive hydrogels are more attractive due
to the absence of any toxic cross-linkers or external stimuli, such as UV and their possible adverse
effects against surrounding cells and ECM by elevated temperature during polymer formation
in-situ [11]. Since pH and thermosensitive hydrogels are physically crosslinked, they provide a
temporary mechanical support for non-load bearing bones. They stimulate the cells for regrowth of
tissues with the active agents introduced to the ECM through the swelling and degradation of hydrogels.
Once the regeneration of injured bones start, polymer matrixed hydrogels start to degrade [3,12].

A wider range of different thermoresponsive gels have been used for biomedical applications
in recent years. One commonly used thermosensitive hydrogel in tissue engineering is
Poly(N-isopropylacrylamide) (PNIPAAm) forming nearly at 30 °C. The elastic PNIPAAm hydrogels
integrated with cardiac stem cells for hearth regeneration to stimulate cardiac differentiation [13]
and PNIPAAm crosslinked with hyaluronic acid forming injectable porous hydrogels which was
biocompatible with encapsulated adipose derived stem cells have been reported [14]. Recently, highly
tough hydrogels from PNIPAAm and alginate composites whose surfaces were modified by chitosan
and carbodiimide crosslinker for adhesive and contacting via body temperature which accelerate
wound healing in-vivo in mice has been reported. Another example of thermosensitive hydrogels are
Pluronics are polyethylene oxide-based triblock copolymers, known for their bioadhesion, stability and
thermosensitive gel forming capability at 30 °C, and are commonly used for injectable drug delivery
systems [15]. In addition, polyurethane based hydrogels constituted by poly(glycerol-sebacate) and
poly(ethylene-glycol) having thermo-reversibility between 5 and 37 °C has been reported. These
hydrogels showed elastic, biodegradable and biocompatible features with adipose derived cells
for soft tissue engineering applications [16]. Poly(N-vinylcaprolactam), (PNVCL) based nanogels
have shown antiviral activity against HIV-virus [17] whereas PNVCL-PEGMA based nanogels



Int. ]. Mol. Sci. 2020, 21, 1633 30f26

have shown great potential in 5-Fluorouracil (5FU) drug delivery systems [18]. Poly(VCL-co-UA),
Poly(vinylcaprolactam) (PVCL) and Poly(N-isopropylacrylamide) (PNIPAM)-based microgels have
been promising candidates in controlled drug delivery of anticancer drugs, such as, doxorubicin [19-21].
A combination of nanocomposite hydrogels in glycerol-water cosolvent (GW) gels have great
potential to be used in biosensing, soft-robotics and artificial intelligence due to their electrical
sensitivity towards environmental temperature changes [22,23]. A combination of tranexamic
acid (TXA) and thermosensitive CS-B-GP (p-glycerophosphate) gel/spray has promoted nasal
wound healing in the treatment of epistaxis [24]. A sol-gel fabrication of antibacterial peptide
nanofibrils with PNIPAM have shown great promise for minimally invasive drug delivery [25].
A combination of PNIPAM in hybrid PVA and sodium tetraborate decahydrate composite hydrogels
have potential in the development of artificial electronic skins and temperature dependent soft
electronics applications [26]. Sertaconazole-loaded nanostructured lipid carriers (Sertaconazole-NLCs)
incorporated HPMC nanocomposite hydrogels have shown good results in vitro studies in the treatment
of fungal keratitis [27]. In-vitro studies have revealed that silver sulfadiazine (AgSD)/NsS loaded
thermosensitive gels exhibited bactericidal effect on pathogens during wound healing process [28].
PLGA-PEG (PP) copolymer with simvastatin (SIM) nanoparticles combined with porous bioceramic
scaffolds have given promising results in bone regeneration in radial bone defect in rabbits [29].

Chitosan being a natural cationic long linear chain polysaccharide able to form pH and
thermosensitive hydrogels at the vicinity of body temperature [12]. Chitosan based biomaterials
involving hydrogels have been used in diverse tissue engineering applications. Chitosan based
composite hydrogels and films harnessed as wound healing material with drug delivery [30]. Chitosan
gel-scaffolds combined with pectin or hyaluronate have been explored in tooth root canal regeneration
in dog teeth [31]. In addition, chitosan gels and its combination with collagen or demineralized bone
clinically have been utilised for regeneration of periodontal bone defects in humans. The significant
bone mineralisation obtained in all groups as the best bone filling achieved with the collagen and
chitosan compositions [32].

Chitosan based thermosensitive injectable hydrogels involving pH neutralisation by using
-glycerophosphate disodium (3-(GP) and gelation at the vicinity of 37 °C driven by intra-hydrogen
binding of chitosan due to decrease in repulsive forces via basicity of salt and further hydrophobic
interactions due to the increment at the temperature [33]. BTS Car-Gel® commercial thermosensitive
chitosan solution neutralised by -(GP) have been utilised to treat cartilage lesions after trauma or
joints via bone marrow stimulation method in clinical trials. BTS Car-Gel solution mixed with blood
was applied arthroscopic or minimal surgery methods stabilised blood clotting and adhered the defects
and induced cartilage repair significantly [34,35].

Although the beneficial application of 3-(GP) neutralised hydrogels, to achieve a physiological
pH level, high dosages of 3-(GP) is required mitigating cell cytocompatibility [36]. Therefore,
some researchers have exploited different neutralising agents as additive to 3-GP in thermosensitive
chitosan hydrogels, such as Mg GP to investigate cell adhesion and proliferation via in-vitro
osteosarcoma cells [37] and Ca GP to investigate mineralisation to ensure calcium phosphate
mineralisation [38]. Furthermore, di-sodium carbonate (Na,CO3) [39], and sodium bi-carbonate
(NaHCO3) [40] compounds have been investigated as pH and temperature sensitive hydrogels.

In pH and temperature sensitive chitosan solutions neutralised by a weak base NaHCO;,
gelation occurs gradually from the surface to bulk. The gelation is driven by protonation and
deprotonation of amine groups in chitosan reversibly reacting with HCO3~ in NaHCO3; and H*
ions in the acidic environment provide an ionic crosslinking of chitosan with neutral NH; linkages.
The accompanying reaction product, carbon dioxide can metabolically release from the body which is
non-toxic. By preventing carbondioxide release, stability of solution is increased for in-situ gelation
which is also stimulated by body temperature [41]. The harnessing sodium bicarbonate addition to
3-GP have provided increase in cell cytocompatibility, as well as enhancing mechanical and gelation
properties [42].
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Chitosan and hydroxyapatite incorporation in biomaterials due to inherited benefits of
hydroxyapatite for bone regeneration have been investigated widely. The impact of hydroxyapatite on
bone regeneration can be associated with its origin comprising the inorganic matrix of natural bones
with diverse ionic substitutions in its crystal lattice. The unique bioactive properties of hydroxyapatite
promotes cell adhesion and osteoconductivity, as well it enhances proliferation and alkaline phosphate
secretion of osteoblasts, which helps early healing of bones [43—45]. Therefore, hydroxyapatite has
significant contributions in bone regeneration involving osteogenic response [44], biocompatibility
and osteoblast attachment [46], in vivo-bone regrowth in rats [47] periodontal tissue regeneration
with anti-inflammatory potential [48], proliferation and differentiation of alveolar bone regeneration
accompanied with drug release [49].

Recently, chitosan/hydroxyapatite (CS/HA) thermosensitive hydrogels neutralised by 3-GP has
been reported [50] by utilisation of water soluble thiolated chitosan for bovine serum albumin release.
In addition, CS/HA thermosensitive hydrogels with gentamicin were harnessed to increase porosity
of bone cement PMMA, this led to enhancement of eventual features of composite with better
mineralisation and cell viability [51]. In another study, anti-inflammatory hydrogels from CS, HA and
poly(vinyl-alcohol) system has investigated for drug (meloxicam) delivery for periodontal treatments.
In addition to swelling and sustainable drug release, these hydrogels were cytocompatible and
improved cell proliferation with anti-inflammatory properties [48]. Recently, pH and thermosensitive
chitosan/hydroxyapatite hydrogels neutralised by sodium bicarbonate was integrated by in-situ formed
hydroxyapatite have contributed to increment in pH for neutralisation, and good cell viability and
proliferation was obtained in encapsulated cells [40].

Minimal invasive hybrid hydrogels functionalised with bioactive agents not only facilitating
interfacial bonding with natural bones but also providing vascular network bridging via porous
stimulation of angiogenesis by active agents are crucial for eventual bone regeneration. Therefore,
in this study, pH and thermosensitive chitosan based injectable hydrogels were investigated for
functional guided bone tissue regeneration by stimulating angiogenesis via recruiting physiologically
active glycosaminoglycan, heparin.

As has been reported the most failure in the regeneration and repair of bone tissues root from
insufficient vascularisation [52,53]. Once tissue engineered biomaterials are implanted into large-scaled
bone defects, the tissue healing strongly rely on keeping cells alive by swift branching of present
blood vessels occupying defect sites. In case of deficient blood supply, cells cannot survive since their
metabolic activities are impaired because of supplement of nourishments, oxygen, and transfer of
metabolism products. The sufficiently grown microvascular structure also maintains the regulation of
various cells which participate in remodelling and reconstruction of tissues, including hematopoietic
stem cells, osteoprogenitor and immune cells [54]. Therefore, there is surplus demand of pro-angiogenic
biomaterials to stimulate regeneration of tissues via angiogenesis.

To stimulate angiogenesis for tissue healing, one common strategy is delivery of pro-angiogenic
growth factors, such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor
(bFGF), and transforming growth factor beta (TGFp) [55-57]. Although they substantially stimulate
angiogenesis, their efficiency is restricted by their instability due to high solubility that reduce their
performance and activation time. This becomes more challenging upon fracture in tough conditions.
To combat their instability, the approach to utilise high level of growth factors also leads toxic effects
and malformation of bones. In addition, regional inflammatory reactions, adverse effects on nerves
and risk of malignant tissue formations have been reported [58,59].

Due to instability issues of growth factors, they are mostly harnessed by their immobilisation into
a scaffold matrix providing their controlled delivery. One approach is to bind these growth factors with
heparin or heparan sulfate proteoglycans (HPSGs) since they have great binding capacity of proteins
involving growth factors due to their highly anionic nature [60]. Heparin and HPSGs are proficient to
bind pro-angiogenic receptors with majority of angiogenic growth factors, comprising VEGF, bFGF,



Int. J. Mol. Sci. 2020, 21, 1633 50f 26

and TGEFp [56,61]. The binding heparin with pro-angiogenic factors provides proliferation, generation
of protease and migration of endothelial cells, as well as leading cells for blood vessel formation [56].

Recently in our group, heparin was exploited to induce angiogenesis investigated via CAM
assay to evaluate the potential attachment of physiologically available angiogenic growth factors to
pro-angiogenic receptors by using heparin bonded chemically crosslinked chitosan poly-vinyl alcohol
(PVA) hydrogels. Triethyl orthoformate (TEOF) crosslinked and heparin bonded hydrogels led to more
blood vessel generation as compared to heparin-free control samples [62]. In addition, direct mixing
of heparin in chitosan-PVA-PCL hydrogels in the absence of any growth factors was investigated for
angiogenesis on chick embryo’s CAM tissues for wound healing application. It was found that heparin
bonded chitosan-PVA-PCL hydrogels led to significantly more angiogenesis than the sole collagen
control gels [63].

To our knowledge, heparin inclusion (by blending in solution) in the injectable pH and
thermosensitive chitosan-hydroxyapatite hydrogel systems neutralised by NaHCOj to investigate their
effects on angiogenesis for bone regeneration has not been investigated till date. Therefore, in this study,
thermosensitive injectable CS/HA/Hep hydrogels have been developed in different compositions via
optimisation of synthesis parameters for homogeneous sol formulations and hydrogels. These hydrogel
compositions were thoroughly characterised comparatively for various aspects. Angiogenesis analyses
were performed via an ex-ovo CAM assay in which in-situ gelation of thermosensitive hydrogel
solutions applied on CAM tissue occurred upon incubation at 37.5 °C. This technique mimics the
in-vivo sol-state application of injectable hydrogels, and the rapid gel formation has eliminated the
involvement of using an external material to keep solution in a place on CAM such as, such as silicone
ring which might cause irrelevant material-tissue reactions.

The results have shown that the composite hydrogels with (CS/HA/Hep) and without heparin
(CS/HA) have indicated pro-angiogenic response in CAM. However, it was found that the lowest
concentration of heparin used was sufficient for angiogenesis while less angiogenesis was obtained
at higher heparin concentrations compared to control samples (CS/HA). In addition, the highest
concentration of Hep in hydrogels, as well as decreasing gelation temperature, has led to significant
increase in elastic modulus in comparison to other compositions. This can be the indicator of
strengthening of ionic bonding due to counter charged CS and Hep polycomplex formation. This could
be useful for sustainable drug delivery as long as injectability is maintained for drug encapsulation
in-situ for injectable drug administration.

2. Results

2.1. Synthesis of Hydrogels

All hydrogel compositions have showed a proper flow through syringes coupled with 21 gauge
and thicker size needles. The initial gelation of solutions has started from surface towards to the bulk
in 5-10 minutes at 37 °C and the complete gelation occurred in 24-48 h in close-lid glass petri dishes or
test tubes in 37 °C oven.

Homogeneous chitosan and composite solutions were obtained at pH between 6.2-6.3 upon
neutralisation with NaHCOj3 while higher pH led to precipitation problems. The precipitation problem
with addition of heparin in powder form was overcome by gradual addition of heparin as a solution
in de-ionised water. Diverse hydrogel compositions with their codes and pH of homogeneous
mixtures after neutralisation and gelation, and incipient gelation time in a silicone oil bath at 37 °C are
summarized in Table 1.
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Table 1. Different hydrogel compositions according to their weight ratio, pH values of solutions and
hydrogels and incipient gelation time in test tubes at 37 °C.

Incipient
Sample Names and Chemical Compositions (w/w, %) Gelation Time pH of pH after
Codes (tig), min Final Sol Gelation
Cs HA Hep

CL: CS
Gel from pure CS 100.00 0.00 0.00 8 6.20 6.50
CII: CS.01HA (CS+HA; 90.91 9.09 0.00 7 6.24 6.51
HA/CS=1/10)
SI: CS-0.1HA-0.005Hep 90.50 9.05 045 5 6.21 6.53
(CS+HA+Hep; 0.12
mg/mL Hep)
SII: CS-0.1HA-0.015Hep 89.69 8.97 1.35 10 6.22 6.72
(CS+HA+Hep; 0.36
mg/mL Hep)
SIII: CS-0.1HA-0.025Hep 88.89 8.89 2.22 7 6.24 7.01
(CS+HA+Hep; 0.60
mg/mL Hep)

CI-Chitosan gel; CS-Chitosan; HA-hydroxyapatite; SI = Chitosan; Hep-Heparin; Sol-definesolution.

Transparent yellow colour, homogeneous sole chitosan hydrogel solution (CI) and hydrogels were
obtained after incubation at 37 °C and are shown in Figure 1. Sol-gel transition of thermosensitive
hydrogel solutions occurred in minutes in test tubes placed in an oil bath at 37 °C which ranges from
5 to 10 min. Figure 2 shows test tube invert method to incipient gelation occurring at a composite
hydrogel solution (CS/HA/Hep) in 7 min. Since the gelation is driven by gradual carbon dioxide
evaporation from surface, the exact gelation time is found to be depend on the surface area and the
depth of the solutions. In addition, it has been found that gelation of solutions occurred very fast
in open-lid glass petri dishes while homogeneous gels were obtained in closed lid vials or plates
gradually. To obtain homogeneous hydrogels, solutions were poured into one-level open a glass-tube
(75 mm x 18 mm) with three level push polythene plug cap) and left in the oven at 37 °C until complete
gelation for 2 mL of solution for 48 h.

(d)

Figure 1. Images of the final homogeneous solutions (a) transparent CI (CS, 5% (w/v) initial concentration)
and (c) composite sol, SI: CS-0.1HA-0.005Hep (solutions were obtained after neutralising with NaHCOj3
and 2 mL of the solution was taken into a glass-tube (75 mm X 18 mm) with three level push polythene
plug cap) and hydrogels of (b) CI and (d) SI acquired after heat treatment in one level open plug cap of
the tube at 37 °C-oven for 48 h.
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Sol

Figure 2. A representative sol-gel transition image of a composite SI hydrogel solution (2 mL) in a
closed glass test tube (75 mm X 18 mm) placed into a silicone oil bath at 37 °C. ti g.: incipient gelation
point was determined with the test tube invert method as 7 min.

2.1.1. Injectability

Qualitative Evaluation of Injectability

The hydrogel solutions with higher chitosan concentration (7 and 8 w/v in initial solution) were not
able to pass through 20 G needles. They had already gel like viscosity in solution state. The formulations
with lower concentrations 5 and 6%(w/v) have resulted in injectable (drop flow), transparent yellow
solution (Figure 1). In addition, the incipient gelation occurred in test tube in 8 min with hydrogels
involving 5% (w/v) initial chitosan solution concentration. Therefore, in the composite hydrogels,
5% (w/v) chitosan solution was used for optimal injectability and gelation features.

The injectability rating of all hydrogel solutions are summarised in the Table 2. All solution
compositions have shown perfect flow from 20 G and thicker sized syringes. Sample-III with the
highest concentration of heparin was more viscous and had less flow rate from 22 G needle compared
to other compositions. This composition had lower incipient gelation temperature as well in the
rheology measurements as can be seen in the Section 2.3.

Table 2. Injectability rating of different hydrogel compositions !.

Needle Sizes (Gauge)
Sample Names and Codes:

18 19 20 21 22 23 25

CI: CS e skt $xk #%

CII: CS-0.1HA AR Rk Ak %

Sl CS—O.lHA—0.00SHep . . - AR e 4k *%
SII: CS-0.1HA-0.015 Hep e o ekt *%
SII: CS-0.1HA-0.025 Hep AR X% *kt *%

Laswtnk_g perfect flow; ****-a good drop flow; ***-a drop flow with slight pressure; ***-a drop flow with high
pressure; **-a drop flow with very high pressure; *-no flow.

Quantitative Injectability Measurements

Injectability results were represented as a graph of force versus displacement measurements
(Figure 3.). Initial glide force (IGF), dynamic glide force (DGF) and maximum force (Fimax) were counted
and are given in Table 3.
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Figure 3. A representative graph of the injectability tests of hydrogel solutions via force versus
displacement measurements. CI/II-define; 19G-define; SI-define.

Table 3. Injectability force measurements of hydrogel solutions by 10 mL syringe (BD, tip inner and
outer diameter of 2 and 4 mm, respectively) with and without a needle (19G x 1 1/2” 1 X 40mm). Initial
glide force (IGF), dynamic glide force (DGF) and maximum force (Fmax) values were counted as mean
of three experiments (1 = 3) with standard deviations in Newton (N) unit.

Syringe Type Sample IGF (N) DGF (N) Fmax (N)
CI 4.478 +0.273 1.217 + 0.050 4.478 +0.273
Needleless ClI 3.219 +0.331 0.679 +0.033 3.219 £ 0.332
SI 3.138 + 0.054 1.36 + 0.050 3.138 + 0.054
CI 2.697 + 2.296 16.697 + 0.324 17.191 + 2.296
19G needle c 4.520 +1.125 10.682 + 0.265 10.996 + 1.125
SI 3.127 +£ 1.263 11.460 £ 0.172 11.892 +£1.263

IGF- initial glide force; DGF- dynamic glide force; Fmax- maximum force.

The Fnax value was the highest in CI solution as compared to composite hydrogel solutions
in both experiments with and without needle. DGF and Fpax forces were similar in both CII and
SI solutions while these forces for SI solution was slightly higher than CII solutions at experiments
performed with 19 G needle.

The injectability through needleless syringe, Fnax values were the same with the IGF while Fpyax
were at least two times higher than IGF values at tests through a 19 G needle (BD, 19 G x 1 1/2”
1 X 40 mm). The DGF values at injection through 19 G needle were at least 10 times higher than those
of needless syringe flow. However, all forces applied for injectability via a 19 G needle reached to
maximum was about 17 N.

2.2. Solution Stability

Synthesised thermosensitive solutions were stored in closed lid universal tubes in a fridge at 4 °C.
Hydrogel solutions without heparin (CI and CII) persisted their fluid form up to six months. However,
heparin involved composite hydrogels were maintained their stability as fluid up to three weeks.

2.3. Rheology Measurements

A temperature sweep test between 15 to 60 °C was performed with a chitosan hydrogel solution
(the initial CS concentration of 6% (w/v)) presented a sol-gel transition behaviour occurring at 35.9 °C
(Figure 4). The elastic modulus has increased up to 496 Pa while the temperature was increasing until
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60 °C. The high elastic modulus of hydrogel was also maintained during the cooling temperature down
back to 15 °C. This has revealed thermo-irreversible gel formation behaviour which was obtained in all
compositions. There was a slight decrease in both viscous (G”) and elastic modulus (G”) from 15 to
nearly 30 °C then, elastic modulus started to increase gradually.

1000+ 1000
G'igoling ®°5¢ccca0cassasscnoe
100 100

w

a & heating ;

o G“coolinq -

B heating P

© L}

=w G heating %

104 -10
E{::‘mllﬂg ........ 13_:5'995“5'
---------- ,95 Pa
1 T T T T T T T 1

15 20 25 30 35 40 45 50 55 60 65
Temperature (°C)

Figure 4. The gradient of viscous and elastic modulus of thermosensitive CS sol (initial concentration
of CS solution 6% (w/v) neutralised by NaHCO3) with temperature sweep between 15-60 °C during
heating and cooling, respectively.

Time sweep tests in which the temperature was kept at 37 °C for 30 min have shown that elastic
modulus has gradually increased with time while viscous modulus stayed constant. This is the
indicator of the mechanical strengthening of gels in body temperature with the time. As it can be seen
in the Figure 5, the elastic modulus of chitosan hydrogel has increased from 252 Pa to 619 Pa during
30 min time sweep.

. 800 « G

ﬁ‘; . G"

2

= 6004

k:

E

2

g 400+

8

>

2

s 2004

8

8

o
ﬂ= T T T 1
0 500 1000 1500 2000

Time (s)

Figure 5. Elastic and viscous modulus changes versus time with a constant temperature at 37 °C for of
CIL:CS sol.

In Figure 6, there is a comparative rheology measurement of two control samples (CI and CII)
and samples with heparin (SI and SIII). The CI sample with only chitosan had an incipient gelation
at almost 37 °C (Figure 6a). Hydroxyapatite addition into hydrogels has contributed to decrease the
gelation temperature to almost 31 °C (Figure 6b). Furthermore, heparin has further impact on reducing
the incipient gelation temperature to approximately 28 and 21 °C in SI and SIII samples, respectively
(Figure 6¢,d). Moreover, the highest concentration of heparin in SIII significantly enhanced elastic
modulus of hydrogels from approximately 5 Pa up to 130 Pa (Figure 6d). However, these more viscous
formulations had quicker gelation during storage at 4 °C which limits the injectability and storage.
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Figure 6. Elastic and viscous modulus changes with the increasing temperature between 15 and
37 °C in following hydrogel compositions: (a) CI: CS; (b) CII: CS-0.1HA; (c) SI: CS-0.1HA-0.005Hep;

(d) CS-0.1HA-0.025Hep.

2.4. Scanning Electron Microscopy (SEM)

The SEM images of freeze-dried hydrogel foams revealed an interconnected porous morphology
(Figure 7). The mean pore diameter counted in Image-]® (Version 1.52 k, National Institutes of Health,
Bethesda, MD, USA) software was 73.4 um, while minimum and maximum length of pores were 19.5
and 158 pm, respectively. The chitosan hydrogel matrix itself had some particulates on the surface
which is considered due to sodium salts from neutralising agent. In CS/HA hydrogels the surface of
chitosan matrix was covered by the spherical hydroxyapatite particles which are considered to provide

active surface properties (Figure 7b)

(a)

(b)

Figure 7. SEM micrographs of lyophilized hydrogels: (a) CI:CS; (b) CII: CS.0.1HA at 5000 magnification

(Scale bars indicate 10 pm).

The hydrogel composites with heparin has also porous morphology with a folding structure
on top surface, as can be seen for SIII sample at Figure 8a. The semi-crystalline chitosan network
involving the prismatic shaped crystals can be attributed to sodium salts result from neutralizing agent.
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The thinner round like hydroxyapatite particles were detected as agglomerates at different regions of
hydrogels. The smoother surface feature covering all rough particles might be the indicator of coating
effect of heparin on the surface (Figure 8b—d).

Figure 8. The SEM images of SIII:CS-0.1HA-0.25Hep at different magnifications; (a) 500 (Scale bar is
100 um); (b) 5000 (Scale bar is 10 um); (c) 10,000 (Scale bar is 5 pm); (d) 20,000 (Scale bar is 3 um).

2.5. Chemical Analyses

2.5.1. Fourier-Transform Raman (FT-Raman) Spectroscopy

The FT-Raman spectra of all gel compositions are given at Figure 9. The peaks at the region of
3100-3400 were assigned as hydroxyl groups while a sharpest peak at 2932 and its small shoulder
at 2748 cm™~! indicate C-H stretching peaks in all samples. The peaks at 960 and 1035 cm™! showed
the presence of (PO,)~3 bonds in hydroxyapatite [64]. The S=O bonds at 1260 cm ™! become the peak
has become sharper and more intense showing the characteristic of heparin in compare to control
samples [63]. The intensity of the peak at 446 cm™~! has increased in higher heparin concentrations due
to O=5S=0 bonds in heparin [65].
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Figure 9. A comparison of FT-Raman spectra of all hydrogel samples obtained by mean of nine spectra
from a square area mapping and baseline corrected and offset data in OMNIC™ software.

2.5.2. Attenuated Total Reflectance (ATR) Spectroscopy

Figure 10 presents the overlay of ATR spectral data of all gel compositions. The peaks between
3000-3400 cm~! were assigned as OH and NH stretching [66,67]. C-H stretching of chitosan and
heparin were observed at ~2930 and 1150 cm™~!, which decrease when the heparin concentration
increases. The peaks near to 1020 cm™~! correspond to ring stretching and in plane bending of C-H in
CS, asymmetric stretching of PO, 3 bond [66,68].

0.9038111: CS-0.1HA-0.025Hep
0.95_:(:” CS-0.1HA

n.uu-ic\: cs
n.rs-fs': S-0.1HA.0.005Hep
n.ru-f
n.ns-f
o.un-i
0.55-5
u.so-f
0.45!

Absorbance

0404
0,354
0.307

0.25;

w00 30 300 2800 T 2000 Ts0 0 w0 s00

Wavenumbers (cm-1)

Figure 10. Surface chemical analyses of all hydrogel samples by FTIR-ATR spectroscopy. Data has been
baseline corrected in OMNIC ™ software.

The pyranoid ring stretching of chitosan was seen at 898 cm~! at CS (CI) sample while this
value was slightly decreased (893 cm™!) gradually when the Hep amount increased [67]. In addition,
pyranoid ring stretching of C-H and symmetric COO~ vibrations occurred at 927 cm™! [66,69]. Amide
I or N-H bending and C-H deformation occurred in most composition at 1544 and 1406 cm™!,
respectively [66,67]. Amide III or C-N stretching in CS and was at 1338 cm™! [70]. Amide I groups

have taken place at 1636 and 1687 em™! [66,67].



Int. J. Mol. Sci. 2020, 21, 1633 13 of 26

2.6. Ex-Ovo Chick Chorioallantoic Membrane (CAM) Assay

Angiogenesis evaluation of hydrogels with and without heparin was carried out with an ex-ovo
(shell-less) CAM assay on chick embryos (see Section 4.4.7). After implementing hydrogel samples on
CAM at day 7 of the incubation, images of newly formed blood vessels attached to samples were taken
at day-10 and day-14. The obtained results have revealed pro-angiogenic response of hydrogels leading
micro vascularity at adjacent tissues to the samples. The total survival rate of CAM experiments and the
survival rate after sample implantation were between 45-50% and 70-80%, respectively. The Figure 11
shows a comparison of new blood vessel occurrence with the effect of different concentration of heparin
with control (CII).

CS/HA/Hep (0.12 mg/ml Hep) CS/HA/Hep (0.60 mg/ml Hep)
i —

Ry 4

Figure 11. Comparative chorioallantoic membrane (CAM) images taken at day-14 of embryo incubation
to evaluate angiogenic response of hydrogel samples: (a) CII: CS.0.1HA; (b) SI: CS.0.1HA.0.005Hep
(0.12 mg/mL Hep); (c) SIII: CS.0.1HA.0.025Hep (0.60 mg/mL Hep), and images after white cream
injection underneath CAM to make blood for contrast: (d) CII; (e) SI; (f) SIII.

Vascular Index Counting

The newly formed blood vessels at the images acquired from CAM (day-14) were counted by
vascular index method by Barnhill and Ryan (1983) [71]. Vascular index counted for six samples from
each sample group were plotted in GraphPad Prism (Version 7.0, San Diego, CA, USA) and unpaired
two-tailed t-test applied.

The results have shown that SI hydrogels with minimum heparin concentration (0.12 mg/mL in
final sol) has shown maximum pro-angiogenic response in the CAM (Figure 12). However, micro
vessel formation in control samples (CII:CS/HA) without heparin has also comparable with SI sample.
In addition, the highest concentration of Hep (SIII) has led to less vascularity compared to control (CII).
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Figure 12. Quantification of angiogenesis on the images taken in the sacrificing day of embryos
(day-14) in the following samples: C2: CS.0.1HA; S1: CS.0.1HA.0.005Hep (0.12 mg/mL Hep); S3:
CS.0.1HA.0.025Hep (0.60 mg/mL Hep) (ns and * represent the p values which are equal to 0.3482 and
0.0408, respectively).

2.7. Histology Analyses of CAM Tissue-Samples

Histology sections of hydrogel-tissue samples preserved after CAM assay were acquired after
fixing, sectioning and Hematoxylin and Eosin (H&E) staining. Figure 13 shows images of horizontally
sectioned slides obtained from a CIl hydrogel-tissue specimen. Images showed that there is a connective
tissue formation in the edge of circular hydrogel specimen. Blood vessels filled with blood cells
grooving toward to the samples can be seen clearly. These results indicate also well integration of
hydrogels with surrounding tissues since hydrogels found in the connective tissue regions which are
adjacent newly growing micro vessels. In addition, endothelial cells and other blood cells were located
in hydrogels.

Figure 13. Histology images of CAM tissue-hydrogel slides obtained after horizontal sectioning and
H&E staining: Images represents the connective tissue surrounding hydrogels with tiny blood vessels
grooving into them (Images were taken at a magnification of (a) X10 and (b—d) at X20, and all scale
bars equal to 10 um. The green and black arrows represent hydrogels, and blood vessels, respectively).
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3. Discussion

Injectable homogeneous chitosan-based hydrogels solutions were obtained, and gelation was
occurred at the vicinity of body temperature. Qualitative injectability rating evaluated with a range of
needle coupled with 10 mL syringe showed all present compositions had good drop flow from 21 Gauge
and thicker sized needles. Therefore, viscosity of solutions is found suitable for injectability in bone
regeneration applications (orthopaedic procedures and dental applications are 10-16 G and 16-25 G,
respectively) [72]. Furthermore, the quantitative measurements have shown that the maximum force
applied during the tests with 19 G needle was 17.191 + 2.296 N which is less than the maximum manual
force for injection is considered as 30 N [73].

In final mixture solutions, the maximum solution pH after neutralization with NaHCO; was less
than 6.4. To avoid heterogenicity in the solution, pH was kept at the vicinity of 6.2 but the gelation
started in 5 to 10 min and this led to increase at the pH up to 7 which is in the range of physiological
pH level [33]. As has been reported by other authors [41] although pH could be increased above
6.5 by increasing sodium bi-carbonate amount in chitosan solution, the phase separation occurred
during the storage of solution following several days. Although the utilization of 3-GP lead higher pH
values in thermosensitive chitosan-based hydrogels, cell cytotoxicity problem has been reported [36].
Therefore, recently researchers have harnessed sodium bicarbonate accompanying (3-GP which has led
to increase at cell viability [42]. Other researchers have reported thermosensitive chitosan hydrogels
with co-synthesised hydroxyapatite which were neutralised by only sodium bicarbonate. The results
indicate the beneficiary impact of hydroxyapatite at surging pH up to 6.96 [40]. However, as reported
in these formulations, the incipient gelation point could not be determined by the cross over point of
elastic and viscous modulus since at the beginning of the rheology measurements elastic modulus
was higher than the viscous modulus. Although this result shows desirable pH values in solutions
and mechanical strengthen hydrogels, having viscous solutions can cause limitations in injectability.
Therefore, in CS/HA/Hep hydrogels, increase at the pH can be provided by involving higher amount
of hydroxyapatite. However, injectability and gelation features need to be preserved in the meantime.

Rheology tests have revealed that the sol-gel transition of all hydrogel compositions showed
thermo-irreversible gelation feature. These thermosetting behaviours were distinguished from chitosan
hydrogels neutralized by 3-GP which presents thermo-reversible sol-gel behaviour at pH values
between 6.5-6.9 despite their irreversibility at higher pH [33]. Thermosetting hydrogels can be
considered as an advantageous that once the homogeneous sol easily injected into tissue defects,
hydrogels form and they strengthened mechanically with time. This feature can be suitable for
sustainable drug delivery applications. The rheology studies have also showed that the gelation time
and temperature can be modulated by hydroxyapatite and heparin inclusion since both compounds
have contributed to decrease at the gelation temperature. The highest concentration of heparin
(0.60 mg/mL in final solution) has led to almost 30-fold increase at the elastic modulus of the hydrogels.
This mechanical enhancement can be attributed to strong reversible ionic interaction chitosan and
heparin which is due to the oppositely charged polyelectrolyte complex phenomena [74].

The heparin inclusion method inside hydrogels is also very important in terms of stability of
heparin and blood compatibility as well as homogeneity of sol in CS/Hep polycomplex. Polymer
mixing method was found suitable by authors [75] since it provides immobilization of heparin leading
sustainable delivery of heparin as enhancing blood biocompatibility in CS/Hep composites. In addition,
they stated that the formation of a homogeneous solution from CS/HA polycomplex depends on the
molecular weight of chitosan, the mixing order of compounds and solid or liquid status addition, and
speed of mixing. In our hydrogel system (CS/HA/Hep), the synthesis method was optimised to get
homogeneous solutions. While use of heparin in powder state lead to huge precipitation problem, the
gradual addition of heparin as water solution with constant stirring ensured to acquire homogeneous
solutions. In addition, as has been reported [75], the use of medium molecular weight (Mw) of CS
in CS/Hep polycomplexes result with homogeneous solution whereas low and high Mw CS lead
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to precipitates in solutions. Our results have also confirmed this positive effect of medium Mw CS
providing homogeneity compared to other molecular weights of CS.

Hydrogel composites in freeze dried state has revealed highly porous and interconnected pore
morphology varying between 19.5 and 158 pm while average pore diameter is 73.4 um. Although
freeze drying process can cause alteration in hydrogel structures leading less porosity than that of
swollen hydrogels [56], the representative porosity of hydrogels in the freeze-dried form are also
comparable with the pore sizes required to maintain cell activities and diffusion in bone tissue
engineering (75-100 pum) [76].

Angiogenesis evaluation by ex-ovo CAM assay have shown that composite hydrogel samples
with or without heparin had exhibited pro-angiogenic response. Histological analyses have also
shown the evidence of the blood vessel generation in a spoke-wheel like pattern in the edges of
hydrogels assigned as pro-angiogenic response [77]. Although the vascular index of the minimum
heparin loaded samples (0.12 mg/mL) was slightly higher than sole CS/HA hydrogels, the difference
was not significant. The CS/HA samples were alone also exhibited pro-angiogenic response in CAM.
In addition, the vascular index has decreased with the highest concentration of Hep. In this study, Hep
concentration range was higher as compared to the previous studies that Hep has involved through
direct mixing into solutions [63]. Additionally, there is very limited studies investigating different
concentrations of Hep on angiogenesis. In one study for cardiovascular biomaterial application, it has
been reported that high Hep concentrations have decreased the vascular cell proliferation while low
heparin amount triggered the endothelial progenitor cell production and endothelial cell proliferation
and but reduced the smooth muscle cell proliferation [78]. In another study, researchers have reported
hemocompatible Hep-CS coatings on the decellularized bone scaffolds leading the blood diffusion,
endothelial generation and bone vascularization [79]. Although the current lowest concentration of
Hep in CS/HA hydrogel system was found the best concentration among all, the less concentrations
of Hep may lead better pro-angiogenic response. The lower Hep concentrations in compositions
are under further investigations in our lab. Overall, in terms of injectability and gelation features
and pro-angiogenic response of most thermosensitive hydrogel compositions, CS/HA/Hep bioactive
natured injectable hydrogels could have potential applications as minimally-invasive biomaterials to
promote vascularized bone tissue regeneration.

4. Materials and Methods

4.1. Materials

For preparation of thermosensitive hydrogels, the raw commercial hydroxyapatite (HA)
(CAPTAL® ‘R’ grade, Batch No: P218R) was supplied from Plazma Biotal (Buxton, UK). Chitosan
(medium molecular weight, 100-300 kDa) and glacial acetic acid (Aca) (ACROS OrganicsTM, Thermo
Fisher Scientific, Geel, Belgium) and sodium bi-carbonate (NaHCO3) (Fluka®, Sigma Aldrich, USA)
were purchased, and injectable grade sodium bovine heparin was kindly gifted by Extrasul Ext. An.
Veg. LTDA (Sao Paulo, Brazil).

4.2. Synthesis of Thermosensitive Injectable CS Hydrogels

Prior to the reactions, reagent solutions were filter sterilized by using 0.22 um polyethersulfone
(PES) membrane filter. Synthesis of hydrogels were carried out in aseptic conditions. In control
solution sample (CI), initial CS concentration of 5% and 6% (w/v) (which account for 2.44% and 2.93%
(w/v), respectively, in the final sol) were found optimal in terms of injectability and gelation features.
Therefore, all composite hydrogels (CS/HA/Hep) were prepared with the final chitosan concentration
of 2.44% (w/v).

Initial experiments covered the optimisation of CS concentration in terms of the final sol injectability
after pH neutralisation and gelation capability of final sol. Therefore, different concentrations of CS
solutions were prepared in acetic acid including 4%, 5%, 6% and 8% (w/v). Among these concentrations,
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chitosan initial solution of 5% (w/v) was chosen as optimal concentration which is approximately 2.4%
(w/v) in final solution after neutralisation by sodium bicarbonate. The further synthesis of composite
hydrogels was carried out by using this concentration.

For preparation CS hydrogel solutions, 1 g of CS was dissolved in 20 mL, 0.5 M acetic acid by
maintaining constant stirring. Before pH neutralisation with NaHCQO3, chitosan solution was chilled in
a fridge at 4 °C for 15 min. Then, the stock NaHCOj3 solution (0.48 M) 4 °C was dropwise added into
the chilled chitosan solution in a flask placed into an ice bath at 4 °C. Homogeneous solutions were
obtained after pH adjustment up to (6.2-6.3) by ensuring constant stirring.

4.3. Synthesis of Thermosensitive Injectable Composite Hydrogels (CS/HA/Hep)

For CS/HA hydrogel preparation, medical grade HA powders were mixed into CS (5% w/v)
solution (HA/CS:1/10), and this dispersion was kept stirring overnight to obtain a homogenous mixture.
Then, the solution pH was neutralised as described in Section 4.2.

CS/HA/Hep hydrogels with three different concentrations: SI, SII and SIII with the concentration
of 0.45%, 1.35%, and 2.22% (w/w) Hep, respectively, were prepared (See Table 1). The sterile Hep
solution in respective amounts was prepared by dissolving in deionized water. Then, Hep solution was
gradually added into CS/HA solutions. Subsequently, pH of the CS/HA/Hep solution was adjusted via
gradual addition of NaHCOj solution in an ice bath. In Figure 14, the synthesis of injectable composite
(CS/HA/Hep) and pH and thermosensitive gelation mechanism are presented.

Homogeneous hydrogel solutions were placed into universal tubes with closed lid and stored in a
fridge at 4 °C. Hydrogels were formed in glass test tubes or glass dishes with lids upon incubation of
solutions at 37 °C.

pH neutralisation
{ ; ‘)-)5 ” by NaHCO4(4 °C)
37°

\kl.— Chitosan @ Hydroxyapatite w Heparin ]
- NH50;

pH and thermosensitive gelation %
NH,+H* = NH,' Q

H* +HCOy = H,C0; = H,0 +C0, A
NH,* + HCO; = (NH, + H,0 + C0O, NH

| =

Figure 14. Schematic illustration of synthesis steps of pH dependant ionically crosslinked mechanism

Reaction flask in an ice bath

of bioactive composite based thermosensitive hydrogels (CS/HA/Hep).
4.4. Characterisation of Hydrogels

Hydrogel solutions were freeze-dried at —20 °C in a freeze drier (SciQuip Epsilon 1-4 LSC,
Shropshire, UK) prior to the morphological and chemical characterisations.

4.4.1. pH Measurements

The pH of reagent solutions and their mixtures were measured by using a pH-meter (Mettler-Toledo
GmbH, Analytical, FiveEasy Plus™, Greifensee, Switzerland).

4.4.2. Injectability Measurements of Hydrogels

Injectability of thermosensitive solutions were tested in two different ways. The first method was
the qualitative evaluation of the flow rates of each solution from a range of needle sizes. The second
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method was quantitative measurements of diverse hydrogel solutions in terms of force applied
for injection.

Qualitative Injectability Measurements

Injection capacity of all solutions were tested immediately after the synthesis, by using 10 mL
disposable syringes (BD, Luer-Lok ", (Becton, Dickinson U.K. Limited, Wokingham, UK) with a series
of needle sizes; 18G x1 1/2” (1.2 X 40 mm), 19G X1 1/2” (1 x 40 mm), 20G x1 1/2” (0.8 X 40 mm), 21G x1
1/2” (0.8 x 40 mm), 22G x1 1/2” (0.7 x 40 mm), 23G x1” (0.6 x 25 mm), and 25 G x5/8” (0.5 X 16 mm).
The injection observations for each solution were rated comparatively.

Quantitative Injectability Measurements

Quantitative measurement of injectability was carried out by a Universal testing Machine (Instron®
3345, Norwood, MA, USA) in compressive mode adapted as described in the literature [80-82]. A10mL
syringe (BD, Luer-Lok ™) was filled with 5 mL hydrogel solution and fixed into a syringe rig which
was placed between the compression plates of the machine. Experiments were carried out by using the
syringe coupled with a needle (19 G x1 1/2” 1 x 40 mm) and without needle. After the contact of the
upper compression plate onto the plunger, a 30 mm displacement of the plunger at the speed of 0.5 mm/s
was applied to expel 5 mL of solution through the syringe. The force (kgf) versus displacement (mm)
measurements were obtained in Bluehill® Universal Software (Version 4.06, Norwood, MA, USA).

Experiments were repeated three times for each solution. The force unit was converted into SI unit,
Newton counted in the Excel. The following forces were counted as mean values of three experiments
with standard deviation; initial glide force (IGF): the force required to initiate syringe plunger motion,
dynamic glide force (DGF): the force required to maintain the plunger movement and the maximum
force (Fmax) during plunger displacement.

Test Tube Invert Method

Test-tube invert method was used to identify initial gelation time of the mixtures. In this method,
2mL of the solution was taken into a closed glass tube (with push polythene plug cap, 75 mm x J:18 mm)
placed in a beaker filled with silicon oil bath on hot plate at 37 °C. The tube was tilted horizontally
every minute, and then the time when the solution did not have any flow was recorded as incipient
gelation time (t; g ).

4.4.3. Rheology Measurements

Rheological analyses of hydrogels were performed using a Rheometer (TA Instruments®, TA-AR
2000, Newcastle, DE, USA) with a cone geometry (J = 40 mm, 2°). Frequency sweep tests were
carried in a viscoelastic region at a constant strain of 1%, the frequency range of 0.1-10 Hz at certain
temperatures; 25 °C, 15 °C, and 37 °C. The storage (G’) and loss modulus (G”) changes were recorded
at 1 Hz constant frequency in oscillatory measurements during heating and cooling between 15-37 °C
temperatures. In addition, temperature was held at 37 °C for 30 min to observe the alteration of the
viscoelastic behaviour of hydrogels with time. Incipient gelation point of solutions was determined via
the intersection point of G’ and G” (tan 5:G”/G’ = 1) when the material start to present more viscous
behaviour rather than elastic (sol-gel transition) [83].

4.4.4. Scanning Electron Microscopy (SEM)

Freeze dried hydrogels were gold coated (10 nm) and morphological images were obtained by
using an SEM device (FEI Quanta™ 650 3D FEG/FIB ESEM™, Hillsboro, OR, USA). The image
analyses were performed by image-J® (Version 1.52 k, National Institutes of Health, Bethesda, MD,
USA) software by manual measuring a series of pores and counting the mean, minimum and maximum
lengths of individual and interconnected pores.
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4.4.5. Fourier-Transform-Raman (FT-Raman) Spectroscopy

FT-Raman analyses were carried out by using Thermo Nicolet™ iS50 FTIR spectrophotometer
(Thermo Fisher Scientific Inc, Madison, WI, USA) in conjunction with FT-Raman compartment.
The measurements were carried by using Detector InGaAs and Beam splitter CAF;. In these experiments
following experimental parameters were used: Aperture: 200; resolution: 16 cm™!; scan number: 64;
and the wavelength range: 4000-400 cm~!. Spectral data were obtained via a nine-points square area
mapping, and the resultant spectra was obtained with the average of all spectra in Thermo Nicolet
OMNIC™ version 9 software.

4.4.6. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectra of hydrogel samples were obtained using Thermo Nicolet™ iS50 FTIR
spectrophotometer (Thermo Fisher Scientific Inc, Madison, WI, USA) in conjunction with Attenuated
Total Reflectance (ATR) sampling accessory to allow the analysis of neat samples without any sample
preparation. Experiments were performed with DTGS ATR detector and KBr beam splitter in the
mid-infrared region (4000-400 cm™!) at 16 em™! resolution accumulating 128 scans. Thermo Nicolet
OMNIC™ software was employed for data acquisition.

4.4.7. Ex-Ovo Chick Chorioallantoic Membrane (CAM) Assay

Chick Chorioallantoic Membrane (CAM) assay is very useful technique to investigate angiogenic
response of biomaterials and biocompatibility [71]. A standardised ex-ovo (shell-less).

CAM assay protocol was followed as described by authors [84]. CAM assay was used to explore
the angiogenic potential of C5/HA/Hep hydrogels. A representative ex-ovo CAM technique and related
analyses are illustrated in Figure 15. To elaborate, first fertilized brown eggs were purchased from
(Henry Stewart & Co.Ltd, Louth, UK) on the lay day and were incubated horizontally for 3 days in
rotational incubators (RCOM King SURO, P&T Poultry, Powys, Wales) with 60% humidity at 37.5 °C.
At day 3, by using ex-ovo technique, eggshells were removed and placed embryo into sterilised
weighing boats including 2 mL of 1% penicillin/streptomycin solution (Sigma—AldriCh®, Dorset, UK)
prepared in Phosphate Buffer Saline (PBS-Dulbecco A, Thermo Scientific™, Oxoid™, Basingstoke, UK).
Then, chick embryos were kept in static incubators at 37.5 °C.

At day 7, implantation was carried out on CAM. Prior to implantation, hydrogel solutions in
bijous were sterilized under the UV in an ice bath to prevent gelation in the room temperature. By using
a micro-syringe, 100 pL of hydrogel solution was dropped on CAM, between two arteries and at the
midway of the chick embryo’s formation and at the shiny CAM border. Subsequently, thermosensitive
hydrogels were formed on chick CAM membranes in-vivo upon incubation at 37.5 °C forming gel
layer from surface in minutes. Then, newly formed growing blood vessels at the vicinity of hydrogels
were photographed with a scale, at day 10 and 14 of incubation. At day 14, embryos were sacrificed,
and samples were retrieved and fixed with formaldehyde for further histology studies. The wastes
were disposed accordingly Laboratory regulations for animal waste.

The angiogenesis was quantified by using Image-J® (Version 1.52 k, National Institutes of Health,
Bethesda, MD, USA) Software through the method defined as ‘vascular index” as described by Barnhil
and Ryan [71]. Angiogenesis was evaluated for all hydrogel specimens with and without heparin
as control.
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Figure 15. The process diagram for ex-ovo CAM assay technique to investigate pro-angiogenic potential
of pH and thermosensitive injectable CS/HA/Hep hydrogels, vascular index counting in Image-J®
(Version 1.52 k, National Institutes of Health, Bethesda, MD, USA) Software, and example histology
sectioned sample.

4.4.8. Statistical Analysis

Comparative results of blood vessel counts were plotted in Graph Prizm for six samples per
group and analysed by GraphPad Prism (Version 7.0, San Diego, CA, USA) and unpaired two-tailed
t-test applied.

4.4.9. Histology

The tissue-hydrogel specimens retrieved after CAM assay were fixed by using 3.7% formaldehyde
(Sigma-Aldrich®, Dorset, UK) prior to histology studies. Then, tissue samples were moulded by using
a tissue freezing media (Leica, Germany) and subsequently were snap frozen by using liquid nitrogen.
The frozen tissues were sectioned in 10 pm thickness by using a cryostat (Leica Biosystems, CM1860
UV, Nussloch, Germany). Then, the standard Haematoxylin Eosin staining protocol with supplied
reagents (Sigma-Aldrich®, Dorset, UK) was performed. The stained specimen slides were imaged by
using optical microscope (Motic, Barcelona, Spain) to identify tissue-sample interactions and vascular
tissue features.

5. Conclusions

The functionalised novel bioactive injectable CS/HA/Hep hydrogels were prepared via sol-gel
technique. Homogeneous injectable solutions were acquired by indirect gradual mixing of Hep as
solution, into hydroxyapatite dispersed medium Mw CS solution. Injectability capacity of formulations
accords with manual injection for dental and orthopaedic applications, and pH formation of
thermosensitive hydrogels start in 5 to 10 min and set at 37 °C. Interconnected and porous morphology
of freeze-dried hydrogels ranging pores from 19.5 pm to 158 um with average pore size 73.4 pm
provide maintenance of cell activities and diffusion, as well as angiogenesis for bone regeneration.

Polymer blending method is beneficial to stabilize Hep in CS/Hep polycomplex leading better
mechanical strengthening due to affinity bonding, and sustainable release of Hep or delivery of other
targeted active agents. The highest concentration of Hep (0.60 mg/mL) in hydrogels led to increase in
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elastic modulus almost 30-fold whereas initial gelation temperature has decreased up to 21 °C which
can lead quicker gelation compromising injectability. In addition, the angiogenesis via these samples
was less than the sole CS/HA hydrogels.

The vascular index obtained via minimum heparin loaded samples (0.12 mg/mL) was the highest,
however sole CS/HA hydrogels also showed the comparable results. This might be associated with
chosen a high concentration range of Hep in comparison to those of in similar studies. As previously
addressed, the low concentration of Hep inducing production of progenitor cells and endothelial
cell proliferation while high concentrations lead decrease in the vascular cells had been reported.
In conclusion, CS/H/Hep hydrogels in current minimal Hep concentration induces angiogenesis which
might be enhanced via lower concentrations.

To conclude, minimally invasive in-situ forming bioactive CS/H/Hep hydrogels versatilely
functioned to induce angiogenesis, which could be employed for rapid bone regeneration and drug
delivery applications.
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bFGF Basic Fibroblast Growth Factor
B-GP 3-Glycerol-Phosphate
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ECM Extra Cellular Matrix
FT-Raman Fourier-Transform Raman

G Gauge

GW Glycerol-water cosolvent

HA Hydroxyapatite

Hep Heparin

H&E Hematoxylin Eosin

HPSGs Heparan sulfate proteoglycans
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TEOF Triethyl orthoformate

TGEFp Transforming Growth Factor Beta

TXA Tranexamic acid

uv Ultraviolet

VEGF Vascular Endothelial Growth Factor

References

1. Amini, A.A.; Nair, L.S. Injectable Hydrogels for Bone and Cartilage Repair. Biomed. Mater. 2012, 7, 024105.
[CrossRef]

2. He, X,; Dziak, R.; Mao, K.; Genco, R.; Swihart, M.; Li, C.; Yang, S. Integration of a Novel Injectable Nano
Calcium Sulfate/Alginate Scaffold and BMP2 Gene-Modified Mesenchymal Stem Cells for Bone Regeneration.
Tissue Eng. Part A 2013, 19, 508-518. [CrossRef]

3. Fu,S.Z;Ni, PY,;Wang, B.Y.; Chu, B.Y,; Zheng, L.; Luo, E; Luo, ].C.; Qian, Z.Y. Injectable and Thermo-Sensitive
PEG-PCL-PEG Copolymer/Collagen/n-HA Hydrogel Composite for Guided Bone Regeneration. Biomaterials
2012, 33, 4801-4809. [CrossRef]

4. Lee, K.Y,; Mooney, D.J. Hydrogels for Tissue Engineering Applications. Am. Chem. Soc. 2001, 101, 203-225.
[CrossRef]

5. Matanovic, M.R.; Grabnar, I.; Gosenca, M.; Grabnar, P.A. Prolonged Subcutaneous Delivery of Low Molecular
Weight Heparin Based on Thermoresponsive Hydrogels with Chitosan Nanocomplexes: Design, in Vitro
Evaluation, and Cytotoxicity Studies. Int. |. Pharm. 2015, 488, 127-135. [CrossRef]

6. Klouda, L. Thermoresponsive Hydrogels in Biomedical Applications A Seven-Year Update. Eur. ]. Pharm.
Biopharm. 2015, 97, 338-349. [CrossRef]

7. Ullah, E; Othman, M.B.H.; Javed, F; Ahmad, Z.; Akil, HM. Classification, Processing and Application of
Hydrogels: A Review. Mater. Sci. Eng. C 2015, 57, 414—433. [CrossRef]

8.  Rizwan, M,; Yahya, R.; Hassan, A.; Yar, M.; Azzahari, A.D.; Selvanathan, V.; Sonsudin, E.; Abouloula, C.N.
PH Sensitive Hydrogels in Drug Delivery: Brief History, Properties, Swelling, and Release Mechanism,
Material Selection and Applications. Polymers 2017, 9, 137. [CrossRef]

9.  Fatin-Rouge, N.; Milon, A_; Buffle, J.; Goulet, R.R.; Tessier, A. Diffusion and Partitioning of Solutes in Agarose
Hydrogels: The Relative Influence of Electrostatic and Specific Interactions. J. Phys. Chem. B 2003, 107,
12126-12137. [CrossRef]

10. Davison, W.; Zhang, H. In Situ Speciation Measurements of Trace Components in Natural Waters Using
Thin-Film Gels. Nature 1994, 367, 546-548. [CrossRef]

11. Nguyen, M.K;; Lee, D.S. Injectable Biodegradable Hydrogels. Macromol. Biosci. 2010, 10, 563-579. [CrossRef]

12.  Dreifke, M.B.; Ebraheim, N.A.; Jayasuriya, A.C. Investigation of Potential Injectable Polymeric Biomaterials
for Bone Regeneration. J. Biomed. Mater. Res. Part A 2013, 101, 2436-2447. [CrossRef]

13. Li, Z; Fan, Z,; Xu, Y;; Niu, H.; Xie, X.; Liu, Z.; Guan, ]. Thermosensitive and Highly Flexible Hydrogels
Capable of Stimulating Cardiac Differentiation of Cardiosphere-Derived Cells under Static and Dynamic
Mechanical Training Conditions. ACS Appl. Mater. Interfaces 2016, 8, 15948-15957. [CrossRef]

14. Tan, H.; Ramirez, C.M.; Miljkovic, N.; Li, H.; Rubin, J.P.; Marra, K.G. Thermosensitive Injectable Hyaluronic
Acid Hydrogel for Adipose Tissue Engineering. Biomaterials 2009, 30, 6844—6853. [CrossRef]

15. Shriky, B.; Kelly, A.; Isreb, M.; Babenko, M.; Rogers, S.; Shebanova, O.; Snow, T.; Gough, T. Pluronic F127
Thermosensitive Injectable Smart Hydrogels. J. Colloid Interface Sci. 2019. [CrossRef]

16. Frydrych, M.; Romdn, S.; Green, N.H.; MacNeil, S.; Chen, B. Thermoresponsive, Stretchable, Biodegradable
and Biocompatible Poly(Glycerol Sebacate)-Based Polyurethane Hydrogels. Polym. Chem. 2015, 6, 7974-7987.
[CrossRef]

17. Macchione, M.A.; Guerrero-Beltran, C.; Rosso, A.P.; Euti, EM.; Martinelli, M.; Strumia, M.C;

Mufioz-Ferndndez, M. A. Poly(N-Vinylcaprolactam) Nanogels with Antiviral Behavior against HIV-1 Infection.
Sci. Rep. 2019, 9, 1-10. [CrossRef]


http://dx.doi.org/10.1088/1748-6041/7/2/024105
http://dx.doi.org/10.1089/ten.tea.2012.0244
http://dx.doi.org/10.1016/j.biomaterials.2012.03.040
http://dx.doi.org/10.1007/978-1-4419-5919-5
http://dx.doi.org/10.1016/j.ijpharm.2015.04.063
http://dx.doi.org/10.1016/j.ejpb.2015.05.017
http://dx.doi.org/10.1016/j.msec.2015.07.053
http://dx.doi.org/10.3390/polym9040137
http://dx.doi.org/10.1021/jp0303164
http://dx.doi.org/10.1038/367546a0
http://dx.doi.org/10.1002/mabi.200900402
http://dx.doi.org/10.1002/jbm.a.34521
http://dx.doi.org/10.1021/acsami.6b04932
http://dx.doi.org/10.1016/j.biomaterials.2009.08.058
http://dx.doi.org/10.1016/j.jcis.2019.12.096
http://dx.doi.org/10.1039/C5PY01136A
http://dx.doi.org/10.1038/s41598-019-42150-9

Int. ]. Mol. Sci. 2020, 21, 1633 23 of 26

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gonzélez-Ayon, M.A.; Safiudo-Barajas, J.A.; Picos-Corrales, L.A.; Licea-Claverie, A. PNVCL-PEGMA
Nanohydrogels with Tailored Transition Temperature for Controlled Delivery of 5-Fluorouracil. J. Polym. Sci.
Part A Polym. Chem. 2015, 53, 2662-2672. [CrossRef]

Lou, S.; Gao, S.; Wang, W.; Zhang, M.; Zhang, Q.; Wang, C.; Li, C.; Kong, D. Temperature/PH Dual Responsive
Microgels of Crosslinked Poly(N-Vinylcaprolactam-Co-Undecenoic Acid) as Biocompatible Materials for
Controlled Release of Doxorubicin. J. Appl. Polym. Sci. 2014, 131, 1-7. [CrossRef]

Wang, Y.; Nie, J.; Chang, B.; Sun, Y.; Yang, W. Poly(Vinylcaprolactam)-Based Biodegradable Multiresponsive
Microgels for Drug Delivery. Biomacromolecules 2013, 14, 3034-3046. [CrossRef]

Qiu, Y;; Park, K. Environment-Sensitive Hydrogels for Drug Delivery. Adv. Drug Deliv. Rev. 2001, 53, 321-339.
[CrossRef]

Haraguchi, K.; Takehisa, T.; Ebato, M. Control of Cell Cultivation and Cell Sheet Detachment on the Surface
of Polymer/Clay Nanocomposite Hydrogels. Biomacromolecules 2006, 7, 3267-3275. [CrossRef] [PubMed]
Wei, P; Chen, T.; Chen, G.; Liu, H.; Mugaanire, I.T.; Hou, K.; Zhu, M. Conductive Self-Healing Nanocomposite
Hydrogel Skin Sensors with Antifreezing and Thermoresponsive Properties. ACS Appl. Mater. Interfaces
2020, 12, 3068-3079. [CrossRef]

Gholizadeh, H.; Messerotti, E.; Pozzoli, M.; Cheng, S.; Traini, D.; Young, P.; Kourmatzis, A.; Caramella, C.;
Ong, H.X. Application of a Thermosensitive In Situ Gel of Chitosan-Based Nasal Spray Loaded with
Tranexamic Acid for Localised Treatment of Nasal Wounds. AAPS PharmSciTech 2019, 20, 1-12. [CrossRef]
Cao, M.; Wang, Y.; Hu, X.; Gong, H.; Li, R.; Cox, H.; Zhang, J.; Waigh, T.A.; Xu, H.; Lu, J.R. Reversible
Thermoresponsive Peptide-PNIPAM Hydrogels for Controlled Drug Delivery. Biomacromolecules 2019, 20,
3601-3610. [CrossRef]

Kweon, O.Y,; Samanta, S.K.; Won, Y.; Yoo, ]. H.; Oh, J.H. Stretchable and Self-Healable Conductive Hydrogels
for Wearable Multimodal Touch Sensors with Thermoresponsive Behavior. ACS Appl. Mater. Interfaces 2019,
11, 26134-26143. [CrossRef]

Tavakoli, N.; Taymouri, S.; Saeidi, A.; Akbari, V. Thermosensitive Hydrogel Containing Sertaconazole Loaded
Nanostructured Lipid Carriers for Potential Treatment of Fungal Keratitis. Pharm. Dev. Technol. 2019, 24,
891-901. [CrossRef]

Liu, X.; Gan, H,; Hu, C.;; Sun, W,; Zhu, X,; Meng, Z.; Gu, R;; Wu, Z,; Dou, G. Silver Sulfadiazine
Nanosuspension-Loaded Thermosensitive Hydrogel as a Topical Antibacterial Agent. Int. ]. Nanomed. 2019,
14, 289-300. [CrossRef]

Wang, C.Z.; Wang, Y.H.; Lin, CW.; Lee, T.C.; Fu, Y.C.; Ho, M.L.; Wang, C.K. Combination of a Bioceramic
Scaffold and Simvastatin Nanoparticles as a Synthetic Alternative to Autologous Bone Grafting. Int. |. Mol.
Sci. 2018, 19, 99. [CrossRef]

Shahzad, S.; Yar, M; Siddiqi, S.A.; Mahmood, N.; Rauf, A.; Anwar, M.S.; Afzaal, S. Chitosan-Based Electrospun
Nanofibrous Mats, Hydrogels and Cast Films: Novel Anti-Bacterial Wound Dressing Matrices. |. Mater. Sci.
Mater. Med. 2015, 26, 136. [CrossRef]

Palma, PJ.; Ramos, J.C.; Martins, J.B.; Diogenes, A.; Figueiredo, M.H.; Ferreira, P.; Viegas, C.; Santos, ].M.
Histologic Evaluation of Regenerative Endodontic Procedures with the Use of Chitosan Scaffolds in Immature
Dog Teeth with Apical Periodontitis. J. Regen. Endod. 2017, 43, 1279-1287. [CrossRef] [PubMed]
Boynuegri, D.; Ozcan, G.; Senel, S.; Uc, D.; Uraz, A.; Ersin, O.; Cakilci, B.; Karaduman, B. Clinical and
Radiographic Evaluations of Chitosan Gel in Periodontal Intraosseous Defects: A Pilot Study. Period. Inc. ].
Biomed Mater. Res. Part B 2009, 90B, 461-466. [CrossRef] [PubMed]

Chenite, A.; Chaput, C.; Wang, D.; Combes, C.; Buschmann, M.; Hoemann, C.; Leroux, J.; Atkinson, B.;
Binette, F.; Selmani, A. Novel Injectable Neutral Solutions of Chitosan Form Biodegradable Gels in Situ.
Biomaterials 2000, 21, 2155-2161. [CrossRef]

Shive, M.S.; Hoemann, C.D.; Restrepo, A.; Hurtig, M.B.; Duval, N.; Ranger, P; Stanish, W.; Buschmann, M.D.
BST-CarGel: In Situ Chondrolnduction for Cartilage Repair. Oper. Tech. Orthop. 2006, 16, 271-278. [CrossRef]
Shive, M.S.; Stanish, W.D.; McCormack, R.; Forriol, F.; Mohtadi, N.; Pelet, S.; Desnoyers, J.; Méthot, S.;
Vehik, K.; Restrepo, A. BST-CarGel® Treatment Maintains Cartilage Repair Superiority over Microfracture at
5 Years in a Multicenter Randomized Controlled Trial. Cartilage 2015, 6, 62-72. [CrossRef]

Kim, S.; Nishimoto, S.K.; Bumgardner, J.D.; Haggard, W.O.; Gaber, M.W.; Yang, Y. A Chitosan/$3-
Glycerophosphate Thermo-Sensitive Gel for the Delivery of Ellagic Acid for the Treatment of Brain Cancer.
Biomaterials 2010, 31, 4157-4166. [CrossRef]


http://dx.doi.org/10.1002/pola.27766
http://dx.doi.org/10.1002/app.41146
http://dx.doi.org/10.1021/bm401131w
http://dx.doi.org/10.1016/S0169-409X(01)00203-4
http://dx.doi.org/10.1021/bm060549b
http://www.ncbi.nlm.nih.gov/pubmed/17096560
http://dx.doi.org/10.1021/acsami.9b20254
http://dx.doi.org/10.1208/s12249-019-1517-6
http://dx.doi.org/10.1021/acs.biomac.9b01009
http://dx.doi.org/10.1021/acsami.9b04440
http://dx.doi.org/10.1080/10837450.2019.1616755
http://dx.doi.org/10.2147/IJN.S187918
http://dx.doi.org/10.3390/ijms19124099
http://dx.doi.org/10.1007/s10856-015-5462-y
http://dx.doi.org/10.1016/j.joen.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28577961
http://dx.doi.org/10.1002/jbm.b.31307
http://www.ncbi.nlm.nih.gov/pubmed/19145627
http://dx.doi.org/10.1016/S0142-9612(00)00116-2
http://dx.doi.org/10.1053/j.oto.2006.08.001
http://dx.doi.org/10.1177/1947603514562064
http://dx.doi.org/10.1016/j.biomaterials.2010.01.139

Int. ]. Mol. Sci. 2020, 21, 1633 24 of 26

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Liskov4, J.; Bacakova, L.; Skwarczyriska, A.; Musial, O.; Bliznuk, V.; De Schamphelaere, K.; Modrzejewska, Z.;
Douglas, T. Development of Thermosensitive Hydrogels of Chitosan, Sodium and Magnesium
Glycerophosphate for Bone Regeneration Applications. J. Funct. Biomater. 2015, 6, 192-203. [CrossRef]
Kami, M.; Kuberski, S.; Komorowski, P.; Modrzejewska, Z. Thermosensitive Chitosan Gels Containing
Calcium Glycerophosphate for Bone Cell Culture. J. Bioact. Compat. Polym. 2017, 32, 209-222. [CrossRef]
Li, F; Liu, Y,; Ding, Y.; Xie, Q. A New Injectable in Situ Forming Hydroxyapatite and Thermosensitive
Chitosan Gel Promoted by Nap,COs5. Soft Matter 2014, 10, 2292-2303. [CrossRef]

Rogina, A.; Ressler, A.; Mati¢, 1.; Gallego Ferrer, G.; Marijanovig, I.; Ivankovi¢, M.; Ivankovi¢, H. Cellular
Hydrogels Based on PH-Responsive Chitosan-Hydroxyapatite System. Carbohydr. Polym. 2017, 166, 173-182.
[CrossRef]

Liu, L.; Tang, X.; Wang, Y.; Guo, S. Smart Gelation of Chitosan Solution in the Presence of NaHCOj for
Injectable Drug Delivery System. Int. J. Pharm. 2011, 414, 6-15. [CrossRef]

Deng, A.; Kang, X.; Zhang, J.; Yang, Y.; Yang, S. Enhanced Gelation of Chitosan/-Sodium Glycerophosphate
Thermosensitive Hydrogel with Sodium Bicarbonate and Biocompatibility Evaluated. Mater. Sci. Eng. C
2017, 78, 1147-1154. [CrossRef]

Liu, Q.; Huang, S.; Matinlinna, J.P.; Chen, Z.; Pan, H. Insight into Biological Apatite: Physiochemical
Properties and Preparation Approaches. Biomed Res. Int. 2013, 2013. [CrossRef]

Arun Kumar, R.; Sivashanmugam, A.; Deepthi, S.; Iseki, S.; Chennazhi, K.P.; Nair, S.V.; Jayakumar, R. Injectable
Chitin-Poly(e-Caprolactone)/Nanohydroxyapatite Composite Microgels Prepared by Simple Regeneration
Technique for Bone Tissue Engineering. ACS Appl. Mater. Interfaces 2015, 7, 9399-9409. [CrossRef]

Zakaria, S.M.; Sharif Zein, S.H.; Othman, M.R.; Yang, E; Jansen, J.A. Nanophase Hydroxyapatite as a
Biomaterial in Advanced Hard Tissue Engineering: A Review. Tissue Eng. Part B Rev. 2013, 19, 431-441.
[CrossRef]

Uswatta, S.P.; Okeke, LU. Jayasuriya, A.C. Injectable Porous Nano-Hydroxyapatite/Chitosan/
Tripolyphosphate Scaffolds with Improved Compressive Strength for Bone Regeneration. Mater. Sci.
Eng. C 2016, 69, 505-512. [CrossRef]

Nikpour, M.R,; Tavakol, S.; Rabiee, S.M.; Jahanshahi, M.; Amani, A. Synthesises, Characterization
and Comparative Study of Bone Regeneration on Nano Hydroxyapatite and Hydroxyapatite/Chitosan
Nanocomposite in Rat. In Proceedings of the 2011 18th Iranian Conference of Biomedical Engineering
(ICBME), Tehran, Iran, 14-16 December 2011; pp. 146-151. [CrossRef]

Yar, M; Farooq, A.; Shahzadi, L.; Khan, A.S.; Mahmood, N.; Rauf, A.; Chaudhry, A.A.; Rehman, I.U. Novel
Meloxicam Releasing Electrospun Polymer/Ceramic Reinforced Biodegradable Membranes for Periodontal
Regeneration Applications. Mater. Sci. Eng. C 2016, 64, 148-156. [CrossRef]

Igbal, H.; Ali, M.; Zeeshan, R.; Mutahir, Z.; Igbal, F.; Nawaz, M.A.H.; Shahzadi, L.; Chaudhry, A.A,;
Yar, M.; Luan, S.; et al. Chitosan/Hydroxyapatite (HA)/Hydroxypropylmethyl Cellulose (HPMC) Spongy
Scaffolds-Synthesis and Evaluation as Potential Alveolar Bone Substitutes. Colloids Surfaces B Biointerfaces
2017, 160, 553-563. [CrossRef]

Xujie, L.; Chen, Y.; Huang, Q.; Wei, H.; Qingling, F.; Bo, Y. A Novel Thermo-Sensitive Hydrogel Based on
Thiolated Chitosan/Hydroxyapatite/Beta-Glycerophosphate. Carbohydr. Polym. 2014, 110, 62-69.

Sa, Y, Wang, M., Deng, H.; Wang, Y, Jiang, T. Beneficial Effects of Biomimetic Nano-Sized
Hydroxyapatite/Antibiotic Gentamicin Enriched Chitosan-Glycerophosphate Hydrogel on the Performance
of Injectable Polymethylmethacrylate. RSC Adv. 2015, 5, 91082-91092. [CrossRef]

Amini, A.R.; Laurencin, C.T.; Nukavarapu, S.P. Bone Tissue Engineering: Recent Advances and Challenges.
NIH Public Access 2012, 40, 363-408. [CrossRef]

Frohlich, M.; Grayson, W.L.; Wan, L.Q.; Marolt, D.; Drobnic, M.; Vunjak-Novakovic, G. Tissue Engineered
Bone Grafts: Biological Requirements, Tissue Culture and Clinical Relevance. Current Stem Cell Res. Ther.
2009, 3, 254-264. [CrossRef]

Grosso, A.; Burger, M.G.; Lunger, A.; Schaefer, D.J. It Takes Two to Tango: Coupling of Angiogenesis and
Osteogenesis for Bone Regeneration. Front. Bioeng. Biotechnol. 2017, 5, 1-7. [CrossRef]

Fujita, M.; Ishihara, M.; Simizu, M.; Obara, K,; Ishizuka, T.; Saito, Y.; Yura, H.; Morimoto, Y.; Takase, B.;
Matsui, T.; et al. Vascularization in Vivo Caused by the Controlled Release of Fibroblast Growth Factor-2
from an Injectable Chitosan/Non-Anticoagulant Heparin Hydrogel. Biomaterials 2004, 25, 699-706. [CrossRef]


http://dx.doi.org/10.3390/jfb6020192
http://dx.doi.org/10.1177/0883911516671150
http://dx.doi.org/10.1039/C3SM52508B
http://dx.doi.org/10.1016/j.carbpol.2017.02.105
http://dx.doi.org/10.1016/j.ijpharm.2011.04.052
http://dx.doi.org/10.1016/j.msec.2017.04.109
http://dx.doi.org/10.1155/2013/929748
http://dx.doi.org/10.1021/acsami.5b02685
http://dx.doi.org/10.1089/ten.teb.2012.0624
http://dx.doi.org/10.1016/j.msec.2016.06.089
http://dx.doi.org/10.1109/ICBME.2011.6168543
http://dx.doi.org/10.1016/j.msec.2016.03.072
http://dx.doi.org/10.1016/j.colsurfb.2017.09.059
http://dx.doi.org/10.1039/C5RA15915F
http://dx.doi.org/10.1615/CritRevBiomedEng.v40.i5.10
http://dx.doi.org/10.2174/157488808786733962
http://dx.doi.org/10.3389/fbioe.2017.00068
http://dx.doi.org/10.1016/S0142-9612(03)00557-X

Int. ]. Mol. Sci. 2020, 21, 1633 25 of 26

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Oliviero, O.; Ventre, M.; Netti, P.A. Functional Porous Hydrogels to Study Angiogenesis under the Effect of
Controlled Release of Vascular Endothelial Growth Factor. Acta Biomater. 2012, 8, 3294-3301. [CrossRef]
Yancopoulos, G.D.; Davis, S.; Gale, N.W.; Rudge, ].S.; Wiegand, S.J.; Holash, J. Vascular-Specific Growth
Factors and Blood Vessel Formation. Nature 2000, 407, 242-248. [CrossRef]

Raftery, R.M.; Castano, LM.; Chen, G.; Cavanagh, B.; Quinn, B.; Curtin, C.M.; Cryan, S.A.; O'Brien, EJ.
Translating the Role of Osteogenic-Angiogenic Coupling in Bone Formation: Highly Ef Fi Cient
Chitosan-PDNA Activated Scaffolds Can Accelerate Bone Regeneration in Critical-Sized Bone Defects.
Biomaterials 2017, 149, 116-127. [CrossRef]

Carragee, E.J.; Hurwitz, E.L.; Weiner, B.K. A Critical Review of Recombinant Human Bone Morphogenetic
Protein-2 Trials in Spinal Surgery: Emerging Safety Concerns and Lessons Learned. Spine J. 2011, 11, 471-491.
[CrossRef]

Tae, G.; Kim, Y.J.; Choi, W.I; Kim, M.; Stayton, P.S.; Hoffman, A.S. Formation of a Novel Heparin-Based
Hydrogel in the Presence of Heparin-Binding Biomolecules. Biomacromolecules 2007, 8, 1979-1986. [CrossRef]
Chiodelli, P.; Bugatti, A.; Urbinati, C.; Rusnati, M. Heparin/Heparan Sulfate Proteoglycans Glycomic
Interactome in Angiogenesis: Biological Implications and Therapeutical Use. Molecules 2015, 20, 6342-6388.
[CrossRef]

Shahzadi, L.; Yar, M.; Jamal, A.; Siddiqji, S.A.; Chaudhry, A.A.; Zahid, S.; Tariq, M.; Rehman, I.U.; MacNeil, S.
Triethyl Orthoformate Covalently Cross-Linked Chitosan-(Poly Vinyl) Alcohol Based Biodegradable Scaffolds
with Heparin-Binding Ability for Promoting Neovascularisation. ]. Biomater. Appl. 2016, 31, 582-593.
[CrossRef]

Yar, M.; Gigliobianco, G.; Shahzadi, L.; Dew, L.; Siddiqi, S.A.; Khan, A.E; Chaudhry, A.A.; Rehman, LU.;
MacNeil, S. Production of Chitosan PVA PCL Hydrogels to Bind Heparin and Induce Angiogenesis.
Int. ]. Polym. Mater. Polym. Biomater. 2016, 65, 466—476. [CrossRef]

Khan, A F; Awais, M.; Tabassum, S.; Chaudhry, A.A.; Rehman, I.U. Raman Spectroscopy of Natural Bone
and Synthetic Apatites. Appl. Spectrosc. Rev. 2013, 48, 329-355. [CrossRef]

Karthik, R.; Manigandan, V.; Saravanan, R.; Rajesh, R.P.; Chandrika, B. Structural Characterization and
in Vitro Biomedical Activities of Sulfated Chitosan from Sepia Pharaonis. Int. J. Biol. Macromol. 2016, 84,
319-328. [CrossRef]

Zajac, A.; Hanuza, J.; Wandas, M.; Dymiriska, L. Determination of N-Acetylation Degree in Chitosan Using
Raman Spectroscopy. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2015, 134, 114-120. [CrossRef]

Yar, M.; Shahzad, S.; Shahzadi, L.; Shahzad, S.A.; Mahmood, N.; Chaudhry, A.A.; Rehman, I.U.; MacNeil, S.
Heparin Binding Chitosan Derivatives for Production of Pro-Angiogenic Hydrogels for Promoting Tissue
Healing. Mater. Sci. Eng. C 2017, 74, 347-356. [CrossRef]

Antonakos, A.; Liarokapis, E.; Leventouri, T. Micro-Raman and FTIR Studies of Synthetic and Natural
Apatites. Biomaterials 2007, 28, 3043-3054. [CrossRef]

Mikhailov, G.P.; Tuchkov, S.V.; Lazarev, V.V,; Kulish, EI. Complexation of Chitosan with Acetic Acid
According to Fourier Transform Raman Spectroscopy Data. Russ. J. Phys. Chem. A 2014, 88, 936-941.
[CrossRef]

Aleem, A.R; Shahzadi, L.; Alvi, F; Khan, A.F,; Chaudhry, A.A.; ur Rehman, I.; Yar, M. Thyroxin Releasing
Chitosan/Collagen Based Smart Hydrogels to Stimulate Neovascularization. Mater. Des. 2017, 133, 416-425.
[CrossRef]

Barnhill, R.L.; Ryan, T.J. Biochemical Modulation of Angiogenesis in the Chorioallantoic Membrane of the
Chick Embryo. . Investig. Dermatol. 1983, 81, 485-488. [CrossRef]

Burguera, E.F,; Xu, H.H.; Sun, L. Injectable Calcium Phosphate Cement: Effects of Powder-to-Liquid Ratio
and Needle Size Elena. |. Biomed. Mater. Res. Part B Appl. Biomater. 2007, 82, 493-502. [CrossRef] [PubMed]
Burckbuchler, V.; Mekhloufi, G.; Giteau, A.P,; Grossiord, J.L.; Huille, S.; Agnely, F. Rheological and
Syringeability Properties of Highly Concentrated Human Polyclonal Immunoglobulin Solutions. Eur. J. Pharm.
Biopharm. 2010, 76, 351-356. [CrossRef] [PubMed]

Hamman, J.H. Chitosan Based Polyelectrolyte Complexes as Potential Carrier Materials in Drug Delivery
Systems. Mar. Drugs 2010, 8, 1305-1322. [CrossRef]

He, Q.; Ao, Q.; Gong, K.; Zhang, L.; Hu, M.; Gong, Y.; Zhang, X. Preparation and Characterization of
Chitosan-Heparin Composite Matrices for Blood Contacting Tissue Engineering. Biomed. Mater. 2010,
5,055001. [CrossRef]


http://dx.doi.org/10.1016/j.actbio.2012.05.019
http://dx.doi.org/10.1038/35025215
http://dx.doi.org/10.1016/j.biomaterials.2017.09.036
http://dx.doi.org/10.1016/j.spinee.2011.04.023
http://dx.doi.org/10.1021/bm0701189
http://dx.doi.org/10.3390/molecules20046342
http://dx.doi.org/10.1177/0885328216650125
http://dx.doi.org/10.1080/00914037.2015.1129959
http://dx.doi.org/10.1080/05704928.2012.721107
http://dx.doi.org/10.1016/j.ijbiomac.2015.12.030
http://dx.doi.org/10.1016/j.saa.2014.06.071
http://dx.doi.org/10.1016/j.msec.2016.12.021
http://dx.doi.org/10.1016/j.biomaterials.2007.02.028
http://dx.doi.org/10.1134/S0036024414060181
http://dx.doi.org/10.1016/j.matdes.2017.07.053
http://dx.doi.org/10.1111/1523-1747.ep12522728
http://dx.doi.org/10.1002/jbm.b.30896
http://www.ncbi.nlm.nih.gov/pubmed/17635038
http://dx.doi.org/10.1016/j.ejpb.2010.08.002
http://www.ncbi.nlm.nih.gov/pubmed/20719247
http://dx.doi.org/10.3390/md8041305
http://dx.doi.org/10.1088/1748-6041/5/5/055001

Int. J. Mol. Sci. 2020, 21, 1633 26 of 26

76.

77.

78.

79.

80.

81.

82.

83.

84.

Hulbert, S.F; Young, EA.; Mathews, R.S.; Klawitter, ].J.; Talbert, C.D.; Stelling, FH. Potential of Ceramic
Materials as Permanently Implantable Skeletal Prostheses. J. Biomed. Mater. Res. 1970, 4, 433-456. [CrossRef]
Oates, M.; Chen, R.; Duncan, M.; Hunt, J.A. The Angiogenic Potential of Three-Dimensional Open Porous
Synthetic Matrix Materials. Biomaterials 2007, 28, 3679-3686. [CrossRef]

Liu, T; Liu, Y,; Chen, Y,; Liu, S.; Maitz, M.F,; Wang, X.; Zhang, K.; Wang, J.; Wang, Y.; Chen, J; et al.
Immobilization of Heparin/Poly-L-Lysine Nanoparticles on Dopamine-Coated Surface to Create a Heparin
Density Gradient for Selective Direction of Platelet and Vascular Cells Behavior. Acta Biomater. 2014, 10,
1940-1954. [CrossRef]

Sun, X,; Peng, W.; Yang, Z.; Ren, M.; Zhang, S.; Zhang, W.; Zhang, L.; Xiao, K.; Wang, Z.; Zhang, B.; et al.
Heparin-Chitosan-Coated Acellular Bone Matrix Enhances Tissue Engineering Scaffolds. Tissue Eng. Part A
2011, 17, 2369-2378. [CrossRef]

Cilurzo, E; Selmin, E; Minghetti, P.; Adami, M.; Bertoni, E.; Lauria, S.; Montanari, L. Injectability Evaluation:
An Open Issue. AAPS PharmSciTech 2011, 12, 604—-609. [CrossRef]

Shavandi, A.; Bekhit, A.E.D.A.; Sun, Z.; Ali, M.A. Injectable Gel from Squid Pen Chitosan for Bone Tissue
Engineering Applications. J. Sol-Gel Sci. Technol. 2016, 77, 675-687. [CrossRef]

Yasmeen, S.; Lo, M.K_; Bajracharya, S.; Roldo, M. Injectable Scaffolds for Bone Regeneration. Langmuir 2014,
30, 12977-12985. [CrossRef]

Laity, PR.; Holland, C. The Rheology behind Stress-Induced Solidification in Native Silk Feedstocks.
Int. J. Mol. Sci. 2016, 17, 1812. [CrossRef]

Mangir, N.; Dikici, S.; Claeyssens, F.; Macneil, S. Using Ex Ovo Chick Chorioallantoic Membrane (CAM)
Assay to Evaluate the Biocompatibility and Angiogenic Response to Biomaterials. ACS Biomater. Sci. Eng.
2019, 5, 3190-3200. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/jbm.820040309
http://dx.doi.org/10.1016/j.biomaterials.2007.04.042
http://dx.doi.org/10.1016/j.actbio.2013.12.013
http://dx.doi.org/10.1089/ten.tea.2011.0027
http://dx.doi.org/10.1208/s12249-011-9625-y
http://dx.doi.org/10.1007/s10971-015-3899-6
http://dx.doi.org/10.1021/la503057w
http://dx.doi.org/10.3390/ijms17111812
http://dx.doi.org/10.1021/acsbiomaterials.9b00172
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Synthesis of Hydrogels 
	Injectability 

	Solution Stability 
	Rheology Measurements 
	Scanning Electron Microscopy (SEM) 
	Chemical Analyses 
	Fourier-Transform Raman (FT-Raman) Spectroscopy 
	Attenuated Total Reflectance (ATR) Spectroscopy 

	Ex-Ovo Chick Chorioallantoic Membrane (CAM) Assay 
	Histology Analyses of CAM Tissue-Samples 

	Discussion 
	Materials and Methods 
	Materials 
	Synthesis of Thermosensitive Injectable CS Hydrogels 
	Synthesis of Thermosensitive Injectable Composite Hydrogels (CS/HA/Hep) 
	Characterisation of Hydrogels 
	pH Measurements 
	Injectability Measurements of Hydrogels 
	Rheology Measurements 
	Scanning Electron Microscopy (SEM) 
	Fourier-Transform-Raman (FT-Raman) Spectroscopy 
	Fourier Transform Infrared (FTIR) Spectroscopy 
	Ex-Ovo Chick Chorioallantoic Membrane (CAM) Assay 
	Statistical Analysis 
	Histology 


	Conclusions 
	References

