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Abstract

Injectable, tissue mimetic, bioactive, and biodegradable hydrogels offer less invasive

regeneration and repair of tissues. The monitoring swelling and in vitro degradation

capacities of hydrogels are highly important for drug delivery and tissue regeneration

processes. Bioactivity of bone tissue engineered constructs in terms of mineralized apatite

formation capacity is also pivotal. We have previously reported in situ forming chitosan‐

based injectable hydrogels integrated with hydroxyapatite and heparin for bone

regeneration, promoting angiogenesis. These hydrogels were functionalized by glycerol

and pH to improve their mechano‐structural properties. In the present study,

functionalized hybrid hydrogels were investigated for their swelling, in vitro degradation,

and bioactivity performances. Hydrogels have degraded gradually in phosphate‐buffered

saline (PBS) with and without lysozyme enzyme. The percentage weight loss of hydrogels

and their morphological and chemical properties, and pH of media were analyzed. The

swelling ratio of hydrogels (55%–68%(wt), 6 h of equilibrium) indicated a high degree of

cross‐linking, can be suitable for controlled drug release. Hydrogels have gradually

degraded reaching to 60%–70% (wt%) in 42 days in the presence and absence of

lysozyme, respectively. Simulated body fluid (SBF)‐treated hydrogels containing

hydroxyapatite‐induced needle‐like carbonated‐apatite mineralization was further

enhanced by heparin content significantly.

K E YWORD S

bioactivity, chitosan, degradation, heparin, hydroxyapatite, injectable hydrogel

1 | INTRODUCTION

The extracellular matrix (ECM) mimetic, porous and degradable

naturally derived polymers functionalized with bioactive compounds

as tissue engineered constructs offer a great potential in regenerative

medicine. Integration of these unique properties with stimuli‐

responsive crosslinking mechanisms in situ at physiological conditions

(e.g., pH and temperature) raise minimally invasive regenerative

materials. Injectable hydrogels produced as fluid solution transform

into cross‐linked hydrogels in situ molding into tissue deficits for their
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reconstruction. Biodegradable hydrogels serve as temporary scaf-

folds stimulating healing ensured by the interaction of bioactive

agents, integrated in hydrogel networks, with tissues.

Chitosan (CS) is a biocompatible and biodegradable natural polymer.

CS is processed through deacetylation of chitin which is a natural

polysaccharide. CS is composed of acetylated and deacetylated forms of

glucosamine bond series at linear configurations (Jennings, 2017). CS

possesses highly efficient in situ gelation capacity due to pH and/or

temperature stimuli. The neutralizing CS with various gelling agents,

such as β‐glycerophosphate (β‐GP) (Dessì et al., 2013), Na2CO3 (Li

et al., 2014), and NaHCO3 (Liu et al., 2011), leads physical crosslinking in

situ at the vicinity of body temperature. The addition of NaHCO3 into

CS‐β‐GP hydrogels was reported to improve mechanical properties and

biocompatibility (Deng et al., 2017).

The swelling and biodegradation features of CS can be controlled

by adjusting its molecular weight (Mw) and degree of deacetylation

(DDA) (Jennings, 2017). Tailoring these properties extends applications

of CS toward tissue engineering applications from temporary regenera-

tive and/or drug delivery tools to high lifespan devices (Do et al., 2022;

Taghizadeh et al., 2022), for example, wound healing (Aleem et al., 2017;

Lih et al., 2012; Shahzad et al., 2015, 2018), bone regeneration (Iqbal

et al., 2017; Kocak et al., 2022a; Nájera‐Romero et al., 2020;

Qasim et al., 2015) and cartilage repair (Chenite et al., 2000; Hoemann

et al., 2005; Méthot et al., 2016; Shive et al., 2006). The rate of

biodegradation of tissue‐engineered constructs must have a harmony

with the normal tissue recovery process. CS is exposed to degradation

mainly by either physical or chemical means. The swelling, fractures, and

dissolution are considered among physical degradation ways. CS can be

degraded chemically by hydrolytic degradation (with or without an

enzyme), and by means of oxidation and depolymerization reactions.

During hydrolysis of CS, glycosidic linkages are degraded at varying

rates depending on Mw and crystallinity of CS, and the cross‐linking

degree in the case of CS‐based hydrogels. CS can also expose to

hydrolysis in the presence of enzymes in the human body, for example,

lysozyme and chitinase. The secretion of lysozyme by phagocytic cells,

such as macrophage and neutrophil at tissue defects, induces

degradation of CS which breakdown into glucosamine and saccharide

units leading to proteoglycans removed by metabolic activities in the

body (Jennings, 2017).

The enriching natural polymers such as CS along with

bioactive ceramics leads to construction of functional bone

tissue scaffolds. Bioactivity plays a key role in the success of

the tissue regeneration process. Bioactive scaffolds elicit specific

physical and biochemical functionalities improving their integra-

tion with the interacted tissues. Some bioceramics, such as

hydroxyapatite (HA) and its ionic substituted forms (AL‐Hamoudi

et al., 2022; Chaudhry et al., 2013; Juhasz & Best, 2012;

Qasim, 2015), bioactive glasses, glass‐ceramics, and glass iono-

mer cements (Juhasz & Best, 2012; Najeeb et al., 2016;

Qasim, 2015), are prominent with their bioactivity. One of the

most commonly used methods for testing bioactivity is measuring

mineralization capacity in simulated body fluid (SBF). The

incubation of bioactive ceramics in SBF leads to the formation

of the carbonated apatite layer on their surface, anticipating their

in vivo attachment performance with bone tissues (Kokubo &

Takadama, 2006; Kong et al., 2006). HA and its biomimetic ionic

substitutions exhibit potential bioactive features due to reactive

anionic hydroxyl groups on its surface attracting biological

molecules. It is reported that HA enhances osteointegration,

osteoconductivity, and rapid induction of bone growth by

improving cellular activities, for example, cell viability, cell and

protein adhesion, and cell proliferation and differentiation (Arun

Kumar et al., 2015; Kong et al., 2006). The mechanically brittle

structure of HA is strengthened by forming composites with

diverse natural or synthetic polymers to form bioactive and

biodegradable scaffolds which is more effective for tissue

regeneration (Sharma et al., 2021). HA integrated polymer‐ based

bioactive composites in different forms, for example, coatings

(Bedi et al., 2012; Darr et al., 2004; Kong et al., 2006), porous

scaffolds (Dubnika & Zalite, 2014; Qasim, et al., 2015), and

injectable materials (Chuysinuan et al., 2021; Kocak

et al., 2020, 2022b; Sa et al., 2015) have been reported for bone

repair and regeneration, and drug delivery applications. HA

introduction into CS‐based pH and thermosensitive hydrogels

has been reported to enhance bioactivity, osteogenic differentia-

tion, and gene expression of mesenchymal stem cells (Rogina

et al., 2017). Furthermore, CS‐HA hydrogels neutralized by

NaHCO3 at increased HA concentrations have been reported to

indicate quick gelation, and their pre‐osteoblast encapsulated

forms inducing osteoinduction and increasing cell viability

(Ressler et al., 2018).

In addition to surface bonding, structural bonding of biomater-

ials with tissues occurs by tissue growth towards the pores and

interconnected channels forming a network for transit of nutrients

and metabolic agents by blood through branched blood vessels. This

brings out another aspect of bioactivity provided by development of

proangiogenic tools leading to rapid neovascularization upon tissue

destruction which is necessary for normal tissue healing process.

The involvement of pre‐vasculature developed through cell tech-

nologies is a strategy to promote angiogenesis (Rouwkema

et al., 2006). Besides, the inclusion of proangiogenic, growth factor

(GFs) in tissue engineering constructs has been reported (Amini

et al., 2012). However, the forementioned technique involves the

problems with cell origin and surgical challenges, and unconformity

of pre‐vasculatures with native blood vessels. The latter method

also may lead to risks of toxicity and side effects due to a high

dosage of GFs required for angiogenesis (Amini et al., 2012;

Yancopoulos et al., 2000). Therefore, recent strategies investigate

the use of natural biocompatible, biomimetic molecules, such as

heparin (Hep) which is bioactive. The bioactivity of heparin results

from its ability to attract and bind diverse bioavailable molecules,

including proangiogenic growth factors (Chiodelli et al., 2015). Thus,

the recent works carried out by also our group showed that heparin

integrated tissue engineered scaffolds promote angiogenesis (Feng

et al., 2017; Kocak et al., 2020, 2022b; Sun et al., 2011; Yar

et al., 2016, 2017).
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In our recent studies, in situ formed injectable hybrid hydrogels

have been developed for bone regeneration and drug delivery. These

hydrogels were constituted based on a CS matrix used as a

biodegradable and thermo‐gelling polymer (at body temperature)

which was incorporated with bioactive carbonated HA as inorganic

bone matrix and bioactive Hep for proangiogenic purposes (Kocak

et al., 2020, 2022b). This present study involves further characteri-

zations of these CS‐HA‐Hep hydrogels which was formed by a sterile

sol–gel method when glycerol has been added to control sol and gel

properties, for example, increasing pH level during addition of

NaHCO3 by delaying precipitation point for obtaining homogeneous

solution, enhancement of physical crosslinking and mechanical

strength. The further characterizations in this study involve investi-

gation of in vitro swelling, degradation, and bioactivity capacities of

CS‐HA‐Hep hydrogels. The swelling of hydrogels, which impacts

degradation and drug delivery, has been investigated in phosphate‐

buffered saline (PBS) at 7.4 pH. Biomineralization by deposition of

carbonated apatite crystals on hydrogels was investigated by

immersion of hydrogels in SBF. Biodegradation through hydrolysis

and enzyme activities were investigated by taking a model of

biomimetic degradation of chitosan by lysozyme enzyme (Lys.).

Hydrogels were tested for degradation by immersion in PBS in the

presence and absence of Lys. The complementary chemical and

morphological analyses involved pH and weight measurements, and

Fourier transform infrared‐attenuated total reflectance (FTIR‐ATR),

scanning electron microscopy (SEM), and energy dispersive spectros-

copy (EDS) analyses.

2 | MATERIALS AND METHODS

2.1 | Materials

For synthesis of hydrogels, chitosan (medium Mw: 100–300 kDa,

DDA: ≥90%), glycerol (99%), and acetic acid (glacial) were

supplied from ACROS Organics™ (Thermo Fisher Scientific) and

sodium bicarbonate (NaHCO3) from Fluka® (Sigma Aldrich).

Sodium Heparin (from bovine source; injectable grade, 156 IU/

mg of activity) was kindly provided as a gift from Extrasul‐Ext. An.

Veg. Ltda. In all experiments, de‐ionized ultrapure (Type‐I) water

(D.H2O) (Veolia Water Technologies, PURELAB® Chorus,

18.2 MΩ cm) was utilized.

2.2 | Synthesis of injectable hydrogels

CS/HA/Hep hydrogels were synthesized according to the proce-

dure we reported previously (Kocak et al., 2022b). Briefly, CS

powder (5%, w/v) was suspended in D.H2O containing 5% (wt./v)

of glycerol. Then, it was dissolved by dropwise addition of 0.5 M of

acetic acid. Hydroxyapatite powders synthesized as earlier

reported (Kocak, 2021; Kocak et al., 2022a) have been mixed

thoroughly into CS solution (HA/CS: 1/10) by stirring for 24 h. The

Hep was dissolved in D.H2O (5 mL) and slowly added to the CS/HA

blend. The viscous solution of CS/HA/Hep was then neutralized by

addition of 0.48 M of NaHCO3 drop‐by‐drop in an ice bath.

Injectable solutions were obtained and incubated at 37°C for 48 h

in glass dishes with lids to obtain stable hydrogels. Hydrogel

samples in different compositions, including sole CS (CI), CS + HA

(CII), and CS + HA + Hep (SI) (120 µg/mL of Hep in final neutral

solution), were synthesized and symbolized as given in parenthesis

(CI, CII, and SI). For different analyses, hydrogel specimens were

prepared by cutting with cork‐borers in different diameters for

swelling and degradation (Ø: 5/16 inch) and bioactivity (Ø: 1/4

inch) analyses.

2.3 | Swelling (liquid absorption) tests

The initial weight of each hydrogel specimen (three sample

replicates and n = 3) was weighted and recorded as Wi (~0.1 g).

The samples were then placed in vials containing 3 mL of PBS

media and incubated at 37°C. At different time intervals of

30 min, and 1, 2, 4, 6, 15, 24, 48, and 72 h, after removing their

surface water, samples were weighed again and recorded as Ws.

The percentage of swelling was counted by the given formula

(Equation 1) where Wi and Ws represent the initial and swollen

weights of hydrogels, respectively.

W W Wswelling ratio(%) = ( − )/ × 100.s i i (1)

2.4 | In vitro degradation tests

For degradation studies, PBS tablets (Dulbecco A, pH 7.3 ± 0.2 at

25°C) (Thermo Scientific™, Oxoid™) and lysozyme from hen egg

white (≤20,000 U/mg, Thermo Fisher Scientific™, MP Medical™)

were utilized. Hydrogels (four sample replicates and n = 3) were

weighed (~0.1 g) and recorded as Wi as initial mass. Samples in two

groups were prepared by incubating (at 37°C) in 3mL of PBS and

PBS + lysozyme (5 mg/mL). The sample vials were manually swirled

twice a day and the media refreshed every 3 days. At determined

time intervals (1, 3, 7, 14, 21, 28, 35, and 42 days), pH of media was

measured for each specimen of both groups. Samples were washed

with D.H2O to remove adsorbed ions and incubated at 37°C for 24 h.

Then, samples were weighed and recorded as (Wt). The percentage

weight loss was calculated by using Equation (2). For degradation

time intervals of 14, 28, and 42 days, the freeze‐dried samples were

analyzed by FTIR‐ATR and SEM.

W W Wweight loss(%) = ( − )/ × 100.i t i (2)

2.5 | Bioactivity studies by SBF

For SBF preparation, the following chemicals were supplied: NaCl,

NaHCO3, KCl, K2HPO4.2H2O, MgCl2.6H2O, CaCl2, and Na2SO4 from

Sigma‐Aldrich®, and 1N HCl and (CH2OH)3CNH2 (Tris) fromThermo

KOCAK ET AL. | 3
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Fisher Scientific™ (ACROS Organics™). The SBF solution was

prepared at a pH of 7.4 at 36.5°C as reported in the literature

(Kokubo & Takadama, 2006). Hydrogel specimens were prepared in

triplicates as n = 3. The initial weights of samples were measured and

recorded as Wi (~0.05 g). Then, the specimens were incubated (at

37°C) in universal test tubes containing 10mL of SBF media. At

determined intervals (7, 14, and 21 days), pH of each specimen media

was measured. Hydrogels were washed thrice, and surface water was

removed. Then, each sample was weighed and recorded as Wi.

Following this, samples were freeze‐dried, weighed again, and

recorded as Wfd. Dry weight ratio in percentage was counted for

each sample by using Equation (3). The freeze‐dried samples were

then further analyzed by SEM, EDS, and FTIR‐ATR for each time

interval.

W Wdry weight ratio(%) = / × 100.ifd (3)

2.6 | Statistical analyses

Statistical analyses were carried out by using two‐way ANOVA‐

Tukey multiple comparison tests performed (p ≤ 0.05 was assessed as

statistically significant).

3 | RESULTS AND DISCUSSIONS

3.1 | Swelling tests by weight and Ph analyses

The swelling profile of different hydrogel compositions was investi-

gated by measuring liquid absorption of hydrogels tested with PBS

media. The mass change of hydrogels immersed in PBS and the

supernatant media pH was measured at determined time slots (0.5, 1,

2, 4, 6, 15, 24, 48, and 72 h). The plots of swelling percentages and

pH alteration in immersion media are given in Figure 1. The highest

amount of swelling occurred in the first 30min. Then, liquid

absorption was slowly increased and reached to an equilibrium

within 6 h (Figure 1a). CS hydrogel (CI) showed a higher portion of

swelling over the test time, and the maximum swelling was measured

as 68% (wt) at 6 h ime period. CS‐HA‐Hep samples (SI) indicated the

least liquid absorption of 55% at this point. After 15 h, hydrogels

showed a slight tendency of de‐swelling up to 72 h. The pH values

rose gradually by 15 h as parallel to swelling, whereas a decrease at

pH values observed at the rest of the experiment which was the

sharpest in the CI sample (Figure 1b). The pH patterns for CII and SI

sample media were almost the same. The maximum pH value was at

around 7.70.

The swelling ratio of hydrogels in comparison to the most

reported hydrogel formulations was not very high (Coutinho

et al., 2010; Jin et al., 2007, 2009; Shahzad et al., 2015). In one

study, CS‐based hydrogels integrated with HA neutralized with

sodium bicarbonate forming hydrogel upon crosslinking at 37°C

showed around 30% of swelling in PBS which reaches to 40% in 3

days (Ressler et al., 2018). The higher initial PBS absorption ratio of

hydrogels in the present study could be related to the hierarchial

morphology comprising macro‐ and micro‐ porosity. The presence of

micropores might increase the permeability. Overall moderate

swelling of hydrogels might result from a strengthened structure of

hydrogels by glycerol additive leading pH adjustment to an upper

level providing to acquire homogeneous solutions that have also led

to further chain entanglement and increase in mechanical strength

(Kocak et al., 2022b).

An injectable hydrogel system does not require post‐loading

of drugs into hydrogels, as these can be added into liquid

hydrogel forms directly and bound within the hydrogel networks

upon in situ fast gelation. Therefore, a high ratio of swelling for

drug loading efficiency is not a prerequisite in these systems.

F IGURE 1 The swelling analyses of hydrogels (CI, CII, and SI) at different time intervals: 30min, and 1, 2, 4, 6, 15, 24, 48, and 72 h: (a)
swelling percentage of hydrogels and (b) pH of phosphate‐buffered saline (PBS) media that hydrogels were incubated.

4 | KOCAK ET AL.
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3.2 | In vitro degradation tests

For in vitro degradation tests, hydrogels were incubated in PBS

and Lys. (5 mg/mL) + PBS over the 6 weeks. At certain time

intervals of tests, weight and pH measurements, and morphologi-

cal and chemical analyses were carried out.

3.2.1 | Weight and pH analyses at in vitro
degradation tests

The weight loss of hydrogels was measured and plotted as a

percentage versus time intervals of the test (1, 3, 7, 14, 21, 28,

35, and 42 days) given in Figure 2. In the first 24 hours,

approximately 20% of weight loss occurred in all hydrogels for

both groups. This high amount of weight decreases after 24 h is

presumed to be caused by water loss due to progression of

gelation by heating at 37°C for drying. After 2 weeks, in PBS and

PBS+Lys. media specimens, around 40% and 50% of weight loss

occurred, respectively, which was attributed to polymer dissolu-

tion rather than degradation. In the rest of tests, hydrogels have

started degradation in a gradual manner reaching 70% of their

initial weights after 6 weeks (Figure 2b). The sample group

incubated in PBS indicated degradation in a lower speed, which

was approximately 35% of weight loss in 14 days, and degrada-

tion progressed and amounted to 60%(wt) at the end of tests

(Figure 2a). The difference of degradation profile in two different

media has not exhibited statistical significance (p: 0.0959), but

the degradation rate between the time slots was found to be

significant (p < 0.0001).

The pH alteration in supernatant media of hydrogels exposing

to degradation in PBS and PBS+Lys. has comparatively given in

Figure 3. The addition of Lys. in PBS solution has led to a decrease

of the initial pH from 7.4 to 7.0–7.1. The pH values of both media

groups showed a soar up to 3 days which could be due to liquid

absorption. From Day 3 to Day 7, the mean pH values indicated a

decrease reaching around 7.3 and 6.9 for PBS and PBS+Lys. media,

respectively. A gradual decrease of pH was maintained in the PBS

group by 21 days followed by small rises and reductions. However,

the sharper changes at pH occurred in PBS+Lys. media, which could

be due to interactions of Lys. with CS leading to the more effective

breakdown of CS into smaller chains. During the experiments, pH

range seems to be mostly in a neutral range which is compatible

with physiological pH conditions (Chenite et al., 2000).

3.2.2 | FT‐IR analyses at in vitro degradation tests

The chemical structural changes of degrading hydrogels incu-

bated in PBS and PBS+Lys. were analyzed by Fourier Transform

Infrared‐Attenuated Total Reflectance (FTIR‐ATR) Spectroscopy.

The analyses were performed for untreated samples (Day 0), and

samples exposed to incubation in two different media for 14, 28,

and 42 days. The results are given in Figure 4. Over the

degradation period, marked reductions occurred in the peak

intensities within the region belonging to O–H and N–H groups

(3200–3500 cm−1), and the peak intensities were decreased

between 2800 and 3000 cm−1, which were contributed to C–H

stretching bonds (Shahzad et al., 2015). The decrease at C–O

cyclic stretching frequencies (at 1078 cm−1) (Rokhade et al., 2007)

was more obvious for Day 28 and Day 42 samples. In addition,

the peak intensities at 1416 and 1383 cm−1 assigned to CH2

bending vibrations have explicitly declined with degradation

(Shahzad et al., 2015). The peaks located at 1579 cm−1 corre-

sponded to amide II or N–H bending deformation, and 1641 cm−1

attributed to amide I or C═O linkages (Shahzad et al., 2015;

Yar et al., 2017). An increase in the peak intensities at 1649 cm−1

F IGURE 2 The in vitro degradation weight analyses with
standard error bars plotted as percentage weight loss in
hydrogels (CI, CII, and SI) versus time (up to 42 days) measured
for samples incubated in (a) PBS and (b) PBS + Lysozyme (5 mg/
mL) solution.

KOCAK ET AL. | 5
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attributed to amide‐I linkages has indicated the chemical inter-

actions of lysozyme with CS (Mizuguchi et al., 1997).

3.2.3 | SEM analyses at in vitro degradation tests

SEM morphological analyses of hydrogels were performed at certain

degradation periods (14, 28, and 42 days). The degradation samples

were tested after the freeze‐drying process. Hydrogel specimens

have indicated some cracks at Day 14. There were signs of bulk

degradation in Day 28 samples for both groups, and this was more

obvious in cross‐sectional images (Figure 5). In addition, flat top and

bottom surfaces were exposed to erosion and the inner layers of CS

with micropores were uncovered (Figure 5f,i). Further progress of

bulk degradation was seen at Day 42 samples, with large cracks and

breaking down of most of the polymeric structure.

It has been reported in literature that degradation speed depends

on multi‐parameters, including inherent properties of polymers, for

example, Mw and DDA of CS, and topological properties, such as

porosity, structure of pores, hydrophilic or hydrophobic nature

(Jennings, 2017; Qasim et al., 2017). The gradual degradation rate

in all hydrogel compositions with no significant difference occurred

reaching to around 60% and 70% (wt%) in PBS and PBS+Lys, media,

respectively. Our results are comparable with the in vitro degradation

test results reported for 4 weeks (around 45%) for HA integrated CS‐

based hydrogels neutralizedwith β‐glycerophosphate (Liu et al., 2014).

In addition, CS‐based hydrogels neutralized with NaHCO3 and

incorporated with HA by the in situ precipitation technique have been

reported. The in vitro degradation results of these hydrogels were

parallel with our study showing around 30% of weight loss in 3 days.

Faster degradation of our hydrogels with approximately 10% higher

weight loss was observed at Day 14 and Day 28 studies. This could

be related to a higher concentration of lysozyme used in our study

F IGURE 3 The pH alteration at the incubation media of hydrogels (CI, CII, and SI): (a) phosphate‐buffered saline (PBS) and (b) lysozyme
added PBS (5 mg/mL) (Lys+PBS), plotted versus time up to 42 days of degradation test.

F IGURE 4 The FTIR‐ATR analyses of SI hydrogel composition
incubated in (a) phosphate‐buffered saline (PBS) media and (b)
lysozyme added PBS (5mg/mL): symbolized as (PBS) and (Lys),
respectively, in legends on the plots. In legends: Day 0 represents
nontreated hydrogels as Day 14, 28, and 42 represent degradation
time of samples in a media.
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(Ressler et al., 2018), as it has been reported that in vitro and in vivo

degradation rates may differ. In addition, following an implant

placement, time required for formation of new bones has been

reported to start within 1–2 months (Danilchenko et al., 2011; Qasim

et al., 2017).

3.3 | Bioactivity tests in SBF

After sequent time intervals, the chemical and morphological

analyses of SBF‐treated hydrogels were conducted by pH and

weight measurements, and ATR, SEM, and EDS analyses.

F IGURE 5 Comparative SEM images of composite hydrogels (SI) during degradation in phosphate‐buffered saline (PBS) and lysozyme added
PBS (5 mg/mL) media. The micrographs from left to right in three columns show top, cross‐section, and bottom sites. The vertical labels indicate
the day of degradation test and the used media. Day 0 labeled images (a–c) represent hydrogels before media treatment. Scale bars at the
following images represent: (b–e; g, h; j, k; m, n): 100 µm, (f, l): 10 µm and (a, I, o): 1 µm.

KOCAK ET AL. | 7
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3.3.1 | Weight and pH analyses at bioactivity tests

Mineralization capacity by weight was measured and plotted as dry

mass percentage of hydrogels versus time of incubation in SBF (for 7,

14, and 21 days). The pH values of supernatant SBF media were

measured and compared for sample compositions and time intervals.

The results are given comparatively in Figure 6. In pH analyses, a rise

tendency of pH in media of specimens was measured in all samples

from Day 7 to Day 21 (Figure 6b). The highest values of the mean

media pH possessed by the SI sample were between 7.46 and 7.53.

Upon 7 days of treatment with SBF, the composite hydrogels,

CII, and SI indicated formation of white hardened mineral layer on top

surfaces visibly. However, the basic CS hydrogels (CI) without HA and

Hep had almost no visible or weight‐based mineralization. The total

dry weight ratio change in the CI sample was only 0.7% from Day 7 to

Day 21. At Day 7, the CII sample showed significantly higher

mineralization than the CI. The highest mineralization by weight

belongs to the SI sample at all time intervals while no statistical

difference was observed between CII and SI at Days 7 and 14

(Figure 6a).

An increment in the dry mass percentage of CII and SI samples

was 1.4% and 2.5% (wt%), respectively, from Day 7 to Day 14,

whereas almost no change occurred between 14 and 21 days. At Day

21, the composite SI sample showed the highest degree of

mineralization, which was statistically higher than CII (p = 0.0183).

These results revealed the contribution of Hep to bioactivity of

hydrogels as well as HA in a longer term. Hence, it could be stated

that heparin had an impact on bioactivity not only by binding

proangiogenic molecules biologically but also ions in SBF inducing

apatite forming capacity required for bone regeneration. It was

reported that integration of Hep into fibrinogen‐based injectable gels

promoted alkaline phosphatase activity leading to mineralization

(Yang et al., 2010). Moreover, poly‐caprolactone (PCL) membranes

functionalized with Hep was reported to improve alkaline phospha-

tase activity for osteogenic differentiation (Gümüşderelioğlu

et al., 2011). There are not many studies discussing the effect of

Hep on in vitro mineralization in SBF. However, it is reported that

Hep has been used to adjust crystalline properties of calcium

phosphates (Park et al., 2018). Furthermore, attraction of Ca2+ ions

by anionic groups in Hep (COO− and SO3
−) has led to a high Ca/P

ratio leading to apatite deposition in alkaline conditions in carbonated

apatite regulated by heparin (Deng et al., 2013).

3.3.2 | SEM AND EDS analyses at bioactivity tests

The morphological analyses of SBF‐treated hydrogels were per-

formed on lyophilized samples by SEM. To determine elemental

composition, mineralized top surface of hydrogels was analyzed by

area mapping in EDS. The SEM and EDS results of samples are

demonstrated comparatively in Figure 7.

EDS, compositional analyses of CI belonging to CS hydrogel matrix

included the elements of C, O and N, and Na (from a neutralizing agent)

(Figure 7a). After 7 days of SBF treatment, EDS data of CS were similar

and no‐detection of Ca and P elements was observed (Figure 7d). Before

SBF treatment, composite CII and SI samples possessed additional Ca and

P elements due to the presence of HA (Figure 7b,c). Upon SBF treatment

(7 days), much higher intensities of Ca and P peaks were detected

showing apatite mineralization (Figure 7e,f). The ratio of Ca/P showed

variability between samples and incubation days. The detected trace

elements, such as Cl and Mg could be the attached ions due to SBF

treatments, and the presence of Au was due to conductive coating before

SEM imaging.

The SEM image of CI sample after 14 days of SBF treatment had

a soft, flat non‐mineralized surface (Figure 7g). However, the CII

sample (CS + HA) possessed a quite rough surface with a deposition

of flower‐like, needle‐shaped crystals of carbonated apatite on the

surface and within the porous structure of hydrogels observed at

cross‐sectional areas (Figure 7h). A distinct morphological structure

was also observed with SI sample (CS +HA +Hep) that possesses a

soft coating layer of Hep in which the crystalline apatite layer has

embedded below (Figure 7i).

The physical indication of mineralization was also shown in the

photographs in Figure 8 demonstrating hydrogel specimens before SBF

treatment and after 14 days of SBF treatment (upon freeze‐drying). As

F IGURE 6 The bioactivity analyses of hydrogels (CI, CII, and SI)
with standard errors plotted versus time up to 21 days (7, 14, and 21
days): (a) dry weight ratio of hydrogels in as percentage and (b) pH
changes in the SBF media at test times.
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can be seen in Figure 8, after 14 days of SBF treatment, top surfaces of

composite hydrogels had white mineral layer deposition, whereas sole CS

sample and the bottom surfaces of all samples lacked mineralized layer.

The mineral surface of the SI sample (CS +HA+Hep) was softer than that

of CII (CS +HA) which is considered due to the coating effect of Hep

positioning itself at top. The results were also confirmed by SEM and EDS

analyses in Figure 7.

3.3.3 | FT‐IR analyses at bioactivity tests

The FTIR‐ATR analyses were performed on freeze‐dried hydro-

gels after treating with SBF for 7 days and nontreated (Day 0)

samples as control, and spectral results were comparatively

presented in Figure 9. In SBF‐treated composite samples, rise of

an intense peak locating at 1018 cm−1 was attributed to ν3 bond

of PO4
−3 linkages due to asymmetric stretching frequencies. This

peak dominated other peaks present in the basic CS sample (CI),

locating at the region between 800 and 1200 cm−1. Another

PO4
−3 bond in ν1‐symmetric stretching mode appeared at

963 cm−1 at the spectral data of composite hydrogels (CII and

SI). In addition, a relatively small peak observed at 878 cm−1 is

due to B‐type carbonate substitution in apatite structures.

Furthermore, ν4‐type crystalline PO4
−3 linkages in the spectra

were observed at 558 and 600 cm−1 (Antonakos et al., 2007;

Gibson & Bonfield, 2002).

F IGURE 7 Energy dispersive spectroscopy (EDS) analyses of (a–c) hydrogels: CI, CII, and SI, respectively (scale bars are 1 µm) before
simulated body fluid (SBF) treatment and (d–f) after 7 days of SBF treatment and (g–i) SEM images of those hydrogels treated in SBF for 14 days
at their freeze‐dried forms.
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4 | CONCLUSIONS

This study has investigated in vitro swelling, degradation, and

bioactivity properties of in situ forming injectable natural CS matrixed

hydrogels integrated with bioactive HA and proangiogenic Hep (CS‐

HA‐Hep) produced with glycerol addition. Hydrogels having a

hierarchical morphology showed respectively low ratio of swelling

which can be suitable for controlled drug release applications.

Hydrogels exposed to gradual degradation in PBS with the presence

and absence of lysozyme over 6 weeks. The bioactivity results with

SBF showed that injectable hydrogels showed unique bioactive

features not only provided by HA but also significantly enhanced by

the presence of Hep in composite hydrogels at longer duration (e.g.,

21 days). Together with previously investigated injectability (allowing

proper injection by 21‐gauge and wider needles), in situ quick

gelation (2–3min), biocompatibility, and stimulation of angiogenesis

in chick embryos, these functionalized bioactive and biodegradable

hybrid hydrogels seem potential candidates for further clinical studies

on minimally invasive bone regeneration and therapeutic delivery

applications.
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