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Abstract

The temporomandibular joint (TMJ) is commonly affected during fundamental

oral activities, reducing the quality of life. Herein, we synthesized a heparin-

conjugated poloxamer hydrogel (HEP) as a thermo-responsive injectable hydro-

gel for the treatment of TMJ disorders. While the gelation temperature of synthe-

sized HEP (25% [w/v]) was 29.8–30.0�C, there was a slight difference between

loss and storage modulus. HEP decreased the friction of the TMJ, thus requires

less energy during load-bearing jaw movement in comparison to POL. Moreover,

the oscillation test dependent on strain ranges from 0.01% to 1000% validated that

POL and HEP3 hydrogels showed a similar critical strain of about 5.6%. The total

elastic recovery percentage of HEP3 (53.50%) was higher than POL (45.55%),

indicating a better recovery of the deformed hydrogel structure. Along with the

suitable viscoelastic properties for temporomandibular cavity, both hydrogels

increased the proliferation of fibroblasts (L929) and chondrocytes (ATDC5) (cell

viabilities were above 100%). However, newly synthesized HEP induced differen-

tiated cell proliferation of chondrogenic cells at increasing concentrations up to

0.0156 mg/mL (p < 0.0001) compared to POL and the control group. The prom-

ising rheological properties and effects on chondrogenic cell proliferation of

injectable heparin-conjugated hydrogel make them candidates for intra-articular

injections used for the treatment of TMJ.
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1 | INTRODUCTION

Temporomandibular joint (TMJ) disc is a special porous
fibrocartilage that has high water content, low friction,
and high mechanical strength between the temporal
bone and mandible.1,2 The viscoelastic structure of TMJ

disc allows absorption and distribution of stress3 and pro-
vides the crucial point of jaw movement during chewing
and speaking.4 TMJ disorders occur in relation to various
psychological, mental, genetic or hormonal reasons such
as clenching and grinding, tooth loss, stress and closing
disorder. The most common symptom of TMJ disorders is
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acute or chronic pain. Although these pain-related disor-
ders are not life threatening, quality of human life, daily
activities and psycho-social conditions are adversely
affected.5 The treatment of TMJ disc can vary as non-
invasive, minimally invasive and invasive procedures
according to the severity of the disorder. Osteoarthritis-
like joint disorders of the TMJ disc cause bone and carti-
lage destruction along with tissue inflammation.6 When
bone and cartilage destruction occurs, the use of autoge-
nous and alloplastic materials to restore the area causes
pain in the facial area for a long time, while injections of
materials such as anti-inflammatory drugs, Botox, and
hyaluronic acid may not be sufficient for treatment.
Hence, a longer-lasting treatment can be achieved by
injection of a load-bearing yet biocompatible material
without surgery.7 In recent years, injectable hydrogels
based on synthetic polymers such as Poloxamer have
become frequently preferred for tissue engineering appli-
cations due to their high tissue-like water content, easily
manipulated physical properties, and minimally invasive
delivery.8–10 Poloxamer hydrogel has a highly lipophilic
property that mimics natural extracellular matrix (ECM),
not only enhancing cell growth and interaction, but also
supporting cell viability.11 Moreover, Poloxamer 407 is
recognized as an “inactive ingredient” by the US Food
and Drug Administration for various drugs such as oral
solutions, suspensions, inhalation, intravenous, ophthal-
mic, or topical formulations.12 By chemical modification
of Poloxamer and crosslinking with different molecules,13

hydrogels with various functionalities can be formulated
with higher biocompatibility and durability. Additionally,
poloxamer macromers can be synthesized by reaction of
poloxamer 407 with acryloyl chloride, and poloxamer
hydrogels with tunable water content, melting tempera-
ture and crystallinity properties can be prepared by
photopolymerization of these macromers.14 For cartilage
tissue engineering applications, studies on heparin-
bonded polymers are also promising.15 Heparin, which is
a biocompatible, biodegradable and water-soluble natural
glycosaminoglycan, effectively improves wound healing
and vascularization, reduces inflammation and acts as a
strong anticoagulant that can improve local blood circu-
lation.16,17 Heparin-based hydrogels synthesized from
thiolated heparin and poly(ethylene glycol) diacrylate
were reported to be effective for cultivation of hepato-
cytes and chondrocytes, also ensure cell adhesion and
proliferation of human mesenchymal stem cells.18 In this
study, heparin-conjugated Poloxamer has been developed
as a thermoresponsive injectable hydrogel with an
improved mechanical strength suitable for load-bearing
applications, along with biocompatible properties. More-
over, it has also been hypothesized that the developed
hydrogel could be an alternative to TMJ disc replacement

materials including temporal myofascial flaps and acellu-
lar matrix tissue patches for the treatment of TMJ disor-
ders without any surgical risk or postoperative
absorption. Up to date, even though various injectable
and self-healable hydrogels have been developed for trau-
matic spinal cord injury,19 chondral defect repair,20 and
other cartilage engineering applications,21 to the best of
our knowledge, the rheological properties of these hydro-
gels were not investigated based on the suitability of
injection to TMJ. The chemical structure of synthesized
hydrogels was characterized by Fourier transform infra-
red (FTIR), while their porosity properties were investi-
gated by micro-computed tomography (μ-CT). By
performing rheological tests, gelling temperature and vis-
coelastic properties were determined. Furthermore,
in vitro biocompatibility of the synthesized heparin-
conjugated Poloxamer hydrogel as an artificial injectable
biomaterial was carried out with the MTT and Live&-
Dead assays.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Poloxamer 407 (P407), 4-(Dimethylamino) pyridine
(DMAP, Alfa Aesar), Succinic anhydride (MERCK),
Triethylamine (TEA, Carlo Erba), Heparin sodium salt
from porcine (H5515-250KU, Sigma-Aldrich), 1-Etil-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC, Sigma-Aldrich), N-Hydroxysulfosuccininimide
sodium salt (NHS, Sigma-Aldrich) were used as received.
Dulbecco's Modified Eagle Medium: Ham's F12 (DMEM-
F12) (D6421) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) (M5655-5X1G) were purchased
from Sigma–Aldrich. PBS (phosphate buffer saline) (L1825)
was purchased from Merck, Live & Dead kit (L3224) from
Invitrogen.

2.2 | Synthesis of injectable heparin
conjugated poloxamer hydrogels

Heparin conjugated poloxamer (HEP) hydrogels were syn-
thesized in two stages: carboxylation of poloxamer and sub-
sequent heparin bonding to carboxylated poloxamer by
EDC-NHS chemistry. Carboxylation reaction of poloxamer
was performed as follows: succinic anhydride and pol-
oxamer were mixed in 1,4-dioxane overnight, subsequently
DMAP and TEA were added. After the evaporation of
1,4-dioxane, the remaining pellet was dissolved in chloro-
form and precipitated with cold ether at a 1:6 volume ratio
of chloroform to ether.22,23 Precipitate was centrifuged (4�C,
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3000 g) and left in the desiccator for 3 days to attain carbox-
ylated poloxamer. EDC-NHS reaction was modified from
Bobbala and coworkers,24 where redispersed carboxylated
poloxamer in PBS was reacted with 0.75 mmol EDC and
0.25 mmol NHS, along with heparin at specified amounts
and mixed using a magnetic stirrer overnight. Heparin:car-
boxylated poloxamer mass ratios of 0.033:1, 0.066:1 and
0.099:1 were added to the reaction media and the formula-
tions were referred as HEP1, HEP2, and HEP3, respectively.
Subsequent to the reaction, HEPs were dialyzed in distilled
water to remove any unreacted residues for 3 days, and
lyophilized (Figure S1).

2.3 | Characterization of hydrogels

2.3.1 | Fourier transform infrared
spectrometry

The functional groups of POL, untreated heparin and
heparin conjugated poloxamers (HEP) were analyzed by
Fourier transform infrared spectroscopy at Ege Univer-
sity Central Research Test and Analysis Laboratory (Ege-
MATAL). FTIR spectra of lyophilized samples were
recorded between 4000 and 400 cm�1 using Perkin-Elmer
Spectrum Two instrument.

2.3.2 | Determination of heparin amount by
toluidine blue assay

Toluidine Blue Assay was used to determine the amount
of heparin bond to poloxamer.25 Briefly, 0.05 g Toluidine
Blue was dissolved in 1 L 0.01 M HCl containing 0.2%
NaCl. Different concentrations of 1 ml of untreated stan-
dard heparin or sample of HEP were placed in tubes and
mixed with 3 ml of Toluidine Blue solution. The tubes
were vortexed for 30 s and left in the water bath for 3 h
at 37�C. Then, 2 ml of hexane was added to each tube
and agitated for 30 s to separate the heparin-dye com-
plex. After 20 min of sedimentation, the colored liquid
part was diluted in half with 0.9% NaCl and absorbance
was measured by UV-spectrometer at 629 nm.

2.3.3 | Micro-computed tomography analysis

The porosity and pore volume of the samples were ana-
lyzed with micro-computed tomography (μ-CT) using
Scanco μCT-50 (Scanco Medical AG) at 30�C. The POL
and HEP3 hydrogels were scanned with a voxel resolu-
tion and 3D images of the hydrogel structure were cre-
ated from 2D images. Because μ-CT also allows

quantitative analysis of three-dimensional morphology,
the experiments were carried out in triplicates of
each hydrogels for the representation of data as the
mean ± SD. Then, data were analyzed statistically with
ANOVA, Tukey's Multiple Comparison Test with a confi-
dence interval of ±95% (p < 0.05) by GraphPad
Prism 8.3.0.

2.3.4 | Determination of rheological
properties

Viscosity analyses of POL and HEP3 were performed at
temperatures from 20�C to 37�C using a viscometer
(Brookfield Ametek) in the incubator (37�C) at a speed
of 50 rpm for different concentrations (20%, 25%, and
30% w/v). During the monitoring of the viscosity, the
temperature difference of the solution was also
followed by a digital thermometer, as the sudden
increase of viscosity pointed to the gelation tempera-
ture of the related solution. The gelation temperatures
of hydrogels were also confirmed using the magnetic
stirrer method.26 Briefly, POL and HEP3 solutions at
the same concentrations (20%, 25%, 30% w/v) were
placed into the glass transparent vials with a digital
thermometer, then started stirring on the magnetic
stirrer. When the magnetic bar stopped stirring, the
observed temperature of the solution was recorded as
the gelation temperature.

The viscoelastic properties of hydrogels were studied
at a temperature of 37�C in a rheometer (Discovery
HR-2, Hybrid rheometer) with a parallel plate configura-
tion at a diameter of 20 mm and a gap size of 1 mm. All
experiments were conducted by releasing 1000 μl 25%
(w/v) POL and HEP3 hydrogels separately on top of the
rheometer plate using a syringe.

2.3.5 | Biocompatibility of hydrogels

The cytotoxicities of 25% (w/v) POL and HEP3 hydrogels
on healthy mouse connective subcutaneous tissue fibro-
blasts (L929) and a differentiated chondrogenic cell line
from mouse teratocarcinoma cells (ATDC5) (ATCC) were
determined by the MTT assay quantitatively and Live&-
Dead assay qualitatively on day 3. Before cell seeding,
L929 and ATDC5 were maintained in DMEMF12
medium containing 10% (v/v) Fetal Bovine Serum (FBS),
1% (v/v) L-glutamine (200 mM), 0.1% (v/v) gentamicin
(10 mg/mL) and 0.1% (v/v) penicillin/streptomycin
(10.000 U) in 75-cm2 cell culture flasks at humidified
incubator (5% CO2, 37�C). The MTT assay is a colorimet-
ric experiment that measures the activity of
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mitochondrial cells as an index of their viability and pro-
liferation. This test detects only living cells, and the sig-
nal produced is directly proportional to the number of
living cells.27 For this, L929 and ATDC5 cells were seeded
in 96-well plates (1 � 104 cells/well) as triplicates and
incubated at 37�C, 5% CO2 for 24 h. Then, the cell
medium was removed and different concentrations
(0.0313; 0.0156; 0.0078; 0.0039 mg/mL) of filter steril-
ized POL and HEP3 hydrogels (25% w/v) in growth
media were added as 100 μl to each well. The reason for
using different concentrations of POL and HEP3 hydro-
gels was to account for the different extent of disk defor-
mation at different stages of TMJ disease. DMEM-F12
medium containing hyaluronic acid at a concentration of
1 mg/ml representing the minimum amount in a patient
with temporomandibular joint disc injury, was added to
the wells.28 Cells treated with growth medium and
dimethyl sulfoxide (DMSO) were considered as positive
and negative controls, respectively. After 72 h of incuba-
tion, supernatants were removed and 100 μl of 10% MTT
solution (diluted in growth medium from 5 mg/ml stock
solution,) was added to each well. Then the plate was
incubated at 37�C for 3 h, the MTT solution was removed
and 100 μl of DMSO was added to each well. After shak-
ing, the absorbance at 570 nm was measured with a
microplate reader (BioTek). Cell viability (%) was calcu-
lated with the GraphPad Prism 8.3.0 program.

For Live/Dead analysis, calcein AM/ethidium
homodimer-1 was used to investigate the effect of POL
and HEP3 hydrogels on viability of cells. Calcein AM,
which hold on to living cells, produces green fluores-
cence, while EthD-1 binds to nucleic acids in damaged
cells, showing dead cells in red fluorescent color.29

ATDC5 and L929 cells were seeded in 48-well plates
(2 � 104 cells/well) as triplicate and incubated for 24 h
at 37�C, 5% CO2. Then the cell medium was removed
and different concentrations (0.0313; 0.0156; 0.0078;
0.0039 mg/ml) of filter sterilized POL and HEP3 hydro-
gels (25% w/v) in growth media were placed in each
well. After 72 h of incubation, cells were washed with
PBS (1X), stained with 2 μM Calcein AM, and 4 μM
EthD-1 solution prepared in PBS (1X) and incubated at
room temperature (RT) for 60 min in dark. Then cells
were washed with PBS (1X) and visualized by fluores-
cence microscopy (Zeiss, Axio Vert.A1).

2.4 | Statistical analysis

Cell viabilities data were analyzed statistically with One-
way ANOVA, Tukey's Multiple Comparison Test with a
confidence interval of ±95% (p < 0.05) by GraphPad Prism
8.3.0. In order to indicate different levels (degree) of

significance, ns; p > 0.05, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001 were used. Data were pres-
ented as the mean ± SD (n = 3).

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization of
injectable heparin conjugated poloxamer
hydrogels

The heparin conjugated poloxamer (HEP) was synthesized
by EDC/NHS binding of heparin with carboxylated pol-
oxamer. The chemical structure of the synthesized HEP
copolymers was evaluated comparatively with the pol-
oxamer (POL) and untreated heparin with respect to FTIR
spectra. The characteristic peak of POL observed at
2887 cm�1 is consistent with the reported range of 2785–
3005 cm�1.11 The FTIR spectra of HEP1, HEP2, and HEP3
exhibited the characteristic POL peak at 2887, 2878, and
2888 cm�1, respectively. Additionally, new characteristic
bands in the 1115–1735 cm�1 range, which belong to the
carbonyl vibration of HEP22 was observed, verifying the
successful conjugation of heparin. Moreover, the broad
absorption peaks assigned to the stretching vibration of
hydroxyl groups from heparin residues appeared at around
3473 and 3458 cm�1, which are in agreement with the
absorption peak of untreated heparin at 3413 cm�1.30

According to the toluidine blue assay (ABS@629), conju-
gated heparin amounts per gram of HEP1, HEP2, and
HEP3 were 1.986, 2.010, and 2.022 mg, respectively
(Figure 1a). The equation of the calibration curve was cal-
culated as y¼�0,0431xþ0,1377 (R2 = 0.9953), where
the absorbance was y and the concentration of heparin
was x. Increasing the mass ratio of heparin to carboxyl-
ated poloxamer in the conjugation reaction medium
could not significantly increase the conjugation effi-
ciency, probably because heparin, which can be bound to
active carboxyl groups of carboxylated poloxamer, was
selected at a feed concentration close to reaction satura-
tion. Hence, only one of them (HEP3) (bearing the
highest heparin) was used for all rheological and cyto-
toxic investigations.

Thus, rheological characterizations and bioactivity
assays were only carried out with HEP3. Three-dimensional
(3D) porosity images and pore volumes of POL and HEP3
hydrogels at a concentration of 25% (w/v) were obtained by
micro-computed tomography (μ-CT) analyses (Figure 1b-a).
The majority of pore sizes of POL and HEP3 were not statis-
tically different (p < 0.05) and found as 65.17 ± 1.41% and
65.16 ± 3.28%, respectively at 0.0200 mm. Pores of other
size ranges and their percentages were also similar for POL
and HEP3 (p < 0.05). (Figure 1b-b). The mean pore sizes
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were 0.0196 ± 0.0064 mm and 0.0188 ± 0.0061 mm for
POL and HEP3, respectively (p < 0.05). These porosity
results are consistent with another study, where the poros-
ity of 25% (w/w) P407 hydrogel was measured as 60% at
0.02 mm, which was reported to be suitable for cell prolifer-
ation.26 In another study, μ-CT analysis of SAG-based
hydrogel produced for bone damage showed that the poros-
ity and pore size of the hydrogel resembled a natural ECM
required for implants with pore sizes of about 200–550 μm,
found to be favorable for cell mobility and nutrient trans-
port.31 The thermo-responsive hydrogels showed fluid-like
behavior below their specific gelation temperatures, while
exhibiting gel-like behavior at temperatures above. Real
and thermal camera images of HEP3 at the concentration

of HEP3 30% (w/v) showed its gel-like non-fluidal appear-
ance at room temperature (Figure 1c,e), whereas HEP3 at
the concentration of 25% (w/v) has liquid-like property (Fig-
ure 1), indicating ease of injectability.

3.2 | Determination of rheological
properties

Evaluation of the viscosity as a function of temperature
allows monitoring of the gelation temperature of hydro-
gels, and the sol–gel transition occurs as soon as the elas-
tic gel-like behavior appears.11 In this study, the gelation
temperatures of POL and HEP3 hydrogels were

FIGURE 1 FTIR spectra of poloxamer, untreated heparin, HEP1, HEP2, and HEP3 along with the related conjugated-heparin amounts

per g of poloxamer based on toluidine blue test (a). 3D images of micro-computed tomography analyses of POL and HEP3 at the

concentration of 25% (w/v) (b). At room temperature, HEP3 at the concentration of 30% exhibits gel form (c), whereas it exhibits fluid form

at the concentration of 25% (d). Thermal images of HEP3 at the concentration of 30% (e) and 25% (f). [Color figure can be viewed at

wileyonlinelibrary.com]
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investigated at three different concentrations of 20%,
25%, and 30% (w/v) by using both magnetic stirrer and
viscosimeter. The results obtained with these two mea-
surement methods were quite similar, confirming each
other (Table 1).

According to the viscosity analyses, gelation tempera-
tures of POL at concentrations of 20%, 25%, and 30%
(w/v) were determined as 28.0, 23.1, and 20.7�C, respec-
tively. In addition, the gelation temperatures were vali-
dated by the magnetic stirrer method, where the
transition of POL at concentrations of 20%, 25%, and 30%
(w/v) from liquid-like behavior to elastic gel-like behav-
iors occurred at 28.2, 23.1, and 20.4�C, yielding similar
results. As such, the gelation temperatures of HEP3 at
concentrations of 20%, 25%, and 30% (w/v) were deter-
mined as 42.0, 29.8, and 22.2�C by the viscometer
(Figure 2a,b), whereas 42.0, 30.0, and 22.0�C by the mag-
netic stirrer method, respectively. As the thermo-
responsive gelation is due to hydrophobic interactions
between the copolymer chains of poloxamer, decreasing
the concentration probably caused weaker hydrophobic
interactions resulting in gelation at higher tempera-
tures.32 Moreover, heparin conjugation may hinder
hydrophobic interactions between copolymer chains as
sulfate groups in heparin are potential participants of the
intermolecular hydrogen bonding between heparin and
copolymer chains.33 So, gelation temperatures of HEP3
were higher than the POL at the same concentrations
consistent with previous studies with respect to heparin-
modified hydrogels.22,25

Rheological properties were evaluated by Rheometer
(Discovery HR-2, Hybrid rheometer) characterizing the
viscoelastic nature of 25% (w/v) POL and HEP3 hydro-
gels. The storage and loss moduli were examined as func-
tions of strain (0.01–1000%) and frequency (0.01–100 Hz)
for the self-healing behavior of the hydrogels and the
confirmation of the hydrogel behavior, respectively. The
oscillation amplitude test was performed to ascertain
the region where the hydrogels undergo deformation.
The oscillation amplitude sweep tests of POL and HEP3
hydrogels showed similar critical strains of about 5.6%

(Figure 2c). Although the difference between storage and
loss moduli was noticeable, it did not affect the critical
strain value. When the strain was increased up to 5.6%,
the values of storage modulus started to decrease while
loss modulus started to increase for both hydrogels. At
the oscillation strain of 5.6%, the values of storage modu-
lus were 370.74 and 236.74 Pa for POL and HEP3, respec-
tively, while values of loss modulus were 16.0 and 17.6 Pa
for POL and HEP3, respectively. Hence, it can be under-
stood from the oscillation-strain tests that the storage
modulus of poloxamer hydrogel decreased with the ratio
of 36.14% after heparin conjugation. Based on the results,
the softness of the hydrogels is convenient for biological
applications.34 According to the oscillation frequency
test, the complex viscosities of POL and HEP3 were 58.63
and 31 Pa.s, at a shear strain of 1% and a frequency of
1 Hz. In the other words, the complex viscosity of POL
was higher than that of HEP3. The values of the storage
and loss modulus were 364 and 12.46 Pa for POL, and
196 and 16.57 Pa for HEP3, respectively. When the stor-
age and loss modulus were studied as frequency-depen-
dent, storage modulus was dominant over the entire
frequency range (0.01–100 Hz, Figure 2d), supporting the
hydrogel-like behavior.35 Additionally, as in the oscilla-
tion amplitude test, the storage modulus value was
higher, whereas the loss modulus value was lower in
POL compared to HEP3 in the oscillation frequency test.
As POL has a higher difference between loss and storage
modules, the friction of the temporomandibular joint
could be high and require more energy if utilized as a
biomaterial to support load-bearing jaw movement.
Hence, HEP3 has been considered superior to pristine
poloxamer causing more fatigue in the muscles as an
injectable hydrogel for the temporomandibular cavity.

Step-strain measurements (TOST) were performed in
the range of the high strain (400%) for 100 s to disrupt
the hydrogel structure and the lower strain (1%) for the
next 100 s as the behavior of the hydrogel subjected to
high strain is critical for injectability.36 Strain-recovery
between alternating high and low strain cycles of both
hydrogels revealed full recovery of the gel network

TABLE 1 Gelation temperatures of

POL and HEP3 hydrogels at three

different concentrations according to

the magnetic stirrer and viscosimeter.

Concentration (w/v)

Gelation temperatures (�C)

Viscometer Magnetic stirrer method

POL 20% 28.0 28.2

25% 23.1 23.1

30% 20.7 20.4

HEP3 20% 42.0 42.0

25% 29.8 30.0

30% 22.2 22.0
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without notable reduction of the average magnitude of
storage and loss moduli, displaying a remarkable and
rapid thixotropic behavior. POL and HEP3 hydrogels
have returned to their former states quite quickly and
without losing their properties in second cycles
(Figure 3a,b), indicating that the structures of the gels are
robust and reversible.

Creep and recovery tests were performed by applying
different shear stresses to determine time-dependent vis-
coelastic deformation, where the first 400 s represents
load application as creep test and later 1200 s, load
removal as recovery test. Initial deformation determines
the end of the elastic stage and the beginning of the vis-
coelastic stage, and the plateau represents the viscous
stage. When the load is removed, there is an elastic recov-
ery with chain molecule rearrangement, resulting in a
final permanent deformation.37 The proximity of max
interaction zones in POL was due to the lower storage
module value. The total creep strain after loading was
approximately 5% for POL (Figure 3c) and 8% for HEP3
(Figure 3d), the low strain value for POL was due to its
higher storage modulus compared to HEP3. Moreover,
the recoverable strain (composed of elastic strain and vis-
coelastic strain components) or in the other words, the
elastic recovery percentage (R) value of POL was lower
than the recoverable strain of HEP3 (Figure 3e). The
shear creep compliance (J), which can be divided into

three parts as instantaneous elastic (Jo), the delayed elas-
tic (Jd) and viscous (J∞) components, relates to sample
softness. The larger maximum deformation in creep
interval (Jmax) value represents the weaker material
structure. These values were compatible with the rela-
tionship of loss modules in oscillation frequency testing.
Thus, it can be concluded that POL has a higher elastic
structure with a lower J value. However, the total elastic
recovery percentage was higher for HEP3, indicating that
the gel shows higher elastic recoverability by better cor-
rection of the deformed structure.

The elastic recoverability tests of hydrogels are very
important for investigating the mechanical viscoelastic
behavior of biomaterials. All applications of biomaterials
require optimum recoverability properties and maximum
performance under load. Figure 4 gives some information
about POL and HEP3 hydrogels and explains the defor-
mation properties of hydrogels under constant stress
time. According to the time scanning test under a certain
load, both POL and HEP3 hydrogels returned to their for-
mer structures with only little deformation over time.
However, it should be noted that less time was needed
for HEP3 to return its former state (Figure 4a). When
stress was applied to the hydrogels, both showed similar
characteristic deformation slopes. However, different
moduli values were obtained. These differences could be
explained by the oscillation strain test, which showed

FIGURE 2 Temperature-dependent viscosity measurement results of POL (a) and HEP3 (b) hydrogels at concentrations of 20%, 25%,

and 30%. Oscillation strain dependent storage and loss modulus for POL and HEP3 according to oscillation amplitude test (c). Frequency

dependent modulus and complex viscosity plot for POL and HEP3 (d). [Color figure can be viewed at wileyonlinelibrary.com]

7 of 12 DELIOGULLARI ET AL.

http://wileyonlinelibrary.com


storage modulus differences in the linear viscoelastic
region of the graph. The storage modulus of HEP3 hydro-
gel was lower than that of POL. The deformation of
hydrogel properties under shear rates changed between
0.1 and 1000 1/s (Figure 4b), and the correlation factors
(R2) of the flow curves were calculated as 0.816585 and
0.792050, while fluidity index values were 0.368877 and
0.0273684 for the POL and HEP3, respectively. These
values indicate that gels are compatible with the
Herschel-Bulkley model, which refers to the nonlinear
relationship of the tension of a non-Newtonian fluid with
stress. In non-Newtonian fluids, the shear rate ratio
changes between the shear stresses that make up the vis-
cosity as 0 or nonlinear. In the Herschel-Bulkley model,
the fluidity index (n) is known to extend from 0 to 1.38

The flow thixotropic behaviors of hydrogels yield infor-
mation about the recoverability of hydrogels. That is, how
hydrogels return to their original shapes and how much
deformation occurs after injection into temporomandibular

joint with a very high shear rate. Thixotropy tests revealed
the time-dependent shear thinning properties of POL and
HEP3 hydrogels showing the reversible structural transi-
tion. The loop size increased with decreasing elastic recov-
ery under variable shear rates, indicating the effects of the
injection process on the mechanical properties of hydrogels.
HEP3 hydrogel has a higher cycle loop area than the POL
hydrogel (Figure 4c) and a greater reduction at the second
range of shear rates. As the loop area is a sign of the extent
of thixotropic nature, which also shows the energy con-
sumed in the structural breakdown of a material, it is
thought that HEP3 has a better ability to reform the dam-
aged structure by van der Walls forces of attraction.39 The
binary polymer blends of Poloxamer 407 and Carbopol
971P® were reported to exhibit significantly increased thix-
otropy area which attributed to indicative of a higher time
for the structure return to the relaxed molecular configura-
tion, greater flexibility, fracture resistance, compared to the
poloxamer alone.40

FIGURE 3 Time dependent storage and loss modules values obtained from step-strain test for POL (a) and HEP3 (b). Time dependent

shear strain and compliance plot for POL (c) and HEP3 (d). Max deformation in creep interval (Jmax), viscous complement (J∞) and elastic

recovery percentage (R) values derived from the flow test (e). [Color figure can be viewed at wileyonlinelibrary.com]
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3.3 | Biocompatibility of hydrogels

The results of MTT test that was performed to determine
the cytotoxic effect of different concentrations of POL and
HEP3 hydrogels on L929 and ATDC5 cells, was shown in
Figure 5a,b. While the cell viabilities of all concentrations
of POL and HEP3 were above 70% (safety range) for both
L929 and ATDC5 cells at the end of 72 h, all concentra-
tions of two hydrogels increased L929 cell proliferation (cell
viability was above 100%) compared to control group, with
a significantly (p < 0.0001) high concentration of
(0.0313 mg/ml) POL, mainly. Besides, it was observed that
ATDC5 cell proliferation was increased significantly with
HEP3 in increasing concentrations up to 0.0156 mg/ml
(p < 0.0001) compared to POL and the control group. As
can be seen in most applications, further increase in HEP3
concentration led to a critical decrease in cell proliferation.
When the concentration of biocompatible materials
increases, generally cell proliferation increases as well.
However, sometimes there may not be a significant correla-
tion, or after a certain point, high concentrations can
reverse the proliferation by causing a toxic effect,
depending on the interactions in the mixture produced and
the mechanism of action of the components. This is why
ideal dose determination is so important. Thus, the highest
cell viabilities for both L929 and ATDC5 cells was

determined at concentrations of 0.0313 mg/ml for POL
(p < 0.0001; p < 0.05, respectively) and 0.0156 mg/ml for
HEP3 (p < 0.0001; p < 0.0001, respectively). It could be
understood from the results, hydrogel functionalization
with heparin supports chondrocyte cell viability and prolif-
eration for tissue regeneration. Previous studies have
shown that heparin can stimulate osteogenesis41,42 and
promote proliferation and osteogenic differentiation by
Wnt signaling.43 However, limited studies have been
reported on the use of heparin-containing hydrogels for
chondrogenesis in cartilage tissue engineering.44 In one of
them, it has been shown that the presence of heparin in
hydrogels promotes chondrocyte proliferation and differen-
tiation for cartilage regeneration,45 while another has been
reported the appropriate environment for cartilage tissue
formation from chondrocytes could be provided by heparin
based hydrogel.46 The Live&Dead analysis results were
consistent with MTT results (Figure 5c-f and Figure S2). It
has been clearly seen that live cells were more than dead
cells for both cell types. Additionally, the dead cell densities
of HEP3 hydrogel groups were less than POL counterparts.
Due to the physicochemical and biocompatible properties,
poloxamer/heparin-based hydrogels are used in tissue engi-
neering and biomedical studies.

Double networked poloxamer-heparin/gellan gum
hydrogels have been shown to allow cell proliferation

FIGURE 4 Time dependent module graph (a), and shear rate-stress-viscosity plots both of POL and HEP3 obtained by flow test

1 (b) and flow test 2 (c). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Percent cell viabilities of POL and HEP3 for L929 (a) and ATDC5 cell lines (b) at different concentrations (ns;p > 0.05,

*p < 0.05, ****p < 0.001). Based on Live&Dead staining test, the cell viability images of L929 (c) and ATDC5 (d) cell lines treated with POL

at different concentrations had shown together with the cell viability images of L929 (e) and ATDC5 (f) cells treated with HEP3 at different

concentrations. “PC” denotes only nutrient medium as positive control and “NC” denotes DMSO as negative control. (L929, ATDC5 cell and

well-plate images were created in BioRender.com). [Color figure can be viewed at wileyonlinelibrary.com]

DELIOGULLARI ET AL. 10 of 12

http://biorender.com
http://wileyonlinelibrary.com


and osteogenic differentiation of BMSCs when used in
cell delivery studies.11 In another study, a hydrogel
encapsulated with heparin and bFGF was shown to
accelerate in vitro HIN3T3 cell survival and the healing
of chronic wounds in rats, due to vascularization and
reduced inflammation effect of heparin.16 Additionally,
basic fibroblast and nerve growth factors added to
heparin-poloxamer hydrogels were reported to provide
effective therapeutic strategies for spinal cord injury
repair, via improving neuronal survival, axon regenera-
tion, reactive astrogliosis suppression and locomotor
recovery.47 Moreover, growth inhibition efficacy of doxo-
rubicin loaded heparinized poloxamer hydrogels and
doxorubicin loaded pristine P407 polymer were studied
as a drug entrapmenter against murine sarcoma cancer
cell line (S180), where the results showed that the anti-
cancer effect of heparin containing groups were higher
than the corresponding groups in the absence of
heparin.22

4 | CONCLUSIONS

The present work demonstrates the injectable design of
heparin conjugated poloxamer hydrogel with tempera-
ture sensitive in situ gelation at the TMJ disc disorders.
This study according to our knowledge is the first in
which suitability of polymeric hydrogel functionalized
with heparin, a member of the glycosaminoglycan family
of sulfated polysaccharides, as an injectable displacement
biomaterial for TMJ disc has been examined in terms of
viscoelastic properties and cytotoxicity. The results
showed that the contribution of heparin improved the
biomechanical properties while both hydrogels with/
without heparin were not already cytotoxic at the desired
concentrations for the TMJ cavity. In conclusion, HEP3
hydrogel is predicted to be a promising biomaterial and
can further be tested in vivo for the treatment of TMJ
disorders.
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