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Abstract

Purpose: Cartilage regeneration by using polymeric scaffolds is a new option for treatment
of osteoarthritis. A good scaffold for tissue engineering should copy the characteristics of
natural extracellular matrix. The purpose of this study was to make a dosage form with
proper reliability and stability for cartilage repair.

Methods: Hybrid scaffolds containing different ratios of hyaluronic acid (HA) and collagen
were prepared and loaded with prednisolone as anti-inflammatory agent. Two different
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Keywords: dosage forms (lyophilized implantable disk and thermo-sensitive gels) were examined. A
- Scaffold scaffold of cross-linked HA was used as control. Different characterization tests were
- Hyaluronic acid considered including differential scanning calorimetry (DSC), scanning electron
- Collagen microscopy, mechanical evaluations, and drug release.

- Implantable disk
- Thermo-sensitive gel
- Cartilage regeneration

Results: The physical and chemical performance of hybrid-scaffolds was better than HA
scaffold. Increasing the concentration of HA and collagen improved the physical and chemical
characteristics. Regarding the mechanical properties of the hybrid scaffold, the pore size was
20-200pm, compressive modulus was 54.7740.31 kPa, more than 1200% water uptake was
observed after 4 days, gelation temperature was 32+0.16°C, gelation time was 2.4+0.1 min,
and drug release was controlled for 5 days by Higuchi release kinetic model.

Conclusion: It seems that this porous hybrid scaffold could be a suitable choice in cartilage
regeneration as well as a controlled-release system for delivery of prednisolone in
osteoarthritis.

Introduction

Defects and injuries of the cartilages are significant
causes of dysfunction and disability of knee and other
organs. Cartilage diseases such as different types of
arthritis affect nearly three quarters of the people during
the lifetime.! Among the various strategies of treating
cartilage defects, tissue engineering has grown rapidly
thanks to the application of natural, synthetic or hybrid
polymers. They are used in scaffolding as space filling
agents, delivery vehicles for proteins or drugs, and 3D
structures that establish cells and present the stimuli
required for tissue regeneration.?

The scaffold material and its characteristics differ
according to the type and final application of the tissue.®
Some natural materials used as scaffolds are collagen,
fibrin, gelatin, agarose, alginate, chitosan and hyaluronic
acid (HA). Studies evaluated various synthetic polymers
namely poly(acrylic acid) (PAA), poly(propylene
fumarate-co-ethylene glycol) P (PF-co-EQG)),
poly(ethylene oxide) (PEO), poly(vinyl alcohol) (PVA),
poly(lactic-co-glycolic acid) (PLGA), poly(lactic acid)
(PLA) and hybrid materials of synthetic and natural
polymers.*®

The scaffold structure should be porous which provides
the required mechanical stability for adequate cell
substitution and facilitates the transfer of oxygen and
nutrients.  The inflammatory ~ responses  and
hypersensitivity reactions with scaffolds of natural
polymers are not much important due to their
biodegradable and biocompatible nature.®

Cartilage repair is one of the extensively studied fields in
tissue engineering. Simulating the extracellular matrix is
a suitable approach for regeneration of cartilage tissue.
HA is one of the main constituents of extracellular
matrix found in the connective tissue. Collagen is a
biocompatible and biodegradable material that helps the
adhesion and regeneration of cells.” HA is considered as
the main constituent in constructing the preliminary
framework. Meanwhile, collagen plays the role of
interpenetrated protein fiber in the network to improve
the mechanical characteristics of the scaffold and to
remain for a longer time in the body and then release the
drug in a controlled manner. Lu et al. reported that a
combination of these materials was more helpful for
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cartilage regeneration and provided an appropriate
environment for tissue repair.®

Corticosteroids reduce the inflammation and pain,
especially in moderate to severe cases of osteoarthritis,
and improve the joints function for a limited time (about
four weeks). Therefore, they can be used as an adjuvant
treatment for cartilage repair. To our knowledge there
was no report on loading anti-inflammatory drugs in
polymeric scaffolds for cartilage tissue regeneration.
Thus, the present research used HA and collagen to make
a combined polymeric scaffold for cartilage tissue
regeneration. The aim was to fabricate a porous and
mechanically-stable scaffold loaded with prednisolone as
an anti-inflammatory agent. The scaffolds of HA as well
as combination of HA and collagen were designed and
loaded with drug; and the rheological properties,
swelling, degradation and release profiles were studied.

Materials and Methods

Preparation of HA and HA/collagen scaffolds

To prepare the HA-based scaffold, 2 ml of distilled water
was adjusted to pH 3.5 by dropwise adding of the
necessary amounts of acetic acid (Merck; Germany).
Two mg prednisolone (Iran Hormone Co., Iran) was
added to the solution, and homogenized by using an IKA
T10basic, Ultra-Turrax homogenizer (IKA-Werke,
Germany) to dissolve. Then, HA (Sigma-Aldrich, Czech
Republic) was added to the mixture and the solution was

stirred at 1500 rpm for 1 h at 4°C to make an aqueous
solution containing 0.1% prednisolone and 1% HA. Poly
ethylene glycol diglycidyl ether (Sigma-Aldrich, Czech
Republic) as crosslinking agent was added to the
aqueous solution to provide a 0.25% solution. The
mixture was stirred for 30 min, and then, left to react in a
reactor (Labtech, DAIHAN LABTECH) at 35°C for 1 h.
To make disk-shaped HA scaffold, the reacted solution
was poured into each well of a 96-well plate (Falcon,
USA), frozen at -80°C, and then freeze-dried (CHRIST,
Alpha 2-4 LDPlus, Germany). Similar procedure was
used to fabricate the combined scaffolds; i.e., 0.1, 0.2
and 0.4% of collagen (Type I, Rat tail, Millipore,
Germany) was added to the HA aqueous solution. The
obtained mixture was stirred at 1500 rpm for 1 h at 4°C.
The same amount of PEGDGE was added to each of the
prepared combined aqueous  solutions,  mixed
homogenously, and then permitted to react in the
incubator at 35°C for 1 h.

Each reacted mixture was poured in each well of a 96-
well plate, frozen at -80°C, and freeze dried. In order to
prepare an injectable dosage form, each formulation was
added to an aqueous solution containing 18% of
poloxamer 407(Sigma-Aldrich; Germany) at 25°C and
stirred to provide a thermo-sensitive gel. Finally, the gels
were sterilized by filtration through 0.22-pu filter. Table 1
shows the concentration of HA and collagen in different
formulations prepared.

Table 1. Composition of formulations and results of physical tests

Formulations HA Collagen Compressive modulus Gelation temperature Gelatio_n time
(mg/ml) (mg/ml) (°C) (min)
Fy 10 - 41.26 +0.35 33+0.18 3.5+0.07
F, 5 1 39.86 + 0.20* 37+0.21* 4.5 +0.04*
F3 10 1 46.37 £ 0.56* 34 +£0.09* 3.8+0.01*
Fs 10 2 48.43 +£0.18* 35+0.12* 4 +0.08*
Fs 10 4 50.94 + 0.36* 37+0.33* 5.2+0.11*
Fs 20 1 54.77 +0.31* 32+0.16* 24 +0.1%

Formulations F; to Fs showed significant difference in comparison to F;. (*p-value<0.05)

Differential scanning calorimetry

In order to determine whether HA cross-linked and made
the network, differential scanning calorimetry (DSC) was
done. Thermal analysis was carried out by using DSC
302 (BAHR Thermoanalyse GmbH, Germany). 10 mg
HA, 20 pl PEGDGE and 20 mg cross-linked HA were
hermetically sealed within the DSC pans and heated in
the range of 25-300°C at a rate of 10°C/min under 60
cc/min of nitrogen gas flow; Al,O3 was used as the
reference material. All samples were tested in
triplicates.®

Surface morphology of implantable disks

To observe the surface morphology of the prepared
disks, scaffolds were scanned by a scanning electron
microscope (SEM, S-800, HITACHI, Tokyo, Japan).
Prior to scanning, each sample was coated with a thin

layer of gold within an ion sputter. Observation was done
by 200 x magnification at an alternating voltage of 5 KV.
The pore size of the lyophilized disks was measured
from SEM images using Digimizer software, version
4.1.1.0 (MedCalc Software).°

Compression test of implantable disks

Cylindrical  lyophilized  hydrogels  (10x3 ~ mm
diameterxheight) were prepared for compression tests.
Lyophilized disks were swelled in distilled water for 2 h
and then compressed at constant force rate of
0.1N/minute up to a maximum of 2 N at room
temperature by CT3 Texture Analyzer (Brookfield,
USA). The test was done three times for each
formulation on different samples. The specific software
of instrument was used to calculate the compressive
modulus from stress-strain curve.?
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Swelling measurement of implantable disks

The lyophilized disks were weighed and immersed in
distilled water at 25°C. At predetermined times, one of
the disks was removed, wiped with filter paper to remove
the excess water, and weighed again. The water uptake
of lyophilized hydrogels was calculated by Equation 1:

Equation 1: % Water uptake = W-Wo/WoXx 100

Herein, W, was the weight of the lyophilized sample and
W was the weight of the swollen sample.101?

In vitro degradation test of implantable disks

The lyophilized cylindrical hydrogels prepared with
different concentrations of HA and collagen, were placed
in a 50-ml glass beaker containing 20 ml phosphate
buffered saline (PBS). The samples were shaken in a
shaker incubator at 50 rpm at 37.5°C. On 1, 4, 7, 14, 28
days after starting the test, each scaffold was removed
and rinsed with distilled water, freeze-dried, and then
weighed. Percentage of the remaining lyophilized
hydrogels was calculated based on Equation 2.

Equation 2: % Degradation (t) = Wd ) -Wd/Wd(@) X 100

In this equation, W4(0) was the weight of the lyophilized
sample and Wq(t) was the weight of the sample removed
at the predetermined time.*?

Measurement of gelation temperature for thermo-
sensitive gels

A glass beaker containing 50 ml of the thermo-sensitive
gel was connected to a water circulator bath. A
temperature sensor was connected to a digital
thermometer probe and immersed in the gel. The heating
rate was 1°C/min and stirring rate was set to 80 rpm.
Gelation temperature was defined as the temperature
showed on the thermometer when the magnetic bar
stopped rotating due to gel formation.*3

Measurement of gelation time for thermo-sensitive gels
To evaluate the gelation time of thermo-sensitive gel
formulations by the inverted tube test, 900 pl of PBS,
equilibrated at 37°C, was poured into a 2-ml
microcentrifuge tube (QC LAB, Southampton, UK). 100
pl of the gel solution was poured into the tube and
incubated at 37°C. At 2, 5, 10, 15, and 20 minute
intervals, the tubes were inverted to verify possible
flowability of the gel. The time at which the gel did not
flow was considered as the gelation time.*3

Drug release measurement

The release tests were performed by the membrane-less
model since this method allows direct contact between
dosage forms (gels and implantable disks) and release
medium; thus, the erosion of dosage forms can be
studied.** The dosage forms were placed in 25 ml
beakers, and 20 ml PBS solution containing 0.1%
sodium lauryl sulfate (SLS) equilibrated at 37°C was
poured precisely. The beakers were put in the shaker
incubator (Jal Tajhiz, JSH20LUR, Iran) at 37+0.05°C.

The samples were withdrawn at predetermined time
points; 0.5, 2, 6, 12, 18 hours and 1, 2, 3, 4, 5 days, and
the release medium was completely replaced with fresh
medium kept at 37 °C. The concentration of prednisolone
in each sample was quantified by high-performance
liquid chromatography (HPLC) (CECIL, CE 4200) in
243 nm. The results were shown as percentage of
prednisolone released against time. A similar study was
performed for prednisolone powder dissolved in release
media to prove that the sink condition was provided. All
experiments were done in triplicate.

Statistical analyses

Quantitative results were expressed as mean+SD. The
statistical differences were analyzed by ANOVA test,
and p-values < 0.05 were considered significant.

Results and Discussion

Cartilage diseases and defects like osteoarthritis or
rheumatoid arthritis are the most important causes of
knee and low back pain. Cartilage degenerative diseases
usually need surgeries or other invasive procedures. The
use of tissue engineering and biomaterials improve the
outcome of therapeutic procedures. Use of biomaterials
as scaffolds allows the stem cells or growth factors to
attach to the scaffold surface or be load into it.™®
Although previous studies evaluated the effect of
prednisolone on treatment of osteoarthritis, this material
was never loaded into the combined polymeric
formulations. The present study developed a porous and
mechanically-stable combined scaffold loaded with
prednisolone as an anti-inflammatory agent in two usable
dosage forms.

DSC study

Distinct  difference was observed between DSC
thermograms of HA and cross-linked HA. Figure 1
shows the thermograms of HA, PEGDGE and cross-
linked HA. In the HA thermogram, a wide endothermic
peak was seen about 100°C which was related to the loss
of moisture after the early drying process. About 250°C,
a sharp exothermic peak was seen which could possibly
be related to the degradation of HA.

In the thermogram of cross-linked HA, sharp exothermic
peaks were also observed at higher temperatures due to
the increase in chemical stability of the polymer after
crosslinking.  Seemingly, the first peak revealed
conversion into a less-ordered phase, and the second
showed thermal degradation. In the thermogram of
PEGDGE, an exothermic peak with the onset about
200°C might be associated with flashing of PEGDGE.
Similar results were reported by Collins and
Birkinshaw.'®" Comparison of the thermograms (a) and
(c) in Figure 1 revealed that HA was cross-linked under
the reaction condition.

Surface morphology of implantable disks
Figure 2 shows the morphology of implantable disks with
different concentrations of HA and collagen. SEM images
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exhibited homogeneous distribution and interconnected
porous structure of the implantable disks. Pore size of the
implantable disks ranged 20-200 um. The pore sizes
between 100-500 pum can improve the cell proliferation,
but the smaller sizes make the implantable disks more
compact and more stable.®® The existence of pores in
scaffolds is one of the perquisites for a scaffold used in
tissue engineering, since the pores help passage of
necessary nutrients during the growth of tissues and cells.*®
In the current study, the pore size decreased by
increasing the concentration of HA and collagen,
because the concentration of HA as main network

backbone fibers and collagen as interpenetrated fibers
increased simultaneously. The results are parallel with
those of the previous studies on HA scaffolds.?® Surface
area of the porous framework is a significant feature in
the proliferation and differentiation of cells. Increasing
the concentration of HA and collagen decreased the pore
size, which caused increment in the surface area of the
implantable disks. However, the strength and stability of
implantable disks are important only for a few weeks
because a controlled release dosage form is required.
Therefore, a balance between these two characteristics
should be addressed.

80

(2) cm—
(b) e

(C) m—

Heat Flow [mW]

401

20+

001

20

<< Endo

40 .

p |

v

A

/
)
f
i

0.0 50.0 100.0

7

Figure 2. SEM images of HA and HA/collagen scaffolds with different H

250.0

300.0
Temperature [°C]

Figure 1. DSC thermograms of (a) HA, (b) PEGDGE, (c) crosslinked HA

150.0 2000

A and collagen concentrations. (a) F1, (b) F2, (c) Fs, (d) F4, (e) Fs, (f) Fe.

14 | Advanced Pharmaceutical Bulletin, 2018, 8(1), 11-19



Hybrid Scaffolds of Hyaluronic Acid and Collage

Compression test of implantable disks

Table 1 presents the compressive modulus of implantable
disks calculated by mechanical measurements. The
nominal stress (cnom) and strain (g¢) were determined by
Equation 3.

Equation 3: onom = F/Ao
Equation 4: e =1-2A
Equation 5: onom = G (A-12)

In these equations, F is the force required to compress
the disks, Ag is the cross-sectional area of the disks and A
is the deformation ratio (deformed length/initial length).
Compressive modulus (G) factor were computed as a
ratio of the stress and (A- A°2) in the linear region of the
curves at 20% strain. For example, Figure 3 shows the
stress-strain curve of formulation 6. Addition of collagen
to the formulation made it stronger than the disk

fabricated with HA per se. increasing the concentration
of HA and collagen increased the compressive modulus,
which consequently provided higher strength against
compressive strain. Nonetheless, increasing the HA
concentration is more effective on the strength of
formulations than increasing the collagen concentration.
Zhang et al.,’® Kim et al.,*2 Chen et al.?* and Vikingsson
et al.?? reported similar results.

Cartilage as a tissue that is affected by different stresses
like compressive, strain and tension, should be strong
enough to resist these stresses. The negative charges of
HA and collagen attract water molecules. This hydration
effect increased the compressive strength of the tissue.
Moreover, collagen is a kind of fibrous protein with
negative charge in which three polypeptide chains form a
stable helical structure. Thus, increase in the
concentrations of HA and collagen improves the
mechanical properties.?
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Figure 3. Stress-strain curve of Fs formulation

Swelling measurement of implantable disks

The swelling profiles of implantable disks are shown in
Figure 4. Accordingly, the percentage of water uptake was
directly related to the concentration of HA and collagen.
The effect of HA was higher and increasing the HA
concentration caused higher percentage of swelling. Both
HA and collagen are charged molecules and hydrophilic
materials which attract water molecules; so, raising the
concentration of HA and collagen increases the amount of
water uptake. It seems that the polysaccharide structure of
HA totally presents higher number of charges than the
three polypeptide chains of collagen. The percentage of
swelling affects the diffusion of signaling molecules and
nutrients in scaffolds; hence, the higher concentration of
HA and collagen would be preferred.®

In vitro degradation test of implantable disks

Figure 5 shows the degradation of implantable disks of
formulations 1 to 6 in PBS at 37°C. Accordingly,
increase in the concentration of HA and collagen
decreased the amount and rate of degradation. It could be
supposed that increase in the concentration of HA and
collagen caused the polymer chains to be more ordered

and massive, and consequently enhanced the durability
of the structure, as proved in SEM images.?* The effect
of HA and collagen concentration in this test was almost
similar; meanwhile, collagen was marginally more
effective in stability of implantable disks.

Gelation temperature of thermo-sensitive gels

Results of measuring the gelation temperature of the gel
formulations are presented in Table 1. All formulations
would be converted into gel in the body after injection. It
was detected that, increasing the HA concentration
resulted in reduced gelation temperature; and inversely,
increasing the collagen concentration resulted in
increased gelation temperature.

Gelation time of thermo-sensitive gels

Table 1 shows the results of gelation time test. This test
was done at 37°C and the results showed that all
formulations converted to gel at the body temperature in
less than five minutes. By increasing the HA
concentration, the gelation time decreased; whereas,
increasing the collagen concentration resulted in
increased gelation time.
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As the temperature increases, dehydration of
hydrophobic polyoxypropylene blocks causes poloxamer
molecules aggregate and change into micelles; which is
the initial step in the gelation process. These spherical
micelles have a dehydrated polyoxypropylene core with
an outer layer of hydrated swollen polyoxyethylene
chains. This micellization occurs when the samples are
1400
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Figure 4. Swelling profile of implantable disk formulations F;-Fs. Formulations F, to Fs showed significant difference at determined times

compared with F;. (*p-value <0.05)
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Figure 5. Degradation profile of implantable disk formulations F;-
Fe. Formulations F, to Fs showed significant difference at
determined times in comparison to F;. (*p-value <0.05)

Drug release measurement

Intrinsic solubility of prednisolone in water is 1:1300;
but, use of sodium lauryl sulfate (SLS) increased this
ratio up to 1:100 and provided the sink condition.?
Prednisolone powder was dissolved in the dissolution
medium, and the samples were withdrawn and quantified
at predetermined time points. It was done to show that
the prednisolone release in sustained manner was not
related to the limited dissolution rate of prednisolone
(Figure 6).

Having separately tested the gels and implantable disks
(Figure 6), it was found that at least 60% of the
prednisolone was dissolved in the first point of the
dissolution profile. It can be concluded that at least
within the first 24 h, the prednisolone release from
dosage forms was not related to low solubility of
prednisolone.?”

adequately concentrated. Organized packing of micelles
causes gelation. Collagen might be able to interact with
micelles, make bonds, and cause delay in the gelation
process. Actually, after injection, a short gelation time
would be useful in order to decrease the risk of dilution
with physiological fluids and local depletion at the
injection site.®
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Figure 6. (a) Release profiles of implantable disk formulations
F1-Fs. (b) Release profiles of gel formulations F;-Fes. Formulations
F, to Fs showed significant difference at determined times
compared with F;. (*p-value <0.05)
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Figure 6 depicts some general trends like the fact that all
the formulations were able to sustain the release of drug
for more than 100 h. The release of the drug from these
formulations was completed within 120 h. Increasing the
concentration of HA and collagen resulted in significant
decrease of prednisolone release. Although the effect of
HA and collagen concentration on the release kinetic was
the same, HA concentration provided more pronounced
effects. This might be related to the structure of the
scaffolds whose main backbone is HA, while
prednisolone was just entrapped in this network. Release
of drug from gel formulations was slower than
implantable disk formulations, because poloxamer
creates an additional barrier around the gel formulations
and causes slower water penetration and consequently
more long-lasting release behavior could be seen.

Korsmeyer-Peppas release model is often used to analyze
the release mechanism of polymeric pharmaceutical
dosage forms. This model is of great help particularly
when the release mechanism is not known or when more
than one type of release phenomena is involved. Kinetic
of release for all formulations was better fit to Higuchi
release kinetic based on the regression coefficients
square calculated in Table 2. Based on the release data
and fitting experimental results of M and M in the time

range, diffusion exponent (n) for the two dosage forms
was calculated (Equation 6) to be 0-0.5 (0<n<0.5).

It seems that the release mechanism for all scaffolds
were the Fickian diffusion. This mechanism describes
the condition in which the rate of diffusion is slower than
the rate of chain relaxation.’® Based on the degradation
and swelling profiles of implantable disks in the first five
days, about 50% of each disk was remained and swelled
by more than 200% during the studied period. It could be
concluded that these hybrid polymeric dosage forms are
matrix systems that the drug transport and release
through them is mainly provided by diffusion
mechanism.?8-%0

Equation 6: M:/Mo = kt®

Herein, n is diffusional exponent, k is kinetic parameter,
M; and M. are the absolute cumulative amounts of
prednisolone released at time t and infinite time using the
Korsmeyer-Peppas model.3!

Statistical Analysis

According to the results of different tests and one-way
ANOVA, the formulation Fg¢ of implantable disks and
thermo-sensitive gels was significantly different from
other formulations and was chosen to be examined in the
ongoing in vivo study.

Table 2. Results of fitting release data of implantable disk and gel formulations to different kinetic models.

Formulations Ry RZ%g, R%; R?%;, R%; R?%g RZ, R%,¢ Ko kog Npi Npg
F1 0.9575 09781 0977 0.9852 0.9831 0.9887 0.897 0.8919 0.24 0.21 0.3519 0.283
F2 0.971 09713 0.9834 0.9875 0.9841 0.9831 0.8601 0.8568 0.18 0.19 0.3848 0.2808
F3 0.9682 0.9656 0.9835 0.9742 0.991 0.9831 0.8447 0.8473 0.15 0.16 0.4271 0.3127
F4 0.9553 0.9781 0.9871 0.9857 0.9899 0.9871 0.8324 0.8523 0.14 0.14 0.4011 0.3326
F5 0.9792 0.9603 0.9835 0.9715 0.9864 0.9894 0.8265 0.8304 0.12 0.13 0.4172 0.3393
F6 0.962 0.9593 0.9805 0.9752 0.9901 0.9922 0.8177 0.8519 0.11 0.11 0.4226 0.3763

R%, = Regression coefficient square of zero order model for implantable disks; R?%, = Regression coefficient square of zero order model
for gels; R?; = Regression coefficient square of first order model for implantable disks; R?4 = Regression coefficient square of first order
model for gels; R%; = Regression coefficient square of Higuchi model for implantable disks; R%, = Regression coefficient square of
Higuchi model for gels; R%; = Regression coefficient square of exponential model for implantable disks; R?,; = Regression coefficient
square of exponential model for gels; ky = kinetic parameter of exponential model for implantable disks; kpq = kinetic parameter of
exponential model for gels; n, = diffusion exponent of exponential model for implantable disks; nyy = diffusion exponent of exponential

model for gels.

Conclusion

Based on the findings of this study, it can be concluded
that hybrid formulations are superior to formulations
containing HA per se. All of the formulated scaffolds
were porous and had interconnected pores, suggesting
that the scaffolds are useful for the growth of cells and
tissues. Furthermore, increasing the concentration of HA
and collagen improves the mechanical properties.
Regarding the release test, gel formulations showed more
sustained release profile. However, both systems showed
Higuchi release kinetic at least for the first 24 h. It can be
claimed that hybrid scaffolds (implantable lyophilized
disk and injectable gel) can be easily applied as useful
dosage forms for cartilage tissue regeneration.

Acknowledgments

This paper was part of a thesis written by Farhad
Mohammadi for the partial fulfillment of PhD degree. It
was financially supported by Shiraz University of
Medical Sciences (Grant# 94-7585).

Ethical Issues
Not applicable.

Conflict of Interest
The authors declare no conflict of interests.

References
1. Hunziker EB. Articular cartilage repair: Basic science
and clinical progress. A review of the current status

Advanced Pharmaceutical Bulletin, 2018, 8(1), 11-19 | 17



Mohammadi et al.

and prospects. Osteoarthritis Cartilage
2002;10(6):432-63. doi: 10.1053/joca.2002.0801

2. Sharma C, Gautam S, Dinda AK, Mishra NC.
Cartilage tissue engineering: Current scenario and
challenges. Adv Mater Lett 2011;2(2):90-9.

3. Buckwalter JA, Mankin HJ. Articular cartilage repair
and transplantation. Arthritis Rheum
1998;41(8):1331-42.

4. Gohel MC, Parikh RK, Nagori SA, Jena DG. Fabrication
of modified release tablet formulation of metoprolol
succinate using hydroxypropyl methylcellulose and
xanthan gum. AAPS PharmSciTech 2009;10(1):62-8.
doi: 10.1208/s12249-008-9174-1

5. Perera G, Barthelmes J, Bernkop-Schnurch A. Novel
pectin-4-aminothiophenole conjugate microparticles
for colon-specific drug delivery. J Control Release
2010;145(3):240-6. doi: 10.1016/j.jconrel.2010.04.024

6. Kreuz PC, Steinwachs MR, Erggelet C, Krause SJ,
Konrad G, Uhl M, et al. Results after microfracture of
full-thickness ~ chondral ~ defects in  different
compartments in the knee. Osteoarthritis Cartilage
2006;14(11):1119-25. doi: 10.1016/j.joca.2006.05.003

7. Hunziker EB. The elusive path to cartilage
regeneration. Adv Mater 2009;21(32-33):3419-24.
doi: 10.1002/adma.20080195

8. Lu Q, Ganesan K, Simionescu DT, Vyavahare NR.
Novel porous aortic elastin and collagen scaffolds for
tissue engineering. Biomaterials 2004;25(22):5227-
37. doi: 10.1016/j.biomaterials.2003.12.019

9. Collins MN, Birkinshaw C. Comparison of the
effectiveness of four different crosslinking agents
with hyaluronic acid hydrogel films for tissue-culture
applications. J Appl Polym Sci 2007;104(5):3183-91.
doi: 10.1002/app.25993

10. Zhang L, Li K, Xiao W, Zheng L, Xiao Y, Fan H, et
al. Preparation of collagen—chondroitin sulfate—
hyaluronic acid hybrid hydrogel scaffolds and cell
compatibility  in  vitro. Carbohydr  Polym
2011;84(1):118-25. doi: 10.1016/j.carbpol.2010.11.009

11. Park H, Guo X, Temenoff JS, Tabata Y, Caplan Al,
Kasper FK, et al. Effect of swelling ratio of injectable
hydrogel composites on chondrogenic differentiation
of encapsulated rabbit marrow mesenchymal stem
cells in vitro. Biomacromolecules 2009;10(3):541-6.
doi: 10.1021/bm801197m

12. Kim HJ, Kim KK, Park IK, Choi BS, Kim JH, Kim
MS. Hybrid scaffolds composed of hyaluronic acid
and collagen for cartilage regeneration. Tissue Eng
Regen Med 2012;9(2):57-62. doi: 10.1007/s13770-
012-0007-7

13. Bermudez JM, Grau R. Thermosensitive poloxamer-
based injectables as controlled drug release platforms
for veterinary use: Development and in-vitro
evaluation. Int Res J Pharm Pharmacol
2011;1(6):109-18.

14. Holland TA, Tabata Y, Mikos AG. Dual growth
factor delivery from degradable oligo(poly(ethylene
glycol) fumarate) hydrogel scaffolds for cartilage

tissue engineering. J Control Release 2005;101(1-
3):111-25. doi: 10.1016/j.jconrel.2004.07.004

15. Calderon L, Collin E, Velasco-Bayon D, Murphy M,
O'Halloran D, Pandit A. Type Il collagen-hyaluronan
hydrogel--a step towards a scaffold for intervertebral
disc tissue engineering. Eur Cell Mater 2010;20:134-48.

16. Collins MN, Birkinshaw C. Physical properties of
crosslinked hyaluronic acid hydrogels. J Mater Sci
Mater Med 2008;19(11):3335-43. doi:
10.1007/s10856-008-3476-4

17. Strom A, Larsson A, Okay O. Preparation and
physical properties of hyaluronic acid-based cryogels.
J Appl Polym Sci 2015;132(29):1-11. doi:
10.1002/app.42194

18. Touyama R, Inoue K, Takeda Y, Yatsuzuka M,
Ikumoto T, Moritome N, et al. Studies on the blue
pigments produced from genipin and methylamine. Ii.
On the formation mechanisms of brownish-red
intermediates leading to the blue pigment formation.
Chem Pharm Bull 1994;42(8):1571-8.  doi:
10.1248/cpb.42.1571

19. Touyama R, Takeda Y, Inoue K, Kawamura I,
Yatsuzuka M, Ikumoto T, et al. Studies on the blue
pigments produced from genipin and methylamine. 1.
Structures of the  brownish-red  pigments,
intermediates leading to the blue pigments. Chem
Pharm Bull 1994;42(3):668-73. doi:
10.1248/cph.42.668

20. Vikingsson L, Gomez-Tejedor JA, Gallego Ferrer G,
Gomez Ribelles JL. An experimental fatigue study of
a porous scaffold for the regeneration of articular
cartilage. J Biomech 2015;48(7):1310-7. doi:
10.1016/j.jbiomech.2015.02.013

21. Chen J, Zhou R, Li L, Li B, Zhang X, Su J. Mechanical,
rheological and release behaviors of a poloxamer 407/
poloxamer 188/carbopol 940 thermosensitive composite
hydrogel. Molecules  2013;18(10):12415-25.  doi:
10.3390/molecules181012415

22. Vikingsson L, Claessens B, Gomez-Tejedor JA,
Gallego Ferrer G, Gomez Ribelles JL. Relationship
between micro-porosity, water permeability and
mechanical behavior in scaffolds for cartilage
engineering. J Mech Behav Biomed Mater
2015;48:60-9. doi: 10.1016/j.jmbbm.2015.03.021

23. Spiller KL, Maher SA, Lowman AM. Hydrogels for
the repair of articular cartilage defects. Tissue Eng
Part B Rev 2011;17(4):281-99. doi:
10.1089/ten. TEB.2011.0077

24. Gupta D, Tator CH, Shoichet MS. Fast-gelling
injectable blend of hyaluronan and methylcellulose
for intrathecal, localized delivery to the injured spinal
cord. Biomaterials  2006;27(11):2370-9.  doi:
10.1016/j.biomaterials.2005.11.015

25. Drury JL, Mooney DJ. Hydrogels for tissue
engineering:  Scaffold design  variables and
applications. Biomaterials 2003;24(24):4337-51. doi:
10.1016/S0142-9612(03)00340-5

18 | Advanced Pharmaceutical Bulletin, 2018, 8(1), 11-19



Hybrid Scaffolds of Hyaluronic Acid and Collage

26. Moffat AC, Osselton MD, Widdop B, Galichet LY.
Clarke's analysis of drugs and poisons. 3rd ed. USA:
Pharmaceutical Press; 2005.

27. Kurakula M, Mohd AB, Samhuidrom, A PR, Diwan
PV. Estimation of prednisolone in proliposomal
formulation using RP HPLC method. Int J Res Pharm
Biomed Sci 2011;2(4):1663-9.

28. Ahmadi F, Giti R, Mohammadi-Samani S,
Mohammadi F. Biodegradable scaffolds for cartilage
tissue engineering. GMJ 2017;6(2):70-80. doi:
10.22086/GMJ.V612.696

29. Fu Y, Kao WJ. Drug release kinetics and transport
mechanisms of non-degradable and degradable

polymeric delivery systems. Expert Opin Drug Deliv
2010;7(4):429-44. doi: 10.1517/17425241003602259

30. Ranjha NM, Ayub G, Naseem S, Ansari MT.
Preparation and characterization of hybrid ph-
sensitive hydrogels of chitosan-co-acrylic acid for
controlled release of verapamil. J Mater Sci Mater
Med 2010;21(10):2805-16. doi: 10.1007/s10856-010-
4134-1

31. Liechty WB, Kryscio DR, Slaughter BV, Peppas NA.
Polymers for drug delivery systems. Annu Rev Chem
Biomol Eng 2010;1:149-73. doi: 10.1146/annurev-
chembioeng-073009-100847

Advanced Pharmaceutical Bulletin, 2018, 8(1), 11-19 | 19



