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As a gel scaffold for chondrocyte tissue engineering, agarose concentration plays a significant role in the
relationship between porosity and nutrition. In this work, the effect of concentration and period cultured on
Glycosaminoglycan (GAG) and mechanical properties were studied. A bovine chondrocytes were isolated and
seeded in different agarose gel scoffed concentrations, about 4% and 6%, for different period cultured, 0 and 7
days. The Mechanical Test Machine (MTS) and Spectrophotometric with calibration curve method were used to
measure mechanical properties, and GAG concentration of the prepared samples, respectively. The results of
mechanical tests and GAG contents have shown that there are a wide range of dispersion in the most of the
samples, which attribute to different factors. For mechanical properties, these factors could be attributed to
anisotropic of the produced chondrocyte with agarose scaffolds, insufficient cells' dispersion within the gel
scaffold during seeding and cultured time, and some test procedure condition, such as Earle's Balanced Salt
Solution (EBSS) hydration. While for GAG results, those factors could be the differences of the cell growth
environment between in-vitro and in vivo media. However, the average maximum stress value increased in 6%
agarose from 0.01331 N/mm? at 0 days to 0.01678 N/mm? at 7 days, as increasing the GAG concentration that
indicates increasing chondrocyte growth. Generally, also the GAG concentration increase from 3.7 to 70 pug/ml at
4% and from 6.4 to 55.4 at 6% agarose for 0 and 7 days period cultured, respectively. The recommended way to
solve these differences is using a bioreactor, which could introduce more matching between in-vitro and in vivo
media.
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example, El-Sherbiny and Yacoub (2013) mentioned that
the interconnectivity of pores is a significant factor to
make all the cells, which are within 200 um range from
the blood source supply to permit the mass transfer of
nutrients materials and oxygen pass [2]. Moreover,

Introduction

There are many factors that have an effect on
mechanical and regenerative properties to regenerate
articular cartilage, especially scaffold design and cultured

period [1, 2, 3]. Gel based scaffold has been evaluated
and applied for its high ability in cartilage tissue
engineering, especially agarose based scaffold [4, 5].
Additionally, the important criteria in the design of gel
scaffold materials are mechanical, physicochemical
properties and 3D structure of the host scaffold, which
includes also size, number and dispersions of pores. For
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Huber and et al. (2000) pointed that the period of cell
cultured and nutrition and oxygen supplies play an
important role in the regenerative ability of tissue
engineering of chondrocytes, which are the main content
to survive the extracellular matrix (ECM) [6]. Also, Lee
and Bader (1997) clarified that production of the right
proteoglycan can be helpful for more chondrocytes
healthy, which can be investigated by the


mailto:akrammaterials4@gmail.com

Akram Jassim Jawad

glycosaminoglycan (GAG) content in the system [7].
Buckwalter and Mankin (1998) showed that GAG
concentration has an impact on the mechanical properties
of the produced tissue of chondrocytes, which means it is
a crucial tool to monitor the regenerative ability [8].

In this work, the effect of the agarose gel
concentration and culture period on Glycosaminoglycan
(GAG) synthesis and stiffness of the
chondrocyte/agarose constructs were investigated. The
agarose gel concentrations were 4% and 6%, while the
period culture were 0 and 7 days. The MTS machine and
Spectrophotometric with calibration curve method were
used to measure mechanical properties, and GAGs
concentration of the prepared samples, respectively.

. Experimental

Firstly, an articular cartilage were removed from the
joint of bovine metacarpal-phalangeal. Then, the
chondrocytes were isolated from the extracellular matrix
part (ECM) by using pronase and collagenase. Then, the
cells were washed and placed again in 10 ml solution of
culture medium, which is Dulbecco’s Minimal Essential
Medium supplemented plus 20% Fetal Calf Serum
(DMEM+20%FCS). Preparation 4% and 6% of agarose
specimens were done by using a suspension of ultra-low
gelling temperature agarose in Earls Balanced Salt
Solution (EBSS), which are autoclaved and cooled to

A 0016 5

0014 o

— Sample 1
Sample 2
—— Sample 3
Sample 4
Sample 5

0012

D

0.008

Slress (N/mm2)

0006

0.004 4 |

0,002 -

0.000 T T
4 200 400 800

Time (s)

0.016 4

O

0.014

0.012 4

0.010 4

10.008 ~

Stress (N/mm2)

0.006 -

0.004 4

0,002

0.000 T T T

Time (s)

37C for 5 minutes. Then, the isolated cells were mixed
into agarose, and molded them into 5 mm height and
5 mm diameter mold. The samples were cultured for 7
days, with changed the culture medium for every 2-3
days.

The MTS machine were used for mechanical
characterization, where the core was hydrated with
EBSS, with a speed of 0.0167 mm/second to a
compression force of 20 % strain, with 10 minutes
holding time. The compression and relaxation phases
were sited up to be 10 Hz and 1 Hz, respectively, and the
same procedure was repeated for 5 samples.
Spectrophotometric methods were used to calculate
Glycosaminoglycan (GAG) concentration, where the
metachromatic shitting of the dye complexes of
sulphated GAGs in the absorbance wavelength range
from 600 nm to 535 nm were used as an indicator for
calibration curve.

1. Results and discussion

Figure 1 shows stress relaxation results of cells/gel
scaffold at different gel agarose concentrations (4% and
6%), and different periods cultured (0 days and 7 days),
where the test was repeated for five samples, while figure
2 shows the average values curve of that. In figure 3, the
stress and strain relationship results were presented,
while figure 2 shows the average values curve of that. In
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Fig. 1. Stress relaxation results of cells/gel scaffold at different gel agarose concentrations (4% and 6%), and
different periods cultured (0 days and 7 days), (A) 4% and 0 days, (B) 4% and 7 days (C) 6% and 0 days (D) 6%
and 7 days, five samples for each case.

768



Investigation of the Effect of Agarose Gel Concentration and Culture Period on Bio and Mechanical Properties of ...

figure 5 (A) and (B), the individual samples and the
mean values of the tangent Young's modulus that were
calculated from figure 4 at 15% strain were plotted as a
histogram, respectively. After that, the tangent Young's
modulus values at 15% strain were analyzed to calculate
the mean, maximum, minimum and standard deviation
values, which were illustrated in table 1.
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Fig. 2. The average curve of stress relaxation results
of cells/gel scaffold at different gel agarose
concentrations (4% and 6%), and different periods
cultured (0 days and 7 days).

In figure 6 (A) and (B), the five individual and mean
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values of the total GAG of cells/gel scaffolds were
plotted in a histogram form, respectively. The mean,
maximum, minimum and standard deviation analysis
values of total GAG were calculated and presented in
table 2. A comparison between the mean values of total
GAG and the tangent Young's modulus were plotted in
figure 7. Analyses of pair samples T-test and one way
ANOVA data statistics of GAG concentration and the
tangent Young's modulus of cells/gel scaffolds were
shown in table 3 and 4, respectively.

The relaxation test results shows different range of
dispersion, for example there are high fitting and
matching values of stress-time curves for all cells/gel
scaffold samples at 4 % in both 0 and 7 days cultured
periods, except sample number 4 at 0 days and 2 at 7
days, respectively. While, there are a wide and a broad
distribution of data for 6 % in both 0 and 7 days cultured
periods, as it is clear in figure 1. The average values of
these data show that there is no change in the maximum
stress at 4% in both 0 and 7 days, while it increases at
6% from 0.01331 N/mm? at 0 days to 0.01678 N/mm? at
7 days, as it was shown in figure 2.

Stress and strain relationship behaves in the same
way in which the relaxation stress curves have behaved,
as it was shown in figure 3. The general tendency
indicates that there are obvious increasing in the
maximum stress point of 6% agarose from
0.0113 N/mm? to 0.0150 N/mm?® at 0 and 7 days,
respectively, while it was not a significant change at 4%,
as it is clear in figure 4. Similarly, the tangent young
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Fig. 3. Stress and strain relationship results of cells/gel scaffold at different gel agarose concentrations (4% and
6%), and different periods cultured (0 days and 7 days), (A) 4% and 0 days, (B) 4% and 7 days (C) 6% and 0 days
(D) 6% and 7 davs. five samnles for each case.
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modulus values behaviours were illustrated in figure 5,
which illustrates the 6% with 7 days period cultured have
more values. This increasing in the mechanical properties
with increasing the content of agarose could be attributed
to high mechanical properties of agarose, and decreasing
in the pores sizes of the scaffold, as the relationships
were shown in figure 8 A and B [9, 10, 11]. Furthermore,
the optimum pore size of scaffold for chondrocyte cells
was found in the literature about 250 to 500 pm [12].
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Fig. 4. Average five samples curve of Stress and
strain relationship results of cells/gel scaffold at different
gel agarose concentrations (4% and 6%), and different
periods cultured (0 days and 7 days).

From table 1, there are high diversities and
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inaccuracy, which could be because one or more of
procedure errors. For example, this could be as a result of
anisotropic of the produced chondrocyte with agarose
scaffolds, which leads different mechanical properties
with different loading directions. Another factor might be
insufficient cells' dispersion within the gel scaffold
during seeding and cultured time as a result of seeding
conditions and gravity. Also, it could be some test
conditions, such as the differences in EBSS hydration of
samples while doing the mechanical characterization,
where the short period cultured have higher ability of
hydration, which could solve it by immersion of samples
for a specific time inside EBSS.

From figure 6 and standard deviation in table 2, the
GAG concentration measurements show high non-
homogeneity values over all samples. Generally, the
GAG concentration values increase from 3.7 to 70 pg/ml
at 4% and from 6.4 to 55.4 pg/ml at 6% agarose for 0 and
7 days period cultured, respectively, as it was shown in
table 2. That means the 4% agarose concentration show
higher content of GAG, which may attribute to high
diffusion ability of nutrient and metabolite products
inside the cells in lower concentration of agarose [6, 7,
13].

In figure 7, the comparison between GAG
concentration and the tangent Young's modulus values
shows non-understandable relationship. However, the
tangent modulus tend to increase as GAG concentration
increasing with changing the period cultured for a
specific agarose concentration. This is because after 7
days period cultured the chondrocytes created higher
content of the GAG in extracellular matrices (ECM),
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Fig. 5. (A) The values of the tangent Young's modulus at 15% strain of cells/gel scaffold at different gel agarose
concentrations (4% and 6%), and different periods cultured (0 days and 7 days), five samples for each case, (B) The
mean values of the tangent Young's modulus at 15% strain of cells/gel scaffold at different gel agarose
concentrations (4% and 6%), and different periods cultured (0 days and 7 days).

Table 1.

Mean, maximum, minimum and standard deviation analysis values of the tangent Young's modulus at 15%
strain of cells/gel scaffold at different gel agarose concentrations (4% and 6%), and different periods cultured

(0 days and 7 days).

Sample Mean Standard Deviation Minimum Maximum
4%, 0 Days 5.44E-06 8.41E-07 4.51E-06 6.62E-06
4%, 7 Days 5.27E-06 1.33E-06 2.94E-06 6.11E-06
6%, 0 Days 5.63E-06 1.06E-06 4.79E-06 7.28E-06
6%, 7 Days 7.39E-06 2.10E-06 5.09E-06 9.67E-06
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Fig. 6. (A) The values of total GAG of cells/gel scaffold at different gel agarose concentrations (4% and 6%),
and different periods cultured (0 days and 7 days), five samples for each case, (B) The mean values of total GAG of
cells/gel scaffold at different gel agarose concentrations (4% and 6%), and different periods cultured (0 days and 7
days).

Table 2.
Mean, maximum, minimum and standard deviation analysis values of total GAG of cells/gel scaffold at
different gel agarose concentrations (4% and 6%), and different periods cultured (0 days and 7 days).

Sample Mean Standard Deviation Minimum Maximum
4%, 0 Days 3.77234 3.07055 1.03 9.06635
6%, 0 Days 6.47122 4.78408 2.25 13.99719
4%, 7 Days 70.08477 15.33286 42.21516 82.7
6%, 7 Days 55.48564 6.40141 50.2 66.92647
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Fig. 7. Comparison between the mean values of total GAG and the tangent Young's modulus of cells/gel

scaffold at different gel agarose concentrations (4% and 6%), and different periods cultured (0 days and 7 days).

Table 3.

Pair samples T-test data statistics analysis of GAG concentration and the tangent Young's modulus of cells/gel
scaffold at different gel agarose concentrations (4% and 6%), and different periods cultured (0 days and 7 days).

Probability>|t| Total GAG \ The Tangent Modulus
Agarose concentration Between 0 and 7 period cultured
4% 0.000152533 0.8333
6% 0.000011905 0.26873
Period cultured Between 4% and 6% agarose concentration
0 0.34467 0.73784
7 0.06588 0.06701
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Table 4.

One way ANOVA data statistics analysis of GAG concentration and the tangent Young's modulus of cells/gel
scaffold at different gel agarose concentrations (4% and 6%), and different periods cultured (0 days and 7 days).

Total GAG The Tangent Modulus
F Value | Probability >F F Value | Probability >F
Agarose concentration Between 0 and 7 period cultured
4% 107.89912 0.00000112 0.05844 0.81506
6% 225.70071 0.0000000344 2.79181 0.13329
Period cultured Between 4% and 6% agarose concentration
0 1.3524 0.27186 0.10561 0.75353
7 4.63211 0.05685 3.66099 0.09205
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Fig. 8. (a) The relationship between the concentration of high melting (HM) and low melting (LM) agarose, and
pore size for different heating temperatures [9], (b) The relationship between the Young’s modulus and agarose
concentration [10].

which are provided the ability of pressure resistance in
tissues [6]. Conversely, the tangent modulus tend to
decrease as GAG concentration increasing with changing
agarose concentration for a specific period cultured. One
of the main issues for the mentioned non homogenates is
that there are a wide differences of the cell growth
environment between in-vitro and in vivo media, which
including stress environment such as shear and
compressive forces that has a huge effect on nutrient and
GAG producing and dispersion [14, 15]. One suggested
way to solve these differences is to use a bioreactor,
which could introduce more matching between them
[14].

The high distribution and non-homogeneities of data
appears again in the analysis of T-test and ANOVA data
statistics of GAG concentration and the tangent Young's
modulus of cells/gel scaffold. Which has shown low
probability values that produce low values of confidence,
less than 95%, except that of total GAG analysis between
0 and 7 period cultured at 4% and 6% agarose
concentrations, as it was shown in table 3 and 4. In
addition to that, the high F values of that exceptions
which were shown in table 4 have provided an evidence
that there are high variation between 0 and 7 days period
cultured of GAG concentration and the tangent Young's
modulus because of the regenerative growth of
chondrocyte inside the scaffold.

Conclusions

In summary, chondrocyte growth has increased

because the average maximum stress value has increased
in 6% agarose from 0.01331 N/mm? at 0 days to
0.01678 N/mm? at 7 days, with increasing the GAG
content, which is responsible on chondrocyte growth.
Also the GAG concentration has increased from 3.7 to 70
pg/ml at 4% and from 6.4 to 55.4 pg/ml at 6% agarose
for 0 and 7 days period -cultured, respectively.
Additionally, the tangent Young's modulus increased
with GAG concentration increasing with changing the
period cultured for a specific concentration of agarose.
However, the mechanical tests and GAG contents results
shown that there are a wide range of homogeneity,
differences and dispersion of them in the most of the
samples, which attribute to different factors. For
mechanical properties, these parameters including
anisotropic of the produced chondrocyte with agarose
scaffolds, insufficient cells' dispersion within the gel
scaffold during seeding and cultured time, and some test
procedure condition, such as EBSS hydration. While for
GAG results, those factors could be the differences of the
cell growth environment between in-vitro and in vivo
media. Designing and using a bioreactor could solve
these issues by introducing more fitting and matching
between in-vitro and in vivo media to produce high level
of chondrocyte growth.

Akram Jassim Jawad — Researcher University of
Babylon Hillah.
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A. JIx. L[)KaBazll’z

I[OCJIiI[)KeHHH BILJINBY KOHHeHTpaHi.l. arapo3Horo reJiro Ta Hepiouy
KYJbTHBYBAHHS Ha 0i0- Ta MeXaHiYHi BJACTUBOCTI iH:KeHePii TKAHUH
XOH/IPOLIUTIB
1YHisepcumem Basunony, koneodoic indcenepii mamepianis, haxynivmem nonimepie ma iHjceHepii Hamoximiynoi
npomucnogocmi, Anv-Xinna, Ipax.

2 Jlondoncokuii yHigepcumem koponesu Mapii, Lllxona inoscenepii ma mamepianosnascmaa, JIonoon, Benuxobpumanis,
akrammaterials4@gmail.com

Sk renmeBuil KapKac A iH)KEHEpil TKaHWH XOHIPOILMTIB, KOHLEHTpALiS arapo3u BiJirpa€ 3Ha4Hy poJb y
B3a€MO3B’SI3Ky MK TOPHUCTICTIO Ta >KUBJIEHHAM. Y Wiif poOOTi MOCTIKEHO BIIMB KOHLEHTpalii Ta mepiomy
KyJIbTUBYBaHHS Ha Tiiko3aMiHorimikan (GAG) Ta MexaHIUHI BIaCTHBOCTI. XOHAPOLIUTH BEIMKOI poraToi Xyaoou
BUAULUTACS B PIi3HUX KOHIICHTPAIlSIX arapo3HOro Teir, npuoiam3Ho 4% i 6%, MpOTArOM pPi3HOTO Mepioxy
KkynbTuByBaHHA Binm O mo 7 nmHiB. [l BUMIpIOBaHHS MeXaHIYHHMX BiacTHBOCTell 1 koHmeHtpamii GAG y
MiATOTOBICHUX  3pa3kaX  BHKOPHCTOBYBAIM  MeTOX  MexaHiuHoro  BumpoOyBamHs  (MTS) ta
CHEKTPO(OTOMETPUYHUI METOA 3 KadiOpyBaJbHOIO KpUBOK. Pe3ynpraTh MeXaHIYHHX BHIIPOOYBaHb Ta BMICT
GAG mokazanu, mo y OifbIIOCTI 3pa3kiB € MIMPOKHI [Miama3oH JUCIEPCHOCTI, IO IMOB’SI3aHO 3 PI3HUMH
¢daxropamu. Illomo MexaHIYHHMX BIACTHBOCTEH, Ii (PAKTOPH MOKHA HOSCHHUTH aHI30TPOIHICTIO BHPOOJICHOTO
XOHJIPOINTA 3 arapo3HUMH KapKacaMH, HEOCTaTHBOIO JWCIIEPCHICTIO KIITHH y KapKaci Telro il Yac BHCIBY Ta
KyJIbTUBYBaHHS Ta IESIKAMH YMOBaMH IPOLEIYpH TECTyBaHHs, TaKMMH SIK Tinparamis 30aJaHCOBaHOTIO
comboBoro po3unny Epma (EBSS). Xoua ans pesynpratiB GAG numu ¢aktopaMu MOXKYTh OyTH BiJMiHHOCTI
CepeIoBHINa POCTY KIITHH MK CEpelOBHIINAMU in Vitro Ta in vivo. OHAK, cepeHE 3HAUCHHS MaKCUMAIIbHOTO
cTpecy 3pocio B 6% araposi 3 0,01331 H/mm? Ha 0 nes 1o 0,01678 H/mm? Ha 7 1eHb, OCKINBKH 36iIbIICHHS
koHneHnTpanii GAG Bka3zye Ha 30UIBIICHHS POCTY XOHIpouwTiB. SIk mpaBuio, koHueHTpanisi GAG Takox
36impmryetses 3 3,7 mo 70 mkr/mi npu 4% 13 6,4 mo 55,4 npu 6% araposi npotsrom 0 1 7 AHIB KyIbTHBYBaHHS,
BiAMOBiAHO. PexoMeH0BaHH CTIOCIO BHUPILNIMTH ILi BiIMIHHOCTI — BUKOPHCTOBYBATH OiOpEaKTOp, KU MOXKe
3a0e3meynTy OiIbIIe BiAMOBITHOCTI MK CEpeIOBUIIAMH in Vitro Ta in vivo.

Kiouosi cioBa: XoHIponuT, TKaHWHHA iHXKEHEPis, arapo3a, biomarepiany, TIIiKo3aMiHOTIIIKaH.
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