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Starch/cellulose nanofibers composites with proper porosity pore size, mechanical strength, and
biodegradability for cartilage tissue engineering have been reported in this study. The porous thermo-
plastic starch-based composites were prepared by combining film casting, salt leaching, and freeze drying
methods. The diameter of 70% nanofibers was in the range of 40-90 nm. All samples had interconnected
porous morphology; however an increase in pore interconnectivity was observed when the sodium chlo-
ride ratio was increased in the salt leaching. Scaffolds with the total porogen content of 70 wt% exhibited

gg:!ﬁrds; adequate mechanical properties for cartilage tissue engineering applications. The water uptake ratio
Salt leaching of nanocomposites was remarkably enhanced by adding 10% cellulose nanofibers. The scaffolds were
Cellulose partially destroyed due to low in vitro degradation rate after more than 20 weeks. Cultivation of iso-
Nanofibers lated rabbit chondrocytes on the fabricated scaffold proved that the incorporation of nanofibers in starch

Tissue engineering structure improves cell attachment and proliferation.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Tissue engineering is an effective and confident method to repair
or reestablish injured or destroyed organs. In this approach, scaf-
fold is fabricated in a three-dimensional medium suitable to seed
and develop cells (Elisseeff, Puleo, Yang, & Sharma, 2005). Nor-
mally, cells are developed on a biodegradable porous scaffold in
which the tissue is forming and growing, the scaffold gradually
degrades (Khademhosseini & Langer, 2007). In tissue engineering,
hydrogels, an important type of biomaterials, consist of a water
swollen crosslinked network and high entangled chains which
cause low rate of polymer dissolution in water. Due to high oxy-
gen permeability, ease of preparation and suitable viscoelasticity,
hydrogels are widely used as a 3D scaffold. Besides, PLA and PVA
(synthetic biopolymers), collagen and alginate, the most popular
natural polymers, have been used as hydrogels in tissue engineer-
ing (Ahearne, Yang, & Liu, 2008; Nguyen & Jennifer, 2002). Starch
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is a hydrophilic polymer and unique in the case of properties. In
addition to porosity controlled by freeze drying and salt leach-
ing, biocompatibility, biodegradability, and acceptable mechanical
properties of starch films can create a hydrophilic and porous
film classified as a hydrogel in tissue engineering. Starch-based
films have a great potential for scaffolds, however, to improve the
mechanical properties and regulate the porosity, hydrophilicity,
and degradation rate (Hrabalova, 2011; Tiexeira et al., 2010; Wool
& Sun, 2005), cellulose nanofibers were added.

In this study, microfibrillated cellulose was individualized from
rice straw. Then, starch-cellulose nanofibers composites, in a vari-
ety of nanofibers content, were manufactured by film casting.
Mechanical properties, water absorption behavior, morphology,
and in vitro degradation of samples were investigated.

2. Materials and methods
2.1. Materials

Rice straw was obtained from a local source, (Isfahan, Iran).
Modified starch, glycerol, and other chemicals used for chemical
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Table 1
Different formulations of starch based scaffolds.

Scaffold samples Cellulose nanofibers content (%) Utilized salt (%)

S/70 0 70
SC5/70 5 70
SC10/70 10 70
SC15/70 15 70
S/90 0 90
SC5/90 5 90
SC10/90 10 90
SC15/90 15 90

purification of fibers were purchased from Merck Company,
Germany.

2.2. Preparation of cellulose nanofibers (CNF)

The chemo-mechanical method was applied to extract
nanofibers from the rice straw. Dried rice straws, with 4-5cm
length, were soaked in 17.5wt% NaOH solution for 2 h, and then
the fibers were washed with distilled water to naturalize the pH. In
order to remove the hemicelluloses, pectin, and semi-crystalline
regions, the fibers were hydrolyzed with 2M HCI solution at
80 +5°C for 2 h and washed with distilled water for several times.
The acid hydrolyzed pulp was treated with 2 wt% NaOH solution at
80+ 5°C for 2h to remove the remained hemicelluloses and sol-
uble lignin. The alkali treated fibers were washed repeatedly. The
stock was bleached by 20 wt% NaClO, solution at 50°C for 1h to
remove the insoluble lignin (Bhatnagar & Sain, 2004). The process
of extracting nanofibers was performed by applying a mechanical
treatment on the bleached fibers. For this purpose, a dilute sus-
pension (0.05 wt%) of fibers was placed in an ultrasonic generator
(at400 W and 20-25 kHz for 30 min). The ultrasonic treatment was
carried out in an ice bath to control the temperature (Chen, Yu,
etal, 2011).

2.3. Preparation of starch/cellulose nanofibers composite

The porous starch-based composites, as scaffolds, were pre-
pared by a combination of film casting, salt leaching, and freeze
drying methods. The solution containing 90 wt% deionized water,
7 wt% starch and cellulose nanofibers, and 3 wt% glycerol was
stirred by a mechanical homogenizer, and heated at 100°C for
30min to gelatinize starch (Lu, Weng, & Cao, 2005). The ratios
of starch to cellulose nanofibers were selected to be 100/0, 95/5,
90/10, and 85/15. Then, the gelatinized solution was cast into
petri dishes on whose surface microparticles of salt (70% and 90%
of starch weigh) had been poured. After casting, the salt micro-
particles were poured on the surface of cast solution as well. The
mold was degassed under vacuum at 70 °C. Subsequently, the cast
film was dried for 2 days at 40°C and 50% relative humidity. The
final, thickness of starch-based nanocomposites was about 0.3 mm.
The prepared film was immersed in deionized water for 3-4 days to
leach away the salt and form the porous starch scaffolds. The salt
leached samples were placed in a humid chamber (50% relative
humidity) for 2 days (Plikk, Malberg, & Albertsson, 2009). In this
step, freeze drying (Alpha 1-2 LD model, Christ Co., Germany) was
carried out at —80 °C for 2 days under high vacuum. Then, the dried
scaffolds were immersed in ethanol (70%, v/v) for 12 h to be ster-
ilized. Before cell culture, the scaffolds were washed several times
with phosphate buffer solution (PBS) to remove the residual alco-
hols (Zhang et al., 2010). Different compositions of starch-based
scaffolds are presented in Table 1.

2.4. Morphology

The morphology and dimension of the rice straw and the
chemical treated or bleached fibers were characterized by a
scanning electron microscopy (SEM) instrument (ZEISS 1450EP,
Germany). Dimension of extracted nanofibers after ultrasonication
were examined by field emission scanning electron microscopy
(FE-SEM) (HITACHI-S4160) and transmission electron microscopy
(TEM) (Zeiss model EM 10C, Germany). In order to characterize
composites, the specimens were cryo-crushed in liquid nitrogen,
and then the morphology of broken surface of scaffolds was studied
using SEM.

Porosity percent of scaffolds were obtained from an ethanol
displacement method. To this purpose, samples were cut at approx-
imate dimension of 10 x 30 mm and vacuum dried till their weight
became kept constant. Samples were then immersed in alcohol to
determined scaffolds wet weight (g). The porosity was expressed
as follow:

Porosity% = w x 100 (1)

S
where V; is the total volume of scaffold (cm3), W is the scaffold dry
weight, and p is the density of dried scaffold (g/cm3). The measure-
ments were carried out for 5 repetitions to give an average value of
the data.

2.5. Chemical analysis

a-Cellulose, hemicelluloses, and lignin contents of untreated
and alkali treated fibers were investigated using NREL/TP-510-
4268 (NREL, 2008). Also, an improved method was applied to study
the effect of chemical purification on silica content of rice straw
(Elliott & Snyder, 1991).

2.6. Mechanical analysis

Tensile properties of starch-based scaffolds were evaluated
according to ASTM D-638 (TYPV). The measurements were per-
formed at 25°C and 43% relative humidity using Zwick Universal
Testing Machine-1446-60 with a load cell of 10kN and crashed
speed of 5 mm/min. Also, the compressive modulus and strength
of samples were measured by MTS instruments (5500 R, US) with
a 200N load cell. The specimens were cut on disk-shape and tests
were conducted with a cross-head speed of 0.5 mm/min. For each
specimen, five replicates were carried out and the average value
was reported.

2.7. Water uptake test

The water uptake measurements were performed following a
simple method. The specimens of samples were cut at dimension
of 30 x 10 mm, and then soaked in distilled water. The remaining
water on the film surfaces was wiped, and the weight of films was
measured after 1, 2, 4, 8, 12, and 24 h. The percentage of water
absorption was calculated from Eq. (2):

Water Absorption% = Wi — Wo X

Wo
where W; and Wy are the weights at time t and initial weight,
respectively (Huang, Ren, Chen, Ren, & Zhou, 2008).

100 (2)

2.8. Invitro degradation

In vitro degradation of the samples was studied in PBS under
pH 7.4 and 37°C. Film specimens (10 mm x 10 mm) were incu-
bated in test tubes containing 15 ml PBS. The tubes were stored
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Fig. 1. SEM images of fibers (a) before (cross section), (b) after chemical purification, (c) FE-SEM. (d) The porosity of starch based scaffolds at various salt and nanofibers
content. Cross section SEM micrographs of the scaffolds: (e) S/70, (f) SC5/70, (g) SC10/70, (h) SC15/70, (i) S/90, (j) SC5/90, (k) SC10/90, and (1) SC15/90.

in a water bath at 37 °C for 20 weeks. The pH value of PBS was mea-
sured weekly and then the percentages of weight loss (%W, |,ss) and
weight loss rate (%W, s rate) of the samples were calculated by
Egs. (3) and (4):

Wo — W,

%W, joss = (3)
t loss WO

. (Wi %Wl ) /%wi

/th loss = t loss ] iloss t loss ( 4)

where %Wti loss 1S the percentage of weight loss after any given two

weeks, i, Wy is original dry weight, and W; is dry weight at ¢ (Imani,
Rafienia, & Sh, 2013; Weir, Buchanan, Orr, Farrar, & Dickson, 2013;
Zuh, Cooper, Chen, & Niu, 2013).

2.9. Cell proliferation assay

According to the previously published report (Bonakdar et al.,
2010), chondrocytes were isolated from articular cartilage of white
New Zealand rabbits, and maintained in Dulbecco’s Modified Eagles
Medium (DMEM)/Ham'’s F12 growth medium, and supplemented
with 100U/ml penicillin, 100 pwg/ml streptomycin (Sigma, USA),
and 10% fetal bovine serum (Seromed, Germany).

Cell proliferation rate was evaluated directly on each sample
(1.8cm?)in 1, 4, and 7 days using 3-(4, 5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium-bromide (MTT, Sigma, USA) assay. All the
experiments were performed three times and 24 well tissue culture
plates (Orange Scientific, Belgium) were considered as controls.
Ten thousand cells in a 50 pl drop of medium were cultured on
each sample and incubated at 37°C. After 3h, 1 ml medium was
added to each sample and then incubation was continued. At each
specific time, the medium was removed and replaced by 100 .l
of MTT solution (0.5mg/ml) in PBS. After 4h, purple formazan
crystals were dissolved in 100 mL isopropanol (Merck, Germany)
and transferred to an empty tissue culture plate. The absorbance
of each well was measured by a multi well microplate reader
(Shimadzu, 1601) at 545 nm, and normalized to the control mea-
surement.

The  morphology of the cultured chondrocytes
(3 x 103 cells/cm?) on each sample was observed by SEM images.
After 1, 4 and 7 days of culture, the cells were fixed by glutaralde-
hyde solution (4%, Merck, Germany) in PBS for 24 hours at 4°C.
Dehydration process was performed on each specimen in graded
alcohols (10%, 30%, 50%, 70%, 80%, 85%, 90%, 95%, and 100%), each
for 10 min, then they were sputter-coated with gold, and viewed
by SEM.
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Table 2
Mechanical properties of composite films.

Sample Young’s modulus (MPa) Tensile strength (MPa) Elongation at break (%) Compression modulus (MPa) Compression strength at
20% (MPa)
S/70 24455 2.6 + 0.41 54 10.14 + 2.3 433 + 034
SC5/70 66 + 3.9 3.61 + 0.32 51 971+ 25 3.18 + 0.23
SC10/70 82+7.1 3.82 £ 0.55 36 7.76 £ 3.1 2.76 + 0.41
SC15/70 93 + 36 4,03 +0.48 25 6.37 + 1.4 2.54 + 0.33
S/90 20 + 4.2 2.48 + 0.33 52 7.28 +2.8 2.95 + 0.36
SC5/90 63 +29 3.58 + 0.74 50 6.8 + 3.2 2.82 +0.29
$C10/90 81+65 3.66 + 0.42 37 5.75 + 1.6 2.69 + 0.31
SC15/90 85+ 75 3.97 + 0.26 22 523 +22 2.38 + 0.52
0 3. Results and discussion
50 m S/70 a
(<]
2 70 SG/0 3.1. Morphology study of fibers
2 50
g 50 Fig. 1a and b shows the SEM pictures of vascular bundles of rice
2 a0 straw cross section and bleached rice straw fibers, respectively. It
o 30 is clear that chemical purification disintegrates the bundles and
% . decreases the average dimension of fibers to about 5-20 wm and
3 10 exposes the nano-scale fibers bundles on the surface of microfibers.
Fig. 1c shows the FE-SEM image of mechanically treated fibers using
o . . . .
o5 1 2 5 10 15 20 sonication. The nanofibers network was defibrillated from micro-
time (h) sized cellulose fibers after mechanical treatment. The sonication
power disintegrates nanofiber bundles by a combination of events,
20 including formation, growth, and collapsing of cavities, called cav-
g0 | ®S/a0 b itations (Chen, Yu, et al., 2011; Filson & Dawson-Andoh, 2009). The
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_E o ¥ SC10/90 . have suitable diameter dispersion in the range of nanometer. Sta-
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Fig. 2. (a and b) Water uptake profile of the starch based scaffolds obtained by
combining the salt leaching and freeze drying methodologies for times of up to 35 h
and (c) water absorption percentage at equilibrium of specimens.

2.10. Statistical method

The quantitative data were presented as mean including
+standard errors of the mean (n=3) and analyzed using Student’s
t-test or one-way ANOVA analysis by SPSS software (version 16.0).
The values of P<0.05 were considered statistically significant.

The results of NREL illustrate that untreated fibers have lower
cellulose content and higher lignin and hemicelluloses contents
compared to alkali treated fibers. The percentage of a-cellulose was
increased from 46.5+0.7 to 79.3 £ 0.8, while the fraction of lignin
and hemicelluloses was declined from 29.1 +0.3 to 15.9 +0.2and
22.5+0.6 to 4.8+0.3, respectively, after alkali treatment of rice
straw. Due to their amorphous morphology, the chemical pen-
etrates into the structure, causes a breakdown in fiber bundles,
hydrolyze hemicelluloses, and depolymerize lignin (Alemdar &
Sain, 2008b). In the case of silica content, it was found that the
strong alkali treatment with 17.5 wt% NaOH completely removes
all the silica content from untreated fibers. It may be attributed to
the weak structure and bonding of silica component in the fiber
structure (Jahan, Lee, & Jin, 2006).

3.3. Morphology of scaffolds

Anideal scaffold for tissue engineering should have high porous
structure and mechanical stability. These two parameters are in
conflict with each other. In this study, the effect of nanofibers and
salt content on porosity of scaffolds was investigated by poros-
ity test. Fig. 1d shows the porosity percentage for starch based
nanocomposite scaffolds at various salt and cellulose nanofibers
contents. Porosity is measured by taking the volume of voids over
the total volume in a scaffold. Alcohol was used as medium sol-
vent to avoid contraction and collapse of scaffolds caused by air
drying. From the results, obviously, porosity would increase with
the increase of both salt and cellulose nanofibers content. At the
same conditions the porosity increase about 66% for S15/70 com-
pared to S/70, and about 61% for SC15/90 compared to S/90. Also
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Fig. 3. (a and b) Weight loss percentage profile of the starch based scaffolds in PBS for times of 20 weeks and (c¢) pH changes trends of SC15/70 and (d) SC15/90 by 32 weeks.

results (Fig. 1d) demonstrate that scaffolds with 90% salt show a
noticeable increasing at porosity percent, compared to 70% salt. The
cross section SEM images of scaffolds were shown in Fig. 1e-1. The
morphology of cross section of scaffolds is varied by increasing the
nanofibers content. Clearly, it was seen that S/70 and SC5/70 show
smoother surface (Fig. 1e and f), whereas SC10/70 and SC15/70 dis-
play a more bumpy structure (Fig. 1g and h). The same observations
were obtained in the case of S/90 and SC5/90 compared to SC10/90
and SC15/90 (Fig. 1i-1). The microsized pores in the structure of
scaffolds can create a very suitable structure for tissue engineer-
ing (Yan et al., 2012). Moreover, increasing the nanofibers content
may lead to an improvement in tensile properties of the samples
(Alemdar & Sain, 2008a). The salt content is another effective fac-
tor in scaffolds morphology. It is indicated by results (Fig. 1d) that
the salt leached specimen with 90% salt show a more porous struc-
ture than corresponding samples prepared by 70% salt. The pores
existence is appropriate for transmission of nutrients and metabolic
products for cells during their growth. Also, this structure accel-
erates the degradation process of scaffold and increases the cell
seeding and adhesion (Yan et al., 2012). On the other hand, higher
porosity may lead to poor mechanical performance which is not
suitable in bone tissue engineering (Chen, Ushida, & Tateishi, 2002;
Shokrolahi, Mirzadeh, Yeganeh, & Daliri, 2011).

3.4. Mechanical properties

Table 2 illustrates the mechanical properties of pure starch and
nanocomposite scaffolds with 5, 10, and 15 wt% CNF leached by 70%
and 90% salt content. Due to its high molecular mobility and weak
interaction between chains, starch is a brittle polymer with poor
mechanical properties (Fabunmi, Tabil, Panigrahi, & Chang, 2007).
Obviously, cellulose nanofibers improved the Young's modulus and
tensile strength of the composite samples. The Young's modulus
of scaffold was enhanced about 287% and 325% for CS15/70 and
CS15/90 samples, respectively. Tensile strength was also increased
about 55% and 60% for CS15/70 and CS15/90, respectively. How-
ever, the elongation at break shows a reasonable decrease (54%
and 60%) compared to the pure starch film. The improvement
of mechanical properties of starch based nanocomposites may
be attributed to very good dispersion of nanofibers and also the
formation of rigid hydrogen bonds network between starch and

cellulose nanofibers that cause a good stress transfer from matrix
to nanofibers (Alemdar & Sain, 2008a,b). Scaffolds for tissue appli-
cations are also subjected to compression tensions initially in vivo
stages. Porosity and pore structure of scaffold are the most effec-
tive factors in compression properties (Hejkants, Van Tienen, &
De Groot, 2006). Table 2 shows the behavior of starch based
samples at compressive 20%. It is concluded that by increasing
porogen (salt) from 70% (w/w) to 90% (w/w), the compressive
properties show a noticeable decreasing. As it can be seen, the
module was declined about 28% for S/90 and 18% for SC15/90
compare to S/70 and SC15/90, respectively. These reductions may
be due to density reduction of samples caused by enhancing the
porosity (Chen et al., 2002). In addition, by increasing nanofibers
from 5 to 15wt%, a significant decrease in compression proper-
ties was observed (Table 2). Although individual nanofibers have
high mechanical properties (theoretical Young’s modulus 138 MPa
and tensile strength 10 GPa) (Nakagaito, Takagi, & Pandey, 2011),
agglomeration of cellulose nanofibers at higher contents cause poor
performance. At lower nanofibers content, the high modulus and
strength of cellulose nanofibers amend the light agglomeration,
however, higher nanofibers content might have caused an increase
in the heterogeneous porosity of scaffolds and consequently a weak
structure (Kaushik, Singh, & Verma, 2010).

3.5. Water absorption behavior of nanocomposites

Water absorption ability can be an important parameter in
estimation of fluids uptake from the medium. Therefore, it can be
employed as a significant indicator to define the suitability of a bio-
material for tissue engineering. The amount and behavior of water
absorption at equilibrium for scaffolds with various nanofiber
contents are shown in Fig. 2a-c. For salt leached scaffolds with
70% salt, it was found that by adding CNF up to 10 wt%, the amount
of water absorption at equilibrium was reduced about 18.4%
compared to the pure starch film. It may be due to the formation
of rigid hydrogen bonds network between cellulose and starch
(Ghanbarzadeh, Almasi, & Entezami, 2010). However, at higher
amounts of cellulose nanofibers (15 wt%), the water absorption of
the samples was increased that could enhance the swelling ability
of starch-based scaffolds. By increasing the nanofiber contents, the
agglomeration of nanofibers leads to enhance the capillary action
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Fig. 4. MTT results of chondrocyte cultured on tissue culture plate (as a control),
S/70, S/90, SC15/70, and SC15/90 after 1, 4 and 7 days.

in the composites structure (Phattaraporn, Waranyou, Fazilah, &
Thawien, 2010). In the case of 90% salt content, it is observed that
by adding 5wt% nanofibers, water resistance of scaffolds shows
a satisfactory enhancing. By further increasing the nanofibers, the
water uptake behavior of SC5/90 and SC10/90 was almost the same.
The achieved results show the maximum water resistance of sam-
ples may be between 5 and 10 wt% nanofibers content. Also, it is
observed that the samples with 70% salt have a higher water resis-
tance than the samples with 90% salt which caused by an increase in
the water uptake pathway due to the profound salt leaching effect.

3.6. In vitro degradation

In vitro degradation of the samples was studied in PBS (pH 7.4)
as shownin Fig. 3aand b. All types of scaffolds show a similar weight
loss rate after 8 weeks.However, for SC10/70 and SC15/70, slower
degradation rate was observed compare to S/70 and SC5/70 scaf-
folds (Fig. 3a). After 8 weeks, the percentage of W; o, rate of S/70,
SC5/70, SC10/70, and SC15/70 were obtained to be 0.024, 0.019,
0.018, and 0.01 g/day, respectively. Immersing the composites in
PBS led to weak the intermolecular bonding force in starch molec-
ular chains. Therefore, increasing the incubation time causes the
fracture of molecular chains. The slower weight loss rate of SC10/70

B
¢y

~

and SC15/70may be attributed to strong interaction between car-
bonyl groups of starch and hydroxyl groups of nanofibers and
formation of strong hydrogen bonds network which result higher
rigidity of composite in comparison to pure starch (Chen, Xi, Zheng,
Zhou, & Wan, 2011; Kaushik et al., 2010). A similar result was
observed for the samples prepared by 90% salt. It can be seen in
Fig. 3b that the percentage of W; s rate of S/90, SC5/90, SC10/90,
and SC15/90 are 0.033,0.028, 0.022, and 0.019 g/day, after 8 weeks.
It was demonstrated that the salt leaching by 90% salt did not show
a significant effect on degradation rate of starch based scaffolds
compared to samples leached by 70% salt. Here, there is a conflict
concerning the density of starch cell walls and the morphology of
scaffolds after salt leaching. Clearly, by increasing the salt content,
the wall thickness of porosities in matrix decreases, this may be
the reason for developing degradation rate in PBS. On the other
hand, when salt leaching was carried out on starch-based sam-
ples, removing the amorphous regions of starch structure was more
probable than crystalline regions. As it is well known, degradation
rate of crystalline domain is slower than amorphous regions. Fig. 3¢
and d shows that the pH value of solution was decreased to around
7.30 after 2 weeks immersing of scaffold. This is due to weak acidity
of materials during the scaffold processing. However, by passing 12
weeks this value was increased. Fig. 3¢ also shows the variation of
pH value of scaffolds (SC15/70 and SC15/90) after 12 weeks. It is due
toreduction of weight loss rate and naturalization of little degraded
products in PBS (Chen, Yu, et al., 2011). During 8-32weeks, the pH
value was fluctuated in a narrow range from 7.37 and 7.41. There is
no significant variation (P> 0.05) during this time due to a decline
in degradable products in the solution.

3.7. Cytocompatibility

In order to evaluate the toxicity of the samples, MTT assay was
performed three times on each sample according to the previously
published report (Bonakdar et al., 2010). The extraction procedure
was carried out based on ISO 10993-12 instruction in which each
sample with 1.8 cm?was exposed to 50 wl culture medium. The
same medium was considered as control. Fig. 4 shows the results of
cell proliferation assay which indicates no more than 90% viability

X3

A

10 pm

Fig. 5. The morphology of chondrocyte cells cultured on the samples (a) S/90, (b) SC15/70 and (c) SC15/90 after 1 day, (d) S/90, (e) SC15/70 and (f) SC15/90 after 4 days, and

() S/90, (h) SC15/70 and (i) SC15/90 after 7 days of cell seeding.
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for all the samples in comparison to control. It can be observed that
SC15/70 and SC15/90 stimulate the proliferation rate of the cells
after 4 days. This can prove the inductive role of cellulose nanofibers
for cell attachment and proliferation.

3.8. Cell-scaffolds interaction

The interaction of chondrocytes with the prepared scaffolds was
studied after 1,4 and 7 days following cell seeding. The SEM micro-
graphs of the cells were recorded to study the cells spreading and
attachment on the samples (Fig. 5). Typically, the scaffold surface
was covered with cells. Higher cell attachment at day 1st, well
spreading at day 4th, and full coverage at day 7th were achieved
by incorporation of nanocellulose into starch matrix. SEM images
also confirmed the results of MTT assay. Chondrocytes showed a
rounded morphology on SC15/70 and SC15/90 scaffolds after 4
days of culture. The cells were well attached to the substrate with
the formation of filopodia which demonstrated the appropriate
interaction and adequate connection with scaffolds. The compres-
sive elastic modulus of the SC15/70 and SC15/90 samples were
in the range of compressive modulus of human articulate carti-
lage (1.9-14.4MPa) (Stammen, Williams, Ku, & Guldberg, 2001)
which makes them suitable for chondrocyte cell seeding. In addi-
tion, MTT analysis revealed that the samples did not have any
toxicity. Considering these optimistic points, these two kinds of
scaffolds show appropriate properties for attachment, prolifera-
tion, and tendency to form colony from chondrocyte cells (Fig. 5h
and i).

4. Conclusion

In this work, three-dimensional starch/cellulose nanofibers
scaffolds with interconnected pores were fabricated using film
casting, salt leaching, and freeze drying methods. The chemo-
mechanical method was employed to extract cellulose nanofibers
from the rice straw with the diameter in the range of 40-90 nm.
Clearly, addition of 15% cellulose nanofibers improved the Young’s
modulus about 287% and 325%, and tensile strength about 55% and
60% at 70% and 90% salt, respectively. Also addition of 15% cellu-
lose nanofibers declined the compression modulus about 59% and
39%, and compression strength about 70% and 24% at 70% and 90%
salt, respectively. Agglomeration of nanofibers plays an important
role in enhancing the hydrophilicity of the scaffolds. All types of
scaffolds showed a similar rate of weight loss after 8 weeks of
degradation, however, degradation rate of the samples prepared
by 90% salt was more than the samples prepared by 70% salt due
to its morphology change of the samples. Also, the morphology
of the nanocomposites varied depending on the initial content of
nanofibers and salt. The MTT assay tests and SEM images con-
firmed the ability of the scaffolds, with interconnected pores, to
support and grow fibroblast cells. These starch/cellulose scaffolds
offer anew potential for tissue engineering matrix with uniform
porous structure, suitable pore size, mechanical properties, and
good biodegradability.
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