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Abstract

This study demonstrates the comparison in the
method of fabrication and thus evaluates the po-
tential of psyllium husk powder and gelatin-based
composite microporous scaffolds for tissue engi-
neering applications. The scaffold is being prepared
in three different ratios of 50:50, 75:25 and 100 (w/w
of psyllium husk powder and gelatin, respectively) by
employing a suitable cross-linking agent, EDC-NHS,
followed drying. We have demonstrated the use and
outcomes of two different methods of scaffold drying,
i.e., vacuum desiccation along with liquid nitrogen dip
and lyophilization. It was concluded from the SEM
micrographs that the scaffolds dried under vacuum
accompanied with liquid nitrogen exposure exhibited
less porous architecture when compared to those
prepared using a lyophilizer, that resulted in pores in
the range of 60-110 um. Scaffolds fabricated using
the former technique lost porosity and sponge-like
characteristics of a scaffold. In spite of the above fact,
water retaining capacity and stability in the cell culture
of such scaffolds is significant, nearly 40-50% of its
initial dry weight. Cell culture experiments support
the potential of the scaffolds prepared from different
methods of fabrication for its cytocompatibility and sui-
tability for cell growth and proliferation for a substantial
duration. Erosion in the porous design of the scaffolds
was observed after 14 days via SEM micrographs.
It was inferred that freeze-drying is a better technique
than vacuum desiccation for scaffold preparation.
The present investigation has been conducted keeping
in mind the importance of drying a scaffold. Scaffold
drying is a necessary step to increase its shelf-life,
makes it easy to transport and much importantly,
controlling the pore size of the scaffold.
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Introduction

Tissue engineering is a mixed discipline that mainly fo-
cuses on the recreation and regeneration of diseased or dam-
aged tissues [1,2]. Design and development of microporous
three-dimensional scaffolds are one of the potential domain
of research for tissue engineering and regenerative medicine.

Scaffolds form an integral part of tissue engineering as
they allow us to mimic native tissue-like environment by
complying the structural, biological and mechanical attrib-
utes of the extracellular matrix (ECM) present in the native
tissues [3]. Very briefly, scaffolds provide an anatomical
framework for the cells to reside, the porosity of the scaffold
supports metabolite transport efficiently, the strength of the
scaffolds is responsible for the mechanical characteristics of
the cells, facilitates cell growth and proliferation by providing
them enough cues to respond and communicate amongst
each other. Therefore, tissue engineering scaffolds are an
absolute necessity that provides a conducive environment
for cell growth and reproduction with respect to its three-
dimensional structure, pore size, strength, cell attachment,
degradation rate, etc. [4,5].

Although researchers have access to a plethora of avail-
able biomaterials from synthetic such as poly(vinyl alcohol)
(PVA), polycaprolactone (PCL), poly (glycolic acid) (PGA),
to natural such as cellulose, alginate, gelatin, chitosan,
etc., natural biomaterials are particularly being selected
for their easy availability, low toxicity, enhanced bioactivity
and cytocompatibility [6,7]. With the advancement in tissue
engineering the use of plant-derived biopolymers such as
alginate, guar gum, aloe gel to name a few, have gained
momentum. Easy accessibility, high acceptability and
their use in the treatment of human ailments over many
decades have made them the material of choice for tissue
engineering applications. Plantago ovata or psyllium husk
is one of the most widely used and commercially available
plant-derived polysaccharides in Indian markets [8]. It has
been used in many biomedical applications because of its
ease of availability, low cost, non-toxicity, biodegradability,
and safety [9]. Gelatin, a versatile and naturally occurring
biopolymer helps in the modulation of cell adhesion because
of the presence of cell adhering moieties [10-15]. It has been
used as an acceptable scaffolding biomaterial for cardiac,
hepatic, skin, bone and many such tissue engineering
applications [16].1-ethyl-3-(3-dimethylaminopropyl)-1-car-
bodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) has been used as a cross-linking agent as it intro-
duces an amide or an ester bond between the functional
moieties of the biopolymers [17-19]. The use of EDC-NHS
does not involve any addition of spacer arms between the
conjugating molecules as it belongs to a class of zero-length
cross-linker [20]. This unique feature of EDC-NHS makes
it a potential cross-linker as it does not integrate with the
final product and leaves no toxic substance in the fabricated
scaffold [21,22].

Scaffold drying is an important step for scaffold prepa-
ration. It increases the shelf-life of the material and thus
the scaffold, makes it easier to transport, allows a control
over the range of pore sizes formed within the scaffold
which is a critical feature for cell growth, provides a uniform
structure and maintains the integrity of the scaffold and to
some extent provides an aesthetic value to the scaffolds
[23]. Freeze-drying involves the use of present ice-crystals
as a template for pore formation. It applies the principle of
sublimation that occurs when the formed ice-crystals go
directly to the gaseous state thus omitting the liquid phase.
This process allows little control over pore size and inter-
connectivity between the pores is maintained and prevents
the structure from collapsing [24,25].

The main aim of this study is to compare the drying
methods of vacuum desiccation and freeze-drying in the
fabrication and characterization of psyllium husk powder
and gelatin-based three-dimensional microporous scaf-
folds, cross-linked with EDC-NHS coupling reaction, thus
supporting its potential for tissue engineering applications.
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Materials and Methods

Psyllium husk powder and gelatin (FIG. 1 a,b) composite
scaffolds were prepared by mixing them in the three different
ratios, namely 50:50, 75:25 and 100:0 (w/w) respectively,
in water. A total of 0.4 g of psyllium was mixed with 14 mL
of distilled water to prepare 100% psyllium husk scaffolds.
Similarly, the ratios 50:50 and 75:25 were also prepared.
The prepared ratios were then cross-linked using 25 mM
EDC and 10 mM NHS solution prepared in 95% alcohol
solution at an acidic pH, as already explained in detail else-
where [26] followed by a drying step. Digital photographs of
the fabricated scaffolds were captured from a 13-megapixel
digital camera. In the present study, one set of scaffolds
were dried for two days using a desiccator connected to
a vacuum pump accompanied with a liquid nitrogen dip for
10-15 seconds for complete drying. The other set of scaf-
folds was cross-linked using the same procedure as above
except it was dried for two days in a freeze-drier.

Scanning electron microscopy analysis using a Zeiss
EVO 18 SEM (Zeiss, Oberkochen, Germany) at 20 kV,
was carried out to determine the porous architecture of the
scaffolds after respective drying steps. Cell culture studies
were performed with L929-RFP (red fluorescent protein)
mouse fibroblast cells to identify cell viability, growth, and
cell-cell communication within the fabricated scaffold [27].
For freeze-dried scaffolds circular discs of the scaffolds were
punched out with 5 mm diameter and similar thickness of
the scaffolds was used, i.e. 1-2 mm approximately. Whereas
for the scaffolds dried by vacuum desiccation and liquid
nitrogen dip had become crispy and hard making it difficult
to punch out discs of 5 mm diameter. Therefore, pieces of
similar dimensions were cut and used for cell culture experi-
ments. The scaffolds were sterilized by exposing them to
ultra-violet radiation for 30 min inside a biosafety cabinet.

Materials used

Psyllium husk powder and Gelatin

(b)

FIG. 1. Representative images of (a) raw materials, i.e. psyllium husk powder and gelatin, used in the fabrication
of the scaffold and (b) the viscous mixture formed after mixing the raw materials.

Vacuum desiccated
+ Liquid Nitrogen dipped scaffolds

Freeze-dried
scaffolds

FIG. 2. Digital photographs of fabricated scaffolds by utilizing the two methods for drying the scaffolds and the
SEM micrographs that depict porous architecture of the scaffolds. Scale bar: 0.5 cm.
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FIG. 3. Panel of images of L929-RFP mouse fibroblast cell culture within the scaffolds prepared from different
drying techniques. The panels exhibit brightfield, fluorescent and merged images (from left-right) of the cells

within the scaffolds at day 1 and day 5. Scale bar: 50 pm.

Cells were then seeded at a density of 10°cells per scaffold
and the scaffolds were allowed to soak in the cell suspen-
sion solution for about half an hour inside a humidified CO,
incubator (Galaxy® 170 S, Eppendorf, Germany). The scaf-
folds were placed in a Petri dish and fed with the optimum
volume of cell culture medium that was maintained inside
a humidified, 5% CO, incubator at 37°C for further experi-
ment. The complete cell culture medium was prepared from
Dulbecco’s modified Eagle’s Medium (DMEM, HiMedia),
10% fetal bovine serum (FBS, HiMedia) and 1% Penicillin/
Streptomycin (HiMedia) antibiotic solution. The fluorescent
images of L929-RFP cells within the scaffolds were collected
at regular intervals using an inverted, DIC, fluorescence
microscope (Nikon Ti-U).

Results and Discussions

It is observed from the digital photographs of the fab-
ricated scaffolds that the first set of scaffolds, dried in
a vacuum desiccator and exposed to liquid nitrogen, exhib-
its a contracted or deflated physical appearance (FIG. 2a)
that seems to be progressing towards a sheet-like struc-
ture with pure psyllium (100) composition whereas the set
of scaffolds subjected to freeze-drying protocol maintain
the physical aspect and integrity of the scaffold (FIG. 2b).

The polyhedral shape of the pores of the freeze-dried scaf-
folds spanned a range of 60-110 ym. The average pore
size for all the three ratios of the scaffold was examined
as 77+24 ym. The difference in the physical attributes of
the scaffolds prepared from two distinct procedures is due
to the fact that vacuum desiccation followed by a dip in
liquid nitrogen removed all the moisture from the scaffolds
thereby leaving no void space within the scaffolds for it
to be considered as microporous as highlighted from the
SEM images (FIG. 2a). On the contrary, the freeze-drying
procedure exploits water content as a template to create
microporous structures within the scaffolds thus maintaining
its porous morphology [28]. The basic principle of freeze-
drying is the phenomenon of sublimation, thatimmediately
converts solid into a vapour state without passing through
a liquid state. The material to be dehydrated is first frozen
and then subjected to a high vacuum. The complete pro-
cedure of lyophilization takes place at a low temperature
and pressure that makes it an excellent method for pre-
serving biological and heat-sensitive samples [29]. It was
concluded from the cell culture images in FIG. 2 that scaf-
folds fabricated from both drying steps show equally good
cell growth and proliferation when compared for a period
of 5 days. The cellular proliferation was found to be >80%
by the 6th day of cell culture in the fabricates scaffolds.
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After mixing psyllium
husk powder and gelatin

Freeze-dried scaffold

After EDC-NHS couplin
reaction

Freeze dried after EDC-
NHS coupling reaction

SEM micrograph of
Freeze-dried scaffold

Scaffold in cell culture
media after 14 days of culture

FIG. 4. Representative images of scaffolds at different stages of fabrication process as well as when incubated
in culture medium. SEM image shows the internal geometry and microporous nature of the fabricated scaffolds.

Scale bar: 1 cm.

The scaffolds dried by vacuum desiccation and liquid nitrogen
show commendable swelling in their size when subjected to
cell culture media. The reason behind this behaviour may
be that while in a vacuum all the air was being sucked out
of the scaffold leaving no void space behind which is clearly
expressed from the SEM micrographs. Therefore, when
a liquid medium was added, it readily absorbed all the solu-
tion inside it and distended like a balloon. The swelling ca-
pacity or the water imbibing ability of the fabricated scaffolds
was investigated as 40-50% of its initial dry weight for scaf-
folds fabricated from both the techniques. The long-term in
vitro degradation of the scaffolds till 14 days in physiological
buffer (pH 7.4) at room temperature and at 37°C suggests its
resistance towards hydrolytic degradation [30] that makes it
a potential candidate for oral and subcutaneous drug delivery
systems and tissue engineering applications. It is observed
that by day 5 cells made immense network among them-
selves, a notable cell-cell communication and proliferation is
also visible (FIG. 3 a,b). The cells were found to be present
through-out the thickness of the scaffold when analysed
from Z-stacking images revealing the porous architecture
of the scaffolds. The scaffolds were appreciably stable in
the cell culture media for a significantly long duration of 3-4
months, although cells were not visible within the scaffolds

after 24 days. This indicates that though biodegradable in
nature, the degradation of the scaffolds was slow because
of its integrity obtained by cross-linking with EDC-NHS
coupling reaction. With the given experimental conditions
it was inferred that the ratio of 75:25 is most suitable for
cell growth, differentiation, and proliferation. The sequence
of steps followed in the fabrication process of scaffolds us-
ing EDC-NHS coupling reaction as a suitable cross-linker
has been represented in FIG. 4.

Conclusions

The outcomes of the conducted study led us to the
conclusion that EDC-NHS cross-linked scaffolds fabricated
by freeze-drying step exhibit superior porous structure
in comparison to those dried in a vacuum desiccator ac-
companied with liquid nitrogen dip. Although both sets
of scaffolds were found suitable for cell growth and com-
munication, structure and integrity of the scaffolds were
better maintained in those developed using a freeze-drier,
unlike the other set that presented a shrunken appearance.
Therefore, in light of the above facts, it was inferred that
scaffolds fabricated by the freeze-drying process were more
suitable for cell culture and tissue engineering applications.
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The fabricated scaffolds can be used in various tissue en-
gineering and regenerative medicine applications such as
wound dressing, sustained drug release, three-dimensional
microporous scaffold for tissue regeneration and many more,
based on the fact that: 1) they have remarkable water imbib-
ing capacity of 40-50% of its initial dry weight, 2) enhanced
mechanical strength, i.e. the crispy and brittle nature of the
scaffolds obtained from the former technique was replaced
by the strength to oppose crushing loads by freeze-drying.
The cytocompatibility was determined to be ~80% for L929
fibroblast cells, which also projects its suitability for cell
culture. The biodegradable nature of the fabricated scaf-
fold makes it an acceptable platform for the development
of bioengineered tissues. Moreover, such an economic type
of natural biomaterials are easy to manufacture with minimal
toxicity and worldwide acceptance.
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