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Abstract: Banana (Musa balbisiana) pseudostem 3D scaffolds have been developed here
for primary eukaryotic cell and cell line culture as an economical, sustainable, eco-friendly
alternative for surface-functionalized polymeric and plant tissue-based structures. Musa
pseudostem 3D micro pattern scaffold (MPM-3Ds) developed by freeze-drying followed
by ethylene oxide sterilization yielded 5.6ng of DNA per mg of tissue, confirming its
extended decellularised state. Thermo gravimetric analysis, contact angle measurement,
uniaxial testing, and FTIR determined thermal stability, wettability, tensile strength, and
surface functional groups respectively. Micro and macronutrients, sugars, and amino acids
that naturally enrich MPM-3Ds were estimated using EDAX, HPLC, and biochemical
analysis. The most important finding was, non-surface functionalized MPM-3Ds supported
attachment, growth, and differentiation of human mesenchyme stem cells, human primary
hepatocytes like cells, primary mouse brain cortical neurons, mouse fibroblast cells, and
human pancreatic cancer cells. MPM-3Ds showed in vivo biodegradation and
biocompatibility in a preliminary analysis in Sprague Dawley rats. These findings
illuminate nature's power to nurture cells in the micropattern cradles of MPM-3Ds that
can support innovative research in stem cell differentiation, drug and cosmetic testing, and
biosensor development leading to advanced biomedical research.

Keywords: 3D micropattern scaffold; banana pseudostem scaffold; economical 3D
scaffold; hepatocyte cell spheroids; natural cellulosic 3D scaffold

1. Introduction

Cells were grown in vitro on surface-functionalized three-
dimensional (3D) micropattern polymeric scaffolds exhibit
in vivo like gene expression, cell polarization, and
intracellular signaling [1, 2]. The 3D micropattern
environment enhances cell-cell and cell-matrix interactions
and promotes complex nutrient transport dynamics [3, 4].
Applications of 3D scaffolds primarily include stem cell
differentiation, organoid development, drug delivery, drug
toxicity evaluation, and elucidation of tumor drug
resistance mechanisms [5-9]. Furthermore, these are
alternatives for animal testing, play a role in developing
personalized medicines, and assist in advanced tissue
engineering.

The end-users of the 3D scaffold are pharmaceutical and
cosmetic industries as well as biomedical researchers [10].
Commercial 3D scaffolds are highly-priced since scaffold
development is expensive in terms of the technique, surface
functionalization, skilled labor, need for precision
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instruments, and extended synthesis duration [2, 5, 11, 12].
Thus, developing economic, sustainable, eco-friendly, and
efficient 3D micropattern scaffolds to meet the rise in
demand and support research and development.

Intending to address these issues, few research groups have
recently made a cross-kingdom advance to explore different
surface topographies of tissues from the plant kingdom for
3D scaffold development. Biochemically functionalized
decellularized apple hypanthium tissue was employed for in
vitro 3D cell line culture [13]. Fibronectin-coated
decellularized spinach leaf was developed as a vascularized
3D scaffold [14]. Here the surface-functionalized scaffold
allows the cells to attach, grow, divide, and migrate among
biodegradable natural fiber materials that make up the
scaffold. These data stand as evidence that plant tissues can
be successfully transformed into 3D scaffolds. The delicate
nature of the plant tissue, its expensive surface
functionalization, and the need for enzymatic or chemical
treatment for decellularisation led to the search for
alternative plant tissue [13, 14]. Quest for alternatives led
us to explore naturally decellularised, sturdy micropattern
plant tissues enriched with biomolecules to address these
issues. The biomaterial candidature of the outer sheaths of
the pseudostem of banana, which forms the plant's
structural support, was chosen.

Banana plant (Musa sp.) is cultivated widely in Kerala for
its edible fruit, but post-harvest generates extensive
biomass agro-waste [15-18]. Research and reports on the
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physicochemical evaluation and utilization of banana fiber
from the pseudostem as a reinforcing material in upholstery,
currency, textiles, and packaging exists, but its use as a
scaffold in biomedical applications is a novel idea [19-25].
The presence of micro rectangular architecture, porous
interconnected septa, nutrient richness, high cellulosic fiber
content makes the pseudostem an ideal candidate for a new
3D scaffold development.

The current study unravels the method of developing non-
surface functionalized, decellularised, biocompatible
banana (Musa sp) pseudostem 3D micropattern scaffold
(MPM-3Ds). The physical dimensions and biomolecular
constitution enhance its cell adhesion properties. The
developed scaffold has been given a facelift as a ready-to-
use 3D structure by embedding into polystyrene cell culture
wares. This product envisions to meet high demands for
such 3D substrates in tissue engineering, drug testing, and
biosensor development. A fascinating finding was that
unlike other plant-derived decellularised  surface-
functionalized scaffolds, this MPM-3Ds without any
surface functionalization supported the attachment and
proliferation of primary cells and cell lines. The MPM-3Ds
promoted the attachment and proliferation of human
mesenchyme stem cells, supported its differentiation and,
unravelled the structure and cell to cell association of mouse
primary cortical neurons. Apart from primary cells, the
MPM-3Ds also promoted the attachment and proliferation
of human and mouse cell lines. Throughout the study
duration of a maximum of 50 days, the scaffolds remained
structurally intact and pliable for microscopic analysis.
Furthermore, the scaffold's biodegradation and
compatibility were evaluated in a pilot study of 1- 8 weeks
in male Sprague Dawley rats (n=3). Thus, an economical,
sustainable, eco-friendly and efficient 3D micropatterned
scaffold was developed to meet the rise in demand and
support research and development [11, 26-28].

2. Materials and Methods

2.1. Sourcing of the MPM-3Ds material, preservation,
sterilization and 3D scaffold incorporated polystyrene
plate development

The supportive outermost pseudostem sheath of the banana
plant selected for preparing the 3D scaffold consists of
tightly packed overlapping sheaths of leaves. The scaffold
material retrieved from the live plant by excising the outer
sheaths trimmed using a sharp scalpel blade exposes the
micropatterned niche [29-31]. The details of which are
provided in supplementary method section 1.1.

2.2. Determination of the extend of decellularisation of the
pseudostem by DNA quantification

Qiagen-DNeasy® Plant Mini Kit [32] was used to extract
DNA from the freeze-dried ETO sterilized 1mg banana
pseudostem samples. DNA was then quantified using the
Nanodrop instrument (Shimadzu Biotech Biospec Nano) at
a wavelength of 280nm. The DNA quantified was then
compared to the DNA extracted from 1mg each raw banana
leaf, raw pseudostem, and the parent offshoot plant [33].
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The DNA from the different sources qualitatively estimated
by agarose gel electrophoresis and visualized using
ethidium bromide under the Gel Doc system (Syngene G:
Box).

2.3. Taxonomic identification of the MPM-3D source plant

The method for taxonomic identification is explained in
detail in supplementary methods Section 1.2.

2.4. MPM-3Ds Characterisation
2.4.1. Determination of MPM-3D’s physical dimension

The dimensions of the MPM-3Ds evaluated using a
scanning electron microscope (SEM); JEOLISM-6490LA
to reveal magnified images of the micro patterns and
surface topography [34].

2.4.2. Detection of the functional groups present on MPM-
3Ds

Experimental method of FTIR is detailed in supplementary
methods Section 1.3; subsection 1.3.1

2.4.3. Evaluation of the thermal stability of the MPM-3Ds

The details of evaluation of thermal stability are furnished
in supplementary methods section 1.3; subsection 1.3.2

2.4.4. Determination of the mechanical properties of the
MPM-3Ds

The tensile strength and maximum force that the scaffold
could withstand was measured using a tabletop uniaxial
testing machine (SHIMADZU). The scaffolds were tailored
into a rectangular shape with dimensions of 40mm length,
1cm width, and an average thickness of 0.5 mm. Triplicate
samples with specific dimensions fixed in the clamps of a
UTM machine measures the tension of the strip when drawn
apart. The load versus extension measured at 5mm/min at
various clamp separation determines the force required to
break the scaffolds and the extent to which the samples
elongate at that breaking point. The firm strip must be
aligned vertically and clamped so that the stresses are
uniform across the strip's width and parallel to the direction
of loading [35].

2.4.5.

Contact angle measurement procedure is detailed in
supplementary methods section 1.3.; subsection 1.3.3.

Contact angle measurement of the MPM-3Ds

2.5. Estimation of elements and biomolecules in the MPM-
3Ds

2.5.1. Estimation of elemental composition

0.5g of the pseudostem, 4mL concentrated nitric acid (Nice
chemicals) heated in a test tube followed by 1ml perchloric
acid or hydrogen peroxide digested the sample and made up
to 50mL with distilled water. The amount of carbon,
hydrogen, nitrogen, and sulfur in the acid digested scaffolds
were analyzed using CHNS analyzer Elementar Vario EL
I1l. Analysis of the different macro and micronutrients
present in the MPM-3Ds done using Scanning Electron
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Microscope — EDAX. (Energy Dispersive Analysis X-ray)
JEOL 6390 LA/OXFORD XMX N [33, 36].

2.5.2.  Analysis of amino acids and total reducing sugar
(TRS)

The amino acid in the pseudostem scaffold was estimated
using HPLC as per previous literature. The pseudostem
samples were treated with dilute sulphuric acid to hydrolyze
hemicellulose. The concentration of TRS was determined
using the dinitrosalicylic (DNS) acid method [37, 38].

2.6. Cell attachment, proliferation and differentiation
studies on the MPM-3Ds

2.6.1.  Human mesenchyme stem cells

The human mesenchyme stem cell (Promo Cell, Germany)
was maintained and expanded in IMDM supplemented with
20% fetal bovine serum (FBS) in a 5% CO? incubator at 37
°C. 2x10° cells seeded in triplicates on the IMDM drenched
sterile freeze-dried MPM-3Ds placed in 6 well polystyrene
cell culture plates evaluated by scanning electron
microscope 2hrs and 48 hrs of study for cell attachment, and
by Calcein AM staining after 14 days for biocompatibility.
2.6.2. Evaluation of change in cells' morphology
following Human mesenchyme stem cells to
Hepatocyte differentiation on the non-
functionalized MPM-3Ds.

2x10° human mesenchymal stem cells were seeded in
triplicates on the IMDM drenched freeze-dried and
sterilized MPM-3Ds placed in 6 well plates. Reagents used
for differentiation was procured from Sigma Aldrich. The
cells were serum-deprived for two days in IMDM
supplemented with 20ng/mL EGF (Epidermal growth
factor) and 10ng/mL bFGF (Fibroblast growth factor-basic
human). The media then replaced with IMDM enriched
with  20ng/mL H.G.F. (Hepatocyte growth factor
human),10ng/mL bFGF, and nicotinamide 0.61g/L and
continued for seven days. After that, IMDM with 20ng/mL
OSM (Oncostatin M human) and one um/L dexamethasone
and 50mg/L, ITS premix was added to cells and continued
for 50 days on MPM 3Ds. The scaffolds were then
processed for SEM for morphological analysis, calcein
staining for live cell imaging, and confocal imaging of
differentiation-specific ~ markers.  Immunofluorescence
assay for detecting human hepatocyte-like cell-specific
markers (Invitrogen) OCHIE5 and Cytochrome P 450 was
performed by washing the scaffold twice in cold PBS and
fixing in 4% paraformaldehyde for 20 minutes at 4 °C. The
blocking solution used was 2% BSA Cells were incubated
overnight at 4 © C with an antihuman monoclonal antibody
against OCHIE5 and Cytochrome P450 (cyp2b6). Cells
were washed and incubated at room temperature for 50
minutes with FITC-conjugated anti-mouse/anti-rabbit
secondary antibodies-Invitrogen (1:2000 dilution) [39-41].

2.6.3.  Mouse primary cortical neurons

Mouse cortical primary neurons were isolated from the
brain of pup (postnatal day-1) and seeded on the scaffold
directly to visualize the preliminary attachment of the cells

Non-surface functionalized 3D scaffold

(IAEC -363/GO/Re/S/05/CPCSEA,28/12/2017). The cells
were maintained in the Neurobasal-A supplemented with
B27 and L-glutamine (media and supplements from Gibco)
for 14 days. After incubation, the scaffold's triplicate sets
were analyzed for cell attachment, cell morphology, and
scaffold interaction by SEM imaging.

2.6.4. Human pancreatic cancer cell line and Mouse
fibroblast cell lines

The details of cell culture on scaffolds are provided in
supplementary methods section 1.4.; subsection 1.4.1

2.7. Scaffold processing for imaging

Scaffold processing details is provided in supplementary
methods section 1.5.

2.8. Preliminary in vivo evaluation of biocompatibility
and biodegradation in Sprague Dawley rats

The institutional ethics committee approved a pilot study on
in vivo biocompatibility and biodegradation of MPM-3Ds
by subcutaneous implantation in male Sprague Dawley rats
(n=3) (IAEC 363/GO/Re/S/01/CPCSEA,28/12/2017). The
rats were anesthetized using intramuscular injection of 35.0
ma/kg ketamine and 5.0 mg/kg xylazine in the gluteal area
(3K:2X,0.04-0.05mL/250 g rat). A surgical incision was
made on the dorsal right side of the animal, and MPM-3Ds
were placed and sutured using commercially available
vicryl. Sham-operated and un-operated rats were kept as
controls. The animals were euthanized after one week, four
weeks, and eight weeks using carbon dioxide chamber.
Cardiac puncture and blood draw was done for CRP and
analysis of polymorphs. The subcutaneous tissue and
implant were retrieved for histopathological evaluation to
visualize angiogenesis, biodegradation, and
biocompatibility.

2.9. Statistical Analysis

All presented values are the average + standard deviation.
Statistical analyses involved mixed-design ANOVA
followed by Tukey’s comparison.

3. Results

3.1. Sourcing of the MPM-3Ds material, preservation,
sterilization and 3D scaffold incorporated polystyrene
plate development

The detailed results are furnished in the supplementary
results section 2.1 (Suppl. Figure S1).

3.2. Determination of the extend of decellularization of the
pseudostem

The DNA content per mg of tissue from freeze-dried and
ETO sterilized pseudostem was 5.6ng, which is only about
10 % of 55.29ng DNA derived from the parent plants leaf.
Hence reveals an extended decellularised nature (90%) of
the pseudostem [42, 43]. A faint band in agarose gel
corresponding to the DNA load in freeze-dried and raw
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Lane 1- Freeze dried Pseudo stem mother plant

Lane 2- Raw leaf of offshoot plant

Lane 3-Raw leaf mother plant

Lane 4-Raw Pseudo stem mother Plant

ESTIMATION OF DECELLULARISED NATURE OF MPM-3D SCAFFOLD

Figure 1: The figure shows the DNA band visualized on the agarose gel from the leaf of the banana mother
plant, the offshoot plant form prominent bands when compared to the raw and freeze-dried pseudostem.

pseudostem (figure 1; lane 1 and 4), when compared to the
significant bands corresponding to the DNA isolated from
leaf of the offshoot plant and mother plant (figure 1; lane 2
and 3), substantiates our DNA quantification data.

3.3. Taxonomic identification of the MPM-3D source plant

The results are furnished in the supplementary results
section 2.2 (Suppl. Figure S2, S3).

3.4 MPM-3Ds Characterization

3.4.1. Determination of the physical dimensions of MPM-
3D

The scanning electron microscope images and photographic
images of freeze-dried MPM-3Ds revealed a micro
rectangular cavity (0.5mm X 1mm X 0.5mm) with
interconnecting porous septa (0.05mm diameter) arranged
in a series resting on a sturdy base (Figure 2 - A, C).

MPM-3D SCAFFOLD STRUCTURE AND DIMENSIONS

¢

AN
100pum

X100 18 37 SEI

Figure 2: (A) Photograph of the banana pseudostem scaffold with the micro pattern
rectangular sockets; (B) the MPM-3D scaffold after 50 days in media showing scaffold
integrity; (C) SEM image of the micro patterns evident on the banana pseudostem scaffold;
(D and E) SEM image of the interconnecting septa present between the micro rectangular

cavities of the MPM-3Ds.

Citation: Narayanan D, Bhat SG, Baranwal G (2021). Characterization of innately decellularised micropattern pseudostem
of Musa balbisiana - A non-surface functionalized 3D economic biomaterial scaffold. T Appl. Biol. Chem. J; 2(3):76-88.

https:/ /doi.org/10.52679/ tabcj.2021.0013



80

Figure 2 - D, E) shows magnified images of
interconnecting septa between micro rectangular cavities of
scaffold. The MPM-3Ds are seen to retain morphology even
50 days after remaining in cell culture media, as seen in
figure 2 - B.

3.4.2. Detection of the functional groups present on
MPM-3Ds

FTIR results are detailed in supplementary results section
2.3.3 (Suppl. Figure S4).
3.4.3. Evaluation of the thermal stability of the MPM-3Ds

The details of the thermal stability of MPM-3DS are given
under supplementary results section 2.3.2 (Suppl. Figure
S5).

Non-surface functionalized 3D scaffold

3.4.4. Determination of the mechanical properties of the

MPM-3Ds

The maximum force (Fmax) which Imm thick and 12mm
wide MPM-3Ds piece can bear while testing once the yield
point has crossed for scaffold material is 228.2 + 22.75 N.
The elongation of scaffold at this F max is 2.04 £ 0.22% of
original length which shows that the scaffold is non-elastic.
The tensile strength of the MPM-3Dscaffold is 20.5 + 2.42
MPa.

3.4.5.

The details are provided under supplementary results
section 2.3.3

Contact angle measurement of the MPM-3Ds

ELEMENTAL COMPOSITION IN THE MPM-3D SCAFFOLD
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Figure 3: The graphs represent the elemental composition of MPM-3Ds material. (A) The graph shows the
mg/L concentration of micronutrients in the sample; the (B) graph shows the mg/L concentration of
macronutrient; (C) graph represents the mass fraction weight percentage of CHNS content in the MPM-3Ds

material.

HPLC ANALYSIS OF AMINO ACID CONTENT OF MPM-3D SCAFFOLD
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Figure 4: The figure shows the chromatogram of the HPLC analysis of the amino acid content in the
MPM-3Ds the list of amino acid corresponding to the major peaks obtained in the chromatogram.
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3.5. Estimation of elemental
biomolecules in the MPM-3Ds

composition  and

3.5.1.  Estimation of elemental composition, macro, and

micronutrients

The SEM EDAX analysis of the MPM-3Ds shows presence
of micronutrients such as copper, iron, manganese, nickel,
zinc, selenium (figure 3-A). The concentration of iron was
0.69 mg/L and stood highest in concentration compared to
rest of the micronutrients. The macronutrients detected at
the highest concentrations were 51.35 mg/L calcium and
41.3 mg/L potassium, followed by phosphorous magnesium
and sodium, as represented in figure 3-B. The CHNS
analysis reveals mass fraction weight expressed in
percentage. Figure 3-C reshows that 39.9 % of the sample
is carbon, 5% hydrogen, 0.54% nitrogen and 0.42% sulfur.
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3.5.2.  Analysis of amino acids and total reducing sugar

(TRS)

The chromatogram and corresponding list in figure 4
represent the amino acids detected by HPLC in the MPM-
3Ds material. The scaffold is rich in different amino acids
such as arginine (R), glycine (G), aspartic acid (D), etc.
Acid hydrolysis was performed for the detection of
carbohydrates and 0.62m/mL glucose and 0.27mg/mL
mannose was detected in the MPM-3Ds material.

3.6. Biocompatibility, cell attachment, and proliferation

The different cells seeded on the scaffolds have exhibited
good attachment and proliferation as elaborated below:

HUMAN MESENCHYMAL STEM CELLS CULTURED ON THE MPM-3D SCAFFOLD

PANUR

X10,000  1pm

10 36 SEI

Figure 5: (A-E) are the SEM images of the hMSC cultured on the MPM-3Ds and (F) is the calcein stained

hMSC on the scaffold on day 14.
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SPHEROIDS AND CELLS ON MPM-3D SCAFFOLDS AND MEDIUM AFTER
hMSC TO HEPATOCYTE DIFFERENTIATION

Figure 6: (A and B) show the light microscope images
of the spheroids formed within the MPM -3D scaffold
after the hMSC differentiation treatment, (C and D)
show the spheroids that were released into the medium
from the MPM-3Ds, and (E) is the calcein stained image
of the cells on the scaffold after differentiation.

Non-surface functionalized 3D scaffold

3.6.1.  Human mesenchymal stem cells

Human mesenchymal stem cells attached and proliferated
well on the scaffold. The cells have extended their periphery
and are intricately attached to the scaffold. Figure 5 A-E
shows the hMSC attached to scaffold on day two and figure
5-F shows calcein-AM live stained cells throughout the
scaffold after 14 days of seeding. The topography of the
MPM-3Ds favors the 3D attachment and proliferation of the
cells.

3.6.2. Evaluation of change in morphology of cells
following Human mesenchyme stem cells to
Hepatocyte differentiation on the non-
functionalized MPM- 3Ds

The human mesenchymal stem cells were subjected to
hepatocyte differentiation protocol for 20 days and further
maintained for another 30 days for spheroid formation. Post
differentiation, the scaffolds’ bright-field microscopic
images showed opaque spherical outlines, and 50um
spheroid spillage into the cell culture medium was observed
as shown in figure 6.

The surface of the MPM-3D was then scanned and, SEM
images of the scaffold revealed the presence of a massive
number of proliferated primary human hepatocyte-like cells
with numerous bud-like projections on the surface
resembling a berry-like morphology and a central
invagination (figure 7). The different stages of formation of
spheroids where the cells are seen to migrate into a cluster
on the scaffolds can be observed as well.

The preliminary evaluation for the presence of cell surface
markers OCHIE5 and Cytochrome P450 (cyp2b6) was

SEM OF MORPHOLOGICAL CHANGE OF hMSCs AFTER HEPATOCYTE DIFFERENTIATION

Figure 7. All the panels depict the different SEM magnification images of the MPM-3Ds bearing cells
after hMSC to hepatocyte differentiation. The cells seen here are in the process of aggregating into

spheroids.
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positive, as observed under confocal microscope (figure 8)

[39, 44].

OCHIE5 AND CYTOCHROME P450(CYP2B6) POSITIVE
HEPATOCYTE LIKE CELL SPHEROIDS

Figure 8: (A and D) are the bright-field images of a
spheroid and OCHIES5 positive red fluorescence
emitting; (B) single spheroid; (C) spheroid cluster in
the scaffold depth. Cyp2b6 positive green fluorescence
emitting; (E) single spheroid and (F) spheroid cluster
in the scaffold depth.

3.6.3.

Mouse primary cortical neuron cells isolated from the brain
of mouse pups were attached to MPM-3Ds despite the
absence of any surface modifications. The spreading of
cells on scaffold is visible in SEM analysis and a typical
neuronal structure unfolding could also be observed as
represented in figure 9.

Mouse primary cortical neurons

16kV  X4,000

S5um

13 48 SEI
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3.7. Preliminary in vivo evaluation of biocompatibility
and biodegradation in Sprague Dawley

The biomaterials subcutaneously implanted were found to
be biocompatible, and biodegradation occurred after one
week as observed in histopathology of samples at 1-, 4- and
8-week post-subcutaneous implantation. The
histopathological images after one week of subcutaneous
implantation of scaffold show intraepidermal neutrophilic
infiltrate papillary dermis inflammatory infiltrate of
histiocytes and neutrophils along with plump fibroblasts.
The reticular dermis, subcutis, and skeletal muscle layer
disrupted by dense inflammation and fibrosis surrounded
implanted material. Edematous granulation of tissue was
observed both at the surroundings and extending into the
material (figure 10).

The granulation tissue is composed of plump spindle-
shaped fibroblasts; numerous variably sized, predominantly
thin-walled ectatic capillaries lined by plump endothelial
cells; and dense inflammatory infiltrate composed
predominantly of neutrophils. Also seen are histiocytes and
multinucleate giant cells with ingested implant material.
Most of the implant material is replaced by inflammation
and necrotic debris. The adjacent papillary dermis also
shows dermal appendages and ectatic vessels. After four
weeks post-implantation, sections from the skin show lining
normal corrugated epidermis overlying dermis with dermal
appendages and ectatic vessels. At the site of the previous
implant, the epidermis is flattened. The dermis underlying
flattened epidermis show inflammation and minimal
fibrosis extending through dermis and subcutis focally
replacing the skeletal muscle layer. The inflammation is
composed predominantly of histiocytes along with mast

Figure 9: The images (A-E) show the different SEM magnification images of mouse cortical

neurons on day 14 on the MPM-3Ds.
3.6.4. Human pancreatic cancer cell line and Mouse
fibroblast cell lines

Supplementary results section 2.4.1 details the observation
of cell growth and proliferation on MPM-3D scaffolds
(Suppl. Figure S6 and S7).

cells, multinucleate giant cells with ingested refractile
foreign  body material, and  hemosiderin-laden
macrophages. An epidermal inclusion cyst was also noted
at the same site.

ANOVA revealed a significant interaction effect of
treatment and duration on the % polymorphs in blood [F
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IN VIVO EVALUATION OF BIOCOMPATIBILITY AND
BIODEGRADATION OF MPM-3D SCAFFOLD IN SPRAGUE DAWLEY

30 C
25
2; 20
S 1 ® Sham unoperated
c 15
E M Sham operated
E 10 B MPM-3D scaffold
5
0
1 week 4 week 8 week
100 D
90
80
m Sh
27 un:':erated
éso
£50 = Sham operated
a 40
&
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Figure 10: (A and B) are the H and E stained bright-field images of the subcutaneously implanted MPM-3Ds
in male Sprague Dawley rats after one week and four weeks, respectively. The arrows in image (A) point out
the MPM-3Ds in the underlying region of the skin after one week of implantation. (C) the graph represents the
percentage of polymorph increase in the blood, and (D) is the graphical representation of the C-reactive proteins
in mg/mL in the blood of the animal post-implantation when compared to sham-operated and unoperated.

(2.93, 8.78) = 29.31, p = < 0.001, n? = 0.831]. Follow-up
tests showed a significant increase in MPM-3Ds (p <
0.0001) compared to sham operated and sham unoperated
groups in the 1st week. Polymorphs % was significantly
increased in MPM-3Ds and sham unoperated (p < 0.0001)
compared to sham operated in the 4" week. There was a
considerable increase in polymorphs % in sham unoperated
group during the 4™ week which yielded a statistically non-
significant (p > 0.05) outcome compared to MPM-3D.
However, this increase was later found to be decelerated
during the 8" week with a significantly lower polymorphs
% for both sham unoperated (p < 0.05) and sham operated
(p < 0.01) groups compared to MPM-3Ds. The evaluation
of CRP showed no significant effect of MPM-3D

implantation [F (2, 6) = 0.17, p = > 0.05, n?> = 0.03] or
duration of implant [F (1.64, 9.83) =2.41, p=>0.05,n? =
0.1], on CRP [45]. The histopathological analysis of the
one-week implant reveals the presence of these polymorphs
at the site of the implant that phagocytosed the material and
removed it completely by week four.

4. Discussion

Cells grown on 3D scaffolds are an accurate representation
of cells homed within the organs in vivo; thus,
pharmaceutical, cosmetic, and biomedical research groups
depend on 3D sensitive cell-based assays to bypass
exhaustive animal testing. 3D micropattern scaffold
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demands long hours of skilled labor and precision
instruments for its development, followed by detailed
micropatterning and expensive surface functionalization.
Procurement of these scaffolds usually exceeds the funds
allotted for basic research, which is a prime reason for slow
or gradual transition from 2D to 3D culture systems [10].
Among the different materials evaluated for economic 3D
scaffold synthesis, plant tissues are the most sustainable and
eco-friendly choice for 3D scaffolding. However, the loss
of scaffold due to delicate nature of the plant tissue, adds to
the need for surface functionalization, and decellularisation
with chemicals or enzymes which are the areas that demand
economic alternatives. Hence, we selected naturally
decellularised banana pseudostem and tailored it to expose
micropattern and developed it as a 3D scaffold. This non-
surface functionalized MPM-3Ds successfully homed
mammalian primary cells, cancer cell lines, and supported
hepatocyte differentiation. The scaffold was observed to be
biocompatible in Sprague Dawley rats in a 1-8-week pilot
study. MPM-3Ds embedded in polystyrene well plates
developed in this study is an economical, sustainable, and
eco-friendly choice to assist research and development.

Musa balbisiana located in Vypin island, Kerala (10°02'
48.1" N 76°13' 33.6"E) was the source for the outer sheath
of pseudostem used for the MPM-3Ds development. The
DNA content of the freeze-dried scaffold was 5-6.5 ng of
DNA/ mg of plant tissue, which was 89-90% decellularised
when compared to DNA extracted from 1mg leaf (55.27 ng)
[43]. Hence enzyme or detergent-based decellularisation
was omitted in this scaffold synthesis. Ethylene oxide gas
had deep scaffold penetration, and the MPM-3Ds
embedded polystyrene well plates were packed in the
sterilized material-storage indicator packs until use.
Polystyrene wells supported hassle-free scaffold handling,
media change, assays and processing for microscopic
imaging. The scaffold remained intact at all endpoints of in
vitro experiments except the interconnecting septa, which
had lost its rigidity and appeared relaxed. Debris consisting
of calcium oxalate crystals and few microfibers was
observed in the wells. Thus, the scaffold's physical
dimensions and the surface topography are suitable for
long-term cell culture, and the facelift has given by merging
the MPM-3Ds into a polystyrene well plate makes it a
ready-to-use convenient cell culture commaodity.

3D scaffolds are often coated with galactose, laminin,
collagen, and other biomolecules to initiate cell attachment
[14, 46]. The MPM-3D scaffolds devoid of surface
functionalization were innately rich in biomolecules
favoring cell growth. The scaffold favored the attachment
and proliferation of hMSC, L929, MIA-Pa-Ca-2, mouse
brain cortical neurons, as well as the differentiation and
migration of hepatocyte-like cell spheroids. The scaffolds
SEM EDAX data revealed high levels of iron, which is
known to promote cell proliferation and differentiation and
calcium; via cytoskeleton interaction, it has proved to assist
the movement of cells and its growth [36, 47-49]. Among
the amino acids detected by HPLC were arginine (R),
glycine (G) aspartic acid (D), probably assembled as RGD
sequence in proteins to promote the cell adhesion with
glucose and mannose as sources of energy. The IR spectrum
of the MPM-3Ds was indicative of cellulose, pectin, and
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lignin [50-52]. These biopolymers form the walls, floor, and
interconnecting septa in a pattern that imparts porosity yet
maintains sturdiness. The hydrophilic scaffolds imbibed
culture medium, keeping the attached cells well-nourished
and cleared metabolic byproducts efficiently. hMSC
differentiated to hepatocyte-like cell spheroids with
raspberry-like cell morphology having a central
invagination and small podia like extensions on the surface
[41, 52]. SEM images revealed the migration of these cells
at different stages of spheroid formation. They were stained
positive for Hep par 1 (OCHIES), a carbamoyl phosphate
synthase 1 enzyme involved in urea synthesis, and
cytochrome P450, which stands evidence for metabolic
activity and substantiate differentiation [39, 44].

A pilot study on the subcutaneous implantation of scaffolds
in male Sprague Dawley rats (n=3) proved its in vivo
biocompatibility and biodegradability. Moderate localized
edema post-implantation subsided within 12-24 hrs,
meanwhile regaining regular activity and food and water
intake within the first 4-6 hrs. Keeping the animals in pairs
reduced stress and improved mutual grooming and overall
well-being, which could have helped post-operative
recovery. After one week of implantation, the histology of
the tissue samples showed intraepidermal neutrophilic
infiltrates, inflammatory infiltrates of histiocytes, and
fibroblasts around the scaffold. Multinucleate giant cells
with ingested implant material were also prominent. After
four weeks post-implantation, the epidermis at that site
flattened, and the scaffold, no longer traced at the implant
site. However, no significant variation in the C-reactive
protein between the sham-operated and biomaterial
implanted rat group. Levels of polymorphs that are the cells
involved in phagocytosis of the material were elevated in
the MPM-3Ds inserted group throughout the eight weeks of
study. Future research on the immune response of small
animal models towards autologous cell-seeded MPM-3Ds
will add depth and dimensions to our current understanding.

This study has highlighted the MPM-3Ds primary cell, cell
line, and differentiation support potential without the need
for surface functionalization. The scaffold was not subject
to decellularisation and had an extended in vitro integrity,
which proves that our selection of the biomaterial
candidature of the pseudostem of bananas indeed the best
choice of plant tissue for 3D scaffold development. The
study has its limitations and requires detailed research on
the molecular expressions of differentiated cells with
histological evaluation of the in vitro spheroids and a
detailed evaluation of its metabolic pathways. Experimental
design and implementation for differentiation of hMSC to
other cell lineages will add luster to the valuable results
obtained here. The physical features of the MPM-3Ds such
as its thermal stability up to 100°C and tensile strength of
20.5 £ 2.42MPa with the ability to withstand 228.2 + 22.75
N force opens up future research on MPM-3Ds and
polymer/ceramic/metal-based fusion scaffolding. The
development of MPM-3Ds embedded polystyrene cell
culture commodity and the critical findings in this study is
at the crossroad of immense possibilities for 3D scaffold-
based biomedical research and product development.
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