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ABSTRACT

Psyllium husk is known for its therapeutic value and is abundantly used in food, medicinal, and nutraceutical applications. In
the present study, we have explored the potential of psyllium husk polysaccharide hydrogel either alone or in combination with
gelatin for the culture and maintenance of adult rat hepatocytes. We have designed and fabricated electrospun nanofibrous
sheets, three-dimensional (3D) printed, and lyophilized scaffolds using psyllium husk polysaccharide. Primary hepatocytes were
harvested from the rat liver by the double perfusion method using collagenase. Results showed that all the scaffolds exhibited
porous space in a similar size range of 100 to 250 um, with 3D printed and lyophilized scaffolds within the range of 200-240 um
and 60-190 um, respectively, which is reported to support the culture and performance of hepatocytes. Furthermore, morphol-
ogy and viability characterization using MTT assay revealed that all the scaffolds displayed a remarkable viability of primary
hepatocytes (~280%) and a significant level of aggregate formation compared to those on collagen-coated 2D substrates. All the
3D scaffolds supported hepatocyte secretion of albumin (0.1-0.6 mg/mL) and urea (20 to 180 ug/mL) into the extracellular fluid.
Although all the scaffolds exhibited enhanced spheroid formation, viability, and metabolic functions, 3D printed (75-3DP) and
electrospun (50-ES and 75-ES) scaffolds showed remarkable functional performances (albumin: 0.2-0.6 mg/mL; urea: 40-180
ug/mL) comparatively.

1 | Introduction rejection are major hurdles to prompt treatment [2]. To address

this issue, the generation of biologically mimetic and functional

The liver, being an important organ for detoxification, metab-
olism, and homeostasis, is prone to several pathological con-
ditions due to metabolic stress, infections, and diseases such as
cirrhosis, hepatocellular carcinoma, or autoimmune disorders
[1]. Severe hepatic injury compromises the regenerative efficiency
of the liver, making liver transplantation the sole available treat-
ment. However, a shortage of appropriate donors and immune

© 2025 Wiley Periodicals LLC.

bio-scaffolds, as a part of tissue engineering, has shown great
promise in the development of three-dimensional in vitro hepatic
tissue models to enable accurate replication of the tissue's micro-
environment for supporting liver regeneration [3]. For liver tissue
engineering (LTE) approaches, primary hepatocytes are consid-
ered a physiologically equivalent in vitro model for understanding
liver-specific functions, drug metabolism, and hepatotoxicity [4].
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A suitable substrate for culturing is highly desirable to retain the
hepatocyte's specific morphology and aggregate (spheroid) forma-
tion, similar to sinusoid formation in vivo [5]. Furthermore, three-
dimensional culture is preferred for restricted cell spreading and
enhanced cellular polarity [6]. One of the key challenges in guid-
ing the cell's behavioral and clinical outcomes lies in replicating
its microenvironment and microarchitecture, called the extra-
cellular matrix (ECM), which governs the phenotype and fate of
living cells [7]. Several biomaterials have been developed through
various approaches for fabricating scaffolds that mimic the ECM
of the liver cell in particular. Some natural hydrogels used for LTE
include hyaluronan [8], alginate [9], polyhydroxyalkanoates [10],
agarose [11], cellulose [12], and collagen [13, 14]. Most of these
are a part of ECM and hence show good growth response and
excellent biocompatibility; however, they exhibit low mechanical
strength, batch-to-batch variability, and ethical concerns for clin-
ical uses [15]. Modifications of these natural biomaterials to pro-
duce synthetic or semi-synthetic hydrogels are known to increase
the mechanical stability and to reduce the immunogenicity, while
compromising bioactivity and viscoelasticity [16]. Such synthetic
biomaterials include poly(ethylene glycol) [17], polyisocyanopep-
tide [18], and poly(lactide-co-glycolide) acid [19]. Researchers have
attempted to address the limitations of mechanical stability and
cell affinity of the fabricated scaffolds by incorporating materials
such as nanofibrils [20], nanocurcumin [21], reduced graphene
oxide [22], and cellulose acetate nanofibers [23]. The complex liver
structure impedes its reproducibility using 3D scaffolds, a reason
why liver-supporting scaffolds are not progressing to the clinical
phase. Recently, several modifications and advancements were
exerted to develop liver-specific scaffolds. Chitosan was modified
to enhance the adhesion of hepatocytes through receptor-ligand
interaction (ASGPR-galactose interaction) [24, 25]. In addition,
hexagonal design [26] and interconnected porous architecture
[27] of 3D scaffolds were also found to enhance hepatocyte func-
tioning. Although significant progress has been made in devel-
oping appropriate scaffolds for liver tissue engineering, some key
challenges still need to be addressed. They include a suitable scaf-
fold material, fabrication technology, incorporation of moieties to
enhance cellular functioning, and improved spatial design of the
3D scaffolds [28], and so forth.

A commonly used method for the fabrication of 3D scaffolds is
freeze-drying, also known as lyophilization, which yields an
acceptable range of interconnectivity between the pores [29].
Nevertheless, control over the pore size remains a concern in
such lyophilized scaffolds [30]. Another emerging technology
for low-cost, robust scaffold fabrication is electrospinning. The
polymer solution is extruded from a hypodermic needle by a
high-voltage power supply to generate fibrous forms of size range
micro/nano-meter, similar to the native extracellular matrix
(ECM) to facilitate cell/tissue function at the physiological level.
It applies the principle that upon high-voltage, an electrostatic
field is generated on the extruding droplet, which in turn creates
the repulsive force between the charged particles, thereby over-
coming the surface tension of the solution and formation of a jet
of fibers on the collector [31]. Similarly, 3D printing is an enabling
technology that supports the fabrication of physiologically com-
parable 3D scaffolds with similar architecture and greater intri-
cacy through the layer-by-layer deposition of biomaterials [32]. It
is therefore considered very promising for applications in scaffold
development, biofabrication, and regenerative medicine.

In this work, we have evaluated the potential of psyllium husk
polysaccharide hydrogel, either alone or in combination with
gelatin, for the culture and maintenance of primary adult rat he-
patocytes. Plantago ovata, also referred to as isabgol or psyllium
husk, is a plant-based polysaccharide mainly consisting of hemi-
cellulose, which is made up of a xylan framework connected
with arabinose, rhamnose, galactouronic acid, galactose, and
glucose [33, 34]. We have designed and fabricated lyophilized
scaffolds, electrospun nanofibrous sheets, and 3D-printed scaf-
folds using psyllium husk polysaccharide. Primary hepatocytes
were cultured on all the fabricated 3D scaffolds. Morphological
characterization, such as aggregate formation was observed
using microscopy techniques to assess the potential of all the
scaffolds. In addition, the viability assay and metabolic func-
tioning of hepatocytes, such as albumin and urea secretion were
estimated after culturing primary hepatocytes on the prepared
3D scaffolds. Appropriate formulation consisting of psyllium
polysaccharide-based hydrogel either alone or accompanied
with gelatin was optimized to develop rheologically spinnable
and printable solutions for fabricating lyophilized scaffolds,
electrospun nanofibrous sheets and 3D printed scaffolds. The
scaffolds were further chemically cross-linked by EDC-NHS to
enhance their mechanical strength and stability in the physio-
logically comparable medium.

2 | Materials and Methods

Psyllium husk powder (Satnam Psyllium Industries, Gujarat,
pale-buff colored, 99% purity with particle size ~150 um),
Gelatin (HiMedia, TC041-500G), N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC) (HiMedia, RM1817-
25G), N-hydroxysuccinimide (NHS), 99% (Sigma-Aldrich,
130672-25G), phosphate-buffered saline (PBS), distilled water
and absolute ethanol 99.9% of high analytical grade, 10 mL
syringe with Luer-Lok Tip (BD, Ref-303064), 22G metallic
blunt-end needle, polyvinyl alcohol (PVA) (HiMedia, GRM6171-
500G), Dulbecco's modified eagle medium (DMEM) high glu-
cose (HiMedia, ALO07A-500ML), fetal bovine serum (FBS)
(RM9955-500ML), Antibiotics—10,000 U penicillin and 10 mg
streptomycin (HiMedia, A0O01A-500ML), Hank's balanced salt
solution (HBSS) (HiMedia, TL1010-500ML), collagenase type IV
(Merck, C4-28-100MG), collagen I rat tail (Gibco, A10483-01),
bovine serum albumin (BSA) (HiMedia MB083-25G), Insulin
(HiMedia, TCL125-10ML), hydrocortisone (Sulab, Product no.
4166), were used in the following experiments.

2.1 | Fabrication of Psyllium Husk
Polysaccharide-Based Scaffolds

Psyllium husk (PH) powder and gelatin (G) powder were mixed
in a suitable solvent in different ratios, and molded into scaffold
materials using techniques such as 3D printing, electrospin-
ning, and lyophilization (Table 1). For making (i) 3D printed
scaffolds, the blended ink mixtures were incubated at 30°C for
12 h prior to printing; (ii) for electrospun fibrous scaffolds, the
spinning solution was freshly prepared in polyvinyl alcohol
(PVA) solvent and was subjected to electrospinning; and (iii)
for the lyophilized scaffolds, the solution after preparation was
stored at —80°C until freeze-drying. The parameters for scaffold
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fabrication using individual techniques are depicted in Figure 1.
All the scaffolds after their fabrication were crosslinked using
EDC-NHS (25-12.5mM) in 90% ethanol solvent for 24h. The
scaffolds were then rinsed thoroughly using distilled water be-
fore being used for further experiments. The lyophilized scaf-
folds were again freeze-dried after crosslinking and washing.

2.2 | Morphological Characterization of Fabricated
3D Scaffolds

The morphological analysis of all the scaffolds was assessed
through scanning electron microscopy (SEM) images using
Nova nanoSEM 450 and Jeol benchtop SEM (JCM-6000PLUS).
The 3D-printed scaffolds were lyophilized to obtain a dry scaf-
fold for SEM imaging.

2.3 | ATR-FTIR Spectroscopy of the Fabricated 3D
Scaffolds

All the fabricated scaffolds were analyzed for infrared spec-
tra (Alpha Bruker Eco-ATR with ZnSe attenuated total reflec-
tion accessory) under resolution 4 cm~! with 36 scans for the
range 500-4000 cm~, to understand the spectra of crosslinked
scaffolds.

2.4 | Swelling and Degradation Studies

All the fabricated 3D scaffolds were dried completely, and their
dry weight was taken as the initial weight (W). The scaffolds
were then immersed in the PBS (pH 7.4) solution and kept at
37°C. From this point, the scaffolds were weighed periodically

TABLE1 | Scaffold fabrication methods and composition of blended formulations used.

Scaffold fabrication method Sample code  Psyllium husk (g) Gelatin (g) Solvent  Solvent volume (mL)
3D printing 75-3DP 0.6 0.2 Water 10
100-3DP 0.8 — Water 10
Electrospinning 50-ES 0.2 0.2 6% PVA 14
75-ES 0.3 0.1 6% PVA 14
100-ES 0.4 — 6% PVA 14
Lyophilization 50-L 0.4 0.4 Water 10
75-L 0.6 0.2 Water 10
100-L 0.8 — Water 10

Electrospinning

75-3DP

100-3DP

Lyophilization

Techniques Parameters
50-3DP: 75-3DP: 100-3DP:
3D printing Poor Print fidelity Pressure: 40 psi Pressure: 80 psi

Not Printable Print speed: 15 mm/s  Print speed: 13 mm/s

Electrospinning Flow rate: 0.5 ml/h ; Needle size: 21 G ; Voltage: 18-20 kV ;
Distance between needle & collector: 10 cm
Lyophilization Pressure: 0.3 mbar
Temperature: -80°C /

FIGURE1 | Different techniques and their optimized parameters for fabricating psyllium polysaccharide-based 3D scaffold. [Color figure can be

viewed at wileyonlinelibrary.com]
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(for 3days) to get their wet weight (W,). The degree of swelling of
the scaffolds was calculated using the following formula,

. (Wt B Wo)
Degree of swelling (%) = — % 100
0

Microscopic investigation (SEM analysis) of the scaffolds im-
mersed in PBS for 7days was obtained to depict their degra-
dation profile. The scaffolds were dried before microscopic
investigation.

2.5 | Harvesting of Primary Hepatocytes From
Rat Liver

The hepatocytes were isolated from Wistar rats by a two-step
perfusion method [35]. The animals used in this study were
approved by the Institute Animal Ethical Committee, Indian
Institute of Technology (Banaras Hindu University). Briefly, the
Wistar rat (150-200 g) was anesthetized by ketamine-xylazine in-
jection (100/80 mg per 100 g of body weight) and an incision was
made in its abdominal region using sterile surgical instruments.
The liver was then resurrected, followed by performing in vitro
perfusion in a sterile hood. A 24 G needle was used to perfuse
calcium-free HBSS containing ethylenediamine tetraacetic acid
(EDTA, 0.5mM) to loosen the cell-cell junctions by depleting
calcium ions, followed by perfusion with collagenase type IV
enzyme buffer (0.05%) to digest the organ. The perfusion was
performed through the portal vein of the liver. The organ was
then disrupted mechanically to release cells, which were then
washed with HBSS buffer repeatedly using centrifugation (50
rcf) to remove non-parenchymal cells. The isolated hepatocytes
were cultured in DMEM, supplemented with 10% FBS and anti-
biotics, on collagen-coated plates. After 4h, the medium was re-
placed by hepatocyte culture medium (DMEM high glucose, 0.02
mg/L epidermal growth factor (Cat.No. Z00333-50, GenScript),
7.5 mg/L hydrocortisone, 500 U/L insulin, 0.5% BSA) for the rest
of the culture period.

2.6 | Culturing of Primary Hepatocytes on
Prepared 3D Scaffolds

The UV-sterilized scaffolds were used in the following experi-
ment. After isolating the hepatocytes, 1x 10° cells were cultured
on the scaffolds using DMEM high glucose supplemented with
10% FBS and antibiotics. After 4 h, cell-seeded scaffolds were
rinsed with HBSS buffer and transferred to a new well plate to
remove non-adhered cells, thereby replacing the culture me-
dium with hepatocyte culture medium.

2.7 | Characterization of Primary Hepatocytes
Isolated From Rat Liver

The hepatocytes isolated from rat liver were analyzed morpho-
logically using a bright-field microscope (Nikon Ti-U, Japan).
Fluorescent images of the hepatocytes cultured on collagen-
coated plates were captured. The cells were fixed using 4%
paraformaldehyde followed by treatment with 0.5% Triton X

100. 1% BSA was added as a blocking agent. The cells were
then incubated with rhodamine-phalloidin conjugate (1X)
and DAPI (1 pg/mL), after which they were rinsed thoroughly
with PBS for observing the fluorescent stained cells. Similarly,
for glycogen staining, cells were fixed with 4% paraformalde-
hyde, followed by 0.5% periodic acid and Schiff's reagent. The
cells were then washed with PBS and observed under a mi-
croscope. For the albumin and urea assays, the hepatocyte-
conditioned medium was used post-removal of dead cells by
centrifugation. The concentration of albumin and urea se-
creted by the cells was assessed using a BCG method (AGD
CliniPak, AGD-AL100) and a Berthelot method (Coral clinical
systems), respectively. The protocol was followed according to
the instructions provided by the kit. The standard graph was
obtained for albumin and urea, based on which the concentra-
tion of albumin and urea secreted by hepatocytes seeded on
the scaffolds was calculated.

3 | Statistical Analysis

Statistical analysis was performed using Origin software
(OriginPro 2017). All the experiments were repeated in tripli-
cates (n=3) and represented as mean + standard deviation. One-
way ANOVA with Tukey's post hoc means of comparison was
performed between the groups and is considered statistically
significant when p <0.05 (*), p <0.01 (**), p <0.001 (***).

4 | Results

4.1 | Morphology of the Fabricated Psyllium
Polysaccharide-Based 3D Scaffolds

The morphology of the psyllium polysaccharide-based 3D
scaffolds fabricated by 3D printing, electrospinning, and ly-
ophilization techniques was studied using a scanning elec-
tron microscope (Figure 2). The image showed the different
morphologies of the scaffolds fabricated using different tech-
niques. The 3D-printed scaffolds were designed and fabricated
to constitute both micro/meso pores and macropores. The 3D
design, as exhibited in Figure 3, consists of a complex design
with a well interconnected porous structure, which yielded a
pore size of 200-240 pm when printed with a 22 G needle.
When the printed construct was lyophilized, some micro/
meso pores were observed to be formed on the printed strands,
which might perform as a suitable anchoring site for the seeded
hepatocytes. Whereas, the macropores in the printed scaf-
folds would help in uniform media and gas exchange through-
out the scaffold, as well as uniform hepatocyte distribution
throughout the scaffold during the time of seeding. In the
electrospun scaffolds, the strands were deposited randomly,
giving rise to nanofibrous morphology. It was also observed
that the fiber thickness increased with an increase in psyllium
husk content, with an average fiber thickness of 141.115+4.58
nm (50-ES), 228.24 +7.82 nm (75-ES), and 253.45+9.402 nm
(100-ES). Nanofibers produced were observed free from bead
formation, indicating a uniform distribution of the fibrous jet
and the homogeneity of the prepared spinning solutions. The
lyophilized scaffolds significantly exhibited roughness and
irregularities in their appearance. They displayed uniformly
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FIGURE 2 | Scanning electron microscopic images of 3D printed (scale bar: 200 um), electrospun (scale bar: 2um) and lyophilized (scale bar:

200 um) scaffolds depicting the morphological characteristics of the 3D scaffolds. [Color figure can be viewed at wileyonlinelibrary.com]

20 mm

FIGURE 3 | 3D design and digital image of 3D printed scaffolds depicting the interconnected porous structure. Scale bar: 600 um. [Color figure

can be viewed at wileyonlinelibrary.com]|

distributed, tightly packed interconnected pores with polyhe-
dral shapes within the polymeric framework. The pore size
of all the lyophilized scaffolds, that is, 100-L, 75-L, and 50-L
was observed to be mostly in the range of 60-190 um, suggest-
ing the potential of the scaffolds for sustained cell growth and
proliferation in a 3D environment.

4.2 | ATR-FTIR Spectroscopy

The ATR-FTIR spectrum shows the functional groups in the
fabricated 3D scaffolds. In Figure 4, the spectrum of all the

scaffolds shows a broad peak around 3300cm™! for charac-
teristic —OH stretching. The narrow peak in the pure gelatin
depicts the amide A group in the same region. Peaks at 2926
and 2877 cm~! were observed for CH symmetric/asymmetric
stretching (alkanes) in all the scaffolds. A peak around 1638
cm™! for characteristic C=0 was observed in all the sam-
ples, indicating the presence of the carboxylic acid —COOH
group. A peak around 1544 cm™! for amide II (N—H bend-
ing) and C—N stretching was present in all the scaffolds (ex-
cept 100-3DP, 100-ES, and 100-L). A peak around 1033 cm™!
was observed for C—O stretching in all the prepared scaf-
folds, indicating the occurrence of an esterification reaction
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FIGURE 4 | FTIR spectrum of all the fabricated 3D scaffolds; 3DP:
3D printed scaffolds, ES: electrospun scaffolds, L: lyophilized scaffolds.
[Color figure can be viewed at wileyonlinelibrary.com]

between —COOH and —OH groups [36]. The shift in the peak
for C—O stretching in the electrospun scaffolds was attributed
to the interactions between PH, G, and PVA. All the electro-
spun scaffolds showed additional peaks at around 837 cm™!
(deformation vibration of C—H bonds) and 1414cm~! (O—H
bending of alcohol) which are characteristics for PVA [37, 38].
Thus, the FTIR spectrum shows the characteristic peaks for
psyllium husk, gelatin, and PVA, thereby denoting their pres-
ence after scaffold fabrication.

4.3 | Swelling and Degradation Profile
of the Fabricated 3D Scaffolds

The 3D scaffolds were studied for their swelling behavior over
a period of 3days. It can be observed (Figure 5a) that 100-3DP
and 100-L have the maximum swelling percentage at the end
of the day 3. The order of swelling percentage was observed as
follows: 75-L>100-ES > 50-L > 75-3DP > 50-ES > 75-ES. In all
scaffold fabrication methods, the order of swelling was as fol-
lows: 100> 75> 50. This pattern of swelling behavior was ob-
served based on the extent of crosslinking of the scaffolds by
EDC-NHS. Based on the swelling data, the scaffolds consist-
ing of equal amounts of PH and G (50-ES and 50-L) showed a
greater extent of crosslinking than other scaffolds. In the scaf-
folds which consisted only of psyllium husk (100-3DP, 100-ES,
and 100-L), the formation of amide bonds by EDC-NHS was
not feasible, hence crosslinking occurred through ester link-
ages between —COOH and —OH groups [39, 40]. Swelling of
scaffolds ensures the distribution of the culture medium and
cells throughout the scaffolds; however, when the swelling
degree is substantially greater, it would compromises the me-
chanical stability of the scaffolds. For this reason, an optimal
level of crosslinking needs to be ensured while preparing the
3D scaffolds so that it does not affect swelling and mechanical
stability of these scaffolds.

4.4 | Degradation of the 3D Scaffolds

From the electron microscopy images (Figure 5b) of the scaf-
folds immersed in PBS at 37°C for a period of 7days, it was
observed that the porous nature of the scaffolds fabricated
through all the techniques (i.e., 3D printing, electrospinning,
and lyophilization) was lost. In 3D printed scaffolds, two types
of pores were observed—a macropore, because of 3D printing
a specific geometry, and a micro/meso pore within the printed
strand due to lyophilization. The 3D printed strands collapsed,
leading to a reduced macropore size. In electrospun fibers, the
scaffold lost its fiber-like structure in vitro. The fibers seemed
to have fused together by day 7. In lyophilized scaffolds, an
irregularity of the surface was observed. With an increase in
psyllium husk polysaccharide content, the scaffold surface
was observed to be achieving a sheet-like structure over the
period of time.

4.5 | Morphological Examination and Functional
Characterization of Hepatocytes Harvested From
Rat Liver

In the present study, primary hepatocytes were harvested from
rat liver by a double perfusion method using type IV collage-
nase enzyme (Figure 6). The harvesting method was optimized
in order to achieve better cell density and also to obtain a ho-
mogeneous suspension of hepatocytes. In order to culture pri-
mary hepatocytes on the sterile culture dishes, they were coated
with collagen (0.1 mg/mL). Cell culture studies were carried out
with the initial concentration of 10° cells/scaffold. Hepatocytes
were found to adhere well to the collagen-coated plastic sub-
strates. They exhibited small aggregates after culturing for 24h
in the culture medium. Such small aggregates were found to be
maintained in the culture, as shown, for up to 48h (Figure 7);
after which it was observed that hepatocytes were losing their
membrane borders and forming small aggregates. In addition,
hepatocytes exhibited the framework of actin filaments in the
cortical region of the cells. Nuclei were found to be round or
spherical in shape in all hepatocytes, revealing the harvesting
and culture of healthy and viable cells. Furthermore, the func-
tional characterization of hepatocytes was performed by the
analysis of their metabolic performance such as glycogen stor-
age, albumin, and urea secretion. By day 3, the albumin secreted
by the primary hepatocytes was found to be in the range of ~0.09
mg/mL, which decreased to ~0.03 mg/mL by day 5. Urea was
found to be ~26 ug/mL on day 3, which reduced to ~16 ug/mL
by day 5. After staining the hepatocytes with periodic acid and
Schiff's reagent, the cytoplasm was observed to be stained from
purple to red, indicating the presence of glycogen storage in the
isolated hepatocytes (Figure 7).

4.6 | Morphology of Primary Hepatocytes Cultured
on Psyllium Polysaccharide-Based 3D Scaffolds

Primary hepatocytes were cultured successfully on all the psyl-
lium polysaccharide-based 3D scaffolds (lyophilized, electro-
spun, and 3D printed) in several combinations. Their bright-field
and electron microscopy images were captured to understand
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FIGURE 5 | (a) Graphical representation depicting the degree of swelling of the 3D scaffolds in PBS (pH 7.4) at 37°C and (b) scanning electron
microscopy images showing degradation of 3D scaffolds in PBS (pH 7.4) at 37°C. [Color figure can be viewed at wileyonlinelibrary.com]|

how hepatocytes are adhered to the scaffold's surface (Figure 8).
Primary hepatocytes cultured on 3D scaffolds exhibited cu-
boidal morphology, dense aggregates, and restricted spreading
compared to those on collagen-coated plastic substrates. After
24h of incubation in the culture medium, hepatocytes cultured
on 3D substrates formed multiple dense aggregates compared
to fewer ones on collagen-coated plastic substrates. Aggregate
formation on 3D scaffolds further enhanced significantly as the
culture proceeded for 48 h. All the lyophilized, electrospun, and
3D printed scaffolds prepared with either psyllium polysaccha-
ride alone or in combination with gelatin displayed a remark-
able level of aggregate formation. The outcomes suggested that
all the fabricated scaffolds significantly promoted the adhesion
and aggregate formation of primary hepatocytes. Hepatocytes
are known to exhibit optimal differentiated functions when they
form 3D multicellular aggregates or spheroids compared to the
monolayer 2D culture (Figures 7 and 8).

4.7 | Viability of Primary Hepatocytes Cultured on
Psyllium Polysaccharide-Based 3D Scaffolds

The viability of primary hepatocytes after culturing them on
the fabricated scaffolds was determined by MTT (3-[4,5-dime
thyl-thiazol-2-yl]-2,5-diphenyltetrazolium bromide, HiMedia)
reduction assay, which is based on the mitochondrial activity of
the cell. The MTT (slightly yellow) is reduced to formazan crys-
tals (purple) by mitochondrial dehydrogenases, indicating the
cells are metabolically active. Absorbance was measured from
solubilized formazan at 570 nm, and values were normalized
to the control (collagen-coated 2D substrate) and set at 100%.
The outcomes revealed (Figure 9) that all the fabricated psyl-
lium polysaccharide-based 3D scaffolds significantly promoted
the viability of primary hepatocytes compared to the control,
with the 50-ES nanofibrous scaffold showing a maximum via-
bility of 280%. These results indicated the potential of psyllium
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FIGURE 6 | Protocol for isolating and culturing hepatocytes from adult rats. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE7 | (a)Bright-field images depicting the hepatocytes cultured after isolation from rat liver, (b) glycogen staining, and (c) primary hepato-
cytes after fluorescent staining. Scale bar: 200 um. [Color figure can be viewed at wileyonlinelibrary.com]

polysaccharide for the culture and maintenance of the viability
of primary hepatocytes in vitro.

4.8 | Functional Assessment of Primary Hepatocytes
Cultured on Psyllium Polysaccharide-Based 3D
Scaffolds by Measuring Albumin and Urea Secretion

Hepatocytes are the primary cell type present in the adult liver
and perform several important functions, including secretion
of plasma proteins, urea synthesis, and detoxification. Although
there is no standardized value or acceptable concentration for

showing the optimal cellular function, most of the reported stud-
ies suggest the measurement of albumin and urea as a biomarker
for characterizing functionally efficient hepatocytes. Therefore,
we have collected the culture medium after culturing hepatocytes
on all the 3D scaffolds to measure the amount of albumin and urea
secreted by the cells (Figures 10 and 11). The outcomes revealed
that all the 3D scaffolds in either form supported hepatocytes to
produce and secrete albumin and urea into the extracellular fluid,
indicating the performance of hepatocytes functionally similar to
the in vivo condition. In general, the albumin and urea secretion
were found to be comparatively lower in 100% psyllium polysac-
charide scaffolds; moreover, they were found to be decreasing
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FIGURE 8 | Bright-field microscopic images of hepatocytes cultured on (a) 3D printed, (b) electrospun and (c) lyophilized scaffolds (Scale bar:
200 pum). (d) Scanning electron microscopic images of hepatocytes cultured on all the fabricated 3D scaffolds (Scale bar: 10 um). [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGUREY9 | Percentage of cell viability of hepatocytes seeded on collagen-coated 2D plastic substrate and 3D psyllium polysaccharide-based scaf-
folds; 3DP: 3D printed scaffolds, ES: electrospun scaffolds, L: lyophilized scaffolds. [Color figure can be viewed at wileyonlinelibrary.com]
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from day 3 to day 5. The 100% psyllium polysaccharide scaffolds
were crosslinked possibly through ester bonds with the help of
EDC-NHS crosslinker. Since the ester bond is prone to hydrolysis,
such scaffolds are likely to undergo degradation at a faster pace
compared to the other scaffold combinations, resulting in cell de-
tachment from their surface.

5 | Discussion

The essence of tissue engineering lies in replicating the body's
architectural intricacies and proper cell-cell interactions.
Several scaffold materials, from natural to synthetic, are
being explored to mimic the native tissue-like extracellular
microenvironment. Among these, polymers have significant
relevance due to their chemical tunability, enabling the mate-
rials to have appropriate mechanical, physical, and biological
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properties. With the advancement in tissue engineering, the
use of plant-derived biopolymers such as alginate, guar gum,
Aloe vera gel, to name a few, has gained a noted momentum.
Plantago ovata or psyllium husk (isabgol) is one of the most
widely used biocompatible, biodegradable, and commercially
available plant-derived polysaccharides in biomedical, phar-
maceutical, and food industries. Recently, psyllium polysac-
charide hydrogel has shown tremendous potential for tissue
engineering and drug delivery applications. Functionally
modified psyllium with polyacrylic acid (PAA) has been used
as a superabsorbent hydrogel to prove its potential in drug de-
livery applications [41].

In general, hepatocytes are found to form spheroids and get
trapped between the pores in the 3D scaffold. Due to this, the
cells are not properly anchored on the scaffold surface, leading to
a hindrance of their functional efficiency. We have investigated
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FIGURE 10 | Graphical representation of (a) standard curve of albumin (R>=0.97211) and (b) amount of albumin (mg/mL) secreted by hepato-
cytes when cultured on collagen-coated 2D plastic substrate and psyllium polysaccharide-based 3D scaffolds; 3DP: 3D printed scaffolds, ES: electro-

spun scaffolds, L: lyophilized scaffolds. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE11 | Graphical representation of (a) standard curve of urea (R>=0.98993) and (b) amount of urea (ug/mL) secreted by hepatocytes when
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folds, L: lyophilized scaffolds. [Color figure can be viewed at wileyonlinelibrary.com]
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the potential of psyllium polysaccharide-based hydrogel in var-
ious forms, including lyophilized, electrospun, and 3D printed
scaffolds for hepatocyte culture and their functional perfor-
mance. The scaffold fabrication process was optimized to obtain
a stable end product. The solute concentration of the polysaccha-
ride and the protein was selected based on their printability (for
3D printing) and spinnability (for electrospinning). EDC-NHS
is a chemical crosslinker that aids in the formation of amide and
ester bonds. The solvent for the crosslinkers was chosen accord-
ing to the experimental need. Psyllium husk has the capacity to
absorb water and swell [42] to a great extent, depending on the
polysaccharide concentration. When water was used as a solvent
for crosslinkers for the 3D printed scaffolds, it was observed that
the rate of crosslinking was less than the water absorption and
swelling, leading to the disintegration of the printed constructs.
Therefore, ethanol was chosen as the suitable solvent for this
work. As a standard protocol, all the scaffolds were crosslinked
with EDC-NHS mixed in an ethanol solvent.

The morphological information was obtained from the SEM im-
ages of the scaffolds. An effort was made to reduce the space
between 3D printed strands up to the minimum possible dis-
tance while designing the computer-aided design file for 3D
printing the hydrogel. In addition, after the height interval of
0.2mm, each layer was rotated at an angle of 50° parallel to the
previous layer during the printing of the scaffold, giving rise to
a complex network of 3D printed strands with the porous space
significantly reduced up to the range of 200-240 um (macrop-
ores) when the printed 3D scaffolds were placed in an aqueous
environment. Apart from macropores, which help in media, gas
exchange, and even-cell distribution, some micro/meso pores
appeared on the surface of the printed strands when lyophilized
post-printing. These aid in anchoring the hepatocytes seeded on
the scaffold. Similarly, a network of randomly oriented nanofi-
bers in multiple layers was observed in the case of electrospun
sheets, where its porosity enhanced the diffusion of growth fac-
tors and medium. These fibers are said to promote cellular activ-
ity by resembling a native tissue's ECM [43]. Here, we observed
that the fiber diameter of the electrospun sheets increased with
an increase in psyllium husk content (50-ES > 75-ES > 100-ES).
This phenomenon was observed because of the viscosity of the
spinning solution. When the psyllium husk content increases,
the viscosity of the solution also increases. An increase in vis-
cosity leads to a higher viscoelastic force and resists the stretch-
ing of the polymeric solution during the spinning process. This
would yield fibers with larger diameters [44]. Reported studies
have suggested a pore size of 50-200 um suitable for culture and
maintenance of hepatocytes [45] and of 160-270 um in promot-
ing angiogenesis [46]. Our results show that all the scaffolds,
when placed in the aqueous medium, exhibit porous space in
the similar size range, which supports their suitability for he-
patocyte culture.

The ATR-FTIR spectrum of the crosslinked scaffolds reveals
the presence of peaks that belong to psyllium husk and gelatin.
The presence of the amide bond is known from the peaks con-
tributing to C=0, N—H bending, and C—N stretching [34]. The
peaks for the ester bond are known from the C—O stretching
peak. The crosslinking efficiency of the scaffold was also ob-
served from the swelling data. The scaffolds at physiological
pH and temperature exhibited swelling behavior according to

the fabrication methods. The electrospun scaffolds showed the
least swelling behavior compared to lyophilized and 3D printed
scaffolds. The swelling of the scaffolds also seems to depend on
the concentration of psyllium polysaccharide used. In any case,
of the fabricated scaffold, the swelling behavior increases with
increased psyllium husk content. The scaffolds with an equal
proportion of psyllium husk and gelatin (50-ES and 50-L) exhib-
ited the least swelling. As explained before, the crosslinking of
the scaffolds significantly impacts the swelling behavior. Since
the 50-ES and 50-L scaffolds are likely to contain more amide
bond formation compared to the rest of the scaffold combina-
tions, the swelling behavior was found to be limited in such scaf-
folds. Amide bonds are said to be more stable than ester bonds.
In pure psyllium husk scaffolds, the crosslinking had occurred
likely through ester bond formation, a possible reason why they
are prone to hydrolysis and are less stable comparatively. The
degradation of the scaffolds was observed from the topograph-
ical information obtained through SEM images. From observa-
tion, the scaffolds were undergoing degradation at physiological
pH and temperature, along with a reduction of pore size, over a
7-day period.

The primary hepatocytes from adult rats were successfully
harvested and cultured on collagen-coated standard substrates
using the double perfusion method. Morphological observa-
tion through the microscopic images and functional assess-
ment through the measurement of albumin and urea secretion
revealed the successful collection of mature hepatocytes from
the rat liver. Hepatocytes exhibited the framework of actin fila-
ments in the cortical region of the cells. In addition, nuclei were
found spherical in all hepatocytes, revealing the harvesting and
culture of healthy and viable cells. Usually, primary hepatocytes
exhibit an extended and flattened shape when cultured on a 2D
substrate [47]. Similarly, it can be observed from the bright-field
and fluorescent images that the isolated hepatocytes adapted
a flattened structure with well-developed cell-cell adhesion.
Instead of a spheroid formation, the hepatocytes cultured on 2D
collagen-coated substrates formed close associations. Moreover,
the hepatocytes cultured on 2D substrate exhibited optimal
levels of albumin and urea secretion. However, when the same
hepatocytes were cultured on the 3D scaffolds fabricated by var-
ious techniques, they displayed aggregate formation, as evident
from the bright-field and electron microscopy images. From the
SEM images, we can clearly observe the cells tightly bound with
each other, forming aggregates, and the entire aggregate an-
choring to the surface of the scaffold. All scaffold combinations,
either psyllium polysaccharide alone or with gelatin, evinced
this phenomenon. These results suggested that all the fabricated
scaffolds significantly promoted primary hepatocyte adhesion
and aggregate formation. Such observation is hypothesized to be
the result of interactions between asialoglycoprotein receptors
(ASGPR) on the hepatocyte surface and galactose (on psyllium
husk), thereby anchoring the cells, and enhancing their spher-
oid formation. The role of ASGPR receptors binding to galactose
moieties and enhancing the activity of the hepatocytes was al-
ready evident [48].

In coherence with the morphological observations, viability
assays showed that all the fabricated psyllium polysaccharide-
based 3D scaffolds significantly enhanced the viability of pri-
mary hepatocytes compared to collagen-coated 2D plastic
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substrates. However, electrospun nanofibrous sheets fabricated
using either psyllium polysaccharide alone or in combination
with gelatin maintained a slightly higher viability of the cells in
comparison to lyophilized and 3D printed scaffolds. Thus, the
outcomes revealed that psyllium polysaccharide could be useful
for the culture and maintenance of the viability of primary he-
patocytes in vitro. In addition, the measurement of albumin and
urea secretion indicated that the performance of hepatocytes
in vitro was functionally similar to that of the in vivo condition.
Results showed that all the scaffold combinations enhanced the
functioning of hepatocytes compared to the collagen-coated 2D
substrates. Although all the hepatocytes cultured on scaffolds
showed enhanced albumin and urea production compared to
the hepatocytes cultured on collagen-coated plates, the statis-
tical significance of the obtained data, as found using the one-
way ANOVA Tukey post hoc test, suggested that 75-3DP, 75-ES,
and 50-ES scaffolds delivered significantly an increased amount
of viability and functioning of the hepatocytes cultured in vitro
(Table 2). The key physicochemical aspect of the 3D printed

TABLE 2 |

scaffolds (75-3DP) and the electrospun scaffolds (50-ES, 75-ES)
demonstrating superior hepatocyte functionality compared to
other scaffolds is possibly their architecture and swelling be-
havior. Their interconnected porous structure and filamentous
arrangement mimic the extracellular matrix (ECM) in vitro.
The lyophilized scaffolds could not achieve this ECM-like struc-
ture. In addition, lyophilized scaffolds also exhibited the highest
swelling degree compared to the other scaffolds. It is postulated
that the filamentous arrangement with controlled pore size in
the 3D printed scaffolds and the fibrous architecture of elec-
trospun scaffolds might favor their limited swelling behavior,
thereby limiting the loss of adhered cells. Also, when observed,
the pure psyllium polysaccharide scaffolds (100-3DP and 100-
ES) exhibited higher swelling behavior than 75-3DP, 50-ES, and
75-ES scaffolds. This could be attributed to the amide bond for-
mation between the carboxylic and amine groups in the case of
75-3DP, 50-ES, and 75-ES scaffolds and the ester bond formation
between the carboxylic and hydroxyl groups in the case of 100-
3DP and 100-ES scaffolds when the fabricated scaffolds were

One-way ANOVA with Tukey's post hoc means of comparison performed between the groups. Results are considered statistically

significant when p <0.05 (*), p <0.01 (**), p <0.001 (***); no significance is indicated by ‘-’; 3DP: 3D printed scaffolds, ES: electrospun scaffolds, L:

lyophilized scaffolds.

Scaffolds Assays Control  75-3DP

100-3DP

50-ES 75-ES 100-ES 50-L 75-L  100-L

75-3DP Viability (481h) ok —
Albumin (Day 5) — —
Urea (Day 5) * —
Viability (48h) — —

Albumin (Day 5) — —

100-3DP

Urea (Day 5) — —
50-ES Viability (48 h) ok —
Albumin (Day 5) — —

Urea (Day 5) ok —
75-ES Viability (48h) * —
Albumin (Day 5) * —

Urea (Day 5) ok ok

Viability (48h) ok —

Albumin (Day 5) — —

100-ES

Urea (Day 5) — ok
Viability (48 h) — —
Albumin (Day 5) — —

50-L

Urea (Day 5) — —

75-L Viability (48h) — —
Albumin (Day 5) — —
Urea (Day 5) — —
100-L Viability (48 h) — —
Albumin (Day 5) — —

Urea (Day 5) — —

sk

KKk 3k

kek skeksk

skek *

skeksk
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subjected to EDC-NHS crosslinking. The ester bonds are not as
stable as the amide bonds. Hence, the higher level of swelling
behavior was observed in 100-3DP and 100-ES scaffolds. The
psyllium husk polysaccharide-based scaffolds developed in this
study utilize low-cost raw materials that are easy to mold into
a functional scaffold without tedious prerequisite processing.
The psyllium husk and gelatin were utilized in their commer-
cial forms without any further chemical or physical modifi-
cation of the raw materials. Generally, most of the liver tissue
scaffolds are made of collagen [14] or decellularized liver matrix.
Although the functioning of hepatocytes is said to be signifi-
cantly enhanced on such scaffolds, the fabrication technology
involves tedious processing and is expensive. The flexibility of
the materials to be used in a straight-cut fabrication technology
such as electrospinning and 3D printing, and furthermore the
display of their enhanced hepatocyte functioning, makes them
more favorable for their application in liver tissue engineering.
Thus, the outcomes suggest that psyllium polysaccharide in 3D
scaffolds could be potentially helpful for the culture and mainte-
nance of primary hepatocytes in vitro.

6 | Conclusion

In the present study, the potential of psyllium husk polysac-
charide hydrogel either alone or in combination with gelatin
has been explored for the culture and maintenance of primary
adult rat hepatocytes. Various forms of scaffolds, including lyo-
philized porous templates, electrospun nanofibrous sheets, and
3D printed complex structures using psyllium polysaccharide
were designed and fabricated. Primary hepatocytes harvested
from the rat liver by the double perfusion method using col-
lagenase were cultured on all the fabricated 3D scaffolds. The
scaffolds placed in the aqueous medium exhibited porous space
in a size range of 100-250 um, supporting their suitability for he-
patocyte culture. In addition, the 3D printed scaffolds exhibited
both micro and macro pores in the same scaffold that helped in
anchoring and distributing hepatocytes throughout the scaffold.
To the best of our knowledge, the fabrication of such a scaffold
comprising both micro and macro pores is reported for the first
time. The combination of 3D printing (for creating macropores)
and lyophilization (for creating micro/mesopores) techniques
was deemed best to create such scaffolds. All the 3D scaffolds
prepared with either psyllium polysaccharide alone or in combi-
nation with gelatin displayed significantly enhanced viability of
primary hepatocytes and a remarkable level of aggregate forma-
tion compared to those on collagen-coated 2D plastic substrates.
Their functional analysis of albumin and urea secretion was
also significantly higher than those of the collagen-coated 2D
substrates. Moreover, 75-3DP, 50-ES, and 75-ES scaffolds exhib-
ited statistically significant enhanced functioning and viability
of hepatocytes. The viability of hepatocytes cultured on these
scaffolds was found to be 210%-270% compared to the collagen-
coated 2D plastic substrates. The albumin (up to 0.6 mg/mL)
and urea (up to 180 pg/mL) secretion were also found notice-
ably enhanced when observed over a period of 5days. Thus,
we anticipate that, given the presence of a significant amount
of galactose residues in their polymeric network, the psyllium
polysaccharide-based hydrogel has significant potential for the
culture and maintenance of primary hepatocytes in vitro.
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