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OR I G I N A L R E S E A R CH R E PO R T
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Abstract

Tissue engineering is one of the potential fields in the domain of regenerative medi-

cine. Engineered scaffolds are an excellent substitute for the conventional use of

bone grafts as they are biocompatible, economic, and provide limitless supply with

no risk of disease transmission. Gum-based scaffolds present a good scope for study-

ing tissue-engineering models and analyzing controlled drug delivery. Uniform blend-

ing of the gums and the presence of the optimal concentration of appropriate

crosslinkers are very crucial for biodegradability nature. Gum-based scaffolds con-

taining gellan gum, xanthan gum, polyvinyl alcohol, and hydroxyapatite, cross-linked

with either glutaraldehyde (GA) or sodium trimetaphosphate (STMP) were fabricated

to study the efficiency of crosslinkers and were characterized for degradation profile,

swelling capacity, porosity, mechanical strength, morphology, X-ray diffraction, Fou-

rier-transform infrared, and in vitro biocompatibility. Scaffolds crosslinked with STMP

exhibited higher degradation rate at Day 21 than scaffolds crosslinked with GA.

However, higher compressive strength was obtained for scaffolds cross-linked with

STMP signifying that they have a better ability to resist compressive forces. Superior

cell viability was observed in STMP-crosslinked scaffolds. In conclusion, STMP serves

as a better crosslinker in comparison to GA and can be used in the fabrication of scaf-

folds for bone tissue engineering.

K E YWORD S

Bone tissue engineering, Gellan gum, Glutaraldehyde, Sodium trimetaphosphate, Xanthan gum

1 | INTRODUCTION

A significant quantity of the world's population belongs to a poor

socioeconomic background. Patients from such backgrounds cannot

utilize existing clinically used grafts as they are not economical and do

not reach such a population. There is an ardent need for a healthcare

system, accessible to a larger population (Roseti et al., 2017). In

recent years, tissue engineering has emerged as one of the potential

fields in the domain of regenerative medicine. Around 200 million

people are affected by osteoporosis throughout the world according

to a report obtained until 2018 (Akarirmak, 2018). Engineered bone

scaffolds are an excellent substitute to the conventional grafts as they

are biocompatible, economical, offer the limitless supply, and lower

probability of disease transmission. Biocompatible gum-based scaf-

folds present an excellent material of choice, as they are economical

for studying tissue-engineering models, analyzing the controlled deliv-

ery of drugs and bioactive molecules like BMP-2, VEGF, and TGF-β.

Hence, three-dimensional (3D) scaffolds are being fabricated usingMugdha Makrand Joglekar and Devlina Ghosh contributed equally to this study.
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different techniques to obtain characteristics relevant to suitable

applications.

For the appropriate fabrication of scaffolds, uniform blending of

the gums and the application of the right concentration of cross-

linkers are very crucial. Proper blending of biodegradable polymers

and bioactive ceramics in specific concentrations to form a homoge-

nous solution is of utmost importance for the fabrication of composite

scaffolds. Crosslinking is yet another important aspect of bone scaf-

folds. Poor crosslinking can lead to low stability, biocompatibility,

reduced mechanical properties along with cytotoxicity, which is highly

undesirable. Effective crosslinking in the scaffold ensures successful

physical or chemical linkages between the polymeric chains and also

enhances their properties (Khan, Tanaka, & Rafi, 2015; Oryan, Kamali,

Moshiri, Baharvand, & Daemi, 2018). Glutaraldehyde (GA) is a widely

used crosslinker, but its traces of cytotoxic effects beyond the permis-

sible level have raised many objections (Oryan et al., 2018). Con-

trarily, sodium trimetaphosphate (STMP) is an advantageous cross-

linker as it is not only very effective but also does not pose for toxicity

at any concentrations (Chaouat et al., 2008). Some of the biocompati-

ble gums that were widely used include gellan, xanthan, and guar,

which were successfully fabricated into different scaffold types such

as hydrogels, 3D porous matrix, nano-fiber mesh, and microspheres

(Dhandayuthapani, Yoshida, Maekawa, & Kumar, 2011; Garg &

Goyal, 2014).

In this study, biocompatible gum-based scaffolds containing gellan,

xanthan, polyvinyl alcohol (PVA), and HAp were fabricated and cross-

linked with GA and STMP at 250 and 3,375 μl, respectively, to study

the efficiency of crosslinkers. Synthesized scaffolds were further char-

acterized (degradation profile, swelling capacity measurement, porosity,

and water vapor transmittance), mechanical characterization, morpho-

logical characterization (SEM), chemical characterization (X-ray diffrac-

tion, FTIR), and finally in vitro biocompatibility and cytotoxicity studies

were conducted using MG63 cell line (MTT Assay).

2 | MATERIALS AND METHODS

2.1 | Materials

Gellan gum, xanthan gum, polyvinyl alcohol (PVA), sodium

trimetaphosphate (STMP) glutaraldehyde (GA), and magnesium

chloride was acquired from Sisco Research Laboratories Private Ltd

(Mumbai, India). Hydroxyapatite (HAp) was generously gifted by

Plasma Biotal Limited (Buxton, United Kingdom). Methylthiazolyl

diphenyl-tetrazolium bromide (MTT) and dimethyl sulfoxide (DMSO)

were obtained from Sigma Aldrich (Mumbai, India). Fetal bovine serum

(FBS) and Dulbecco’s Modified Eagle Media (DMEM), trypsin, and 1x

antibiotic solution were purchased from Hi-Media Laboratories (Mum-

bai, India). MG63 was acquired from the cell depository of National

Centre for Cell Science (Pune, India).

2.2 | Fabrication of gellan gum–xanthan gum–
PVA–HAp scaffolds

In this study, scaffolds were fabricated using HAp, and polymers

including gellan gum, xanthan gum, and PVA, crosslinked using either

GA or STMP. Control scaffolds without the addition of crosslinking

agents (uncrosslinked) were also fabricated. Table 1 compiles the

weights of different components for a total scaffold solution of 50 ml.

Gellan gum, xanthan gum and PVA were added to 35 ml of distilled

water and dissolved at 120�C (5 hours, 250 rpm). Simultaneously, 15

ml of HAp solution was prepared and once a homogeneous polymer

solution was obtained, 15 ml of the HAp solution was added to the

polymer mix dropwise and homogenized. The pH of the mixture was

made 10 with the help of sodium hydroxide. This was followed by the

addition of 0.66% (v/v) STMP or 0.5% (v/v) GA and mixing to obtain a

uniform solution. Control scaffolds were also fabricated similarly

except the addition of crosslinking agents. Constant volumes of the

final solution were poured into cylindrical molds and frozen at -20�C

(48 hours) followed by lyophilization for 48-72 hours using a freeze

drier (Alpha 1-2 LDplus Martin Christ, Germany).

2.3 | FTIR spectroscopic studies

FT-IR spectroscopy (IRAffinity-1, Shimadzu Corporation) was per-

formed for each component of the different types of fabricated scaf-

folds to analyse the presence of different functional groups, molecular

structures, as well as the crosslinking mechanism. The spectra were

obtained in the range of 4000-400 cm-1 and 30 scans per sample.

2.4 | X-ray diffraction studies

X-ray diffraction studies (Bruker, Germany) were conducted for each

type of scaffold sample to determine their amorphous or crystalline

nature. Secondly, it was used to identify if the individuality of the

TABLE 1 Composition of composite scaffolds

Type of scaffold Gellan gum (g) Xanthan gum (g) PVA (g) HAp (g) Crosslinker

2:1:1:5.44 Uncrosslinked 0. 896 0.112 0.112 0.611 –

2:1:1:5.44 GA Crosslinked 0. 896 0.112 0.112 0.611 0.5% GA

2:1:1:5.44 STMP Crosslinked 0. 896 0.112 0.112 0.611 0.66% STMP

Abbreviations: PVA, polyvinyl alcohol; HAp, hydroxyapatite; GA, glutaraldehyde; STMP, sodium trimetaphosphate.
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polymeric gums is retained in the blend post processing. A fine powder

of each composite scaffold was utilized for the analysis with Cu K radia-

tion at 1.5405 Å and two theta range(10-80�).

2.5 | Mechanical (compression) testing studies

The mechanical properties of the scaffolds were determined using

compression testing (Tinus Olsen H5KS) in accordance to the D695

ASTM Standards. Fabricated cylindrical scaffolds (14 mmdiameter, 5

mm thickness) were acted upon to a maximum force of 5 kN at a tra-

verse rate of 1.3 mm/min. The compressive strength and maximum

force were measured at breakpoint.

2.6 | In vitro degradation studies

To know the stability of bone grafts in vivo, the in vitro degradation

profile ofscaffolds placed in phosphate buffer saline (PBS) was stud-

ied. The change indry weight of the scaffolds before and after incuba-

tion in PBS indicated therate of degradation. The initial dry weight of

the samples was measured,followed by incubation in PBS at 37�C for

a time period of 7, 14, and 21 days. Afterthe incubation period, the

samples were dried at 37�C for 48 hours and thefinal dry weight was

measured.

Degradation rate %ð Þ= Initial dryweight−Final dryweight
Initial dryweight

×100

2.7 | Swelling capacity studies

The swelling capacity was analysed to interpret the absorbing capability

of the scaffolds. The beaker test method was utilized to study maximum

water uptake. First, the weight of dry scaffolds was measured. They were

dipped in PBS solution and their weights were noted after 1, 24, and 48

hours. The swelling capacity was calculated by the following equation

Qs =
Ws−Wd

Wd

where Qs is the calculated swelling ratio, Ws is the weight of the swol-

len scaffold, and Wd is the initial dry weight of the scaffold.

2.8 | Water vapor transmission studies

The water vapour transmission rates (WVTR) were studied to

ascertain the moisture permeability cross the porous scaffolds. Scaf-

folds were kept in a vacuum desicator along with distilled water and

anhydrous magnesium chloride and a pump was used to create a

vacuum inside desicator. The zero percent relative humidity was

maintained by the anhydrous magnesium chloride. The change in

the total dry weight of the scaffolds was measured upto 7 days and

indicated the rate of water vapour transmission.

2.9 | Morphology studies using scanning electron
microscopy

The morphology of the composite scaffolds was analysed using SEM

(ZISS-EVO18 Carl Zeiss, Germany) on drying samples overnight and

sputter coating with gold (SC7620 Mini SputterCoater/Glow Discharge

System Quorum Technologies, United Kingdom). Multiple images were

captured (5 kV, 50-100x) and the average pore size was determined by

averaging the diameter of 15 pores from three distinct images with the

help of Image J software (NIH, USA).

2.10 | Biocompatibility analysis using MTT assay

MG63 cells, an osteosarcoma cell line, were maintained in DMEM, FBS,

penicillin (100 I.U./ml), and streptomycin (0.1 mg/ml) at 37 �C with 5%

CO2 environment (ESCO Cellmate Biotech, Singapore). Scaffolds

(uncrosslinked or crosslinked with GA or STMP) were investigated for

their biocompatibility using the MTT assay. Prior to the assay the scaf-

folds were sterilized with ethanol for 30 minutes, washed with sterile

PBS and exposed to ultra-violet irradiation for 12 hours. This was

followed by seeding 1×105 MG63 cells per scaffold. The scaffolds were

transferred to a fresh culture plate and MTT (50 μl, 1 mg/ml) was added

at different time points including day 1, day 4, and day 7 post seeding.

The scaffolds were incubated at 37 �C in a humidified atmosphere (5%

CO2) for 4 hours. Afterwards, 500 μl of DMSO was added to each well.

The absorbance was measured at 570 nm (Readwell TOUCH,

ROBONIK, India). Reported values are the average of 3 replicates and

expressed as percentages of the control values. The cell viability was cal-

culated using following equation:

%Cell viability =
A570 of treated Cells
A570 of control cells

×100

2.11 | Statistical analysis

Data were expressed as mean ± SD. Each experiment was repeated

thrice and data was statistically analysed for comparison between

different time intervals for non-parametric using multiple-ANOVA.

A p-value less <0.05 was considered significant.

3 | RESULTS

3.1 | FTIR spectroscopic studies

Figure 1a represents FT-IR spectra of gellan gum, xanthan gum, PVA, HAp,

uncrosslinked scaffold, and the crosslinked scaffolds with GA and STMP. In

the FTIR spectrum of HAp, peak at around 567–603 cm−1 corresponds to

JOGLEKAR ET AL. 3149



bending vibrations of the phosphate (PO4
-3) ions and peaks between 900–

1200 cm−1 represents symmetric and asymmetric stretching vibrations of

the P4
3- ions. The peaks at 3,100–3,500 cm−1 (stretching vibration) and the

peaks at 1,630–1,635 cm−1 (bending vibration) correspond to the crystal

water and surface adsorbed water, respectively. The peak between 1415–

1458 cm−1 is the signature of CO3
2– vibrations, which is proof of carbon-

ated HAp present that is essential for bonding with natural human bone.

Peaks at 2918 cm-1 and 1618 cm-1 represent C-H stretching and H-O-H

bonds respectively in gellan gum. Further, peak at 1419 cm-1 represents

CH2 deformation and 1025 cm-1 represents C-OH bonds in gellan gum.

The typical bands of xanthan gum were observed at as similar to gellan

gum, except that the intensity of the peaks is lower when compared to

gellan gum (Shinwari & Rao, 2018). All major peaks in the spectra of PVA

relate to hydroxyl and acetate groups. The bands between 3550-3200

cm−1 represent O-H stretching from the intermolecula rand intramolecular

hydrogen bonds. Bands at 2840-3000 cm−1 and 1750–1735 cm−1 corre-

spond toC–Hstretching fromalkyl groups andC-O stretching, respectively

(Mansur, Sadahira, Souza, & Mansur, 2008). The composite scaffolds,

which are uncrosslinked and crosslinked with STMP and GA, exhibited

characteristic peaks of the gums, PVA, and HAp at different intensities

depending on their crosslinking efficiencies. Scaffolds crosslinked with

STMP had distinct and sharp peaks compared to GA-crosslinked scaffold

and uncrosslinked scaffold.

3.2 | X-ray diffraction studies

The X-ray diffraction data indicates if the sample under test is crystalline or

amorphous. The intensity of the peaks represents the number of crystallites

diffracting the X-rays. As shown in figure 1b, the characteristic peaks of

hydroxyapatite were observed at (2θ) 27 ,̊ 30˚, 31˚, 32˚, 33 ,̊ 35 ,̊ 40˚, 48˚,

50 ,̊ and 55˚. However, in the case of the scaffolds without HAp, due to

amorphous nature, very few peaks were noted. Composite scaffolds (with

HAp) also shown same characteristic peaks of hydroxyapatite.

3.3 | In vitro degradation studies

The in vitro degradation in PBS was studied for the uncrosslinked

scaffolds, scaffolds crosslinked with STMP and GA (Figure 2a). The

scaffold with GA crosslinking had the slowest degradation rate of

2.25 ± 0.0157% at Day 7, 4.79 ± 0.041% at Day 14, and 4.96

± 0.0217% at Day 21, compared to scaffolds that were uncrosslinked

(4.68 ± 0.0468% at Day 7, 6.98 ± 0.058% at Day 14, and 7.36

± 0.0382% at Day 21) and scaffolds crosslinked with STMP (5.63

± 0.024% at Day 7, 10.78 ± 0.045% at Day 14, and 13.95 ± 0.031%

at Day 21). However, even if scaffolds crosslinked with GA has a

lower degradation rate than scaffolds crosslinked with STMP, GA-

crosslinked scaffolds are known to have toxic effects to cells (Oryan

et al., 2018), which is also proved to be true in this study using bio-

compatibility studies.

3.4 | Swelling capacity studies

The swelling capacity corresponding to water uptake capacity for

uncrosslinked and crosslinked scaffolds is presented in Figure 2b. No

significant change in volume and degradation behavior of scaffolds

was observed. The scaffold crosslinked with STMP had as welling rate

of 1,636.10 ± 97%, compared to uncrosslinked scaffolds (1,937.79

± 203%) and scaffolds crosslinked with GA (1,685.69 ± 219%) after

48 hr of treatment.

F IGURE 1 (a) Fourier-transform infrared (FTIR), and (b) X-ray diffraction (XRD) spectra of uncrosslinked, sodium trimetaphosphate (STMP),
and glutaraldehyde (GA) crosslinked scaffolds
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3.5 | Water vapor transmission studies

Water vapour transmission rate was measured indirectly in the form

of permeability of scaffolds. For measuring WVTR, the weight of the

scaffolds which were kept in the vacuum measured every 24 hours

for 7 days (figure 2c). Uncrosslinked scaffolds and scaffolds

crosslinked with STMP and GA, respectively, were used for this

study. Uncrosslinked scaffolds showed a higher water vapour trans-

mission rate compared to crosslinked scaffolds; this happened due

to the association of free water molecules with the abundantly avail-

able unbound molecule of the polymer. However, the maximum rate

observed was found to be 0.085% for GA-crosslinked scaffolds and

0.086% for STMP-crosslinked scaffolds, which are almost of a similar

range of water vapor transmission rate. Hence, crosslinked scaffolds

have a similar water vapor transmission rate, which is also lower than

the water vapor transmission rate of uncrosslinked scaffolds.

3.6 | Mechanical strength (compression) analysis

The mechanical properties of the scaffolds in the form of compressive

strength and compressive modulus were measured (Figure 2d). Among

all scaffolds, the scaffolds with STMP crosslinking showed high com-

pressive strength (19.02 ± 0.62 MPa) compared to the uncrosslinked

scaffold (11.7 ± 0.2 MPa) and scaffold crosslinked with GA (15.28

± 0.36 MPa). The compressive strength of the scaffolds crosslinked

with STMP was found to be the highest. In addition, scaffolds

crosslinked with STMP (82.61 ± 7.14 kPa) were also found to have

higher compressive modulus (calculated from slope of stress–strain

curve) compared to uncrosslinked scaffolds (58.87 ± 7.13 kPa) and

GA-crosslinked scaffolds (69.84 ± 12.25 kPa). Hence, the mechanical

properties of the composite scaffold crosslinked with STMP were

found to be optimum for bone tissue engineering applications. Though

the compressive strength of scaffolds was in megapascal range, the

compressive moduli calculated from representative stress–strain

curve were found to be in kilopascal range. Compressive modulus of

scaffold reflects the deformation under load (stiffness) and previous

studies suggest that osteoblasts are responsive toward stiffness of

the scaffold, which can be tailored to induce differentiation of cells.

Previous studies showed that kilopascal modulus of 3D scaffold led to

the enhanced mineralization and osteogenesis when osteoblasts were

cultured on those scaffolds (Chatterjee et al., 2010; Rath, Nam,

Knobloch, Lannutti, & Agarwal, 2008). Hence, our results are relevant

in terms of scaffold being sufficiently strong (compressive strength in

megapascal range) and osteoblast responsive (compressive moduli in

kilopascal range) for bone tissue engineering applications.

Representative stress–strain curves of each type of scaffolds are

given in Figure S1.

F IGURE 2 (a) Percentage degradation, (b) percentage swelling, (c) water vapor transmission rate, and (d) mechanical strength of
uncrosslinked, sodium trimetaphosphate (STMP), and glutaraldehyde (GA)-crosslinked scaffolds (* and # signify p < .05 for each study)
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3.7 | Morphology studies using SEM

Figure 3 shows the SEM images of uncrosslinked scaffolds, scaffolds

crosslinked with STMP and GA, respectively. The images show that

both crosslinked scaffolds had a similar morphology with a uniform

distribution of the pores, whereas the uncrosslinked scaffold had

irregular pore formation and hence their sizes were not able to be

measured. The pore sizes of crosslinked scaffolds were analyzed as

average from a minimum of three SEM images and 15 pores in aver-

age and were estimated to be 103.68 ± 27.54 μm for STMP-

crosslinked scaffolds and 187.62 ± 27.36 μm for GA-crosslinked

scaffolds.

3.8 | Biocompatibility analysis using MTT assay

Cytotoxicity of the scaffolds was assessed by MTT assay using

MG63 cells (Figure 4). The cells were seeded on to scaffolds (cross-

linked with STMP and GA, respectively) up to the seventh day. Cells

displayed significantly higher viability at Day 7 when compared with

viability on both Day 1 and 4, for both types of crosslinked scaffolds.

The cell viability was found to be the highest for scaffolds

crosslinked with STMP at all-time points compared to scaffolds

crosslinked with GA. The scaffolds crosslinked with GA had similar

cell viability at Day 1 (91.01 ± 11%) and Day 4 (91.13 ± 8%), and a

very slight increase in viability at Day 7 (115.27 ± 10%). This result

shows that the scaffold crosslinked with STMP had better adherence

properties to cells compared to scaffolds crosslinked with GA. In

addition, both types of scaffolds exhibited no cytotoxicity to MG63

cells.

4 | DISCUSSION

Chemical crosslinkers being the most common type of crosslinking

agents are utilized to improve the mechanical and degradation proper-

ties of natural, synthetic polymers, and/or their combination. Chemical

crosslinking agents include water-based and organic-based types to

enhance the biomechanical characteristics of scaffolds. Organic-based

crosslinkers such as GA are highly potent agents for crosslinking, but

they seem to carry the largest disadvantage of cellular toxicity and

require several washes to eliminate the agent before use of them for

F IGURE 3 Scanning electron
micrographs of uncrosslinked, sodium
trimetaphosphate (STMP)-crosslinked
scaffolds, and glutaraldehyde (GA)-
crosslinked scaffolds each at 50× and
100× magnifications (scale bar
of 200 μm)
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cellular and animal studies (Distantina & Fahrurrozi, 2013). On the

other hand, water-based crosslinking agents such as STMP are nontoxic

agents and act by blocking the free hydroxyl groups in the polymer,

which are available to interact with water (Racksanti, Janhom,

Punyanitya, Watanesk, & Watanesk, 2014). Initially, working solutions

were prepared with gellan gum, xanthan gum, PVA, and HAp with a

composition ratio of 2:1:1:5.44 and scaffolds were fabricated out of

them by the freeze-drying method. Scaffolds were fabricated with cros-

slinkers such as STMP or GA (Table 1). FTIR and XRD studies were per-

formed for HAp, PVA, xanthan gum, gellan gum, uncrosslinked

composite scaffold, and composite scaffolds crosslinked with STMP

and GA, respectively. The peaks specific to HAp and the polymers

were also observed in the fabricated scaffolds. The chemical character-

izations showed that crosslinking of scaffolds with STMP was exhibited

by cross-linkage that mainly occurred between OH groups present in

the polymers and the triphosphate groups of STMP. The cyclic struc-

ture of the gums might have opened and formation of the tri-

polyphosphated polymer would have taken place, which further reacts

with a fresh polymer chain resulting into a crosslinked structure.

Crosslinking of scaffolds with GA was exhibited by the reaction

between aldehyde groups from GA and a hydroxyl group from polymer

under acidic conditions forming acetal bridges, producing a hemiacetal

structure with PVA present in the scaffolds. Scaffolds crosslinked with

STMP had a higher degradation rate (13.95% on Day 21) compared to

scaffolds crosslinked with GA (7.36% on Day 21), whose results are

contradictory to the swelling degree (lowest) and pore size (lowest).

This could be accounted due to the weak structure of tri-

polyphosphated polymer leading to phosphodiester bonds formed after

crosslinking (Amrita, Sharma, & Katti, 2015; Distantina & Fahrurrozi,

2013), which leads to relatively faster degradation, but can take only

minimum water uptake. Scaffolds crosslinked with GA form stronger

acetal bridges (Azami & Mohammad Rabiee, 2010; Oryan et al., 2018;

Yang, Hsu, Wang, Hou, & Lin, 2005) (compared to phosphodiester

bonds) and they would not degrade sooner and also able to take as

much as water intake without breaking the wall structures of the pores.

Although scaffolds degrade faster in presence of body fluids, it can be

presumed that present degradation rate will be balanced with in situ

new bone formation at the site of scaffold implanation. Bone regenera-

tion takes a minimum of 6 weeks time, and hence these scaffold scan

be considered appropriate for bone tissue engineering due to their rate

of degradation. Water uptake capacity by scaffolds crosslinked with

STMP was lower than the scaffolds crosslinked with GA, hence holding

the shape and integrity of the scaffold marking their ability as bone

grafts to be implanted into void spaces. This is also in accordance with

the approximate pore size calculated from the SEM images. The scaf-

folds crosslinked with STMP had a pore size of 103.68 ± 27.54 μm, and

scaffolds crosslinked with GA had a pore size of 187.62 ± 27.36 μm,

compared to the uncrosslinked scaffolds where pore sizes were not

measurable due to the improper pore formation. Scaffolds crosslinked

with GA had a relatively larger pore size and hence they had a higher

swelling rate, whereas, scaffolds crosslinked with STMP had a relatively

smaller pore size, giving the lower swelling rate. However, scaffolds

crosslinked with STMP and GA are found suitable for tissue-engineer-

ing applications, due to the enormous size of pores. Also, scaffolds

crosslinked with STMP had the highest compressive strength of 19.02

± 0.62 MPa, and they were found to have a high compressive modulus

(82.61 ± 7.14 kPa) among all the scaffolds. From this, it can be inter-

preted that scaffolds crosslinked with STMP having relatively smaller

pores would have accounted to higher compressive strength compared

to scaffolds crosslinked with GA, which had relatively larger pores and

hence lower compressive strength. Though compressive moduli of scaf-

folds were found to be significantly less than that of trabecular bone

previous studies suggest that moduli in kilopascal range are adequate

to stimulate bone cells to synthesize mineralized bone matrix (Chatter-

jee et al., 2010; Rath et al., 2008). These results are also in accordance

with the results obtained in the literature (Guan & Davies, 2004;

Kolambkar et al., 2011).

A minimal loss in the weight of crosslinked scaffolds was

observed compared to the uncrosslinked scaffolds when the water

vapor transmission was observed, and no significant difference is

found in the transmission rate between scaffolds crosslinked with

STMP and GA, respectively. Crosslinked scaffolds were analyzed for

their biocompatibility properties against MG63 cells. Higher cell via-

bility was observed for scaffolds crosslinked with STMP compared

to GA-crosslinked scaffolds. Consequently, MG63 cells showed a

higher proliferation rate corresponding to increased metabolic activ-

ity compared to other counterparts. From the above discussion, it is

evident that even if scaffolds crosslinked with GA had better degra-

dation properties, they were not proliferation-supportive and did

not support good adhesion of cells due to their toxic nature

(Distantina & Fahrurrozi, 2013; Oryan et al., 2018). Even if scaf-

folds crosslinked with STMP had a relatively faster degradation rate,

their compressive strength and moduli were higher than GA-

crosslinked scaffolds. Their compressive strength was comparable to

the cancellous region of the human native bone. In addition, scaf-

folds crosslinked with STMP had good cell adhesion and prolifera-

tion properties, due to the absence of any organic agent and they

are only water-based.

F IGURE 4 In vitro cytotoxicity of scaffolds—cytotoxicity analysis
of scaffolds by MTT assay using MG63 cells. Data are represented as
means of triplicate wells ±SD, (*p < .05)
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5 | CONCLUSION

3D composite scaffolds were fabricated by the freeze-drying method

using gellan gum, xanthan gum, polyvinyl alcohol (PVA) and hydroxyap-

atite (HAp). Different properties of scaffolds were compared in two sit-

uations viz. when scaffolds were crosslinked with either STMP or GA

and uncrosslinked sample served as a control. With the mechanical

properties evaluated in the present study, the scaffolds crosslinked with

STMP, when grafted in vivo to heal the bone repair, can serve as an

extra support rather than the direct replacement as an autograft, as

these artificial networks can inspire natural healing when cells from

native bone environment infiltrate, and hence help in ECM production

and further healing. Degradation study results proved that the scaffolds

are sufficiently stable in vitro condition thus providing ample time for

new bone formation to take place. The scaffolds were also tested for

their biocompatibility and STMP crosslinked scaffolds were found to

benon-toxic and cell proliferation supportive compared to its counter-

part. STMP crosslinked gellan gum, xanthan gum, polyvinyl alcohol

(PVA) composite scaffolds with hydroxyapatite can further be tested

for their bone healing properties in the suitable animal model.
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