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In this study, sodium caseinate/starch/ tri-calcium phosphate (TCP) base scaffolds were fabricated and cross-
linked with microbial transglutaminase. A Maillard reaction was carried out to stabilize the blend of sodium
caseinate (8% w/w) and starch (8% w/w) solutions. The dynamics of enzymatic cross-linking activity were
assessed with different TCP concentrations. Freeze-dry method was used to extract water from the gel system to

acquire a porous, spongy structure. Apart from many other enzymes, microbial transglutaminase has the capa-
bility to be active even below freezing temperatures. Keeping at —50 °C for 12 h, enzymes were still active to
complete the post-crosslinking process. 0.5% TCP case resulted in 690 kPa ultimate tensile strength at dried state.
Cell activity and characterization tests were elucidated and observed that those scaffolds can have very prom-
ising applications in bone tissue engineering.

1. Introduction

3D biological scaffolds can be intended for filling bone gaps and
voids in bone healing as flexible and formable substances [1]. Structures
that imitate extra-cellular matrix by obtaining from natural polymers
and hydrogels can be obtained with different fabrication techniques [2].
These scaffolds have stabilization problems which are surmounted by
usual post-processing with toxic solvents or expensive crosslinkers [3].

On the other hand, the green and cost-effective method of enzymatic
cross-linking of 3D scaffolds raises various difficulties like weak
bonding. Microbial transglutaminase (mTG) forms a covalent bond be-
tween primary amines and glutamine residues and creates a gel struc-
ture when it is injected into the precursor solution. If this enzyme, also
known as meat glue, is not inhibited or removed from the system af-
terward, it continues to cross-link with a slower diffusion rate.

Water-soluble protein-based scaffolds are subjected to post-
crosslinking after removal from the freeze-drier from which the ice
crystals are extracted and porous scaffolds are created. If the crosslinker
is mTG, the scaffolds need to be placed in a water-based liquid medium,
which means that the scaffold will rapidly degrade. Enzyme activity and
mobility can be increased by keeping the scaffolds in a humid envi-
ronment, where the rate of degradation (due to hitting water molecules
on the surface of the scaffolds) does not exceed the rate of cross-linking.
For this, sodium caseinate (NaC), one of the natural polymers, was first
bonded with starch by the Maillard reaction. Tri-calcium phosphate
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(TCP) was incorporated in it to increase osteoconductivity. TCP added
(see Supp. Table 1), starch bonded NaCs are further linked to create
giant networks with enzyme. Post-crosslinked spongy scaffolds were
kept in a saturated environment to end up with durable scaffolds. The
physical and chemical properties of the scaffolds were characterized by
electron microscopy analysis, mechanical, calorimetric, and degrada-
tion tests. The activities of osteoblast cells were measured via a cell
viability test.

2. Materials and methods

The precursor solution was prepared by adding 8% wt/wt NaC and
8% wt/wt starch in distilled water at 70 °C. Solution was mixed slowly at
below 60 rpm for 5 h at 70 °C inside a sealed glass. TCP’s were added at
four different ratios of 0, 0.25, 0.5, and 1% wt/wt inside the conjugated
solution (Supp. Table 1). Final solutions were prepared by the addition
of 4% wt/wt mTG inside the TCP and TCP-free cases at 40 °C.

The prepared hydrogels were then gently poured inside the 3D
printed cylindrical molds (10x40 mm), and rectangular molds (10x45x5
mm) to test their compressive and tensile mechanical performances,
respectively followed by a full gelation process for 12 h at 40 °C. Sam-
ples were transferred to —20 °C prior to freeze-dry for 2 h. The freeze-
drying process was completed at —50 °C for 12 h. Samples were post-
processed by keeping them at 40 °C for 48 h in a water vapor satu-
rated closed chamber. Finally, samples were heat-treated at 85 °C for
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Fig. 1. SEM micrographs of the samples after freeze dry and post-process of water saturated air at 250x and 500x a) TCP free case, b) T25, ¢) T50, d) T100. (Scale

bar of left column is 100 pm and right column is 20 um.).
15 min to inactivate the enzyme.
3. Results & discussion

Mixture of starch and NaC is normally solvable in water but its sta-
bility was so low that precipitation occurs soon after mixing was
stopped. However, the conjugated (8%wt) NaC and (8%wt) starch by
the Maillard reaction [4] stood for long periods without precipitation
at + 4 °C. Increasing the concentration of TCP inside the solution had
raised another stability problem. Usage of large amounts of metal ions
originating from TCP inside the solution lowered enzymatic activity
even the source of the enzyme was microbial [5].

The color of the solution changed from yellow to brown with the
mixing of NaC and starch. The color of the solution lightened again and
turned into whitish with the addition of TCP. 4%wt enzyme cross-linked
all groups in around 2 h. Samples were taken from the baker 10 min
before full gelation, with the help of a syringe, and poured into molds

made from 3D-ABS 100% infill which enabled homogenous specimens.
The samples, which realized full gelation by waiting for 12 h in the
mold, were shrunk by 15% after being placed in the freeze drier (Supp.
Fig. 1). Shrinkage helped to remove from the mold easily. Samples were
put at —20 °C after 12 h due to the fact that as the degree of crosslink
increases, the pore-forming ability of the freeze-drying technique de-
creases which results in not-interconnected, superficial pores.

The surface morphology of T100 case was different from all other
groups (Fig. 1d) with a surface porosity of 15 + 5%. TO, T25, and T50
had porosities close to each other (57 & 3, 51 + 9, 46 + 2%) and T25 had
the thickest walls (16 + 10 um) and T50 had the thinnest walls
(5 £+ 1 ym). In T100, the pores were distributed in the form of wells due
to weak crosslinking. After the freeze-drying step, samples were exposed
to moisture for 48 h, melting had occurred on the upper surface of T100
with the water vapor. The water-soluble parts collapsed the surface
pores. Lack of further cross-linking of T100 can be observed in other
analyses. In mechanical tests (Supp Tablel), the lowest tensile stress and
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Fig. 2. a) Fourier Transformed IR analysis, b) DSC graphs of the samples in the scaffold form. (See Supp Fig. 4. for powder forms).

the lowest strain were T100 which supports SEM micrographs. Fig. 2(a)
shows the FT-IR spectra of all samples and raw materials. The charac-
teristic peak around 3250 cm ™! was attributed to the stretching mode of
hydroxyl group (OH ™). The peaks at the range of 559 and 1016 cm ™' can
be assigned to the bending and stretching mode of phosphate group
(PO4 3_), respectively [6]. Positions of the Amide peaks revealed the
presence of the NaC inside the scaffolds.

With the addition of TCP, shown in Fig. 2(b), the melting point
specific to starch (282 °C) shifted to the right, while the peak specific to
the NaC (269 °C) shifted to lower degrees for the composite scaffolds. In
the case of T100, two peaks merged to a peak at 259. Gelatinization and
the evaporation of the water inside the pure starch occurred around
100 °C which was suppressed by other constituents and did not observe
inside the conjugated groups. Instead, denaturation of the protein
structure was observed around 76-85 °C.

Collapse of the pore walls was easier when TCP was not used in the
samples considering the flat part of the compression test as shown in
Fig. 3a. “Three distinctive steps of porous scaffolds” were observed in
the plots of selected states from each group (Fig. 3a): In the first stage, (i)
elastic buckling of the walls occurred (e: 0-13%), (ii) pore walls
collapsed (plateau, e: 13-50%), and finally (iii), the internal structure of
the material was permanently destroyed [7].

The ultimate tensile strengths of the triplicate samples for each group
were between 200 and 600 kPa (Fig. 3b). T25 was almost same as T50,
and they were more ductile than TO. T100, on the other hand, had the
lowest ductility(0,93%) and ultimate tensile strength(150 kPa). In PBS
degradation measurements, all groups except T100 lost 70% of their
weights on Day 2 (Fig. 3c). T100 had a sharper degradation curve.
Degradation of not- post-crosslinked samples inside the aqueous

environment occurred immediately after soaking them inside the water
(Supp. Fig. 3). However, since alamarBlue® tests were in DMEM me-
dium, all of the post-processed cases preserved their integrity even on
the 7th day (Supp. Fig. 3).

An excess of the reduction percentage of alamarBlue is an indicator
of metabolic activity, that is, high viability. All of the groups have a
reduction of ~15% on the 7th day of the experiment except for the
control group (~30%) as shown in Fig. 3d. The fact that the control
group had twice viability wrt to other cases is related to the cell pene-
tration into the 3-dimensional structure which is called as a 3D effect
[8]. In the control group, cells were seeded on top of the two-
dimensional well-plate surface which does not exhibit any out-of-
plane migration.

4. Conclusion

Adding TCP below 1% revealed favorable results for bone scaffolds.
The presence of cell activity in all groups indicated that NaC and starch
can be used in soft scaffolds. The proposed conjugation technique en-
ables the combination of both biomaterials’ superior properties in terms
of availability and water-formability. Using enzyme for crosslinking
added a greener way of fabricating scaffolds. T25 and T50 have better
mechanical performances and morphologies wrt to other groups. The TO
case, where no TCP was used, was not different from the other two
groups, but it is well known that TCP also provides good osseointegra-
tion, osseomigration, and bone regeneration characteristics. Therefore,
it can be said that T25 and T50 have great potential as flexible scaffolds.
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Fig. 3. A) Compression test graph B) Tensile Test graph C) Degradation profiles in PBS (Bars demonstrate standard deviations) D) Cell viability assay results of

the groups.
CRediT authorship contribution statement

Mustafa Sengor: Conceptualization, Methodology, Software, Data
curation, Writing — original draft, Visualization, Investigation, Super-
vision, Software, Validation, Writing — review & editing.
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matlet.2022.132943.

References

[1] L. Wang, Y. Qiu, Y. Guo, Y. Si, L. Liu, J. Cao, J. Yu, X. Li, Q.i. Zhang, B. Ding, Smart,
Elastic, and Nanofiber-Based 3D Scaffolds with Self-Deploying Capability for
Osteoporotic Bone Regeneration, Nano Lett. 19 (12) (2019) 9112-9120.

[2] B. Dey, S. Mukherjee, N. Mukherjee, R.K. Mondal, B. Satpati, S.P.S. Babu,
Polyphenol oxidase-based luminescent enzyme hydrogel: an efficient redox active
immobilized scaffold, Bull. Mater. Sci. 41 (1) (2018).

[3] L. Wang, et al., 3D Superelastic Scaffolds Constructed from Flexible Inorganic
Nanofibers with Self-Fitting Capability and Tailorable Gradient for Bone
Regeneration, Adv. Funct. Mater. 29 (31) (Aug. 2019) 1901407, https://doi.org/
10.1002/ADFM.201901407.

[4] L. Consoli, R.A.O. Dias, R.S. Rabelo, G.F. Furtado, A. Sussulini, R.L. Cunha, M.

D. Hubinger, Sodium caseinate-corn starch hydrolysates conjugates obtained
through the Maillard reaction as stabilizing agents in resveratrol-loaded emulsions,
Food Hydrocolloids 84 (2018) 458-472.

[5] C. Kiitemeyer, M. Froeck, H.D. Werlein, B.M. Watkinson, The influence of salts and
temperature on enzymatic activity of microbial transglutaminase, Food Control 16
(8) (Oct. 2005) 735-737, https://doi.org/10.1016/J.FOODCONT.2004.06.012.

[6] B.S. Kumar, T. Hemalatha, R. Deepachitra, R.N. Raghavan, P. Prabu, T.P. Sastry,
Biphasic calcium phosphate-casein bone graft fortified with Cassia occidentalis for
bone tissue engineering and regeneration, Bull. Mater. Sci. 38 (1) (2015) 259-266.

[7] A. Sharma, D. Brand, J. Fairbank, H. Ye, C. Lavy, J. Czernuszka, A self-organising
biomimetic collagen/nano-hydroxyapatite-glycosaminoglycan scaffold for spinal
fusion, J. Mater. Sci. 52 (21) (Nov. 2017) 12574-12592, https://doi.org/10.1007/
S$10853-017-1229-9/.

[8] L. Haiyan, M. Kunlong, X. Zhenghua, R. Xiaomei, Y. Gang, Preparation and
characteristics of gelatin sponges crosslinked by microbial transglutaminase, PeerJ
2017 (8) (2017) 3665, https://doi.org/10.7717/PEERJ.3665/SUPP-1.


https://doi.org/10.1016/j.matlet.2022.132943
https://doi.org/10.1016/j.matlet.2022.132943
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0005
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0005
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0005
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0010
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0010
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0010
https://doi.org/10.1002/ADFM.201901407
https://doi.org/10.1002/ADFM.201901407
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0020
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0020
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0020
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0020
https://doi.org/10.1016/J.FOODCONT.2004.06.012
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0030
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0030
http://refhub.elsevier.com/S0167-577X(22)01296-4/h0030
https://doi.org/10.1007/S10853-017-1229-9/
https://doi.org/10.1007/S10853-017-1229-9/
https://doi.org/10.7717/PEERJ.3665/SUPP-1

	Transglutaminase crosslinked sodium caseinate/starch/tri calcium phosphate based flexible sponge grafts
	1 Introduction
	2 Materials and methods
	3 Results & discussion
	4 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Appendix A Supplementary data
	References


