Final Report
Minor Research Project

Entitled
Rheology and 3D Printability of Biopolymer Hydrogel
for Tissue Engineering
Submitted by

Dr Ratan Pal Singh Randhawa

Department of Chemistry
GSSDGS Khalsa College
Patiala, Punjab (147001)

3

SELF-DECELEARTION CERTIFICATE
This is to certify that the Project entitled “Rheology and 3D Printability of
Biopolymer Hydrogel for Tissue Engineering” embodies the work carried out by Dr. Ratan Pal
Singh Randhawa himself under UGC-CPE grant. However, it significantly discusses the MCaqueous gelation phenomenon using DMA, DSC and optical microscopy. Moreover, the
thermodynamic stability of all confirmations is explained. Furthermore, the gelation mechanism
with respect to Flory and Stockmayer polymer gelation is rather, explained under variable
enthalpy.

Finally, the variation of molecular weight and concentration of MC suggest a

temperature range to be used for the bioprinting of the solutions. Furthermore, the blending of
chitosan or sodium alginate in the MC solution only induce the ease of crosslink the final printed
structure.
Project report is containing original research and has been published earlier in Polymer
Engineering and Science journal and may some of work would be published in future elsewhere.
The research meets all applicable standards with regard to the ethics of experimentation and
research integrity, and the following is being certified/declared true. As an expert concerned field,
the report has been submitted with full responsibility, following due ethical procedure, and there
is no duplicate publication, fraud, plagiarism, or concerns about animal or human
experimentation.

Dr Ratan Pal Singh Randhawa

Asst Prof in Chemistry
GSSDGS Khalsa College,
Patiala

Graphical Abstract

5

Table of Contents
Abstract

7

CHAPTER 1

8

Introduction

8

Objectives

9

CHAPTER 2
Materials and Methods

10

2.1 Materials and Sample preparation

10

2.2 Sample Characterization DMA

10

2.3 Differential Scanning Calorimetry

11

2.4 Scanning electron microscopy

11

CHAPTER 3
Results and Discussions

12

3.1 Micro-Structural Analysis

12

3.2 Frequency Scan

16

3.3 DSC Studies

26

3.4 3.4 Printability of MC solution

33

3.5 Theory of Thermal Gelation

37

3.6 Distribution of Gel network

44

3.7 Entanglements Statistics

47

CHAPTER 4
Conclusions

52

Acknowledgement

53

References

54

7

Abstract
Hydrogels have attracted a great attention as biomaterials for 3D printing due to
their soft and wet property, which make it identical to biological tissues. A printable
hydrogel needs to have low viscosity during printing and sufficient mechanical strength
after printed. So, it is ideal for a printable hydrogel to have an excellent viscoelasticity and
fast cure ability. It is also important to know whether the breakdown of crosslinks by
compressing is reversible after removing the dynamic compression force. However, in my
previous publication the rheology of methylcellulose in N, N dimethylformamide was
studied. Thus, I initiated with this project and utilize my previous knowledge of linking
rheology to extrusion and may make bioink for 3D printer.
The rheological, morphological and thermal behavior of aqueous methylcellulose
(MC) gels were investigated by optical microscope, dynamic mechanical analyzer (DMA))
and differential scanning calorimeter (DSC) The double crossover between the storage
modulus and loss modulus during the frequency scan in DMA suggests the transition from
gel to sol state. These gel networks are comprised of bead-rod structures, which is visible
under the optical microscope. Furthermore, the de-gelation mechanism of gels comprises
of the thermodynamic viable bead burst phenomenon. The re-heated samples of MC under
dynamic compression shows partial irreversibility of the MC aqueous system, indicating
the possible presence of weakly coupled random coils and helix. The phenomenon of
turbidity of MC aqueous gels is discussed with the help of a large bead model, in which
the small-sized beads present in aqueous solution collide with each other to form large
beads. These models are to be utilized for the for the extrusion process of gels from syringe.

CHAPTER 1
Introduction
The hydrogels have been used as significant biomaterials for 3D printing of three
dimensional tissues or organs. The important issue for printing an effective scaffold is the selection
of a material with a good printability. The flow behavior of hydrogels is an important parameter in
3D printability. However, the relations among rheological properties of hydrogels and 3D
printability have not been extensively studied with respect to temperature and dynamic strain. The
artificial substitute tissues and organs can be modified, which means that a patient’s own cells can
be used to redevelop substitute organs and tissues. The gelation of methylcellulose in an

aqueous and organic medium is strongly attributed to the polymer conformational
changes1-5. Moreover, these polymer conformational changes are responsible for the
formation of strong three-dimensional network structures. The 3D network further consists
of random coil-helix and bead-rod configurations and these conformational networks were
mathematically and statistically studied by many scientific groups
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. The Flory and

Stockmayer model suggest the presence of active repeating units, which may form a bond
with other active repeating units during the gelation process at a constant enthalpy. The
inverse-gelation phenomenon is rather considered to be hydrophobic and hydrophilic
associations.11-12 During heating, the MC molecules get aggregated to form junction zones,
micelles, helixes, beads, rods, core-shell, and cage-like structures.1, 13-16 However, these
conformations are schematically represented by Tanaka. The conformation of these
networks was also studied by using small-angle X-ray scattering.13 Furthermore, the beadrod structure of MC in N, N dimethylformamide was confirmed by optical microscopy and

9

by SEM.7 Earlier, many studies have been conducted on the gel properties of MC
organic/aqueous system, such as the gel temperature and gel strength using a dynamical
mechanical analyzer (under shear and compression mode). These properties are found to
be functions of the molecular weight, degree of methyl substitution, concentration, and the
presence of additives.15-16 Lotto and coworkers observed the formation of the fibrous
structure of aqueous MC gels under, cryogenic transmission electron microscopy which
was further confirmed by small-angel neutron scattering (SANS) studies.17 The process of
gelation was thermodynamically studied by Li,8 where the heat capacity at constant
pressure (Cp) during experimentation on Differential Scanning Calorimetry (DSC) was
measured to understand the entropy behavior.
As MC gels on heating, thus it is not possible to observe the microstructure of these
MC gels under scanning electron microscope and transmission electron microscope as none
of these equipment are operable at high temperature. In the present studies, we are first
time discussing the de-gelation phenomenon and its thermodynamic viability utilizing
microstructure of aqueous MC gels, observed under optical microscope. The behavior of
the MC gels under DMA and DSC further corroborates about the presence of these
microstructure in MC gels. The stability of MC aqueous system is also discussed using the
kinetic colliding model of small beads.
Objectives
1) To investigate the gelation behavior of various gels (methylcellulose, chitosan and
alginate).
2) To characterize gelation properties of material which mimic bio printed sheets.
3) To prepare the crosslink network among the sheets.

CHAPTER 2

Material and Methods
2.1 Materials and Sample preparation.
Methyl cellulose, laboratory reagent in powdered form was supplied by Labco India
(P) Ltd., New Delhi (India). The weight average molecular weights of MCs are 88000
(MC-4000) and 63000 (MC-400) with a fixed degree of substitution of 1.5. Solution of
methylcellulose is prepared in DI water, by slow addition of methylcellulose at 42 oC with
continuous stirring. The prepared solution is cooled over night at 5 oC, which is further
used for morphological, DSC and DMA studies. For controlled cooling of the solution, a
peltier system is used. The rate of cooling of a fixed concentration of the MC solution was
measured from the time taken for cooling from 80 oC to various sink temperatures.
Chitosan, a laboratory reagent in powdered form was supplied by Labco India (P) Ltd.,
New Delhi. Solution of chitosan is prepared by addition of 2 gm of chitosan is slowly added
in 100 ml of water. The solution is make acidified by addition of 10 ml of acetic acid. The
solution is allowed to stir mechanically with Remi made mechanical stirrer for 5 Hrs.
Similarly, the solution of sodium alginate is prepared in non-acidic conditions.
2.2 Sample Characterization
Rheological characterization of the MC gel in the deionized water was carried out
on a Perkin–Elmer dynamic mechanical analyzer (DMA Pyris-7e). The MC gels were
taken in a cone and the probe was pressed against the gels dynamically with a 110 mN
static force and 110 mN dynamic force at various temperatures. The dynamic viscoelastic
functions such as the storage modulus Eʹ and loss modulus Eʺ were measured as a function
of frequency.
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2.2 Differential Scanning Calorimetry
Thermal analysis of MC gels is carried out with a Perkin-Elmer differential
scanning calorimeter (DSC, Pyris-7e) with a flow of N2 at 40 ml/min. The morphology of
MC aqueous gel and solution are observed under an Optical Microscope (Future Win Joe,
Lab India made) at 600 X.
2.3 Scanning electron microscopy
The morphology of methylcellulose and methylcellulose-chitosan films (dried) are
examined using a scanning electron microscope, JSM 6100 (JEOL), equipped with a digital
image processor. Specimens are mounted on aluminum stubs and sputter coated with gold,
prior to examination under the SEM at a voltage of 5 kV, at 40 × and 60 ×.

CHAPTER 3
Results and Discussions
3.1 Micro-Structural Analysis
Figure 1 (a), (b) and (c) represents the microstructural images of MC 5 wt % MC4000 in aqueous medium at 45, 50 and 55 oC, respectively. It is observed from Figure 1
that, the MC aqueous system consists of micro-configurational arrangements such as beads,
bead-cluster interconnected beads, rods and rod array. It is also observed from Figure 1a
and b, that these beads are combining upon heating at 50 oC followed by agglomeration to
form rods at 55 oC (Figure 1 c). The average size of the beads at the initial stage is 2 m
at 45 oC and 3.5 m at 50 oC. Moreover, the cloud point of the MC solution is observed at
50oC. Thus, it is predicted that the increase in the size of the bead with temperature may
induce the turbidity in MC aqueous system. However, the thick turbid gel which was
formed during heating comprises of strongly associated rods and beads (Figure 1b, 1c). On
the other hand, nano-helix like arrangements in MC-DMF gel was observed during X-ray
diffraction (XRD) studies with crystallite size 54 and 15 nm.7 In aqueous MC gels, the
size of helix observed during cryogenic transmission electron microscopy is similar (15
nm) to that of XRD results of above-stated DMF gels.17
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Figure 1 Morphology of methylcellulose aqueous solution 5 wt % of MC-4000 at 45 oC
under optical microscope. (a) Associating beads. (b) Formation of larger bead
and (c) Presence of rod structure.
Figure 1 (d) and (e) represent the optical images of MC-aqueous gel at 38 oC (during
cooling from 50 oC). It is evident from these images that, during cooling, the rods revert
to form beads. However, it is also observed from Figure 1 d and 1e that the bursting of
beads takes place during gel-sol transformation. Since, the bead consists of helixes,17
during a de-gelation process; the entropy of sol state is greater than the gel state. Therefore,
the randomness of the MC molecule present inside the beads develops a high pressure (due
to successive collision), which is responsible for the sudden burst of the bead. Furthermore,
the hydrophobic groups may repeal each other during cooling.

Figure 1 (d) (e) Collapsing of a bead of 2 wt % of MC-4000 at 38 oC during cooling under
optical microscope. The circle in the original picture is drawn to locate the
bead burst phenomenon.
This may induce high pressure, resulting in a burst of beads to the sol state. The gelation
mechanism of MC in aqueous media is relatively different from that of the DMF system
where a transparent gel was formed and no bead burst phenomenon was
reported. Moreover, the turbidity of the MC aqueous solution during heating is due to the
increase in the size of the bead. Figure 2 is the optical image, showing an amalgamation
of two beads to form a single bead (10 m). On the other hand, the amalgamation of beads
to form larger-bead was not observed in MC-DMF gels under optical microscope7, 14-15 and
SEM.16 In comparison to MC aqueous system, the gelation of MC-DMF is due to polymer
conformational changes during cooling.
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Figure 2 Morphology of the formation of large-sized bead formed during collision of small
beads at 60 oC for 5 wt % MC-4000.
Therefore, the internal energy is decreased resulting in the drop in entropy and thus, the
kinetic energy of beads may not be sufficient to collide to form the larger bead. So, the
combination of beads manifests the formation of rods, leading to the formation of further
strong gel network.14-17, 19

Figure 3. Variation of Dynamic Strain with temperature of different molecular weight of
5 wt % of MC-aqueous gels.

3.2 Frequency Scan
Figure 3 illustrates the plot between the dynamic strain and frequency for 5 wt %
aqueous MC gels at 50 oC. It is observed from Figure 3 that the strain first increases with
an increase in frequency, reaches a peak and then decays to zero strain for all of the
samples. It is observed that for 5 wt % MC 25 (MW 17000), MC 1500 (MW 63000), the
peak appears at 3 and 3.6 Hz, respectively. Whereas the peaks for 5 wt % MC 4000 (MW
88000) and reheated 5 wt %, MC 4000 appear at 12.7 and 13 Hz, respectively, indicating
lesser strength of the gel network of MC-1500 and MC-25 in comparison to that for MC4000. On the other hand, the peak heights (in absolute scale) of MC-25 and MC-1500 are
much higher than those of MC-4000 and preheated MC 4000. In comparison to the gels
of MC-4000, MC-25 and MC-1500 consist of less numbers of helixes and junction zones;
the presence of the number of beads and rods is even very few (high molecular weight has
more helixes and junction zones).7 The higher peak height indicates the requirement of
higher strain, resulting from the penetration and attachment of dynamic strainer (probe)
with the low strength gels of low molecular weight polymers (MC 25 and MC 1500) at a
particular frequency.
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Figure 4 (a) Plot between Storage and Loss Modulus as a function of frequency Hz for 5
wt % MC-4000 gel at 50 oC.
The reduction of strain after the attainment of the maxima indicates a complete breakage
of the gel network, leaving aside only small beads of MC 25 and MC 1500. The sharpness
of the peak for MC 4000 and MC 4000 (reheated) gels is less comparison to MC 25 and
MC 1500. This is possibly due to the breakage of less number of beads and rods, thus
maintaining sufficient strength of the gels and preventing penetration and sticking of the
dynamic strainer.

Figure 4 (b) Plot between Storage and Loss Modulus as a function of frequency Hz for 5
wt % MC-1500 gel at 50 oC
The frequencies required to break beads are less than that of the rods and interconnected
rods (formed by the association of beads). Furthermore, the truncated height at the higher
frequency for MC-4000 indicates the transition gel to a sol state. The high absorption
energy in terms of frequency indicates the presence of a flexible gel network (more helixes
and beads than rigid rods). The broader peak of MC-4000 reveals the possible presence of
three types of distinct networks namely helixes, beads, and rods. Thus, the initial frequency
of 9.2 Hz indicates the energy absorption for firmly associated helixes and beads of gel,
whereas, 12.7 to 23 Hz frequency indicates the energy absorption for strongly associated
network probably rods. However, the presence of the number of rods depends upon the
molecular weight, concentration, and degree of substitution. The higher molecular weight
reveals the formation of a large number of rods and a strong 3D gel network.7 Although,
it is also observed from Figure 3 that, the peak of reheated MC-4000 shifted to a slightly
higher frequency of 14.2 Hz. This shift in the peak towards higher frequency shows the
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greater tendency of gel to absorb vibrational energy (the re-heating was done in a closed
container to avoid evaporation losses). The reheating may induce the permanent
association among MC helixes which are irreversible.14 Thus, it is assumed that the weakly
associated beads may already present in the reheated MC-4000 before the second run of
the experiment. Figure 4 (a) explains the variation of Eʹ and Eʺ for MC-4000 5 wt % gel
as a function of dynamic frequency at 50 oC. It is observed from Figure 4 (a) that, both Eʹ
and Eʺ increases with an increase in frequency. Further, the double crossover is observed
at 39.7 and 42 Hz. The crossover point indicates the transition from gel to sol for MC4000 5 wt % gel at 50 oC. Two crossovers were observed during the frequency scan,
indicating the presence of the two types of the gel network. The MC gel networks are
formed in two ways, (1) weakly linked and (2) strongly associated. The energy required to
rupture these two different network gels must be different and thus requires different
frequencies for the rapture. Moreover, the difference in the two crossovers is very less in
comparison to MC-DMF gels.14-15 However, the strength of MC-aq gel depends upon the
number of rods, since MC beads get associated to form rods. Besides, during heating the
MC-beads collides to form larger-sized spherical beads (Figure 2 (10 m)), hence the
availability of beads reduces to get connected to form rods.
Figure 4 (b) shows the variation of Eʹ and Eʺ for MC-1500 5 wt % gel as a function
of dynamic frequency at 50 oC. It is observed from Figure 4 (b) that, both Eʹ and Eʺ
increases with an increase in frequency. Initially, the transition peak is observed for storage
modulus at 23 to 37 Hz, which may indicate the rapture of rods to beads. Though the
crossover point is not observed during the frequency scan, therefore, it is assumed that the
rapture of beads during the transition to the sol state doesn’t take place. Furthermore, the

low molecular weight manifests a less number of junction zones and beads in a given
volume, thus the distance between two adjacent beads is more. This the no-bead area
comprises of sol-gel equilibrium, which is flexible enough to absorb shock induced by the
vibrating probe during the frequency scan. On the other hand, the sol-gel area in MC-4000
is less, and hence the vibrational energy is absorbed by beads and rods resulting in the
rapture of beads and rods in the form of double crossover. Figure 4 (c) illustrates the
frequency sweep of 5 wt % MC-4000 gel with respect to the modulus at 80 oC. It is
observed from Figure 4 (c) that, Eʹ and Eʺ increases with an increase in frequency, followed
by an overlap (25-27 Hz) and a crossover at 36.6 Hz. It is interesting to observe the
behavior of the storage modulus curve, which gives a transition peak from 27 to 38 Hz. It
may be explained as the re-bouncing tendency of elastic beads and rods present as a 3D
network in the MC-gel.

Figure 4 (c) Plot between Storage and Loss Modulus as a function of frequency Hz for 5
wt % MC-4000 gel at 80 oC.
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However, the disintegration of these conformations may take place immediately
after the maxima (34.3 Hz) was attained. After attaining the maxima, there is a sudden
drop in the frequency, followed by a crossover of the loss modulus over storage modulus
at 36.4 Hz. Moreover, there might be some strength left in the MC gel after the crossover
point. Therefore, the transition peak is continued until 38.5 Hz. On the other hand, the
overlap attributes the equilibrium between sol-gel systems. Furthermore, the vibrational
frequency at overlap is not enough to overcome the re-bouncing tendency in MC beads and
rods. Thus, the crossover doesn’t take place immediately after the overlap. In comparison
to MC-4000 at 50 oC, the low temperature restricts the hydrophobic associations. Hence,
the transition peak is not observed during the frequency scan. On the other hand, the loss
modulus follows a similar trend as the storage modulus, signifying the loss of re-bouncing
energy during the transition. Figure 4 (d) shows the variation of Eʹ and Eʺ with dynamic
frequency for MC-1500 5 wt % gel at 80 oC. It is observed that both Eʹ and Eʺ rise with an
increase in the frequency, followed by a crossover at 36.6 Hz.

Figure 4 (d) Plot between Storage and Loss Modulus as a function of frequency Hz for 5
wt % MC-1500 gel at 80 oC
The gelation of the MC is governed by the heating. Thus, heating MC-1500 from 50 to 80
o

C (Figure 4 (b) and 4 (d)) not only increases the gel strength but also increases the

flocculation points. Since, at a relatively higher temperature, the rate of colliding of MC
beads is high, thus, the combination of two beads to form a large-sized spherical bead is
kinetically more favorable. Therefore, the multiple beads associations took place to form
rods and associated rod clusters. Also, during heating the MC undergoes strong hydrophilic
interaction (intermolecular hydrogen bonding), resulting in the formation of associated rod
network. Therefore, MC-1500 shows high strength at 80 oC. Moreover, a transition peak
is observed for storage modulus followed by a crossover point. This indicates a large
amount of energy absorption by the 3D gel network, which comprises of beads and rods
(as shown in Fig 1). If the probability of colliding helixes can be calculated, then we can
statistically predict the gelation point. However, the total number of helix formation is
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proportional to the degree of substitution, molecular weight and concentration.7 Thus, a
quasi-gel lattice model accordingly Flory and Stockmayer may be designed to understand
the thermo-reversible gelation of MC aqueous system, where the dark spheres represent
the active units of MC, and an empty sphere represents the water molecules. Initially, at a
low temperature, there may no hydrophobic/hydrophilic associations, and the solution
contains both the dark and empty spheres simultaneously (Scheme 1 (a)). Furthermore,
with increasing temperature, the dark spheres get connected to induce percolation into the
gel. Finally, the physical crosslink takes place without any phase separation, signifying
the formation of links between dark spheres and the empty spheres as presented in Scheme
1 (b to c transformation). However, the enthalpy H during the gelation process changes,
restricting the further extension of a quasi-gel lattice model according to Flory and
Huggins's theory.6,
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Scheme 2 represents the probable bound percolation of active

functional groups of MC in 3D gel network, where the colour spheres indicate the complete
percolation and network formation of active centers in the MC matrix.

Scheme 1 Quasi-gel Lattice model of gelation of MC at (a) 20 oC (b) 45 oC and (c) 60 oC.

Figure 4 (e) Plot between Storage and Loss Modulus as a function of frequency Hz for 5
wt % MC-25 gel at 80 oC
Figure 4 (e) shows the variation of Eʹ and Eʺ with dynamic frequency for MC-25 5
wt % gel at 80 oC. As shown in Figure 4 (e), an obvious distinction can be observed in
comparison with Figure 4 (a), and 4 (d). The Eʹ and Eʺ curves were not as smooth as those
for the other molecular weights (4000 and 1500), and the terminal plateau was lower,
indicating the formation of a weak gel. It seems that a crossover point for 5 wt % MC-25
is at a low frequency of 6.4 Hz. and at a low modulus at 12000 (Pa). It is, due to low gel
strength. Therefore, less amount of energy is required for the rapture of the gel network.
However, it is assumed that the low molecular weight MC gel contains beads, which are
formed by the association of helixes. Furthermore, the presence of less number of beads
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in a given volume may restrict the formation of rod conformations (nearest proximity of
two adjacent beads may be required for the agglomeration). Thus, it leads to the crossover
of storage and loss modulus at low frequency. On the other hand, the higher molecular
weight may contain more junction zones, helixes, beads and rods. Thus, high frequency is
required for the rapture of these conformations, resulting in the shift of crossover frequency
towards the higher side for the relatively high molecular weight grade of MC.

Scheme 2 Schematic representation of 3D network of MC in gel state in aqueous medium

as finite bond Percolation system.
3.3 DSC Studies
Figure 5 (a) illustrates the DSC studies for 5 wt % MC-4000. In the heating process,
a sharp peak with a peak temperature of 36.4 °C is observed, while a broad peak is observed
at 47 °C during the cooling process. The whole thermal cycle from heating to cooling
represents the thermoreversible property of MC-gel. The broad peak in DSC suggests the
transition from solution to gel state during heating and transition from gel to sol state on
subsequent cooling.

Figure 5 (a) Calorimeteric thermograms of 5 wt % MC-4000 in aqueous medium during a
thermal cycle from heating to cooling. The heating rate is 1.0 oC/min and the
cooling rate is 1.0 oC/min at concentration. The numerals in the figure
indicate the transition or characteristic temperature.
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The gelation phenomenon may be better understood by calculating the heat
capacities and entropies of the MC gel from DSC data. Figure 5 b represents the plot
between heat capacity at constant pressure and temperature. The whole curve comprises
two peaks at 24 and 38 oC, representing two types of networks. However, these networks
may absorb different thermal energy for gelation and thus, possess two entropies in MC4000 at 0.118 and -0.509 J/oC. The heating of aqueous MC solution allows in the increase
in entropy (S) of the system, thus the probability of kinetic colliding of two beads is high,
and simultaneously the hydrophobic association gets initiated. Moreover, the beads are
formed by the helixes, which are also in random motions during the heating process (S helix),
and therefore, the structure of aqueous MC beads becomes unsuitable, resulting in an
amalgamation of beads during a collision and hence stability is attained by an increase in
the volumetric parameter of the bead. However, the change in free energy (G) of aqueous
MC gel must be negative for the thermodynamic feasibility of a gelation process. Thus, it
is assumed that the entropy of the formation of a bead is negative and entropy of large-size
beads (after collision) is positive. Therefore, the thermal motions of large-sized beads are
hindered due to bulkiness, resulting in +S for large-beads. Besides, the cloud point may
indicate that beads are merging after the collision, resulting in negative entropy, and
enthalpy. The overall entropy change is the sum of four types of structural entropies i.e.
(-Shelix) + (-Sbead ) + Slarge-bead + Srod = +STotal

(1)

The positive sign in +Slarge-bead and +Srod, shows the restriction in the randomness
of MC chains.

The formation of a bead-like structure is rather considered as the

micellization, yielding in positive H. Thus, the S Total must be positive to attain -G and
thermodynamic feasibility.

Figure 5 (b) Variation of heat capacity at constant pressure Cp with temperature of 5 wt
% of MC-4000 aqueous gels during heating volume of sample is 0.52 ml.
On the other hand, the value of G is individually negative for all the probable
structures (helix, beads, large-beads, and rods). The formation of large size beads is also
thermodynamically feasible. There may be two forces contributing to the formation of
beads. The first force is the vibrational one which culminates due to the random presence
of helixes inside the bead and the second one is the balancing force, which is responsible
for the configurational stability of the smaller bead (both the forces are equal and opposite).
However, during the collision, the pressure caused by the vibration forces is dominant over
the constructional force.
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Figure 5 (c) Variation of heat capacity at constant pressure Cp with temperature of 5 wt %
of MC-4000 aqueous gels during cooling volume of sample is 0.52 ml.
Thus, to reduce the internal pressure, the outer surface of the small bead gets
merged to another bead, resulting in the formation of a large-sized bead of higher volume.
On the other hand, during the gelation of MC in DMF, the gelation occurs during cooling,
thus, the helix present inside the MC-DMF beads doesn’t have enough internal pressure to
break the configuration of the bead. Moreover, the randomness at the gel point in DMFMC is restricted due to hydrophobic and hydrophilic attractions, thus there is a negligible
probability of further collision of two beads. Therefore, no larger sized beads are formed,
resulting in the formation of transparent gel (non-turbid gel). Furthermore, during cooling,
the MC gel reverts to the sol state, indicating the reversibility of aqueous MC system.
Figure 5 (c) represents the variation of Cp with respect to temperature. It is observed from

Figure 5 (c), that there is a single broad peak, representing the gel-sol transition. This
transition curve may be sub-divided into two categories with different slops. The first part
is from 65 to 55 oC (plateau slope) and second from 55 to 45 oC (steeper slope). The first
part of the transition curve with plateau slope represents the de-coiling of the rod
conformation whereas; the second part with a steeper slope may indicate the bead burst
phenomenon.

Figure 6 (a) Calorimeteric thermograms of 5 wt % reheated MC-4000 in aqueous medium
during a thermal cycle from heating to cooling. The heating rate is 1.0 oC/min
and the cooling rate is 1.0 oC/min. The numerals in the figure indicate the
transition or characteristic temperature.
Furthermore, during cooling from 70 to 20 oC, the internal energy is uniformly
distributed among the gel. The aqueous MC gel behaves as a solid at 70 oC, therefore,
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the loss in the internal energy is decreased uniformly among associated helix, beads and
rods. Hereafter, the disintegration of helix, beads, and rods took place at the same time,
resulting in a single peak. Thermodynamically, the entropy of the respective peak is found
to be positive, indicating the increase in the random motion of the various conformations.
For the feasibility of the cooling process, the TS must be greater than the H, so that the G
(free energy) may remain negative.

Figure 6 (b) Calorimeteric thermograms of 5 wt % reheated MC-25 in aqueous medium
during a thermal cycle from heating to cooling. The heating rate is 1.0 oC/min
and the cooling rate is 1.0 oC/min. The numerals in the figure indicate the
transition or characteristic temperature.
Figure 6 (a) and (b) illustrates the DSC for 5 wt % reheated MC 4000 and MC-25,
respectively. In the complete thermal cycle, the two transitions are observed: the first one

during the heating process at 39 °C and the second one appears at 60 oC while cooling
(Figure 6 a). It is, however, discussed earlier that reheating of MC-aqueous gel results into
the formation of a much stronger gel. It is presumed that the MC chains are not completely
reverting to random coils upon cooling. Thus, the reheating of MC partial gel may generate
much stronger gel networks. Also, the broadness of the reheated peak is less than that of
the MC-4000 system (Figure 5 (a)). Therefore, it is predicted that the weakly coupled
associations of beads might be present before the thermal run. On the other hand, during
the cooling process, the entropy and enthalpy of the system are positive, leading to positive
G (H >TS). Thus, the reverting of gel to the sol state below the temperature of 45 oC is
rather thermodynamically not feasible. From Figure 6 (b) it is observed, that the MC-25
undergoes the transition from sol to gel state (33 to 54 oC) during heating and no transition
during cooling cycles. The transition from 33 to 54 oC suggests the formation of the MC
gel network. Moreover, the MC-25 consists of smaller chains (fewer number of tri-glucose
units), thus the flocculation sites present on the MC unit are less than that of MC-4000 and
MC 1500. Hence, a loosely coupled gel is formed during the heating cycle. On the other
hand, during the cooling cycle from high temperature (60 oC) to low temperature (20 oC),
the MC-25 behaves as a semi-solid, which may absorb the thermal energy uniformly,
resulting in the disintegration of weak networks without any transition peak.
. On the other hand, the sheets/ artificial tissue are prepared by the solution casting
technique, where the MC-chitosan solution (2 wt %) is allowed to dry at various
temperature. It is predicted that the 50:50 ratio of MC:chitosan is sutiable for the extrusion
of gel. Furthermore, this blended material is crosslinked with the 30 % gluteraldhyde. The
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SEM results indicate the uniformity of the tissue material. Moreover, the pure alginate
based gel is not suitable for the preparation of uniform films.

Figure 7: The SEM of crosslinked chitosan-MC blend scaffold dried at 50 oC

3.4 Printability of MC solutions
The MC 4000 aqueous solutions are investigated as a function of frequency and dynamic
strain. Figure 3 suggest the frequency range where the extrudeability of MC solutions is
possible. It is observed that, 5 wt % samples have wide range of frequency (from 0 to 15
Hz at room temperature) to get extruded through the nozzle of the 5 ml syringe. On the
other hand, the MC 1500, MC 25 has a narrow frequency range of extrudeability ranging
from 0 to 8 Hz. However, these results suggests that the amount of force accepted by the
solution without undergoing deformation. Furthermore, the stability of these solutions are
also investigated as storage/loss modulus vs frequency plots. Figure 4 (a) explains the
variation of Eʹ and Eʺ for MC-4000 5 wt % gel as a function of dynamic frequency at 50
C. It is observed from Figure 4 (a) that, both Eʹ and Eʺ increases with an increase in

o

frequency. Further, the double crossover is observed at 39.7 and 42 Hz. The crossover

point indicates the transition from gel to sol for MC-4000 5 wt % gel at 50 oC. Therefore,
the crossover point is an equilibrium point of sol-gel transition which further, suggest the
stability of MC solution to be extruded at 50oC. During the 3D-based printing process used
for extrusion, cell links of hydrogels are likely to be depleted by compression force, reduce
viscosity, and allow highly viscous hydrogels to be extracted from the print nozzle. Printed
hydrogel needs to be powered up to have a low appearance during printing but not enough
energy to work after printing. The dynamic strain rate is an important aspect for an
extrusion based printer. In this study, the range dynamic strain and modulus in the syringe
is estimated from a given piston moving speed of the 3D printer. If we consider the linear
flow of the polymeric solution without any angular force in a syringe, than the force
required may proportional to the area of cross section and storage modulus.

p(r 2 )  ( p  p)r 2  2rl

 

P
r
2L

2

where p is the pressure, τ is the stress on the surface of the cylindrical element and L is the
length of the element. Equation (2) shows the compression stress distribution across the
cross-section of syringe, whereas the compression stress being zero at the axis of the
syringe.
P
r
2L
2 L
P 
r

 

The radius of the cylinder is a constant quantity where, the length of the cylinder
consciously deceases with the time. Therefore, for any instant of time the storage modulus
is proportional to the pressure exerted on the MC solution. On the other, hand the crossover
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point is the equilibrium point where loss and storage modulus become equal, explaining
the extrudeability of the bio ink. Finally, the variation of molecular weight and
concentration of MC suggest the exert temperature to be used for the bioprinting of the
solution. Furthermore, the blending of chitosan or sodium alginate in the MC solution only
induce the ease of crosslink the final printed structure.

Figure 8
Figure 8 illustrate the temperature sweep of 2 wt % MC-CHI (50:50) blend with respect to
the storage and loss modulus. It is observed from Figure 8, the there is no notable change
in the graph until 60 oC. Afterward, there is a sharp increase in the loss factor G″, resulting
in the crossover at 61.23 oC, indicating the gel point of the system. These graph suggest
that there is no effect on the rheological properties of MC on addition of large amount of
chitosan. Thus, the flow properties of are to be calculated as pure MC. Moreover, the
chitosan solution was avoided due to its acidic nature may tarnish the equipment.

Figure 5 (a) illustrates the DSC studies for 5 wt % MC-4000. In the heating process, a
sharp peak with a peak temperature of 36.4 °C is observed, while a broad peak is observed
at 47 °C during the cooling process. The whole thermal cycle from heating to cooling
represents the thermoreversible property of MC-gel. The broad peak in DSC suggests the
transition from solution to gel state during heating and transition from gel to sol state on
subsequent cooling. Figure 6 (a) and (b) illustrates the DSC for 5 wt % reheated MC 4000
and MC-25, respectively. In the complete thermal cycle, the two transitions are observed:
the first one during the heating process at 39 °C and the second one appears at 60 oC while
cooling (Figure 6 a). The all graphs of DSC suggest the gelation point of the MC in aqueous
medium. The idea behind the DSC results is to know the gel transition. The MC aqueous
solutions just before gel point are used for the proper extrusion process. However, at low
temperature the MC behaves as Newtonian fluid, thus the stability of the 3D tissue is not
feasible.
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Figure 9
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Figure 9 represent the DSC thermograms of MC-CHI 50:50 blend scaffold. It is observed
from the Figure 9, that there is single transition peak, indicating the miscibility of the two
blends. Therefore, it is necessary to blend MC with other biopolymer so that a suitable
bioink as well as tissue is possible.
3.5 Theory of Thermal Gelation
The gel are the three dimensional entangled network of polymeric molecules. The
highly ordered gel network may be regarded as finite crystal. However, scientists has
developed various theories on crystlization and gelation. Besides, there is no theory,
explaining the interconnection of gels with finite crystals. The thermodynamic probability
is given by

s  klnw

(3)

Where w is thermodynamic probability, S is statistical entropy, and k is Boltzmann
constant. If we consider the polymeric molecules in an isolated gaseous state, than the
probability of gelation or agglomeration is given by the ratio of molecules of higher energy
to total number.
 Ei

P

Ni

N

g i e kT

g e
i

 Ei
kT

(4)

Let us consider a polymeric system where the N number of molecules are connected
continuously such that m number of identical monomers are connected. The Cayley tree
statics is given by

z[( z  1) g  1]
Carsten N ( g ) 
z2

(5)

Scheme 3
In the simplest case of gelation the we consider the f n functional monomers (f≠0). Since,
the consideration of f-functional monomers limits the formation of 3D network. Rather it
may form linear network. If n approaches to zero n→0 than fn = 1, only one liner network
exists, which is the repeating unit. On the other hand, if
Network parameter (ζ) = fn

(6)

Ln ζ = n ln f

(7)

n→1, fn = f, and f→1, fn = 1

(8)

n→2, fn = f2 and f→1, fn = 2, f→2, fn = 4,

(9)

Where n is the functionality of monomer, therefore, it may have maximum value of 3.
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The value 2 corresponds to the various combinations by which two functional monomer
may combine. Let us consider two functional monomers f x and fy with fx1, fx2 and fy1, fy2
functional groups. The fx combinations with fy are given by Scheme 3.
fx1-fy1 and, fx2-fy2, or fx1-fy2 and, fx2-fy1

(10)

Therefore, it provide us the freedom of attaching the functional groups with each other. If
we further increase the value of n to 3, 4, or 5 an entangled network is expected.
n→3, fn = f3 and f =23= 8

(11)

This means a monomer with functionality 3 can forms eight type of networks in Free State.
However, if monomers are the part of a polymeric chain, than the one of the bond is
permanent and we have to neglect two combining options (one for each monomer). Thus,
fn-2 would be batter, for two monomers.
For example, during the gelation of MC in DMF;
If f = 2 and n = 3, than there are fn-f = 6 network formations (Scheme 4).
If f = 3 and n remains constant i.e. 3 than there are 24 possible networks may form.
Therefore, if f = 482, than there are 11.9 x 107 networks in MC-4000. These huge networks
are only possible if we considering loop formation.
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Figure 8 illustrates the various networks formed during the gelation of MC in DMF with
respect to the molecular weight of MC. However, these networks are to be considered for
single polymeric chain. In present model, 3D gelation network even if the functionality of
monomer is 2. However, beyond ‘2’ functionality, no possible gelation may occur.
Furthermore, the higher f values does’t exist, thus the probability of percolation is
restricted. Eventually, it also, allows us to design a simple model having loop parameters.
For the loop parameters, the Flory equations are reconsiders which results as:

w f  f 1  p  p f 1
m

(12)

Where w, is the weight fraction of the species composed of ‘f’ functional units, p is the
fraction of the functional group which have undergoes loop transformation (all f are not
involved in loop formation) and m is the loop parameter that explains the distribution of
loop units. However, m → 1 contributes towards the association of two molecules (n =2
and f=2 see equation 10).
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If m = 1, f=2 than

w2  2(1  p) p,
If p equals 1, 2, 3, ………
W2 = 4, 12, 24
If m = 2,

1  p 2  1  2 p  2(2  1) p

2

2!

(16)

= 1 + 2p + p2
x = 1, W2 = 2(1 + 2p + p2)p
If p equals 1, 2, 3, ………
W2= 8, 40, 96, ……

(17)

However, the large number of network connection are formed if f→ 2 and m =2,
indicating the loop formation among the molecules. The smallest loop between two
adjacent MC groups is intermolecular H-bonding of pendent –CH2OH. For single loop
formation in MC x = 2 and m must be 1. Therefore, assuming p = 1 ensure the four network
formations namely inreramolecular H-Bonding among O and H (Scheme 4). On the other
hand, p = 2 signifies 12 bond percolations.

H3CO

C N
H O
O H H3CO
O
O
O
O
H

OCH3
O

OH

Methylcellulose in DMF

Scheme 4
Moreover, the W2 may not form 12 percolations; it is explained as the loop
limitation. The formation of and disintegration of the loops may simultaneously exist at
equilibrium. Therefore, a large type loop is disintegrating into two loops of same size. In
addition, these loops may undergo the transition to from loop to no-loop gel regime. The
formation of first on first monomers loop limits the loop extension of second. This can be
treated as two persons having two hands, If they connect with one another hand than the
probability of having another connection is restricted to one hand of person 1 and second
hand of person 2, it means once we complete the cyclic structure, the further propagation
of loop is not possible. Therefore 1-p signifies the link between the adjacent monomers,
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whereas, the 1+p considers the intera-molecular interactions. Hereafter, the O in MC
molecule has two negative clouds, which may attract the two H atoms to form four links
(two sigma and two H bonds). Thus, 1+p notation allows us to consider the agglomeration
of cyclic loops to form beads-rod structure.

Scheme 5
In addition, the Cayley-tree statistic is modified as Cayley sphere, where the infinite
loops are possible, without altering the fundamental work (Scheme 5).

Scheme 5

represents the Cayley tree-sphere formation during the gelation of MC in DMF. In this
statistics there may exist a limiting force, which restrict the size of sphere. Moreover,
during the gelation studies of MC in DMF, the average size of a spherical confirmation is

2.5 m (at different concentration and molecular weight). In this article, we would consider
the probability of sphere formation would be greater than zero. Let it be assumed, for the
present that there exists a certain probability α that any given one of the functional groups
of a branch unit leads, via a sequence of bifunctional units, to another branch, rather than
to a terminal group. That is, α is taken to be the probability that any given chain extending
outward from one of the sphere in Scheme ends in a branch on the next sphere.
3.6 Distribution of Gel network
Let there are ‘f’ number of functional monomers involved in the gelation in ‘n’
groups in gelation sites.
According to Maxwell Boltzmann Statistic

Arrangments 
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These gelation sites g has sub sites C. Where, C signifies the Cayley–tree-sphere
an association of f monomers. Therefore, the total multiplicity includes the arrangements
of Ci sub sites.
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However, the concentration of the system is constant, thus the total number of
functional monomers f is constant. Therefore, we may apply the Striling’s approximation
at constant temperature (thermal equilibrium).
ln .Q  ln f !  ln C i   ln f i !
fi

ln Q  f ln f  f   f i ln f i   f i   ln C i

fi

(21)

We know Ʃ fi = f
Thus, ln Q  f ln f   f i ln f i  ln Ci

fi

(22)

Solving

ln Ci  ln f i    Ei  0
ln

fi
   Ei
Ci

(23)

fi
  E
e i
Ci
If we consider the value of α and β from MB distribution law, than it is possible to
calculate the Ci state.
α = /kT and β = 1/kT

(24)

Where ‘’ is chemical potential of the system, k Boltzmann constant and T is
temperature in Kelvin scale.

The

fi
 ( E   ) / kT
e
the activation energy associated is the energy at gel point.
Ci

During the gelation studied of MC in DMF the gel point varies with molecular weight and

concentration. Therefore, it is possible to calculate the total number of functional
monomers in a given volume. In MC-4000 the viscosity average molecular weight if 88000
containing 482 monomeric units, and having 14 ×109 helix in 3 wt % MC [ ].
fi= 482, Ci = 14 ×109
ln 482/14 –9ln10
3.5 -20.73 =-17.22
(E-) =17.22 ×1.38 ×10-23× 300
= 71.30 × 10-21 J

(25)

At equilibrium, the change in entropy with respect to the number of functional
monomers equals to the chemical potential.
 S Total 


 i
 f i  P ,T ....

(26)

Since, the numbers of functional monomers are high and entropy at gel point is
small. Therefore, the chemical potential ‘i’ is near to zero.
i ≈ 0
On the other hand, if we consider active and inactive functional groups, than df i is
not equal to a constant quantity. The active functional groups are those groups, which
participates in the gel formation.
During the thermal gelation of MC in aqueous medium the temperature, initiate the
activity of functional monomers to get agglomerates.
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Therefore, number of active and inactive functional monomers
Energy, E ≈ 71.30 × 10-21
3.7 Entanglements Statistics
The gelation network consists of two things, namely confirmations and entangled
non-conformational regime.

Figure 9 (a) The three dimensional association of 24 molecules of MC in a periodic box
(where red spheres represents oxygen, blue spheres carbon and white one hydrogen).
The conformation contains helix, loops and rod agglomeration Figure 9 (a). Figure 9 (a)
represents the molecular arrangements of 24 MC repeating units in a periodic box (32 Å)
containing water molecules for salvation (Energy = -2243 kcal/mol).

The regular

arrangement of these conformations makes them visible under SEM and XRD [ ] (Figure
9 (b)). Moreover, the loop formation may be visualized as top view of helix in Figure 9
(c). On the other hand, non-loop macromolecules agglomerate one upon another to form

bootstrap network. During the thermal gelation process, the MC chains contain cis-trans
geometry Scheme 6. The bond length of macromolecules may remain unaltered during the
vibrations of MC molecules in water whereas; the bond angle may change (Torrosion angle
between C-O-C (117.195)), resulting in the alteration in geometrical conformations to form
more

stable

helix

structure

(Energy

=

-2243

Figure 9 b Double helix structure of MC molecules

Figure 9 c. Top view of MC helix structure.

kcal/mol).
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The MC in solution state contains inter and interamolecular flexible H bonding, which
allow the rotation of molecules and hence the conformational change continues to form
small helixical structures.

Scheme 6 The Cis-trans arrangement of MC
Hereafter, upon heating the intramolecular H bonding get reduced, resulting in the
restriction of rotation of bonds and molecules. Therefore, the helix shape allow nonneighbouring -OH groups of MC to get interconnected to form H bounded gel network.
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Figure 10. FTIR of dried MC films

Figure 4 (FTIR) illustrates the intermolecular and intramolecular H bonding among the –
OH groups of MC and water.

Scheme 6 a Cis 3D geometry of MC molecule
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Scheme 6 b Trans 3D geometry of MC molecules.
The heat dried MC film at 70 oC contain more H-bonding than MC dried at 27, indicates
the increases in the non-neighbouring intramolecular H bonding.

Furthermore, the

entanglement also depends on the orientation of molecules. The gauche conformation may
allow molecules to form small globules and trans molecules may results in the formation
of long rigid rods.

CHAPTER 4
Conclusions
The gelation and de-gelation of MC in the aqueous medium were investigated
particularly; during the de-gelation phenomenon, the MC-gel undergoes micro
conformational transition. Where rod-like clusters disintegrated to beads and beads
undergoes collapse to sol state. On the other hand, during heating, the turbidity is
justified by an amalgamation of micro-beads following a kinetically colliding
mechanism and finally form large size bead. The thermal motions of large-sized beads
are restricted due to bulkiness, resulting in +S for large-beads. Besides, the cloud point
may indicate that beads are merging after the collision, resulting in negative entropy
and enthalpy. The dynamic strain experiment suggests the relaxation of aqueous MC
gels, where higher molecular weight MC shows stiffer entanglements than low
molecular weight MC solutions. These entanglements are observable under optical
microscopy. The double crossover in DMA confirms the (1) weakly linked and (2)
strongly associated three-dimensional entangled network. The energy required to
rupture these two different network gels must be different and thus requires different
frequencies for the rapture. Moreover, the sub-division of the transition curve in the
DSC experiment represents the de-coiling of the rod conformation whereas; the second
part with a steeper slope may indicate the bead burst phenomenon. Finally, the DMA,
DSC and thermodynamic parameters justify the formation of dual-network
entanglements. The dynamic strain experiment suggests the relaxation of aqueous MC
gels, where higher molecular weight MC shows stiffer entanglements than low-
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molecular-weight MC solutions. It also shows the ease of extrudibility of MC gel at
the peak of strain experiment. On the other hand, the sheets/ artificial tissue are
prepared by the solution casting technique, where the MC-chitosan solution (2 wt %)
is allowed to dry at various temperature. It is predicted that the 90:10 ratio of
MC:chitoran is sutiable for the extrusion of gel. Furthermore, this blended material is
crosslinked with the 30 % gluteraldhyde. The SEM results indicate the uniformity of
the tissue material. Moreover, the pure alginate based gel is not suitable for the
preparation of uniform films. In addition to above objectives, one more crosslinking
technique was developed. The MC-chitosan solution is allowed to gel at 50 oC
afterwards, followed by controlled crosslinking to get transparent mussel-like material.
From the above report, it is concluded that both of the objectives which were purposed
initially at the time of applying this minor research project are successfully completed
and published in a journal of high repute (attached). Further, the rheological studied
on mussel like polymer-gels can be performed. This new material is not reported
elsewhere, therefore continuing research in this area would be a breakthrough in the
artificial mussel engineering.
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