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Polyacrylonitrile (PAN) gel was prepared by the freezing and thawing method using the 
solvents of N,N-dimethylacetamide (DMA) and tetramethylene sulfone(sulfolane).   The 
gelation time after a series of freezing and thawing was examined with varying PAN 
concentration of DMA solution and the freezing time.  Dynamic viscoelasticity was measured 
in the course of gelation for DMA solution to observe the intermediate state called as the 
critical gel.   Double endothermic peaks appeared in the heating DSC scans for gels prepared 
from sulfolane solutions.           
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1. INTRODUCTION     
  Polyacrylonitrile(PAN) and related copolymers 
have wide practical application.[1]  In the 
industrial process PAN is well dissolved in good 
solvent, and then, goes through the injection 
moulding process with a nonsolvent to give spun 
manufactures.   PAN solution forms gel in the 
coagulation bath during the spinning process.   
It is of interest to grasp the gelation of PAN 
solution extensively.   Although, it is a well- 
known fact that PAN solution exhibit gelation for 
several solvents, there is hardly any research 
works for gels synthesized using freezing- 
thawing method.  That is, a gel can be obtained 
when the PAN solution is left undisturbed, which 
is called as an ageing process in this experiment, 
after a series of freezing and thawing.   
Gelation by freezing and thawing takes place for 
limited solvents.  Gels formed turn reversibly to 
sols by heating, therefore, it is a physical gel.   
The time of the ageing process required for 
gelation depends on the freezing temperature, 
freezing time, the cycles of freezing-thawing, 
ageing temperature, etc.  The elasticity of the 
resultant gel is also influenced by these factors.    
   Although we have presented dynamic visco- 
elasticity data for the solution of PAN and N, 
N-dimethylacetamide in the previous paper, the 
experimental results were insufficient.[2]  The 
main problem was in the freezing process of 
around -60°C which was unstable for the long 
time ~20h.   Because of the unstable freezing 
process, the reproducibility was low, and 
reinvestigations have been desired.  In addition, 
the effect of concentration on gelation in the 
freezing-thawing method is not explored.  
Conversely, it was successfully found in the 
previous paper that the long ageing time required 
for gelation is suitable to the viscoelastic 
measurement during sol-gel transition.   The 
long gelation time effectively decouples the 

frequency dependence and time dependence of the 
fluid properties, which enables us to obtain the 
complex moduli of G’ and G” with a conventional 
frequency sweep technique as the system 
structure evolves.    
   In this work, we attempted to improve 
experimental conditions.  Also, the solution of 
slightly higher concentration was prepared to 
match rheological measurements.    
 
2. EXPERIMENTAL 
   Polyacrylonitrile powdered sample, prepared 
by dispersion polymerisation, was supplied by 
Mitsubishi Rayon Co., Ltd.   The viscosity 
average molecular weight was determined to be 
M =1.3×105 using the following equation.   
     [] = 3.35×10−4 × M 0.72   (1)   
N,N-dimethylacetamide(DMA)and tetramethylene 
sulfone(sulfolane) were purchased from Nacalai 
tesque, Inc. and Sigma-Aldrich, respectively.    
   Dynamic viscoelasticity data was acquired by 
dynamic rheometer of ARES 100FRT-FRTN1 
(Rheometric Scientific) which is equipped with 
two force transducers allowing the torque 
measurement to range from 0.004 to 100gmcm.  
The geometry utilised is the parallel plates of 
40mm.   The shear storage modulus(G’) and 
loss modulus(G”) were measured as a function of 
the angular frequency) at a constant tempera- 
ture of 25°C.   For each frequency sweep test, a 
suitable shear amplitude,, was used to keep the 
linear viscoelasticity regime. The parallel plates 
were weighed before and after the measurement 
to estimate the evaporation of DMA.  As a result, 
around 1–8% of DMA decreased during the 
measurement as long as 56h.    
   DSC heating scans were conducted with 
SEIKO DSC200, the module was slightly 
modified to enable the scanning of the large DSC 
cup.  Aluminium sample cups of 7L were 
used.   The gel sample was cut to be contained 
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in the cup; the weight of the sample was ranged 
from 50 to 82mg.  DMA and sulfolane have 
freezing points of –20 and 27.5°C respectively.   
In fact, very large endothermic peaks appear in 
–27 and 11°C for gel samples of DMA and 
sulfolane, respectively, in the heating scan.   
On the contrary, a small broad peak can be 
observed in response to the melting of gel.   
   The preparation of the solution of low 
concentration (c<c.a.3%) is straightforward, 
however, that of high concentration (c>c.a.10%) 
is a little complicated.   At first, PAN powder 
was slurried with an appropriate amount of DMA 
by stirring at room temperature, which was then 
heated to 100°C using an oil bath 30min to turn 
to a homogeneous solution.   Afterwards, the 
sample was kept in a water bath of 25°C 5min, 
and soaked into a cool methanol bath of –50°C 
for freezing.   The freezing time(tF) of the 
sample is the period of soaking in methanol.  
After a given tF, the sample was moved to a water 
bath of 25°C, 5min to thaw.  The measurement 
of ageing time(tA) starts with the end of this 5min 
thawing.   The length of time for the solution to 
reach from 25 to –50°C in freezing was 13min, 
and that to reach from –50 to 25°C in thawing 
was 3min.    
   In the viscoelastic measurement, the sample 
was transferred after the 5min thawing to the 
parallel plates cell of 25°C.   The viscoelastic 
measurement was carried out as a function of tA .   
The solution in freezing is opaque while it is 
transparent after it thaws.         
 
3. RESULTS AND DISCUSSION    
Sol-Gel Transition of PAN Solution   
   The time of ageing process required for 
gelation was measured by the inverse test tube 
method for 15 and 16% PAN solution of various 
freezing time.   The test tube containing the 
sample solution was kept in the bath of 25°C after 
it thawed, and turned inversely to observe 
gelation in every 2 hours.  The inner diameter of 
the test tube is 12mm.   Figure 1 shows the 
relation of freezing time(tF) and the ageing time 
required for gelation.   tF required for gelation 
differ approximately 10 times between 15% and 
16% solutions.  The longer freezing time 
presumably results in the larger error bar 
appeared in the plot of 15% solution.   Large 
fluctuations are conceivable in the size and 
rigidity of junctions for such a long freezing.  
Alternatively, the experimental condition used in 
this study might still not be enough to give a 
stable cooling temperature.   When the solution 
was frozen more than c.a. 200h, the solution 
already gelled at the time of thawing.  
  The ageing time of gelation decreased linearly 
with tF for 16% solution.  As for solutions 
higher than the concentration of 17%, they 
already gelled at the time of thawing with the 
freezing of only 30min.   Further, the solutions 
higher than 22% gelled even without freezing.    
   DSC scans were carried out to acquire the 
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Figure 1.  The relationship between freezing 
time and ageing time for gelation of (a) 15%, (b) 
16%, PAN-DMA solution, determined by the 
inverse test tube method 
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Figure 2.  DSC curves of various heating rates 
for 30% PAN–sulfolane gels.   Numbers denote 
the heating rates in ºC/min.   The vertical bar 
inside the figure shows the heatflow of 400W. 
 
 
data of network formation.   Neither the heating 
nor the cooling scan showed peaks in DSC data 
for gels of DMA in the concentration of 20–25%.   
However, obvious peaks appeared in the heating 
scans for gels of sulfolane.  The gelation 
behaviour for sulfolane solutions depends on the 
concentration like DMA solutions; that is, low 
concentration solution gels as it experiences the 
freezing and thawing while the solution of high 

concentration, c≥c.a.15%, gels without the 
freezing and thawing.    
   Figure 2 shows the results of heating DSC 
scans of various rates for 30% gels of sulfolane.   
A broad peak appeared in the temperature range 
from 80 to 170ºC, which corresponded with the 
heat of melting of H=4.1J/g, almost independent 
of the heating rate.   The peak temperature 
shifts little as the decrease in scan rate, which is 
in consistent with other gel samples seen in 
literature.[3,4]      
   Sub-DSC peaks can be found around 60ºC.   
The pioneering works have already been reported 
concerning DSC data of PAN gels; where double 
peaks are seen for gels of propylene carbonate. 
[5,6]   The DSC peaks were assigned with 
crystallisation and melting in the report of Bashir.  
However, an obvious crystalline formation was 
not reported in the recent research works using 
SAXS for gels of mixed solvents of DMSO and 
water.[7]  We cannot give the plain comparison 
between these data because of the difference in 
solvents of gel samples.       
   The result of no DSC peak found for gel of 
DMA might be interpretable taking account of the 
boiling point of solvents; they are 165ºC and 
285ºC for DMA and sulfolane, respectively.   If 
the temperature of gel melting is higher than 165 
ºC, it would account for the result of no DSC 
peak in the gel of DMA.       
    
Dynamic Viscoelasticity of Sol-Gel Transition   
  Viscoelastic measurement was carried out for 
the solution of 16% right after the thawing to 
observe how the freezing process affects DMA 
solution (see Figure 3).   The samples were 
frozen for 0–4h, tF=0 means no freezing, and 
brought back to water bath of 25ºC; right after 
they thawed, the samples were transferred to the 
parallel plates. 
   G’ was double logarithmically plotted against 
 in Figure 3.  The acquired data almost follow 
liquidlike behaviour of G’()~2 as →0, which 
is often called as the terminal flow.  The 
frequency range where it appears shifts to lower 
side as the increase in tF, showing the effect of 
freezing, and thus the evolution of sol-gel 
transition.   Few examples can be found in the 
literatures for the relation between the evolution 
of gelation and the frequency shift of terminal 
flow.[8-11] However, these few papers give us 
interesting information concerning the 
viscoelastic properties and the growth of network 
formation, in particular, the increase in the extent 
of bifurcation.    
   It can be said that the frequency shift 
appeared in Figure 3 shows the increase in the 
extent of bifurcation which comes from the 
junction formation by PAN chain.   The longer 
tF is, the more accelerates the junction formation.   
The number of junctions increases rapidly during 
thawing; as a result, it enhances the extent of 
bifurcation.   The extent of bifurcation can be 
estimated by the steady state compliance (Jpol)  
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Figure. 3. Storage modulus(G’) of 16%PAN– 
DMA solution right after the thawing process.   
The freezing times of samples are shown inside 
the figure.  
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Figure 4  Storage modulus G’ and loss modulus 
G” of DMA solution of tF=3h as a function of 
angular frequency  for various ageing times(tA) 
as indicated. 
 
written in eq.(2).[11] s is the viscosity of DMA. 
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Values of Jpol= 0.020–0.30Pa-1 could be obtained.   
They increased with tF, showing that the 
bifurcation was enhanced as the freezing time 
was extended.     
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concentration, c≥c.a.15%, gels without the 
freezing and thawing.    
   Figure 2 shows the results of heating DSC 
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the temperature of gel melting is higher than 165 
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peak in the gel of DMA.       
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side as the increase in tF, showing the effect of 
freezing, and thus the evolution of sol-gel 
transition.   Few examples can be found in the 
literatures for the relation between the evolution 
of gelation and the frequency shift of terminal 
flow.[8-11] However, these few papers give us 
interesting information concerning the 
viscoelastic properties and the growth of network 
formation, in particular, the increase in the extent 
of bifurcation.    
   It can be said that the frequency shift 
appeared in Figure 3 shows the increase in the 
extent of bifurcation which comes from the 
junction formation by PAN chain.   The longer 
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The number of junctions increases rapidly during 
thawing; as a result, it enhances the extent of 
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Figure. 3. Storage modulus(G’) of 16%PAN– 
DMA solution right after the thawing process.   
The freezing times of samples are shown inside 
the figure.  
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G” of DMA solution of tF=3h as a function of 
angular frequency  for various ageing times(tA) 
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Values of Jpol= 0.020–0.30Pa-1 could be obtained.   
They increased with tF, showing that the 
bifurcation was enhanced as the freezing time 
was extended.     
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   G’ and G” data were acquired in the course of 
the ageing process for DMA solutions of various 
tF.  The viscoelastic behaviour varied with the 
increase in tA.   The data were shown in Figure 
4 as the double logarithmic plot for the solution 
of tF= 3h , which is liquidlike at tA=0h as shown 
by the following relations. 

G’()~2 , G”()~ as →0   (3) 
The deviation from this relations becomes 
significant as the gelation progresses. The slopes 
of both G’vs  and G”vs  plots in lower 
frequency region decreased with the increase in 
tA.  They would take a common value at a given 
tA.  The slope of G’vs  plot in lower frequency 
region decreased further and reached to 0, which 
is often called as plateau modulus and related 
with the solidlike behaviour.   Also plateau 
value can be observed for G” of tA=2800min.  
Therefore, the liquid – solid transition took place 
during the course of time and the power law 
behaviour of G’(), G”() ~n could be observed.  
The fact of G’(), G”() ~n is also confirmed 
by constructing the plot of tan vs  for DMA 
solution of tF=3h, which ensures the frequency 
independence of the loss tangent at tA=660m.(see 
Figure 5.)  The similar viscoelastic behaviour 
was observed for DMA solutions of different 
freezing time.    
   The data of G’(), G”() ~n reflect the 
transient structure which is called as the critical 
gel (the polymer at the gel point).[12]   It is of 
interest that tan at the critical gel is larger than 
one; in other words, G” is larger than G’ at gel 
point. It attracts great attention from a 
rheological point of view whether or not the gel 
flows by its own weight at this instance, which is 
one of the future works.  tA of gelation 
determined by the inverse test tube method 
described above might mean the gel sample which 
has already passed through the critical gel.  
   The relaxation index, n was determined to be 
0.85, almost independent of tF.  n relates the 
geometry of network and its strength at the gel 
point.[12]  Many research works already 
reported n value for different gels.[12-15] The 
value of n=0.85 obtained in this work is relatively 
large in comparison with other polymer.  That is, 
the intermediate state of PAN–DMA gel is more 
liquidlike one.    
   We have to look back the result that n was 
independent of tF.   It is shown from Figure 3 
that, the junctions at the time of the end of 
thawing increases as the increase in tF. However, 
tF doesn’t influences the strength of the network 
at the gel point.   Although the increase in tF 
gains the speed of junction formation, and hence 
the speed of network formation, its viscoelastic 
properties will not be influenced by tF.  It is not 
clear what happens molecularly while the solution 
is frozen, for the motion of PAN molecule must 
be lost while freezing.    
  As a speculation, the thawing process plants 
the seeds which causes the junction formation in 
the ageing process.   The junction formation is 

so slow for the short tF that the increases in both 
G’ and G” are discernible.  It is necessary to 
clarify experimentally these speculations.    

     
Figure 5.  The loss tangent (tan) versus 
frequency at different ageing time (tA) for DMA 
solution of tF=3h. Different symbols depict tA in 
min.; 0(◊), 180(▽ ), 420(□), 540(△ ), 660(○), 
720(▲ ), 1020(■), 1380(●), The estimated tA of 
gelation is 660m(○).   
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As the field of regenerative medicine based on stem cell engineering starts to play the important 
role in the new generation of bioengineering, the cells are starting to be treated as one of the 
materials to be controlled and optimized rather than those to be observed.  Temporal and spatial 
encapsulation of the cells by the hydrogels are getting an attention as a novel way to handle cells 
in the three dimensional condition.  In this study, cytocompatible and reversible phospholipid 
polymer hydrogels were prepared by mixing the aqueous solutions of 
poly(2-methacryloyloxyethyl phosphorylcholine-co-n-butyl methacrylate-
-co-p-vinylphenylboronic acid) (PMBV) and poly(vinyl alcohol) (PVA).  The murine 
pluripotent stem cell line C3H10T1/2 is known to suppress its proliferation when encapsulated in 
the PMBV/PVA hydrogel with storage modulus of 1.2 kPa.  The cell cycle of the encapsulated 
cells were unified to G1 phase in cell proliferation cycle after 1 day of encapsulation.  The 
differentiation of C3H10T1/2 to osteogenic cells by bone morphogenetic protein 2 (BMP-2) was 
evaluated by polymerase chain reaction method after induction of BMP-2 signal for 3 days.  
The cells encapsulated in the PMBV/PVA hydrogel showed 1.7-hold increase of early-stage 
osteoblast gene expression with well-defined quality will make substantial contribution to the 
field of regenerative medicine. 
Key words: phospholipid polymer, cytocompatibility, stem cell differentiation, polymer hydrogel 

 
1. INTRODUCTION 
   Regenerative medicine based on cell and tissue 
engineering has been the subject of extensive studies in 
the recent years owing to the ability of cells generated in 
vitro to integrate into the host tissue and restore lost 
functions.  Stem cells are one of the most promising 
candidates for generating transplantable cells such as 
chondrocytes [1,2]. 
   Diverse environmental cues, including chemical 
[3,4] and physical signals [5], direct the differentiation 
of stem cells into specific lineages.  The differentiation 
process occurs during the cell turnover, and signal 
sensitivity is known to be associated with G1 phase of 
the cell proliferation cycle [6,7].  Therefore, cells are 
often grown to a confluent state to induce contact 
inhibition and cell proliferation cycle arrest at G1 phase 
before differentiation is induced.  Cells are 
synchronized to G1 phase and allowed to re-proliferate 
at the same time to achieve efficient differentiation.  
   In order to achieve higher differentiation efficiency, 
cells should uniformly be present in G1 phase at the time 
of differentiation signal induction.  Our approach to 
resolve this problem was to make changes to the cellular 
environment.  The cellular environment is created by 
polymer hydrogel, achieved by mixing two polymer 
solutions, poly (2-methacryloyloxyethyl 
phosphorylcholine-co-n-butyl methacrylate 
-co-p-vinylphenylboronic acid) (PMBV) and poly(vinyl 
alcohol) (PVA).  The hydrogel is equally functioning to 

every cell encapsulated inside.  The cells respond to the 
physical characteristics of their environment; therefore, 
we tried to control their proliferation cycle by forming a 
hydrogel such that its physical properties could be 
manipulated.  When the hydrogel is prepared by using 
2-methacryloyloxyethyl phosphorylcholine (MPC) 
polymers, the physical property of the hydrogel could be 
traced to its cross-linking density owing to its bioinert 
property [8].  The cross-linking density of the polymer 
hydrogel could be controlled by its chemical 
composition and polymer density.  The cross-linkings 
are formed by the chemical bond between phenylboronic 
acid of PMBV and diols of PVA.  The chemical bond 
could be replaced with other diols with higher binding 
constant, such as sugar molecules (Fig.1).  This enables 
the dissociation of hydrogel, which makes it possible to 
recollect the encapsulated cells from the hydrogel. 
 

 
Fig. 1. The schematic illustration of gelation and dissociation of 
PMBV/PVA hydrogel 
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