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Upon decreasing the temperature, agarose solution exhibited gelation and phase separation, forming a
cloudy gel consisting of agarose-rich and agarose-poor phases. Both phenomena contribute to the
formation of a heterogeneous gel structure, but the primary influence of both processes on this
heterogeneity remains unclear. In this study, we defined the specific gelation and phase separation
temperatures of an agarose solution and examined the resulting gel structures with and without phase
separation. Microscopic observation and colloid diffusion analysis revealed that phase separation leads to
inhomogeneities several micrometers in size. Furthermore, we found that the distributions of colloidal
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phase separation and gelation. Our findings contribute to the physicochemical understanding of the
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1. Introduction

The phase separation and gelation of polymer solutions are
among the most representative phase transition phenomena in
the fields of polymer science and soft matter physics. In the case
of phase separation, polymer solutions with an upper or lower
critical solution temperature (UCST or LCST) transition from one
phase to two coexisting phases below (or above) the critical
temperature. When gelation (polymerization) of a polymer
occurs simultaneously with phase separation, spatial fluctua-
tions in the polymer density led to the formation of gels with
large holes, i.e., porous gels. Examples of porous gels comprising
synthetic polymers with LCST-type phase separation include
poly(N-isopropyl acrylamide) gels' and tetra-polyethylene glycol
(PEG) gels.* These porous gels have been used for various
applications such as gas adsorption, chromatography, and
separation.”” To regulate the pore size and understand the
structural transition, the coupled dynamics of the phase separa-
tion and gelation of polymers have been studied extensively.
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heterogeneous structures of various (bio) polymer gels associated with the phase separation of polymers.

Agarose gel, a polysaccharide gel, is subject to phase separa-
tion with decreasing temperature.® " The structure of agarose
gels formed by fast quenching from a high temperature of
>80 °C (in a homogeneous liquid phase) to a low temperature
of <25 °C has been studied using various methods such as light
scattering structural analysis,">* electron- or fluorescence micro-
scopy observations,'®'>'® and rheological measurements.'>"” "
These reports revealed that lowering the temperature leads to
helical formation between agarose molecules and dehydration of
agarose, which induce gelation and phase separation,
respectively.'”> At low concentrations (<« 0.1 wt%), where macro-
scopic gelation does not occur, aggregated agarose colloids are
formed; this is called the gel fluid phase.>"? At high concentra-
tions (>0.1 wt%), simultaneous gelation and phase separation of
agarose produce a porous gel. At deeper quenching depths,
gelation halts the development of density fluctuations associated
with phase separation.®® On the other hand, when the quenching
depth was shallow, the gelation did not abruptly halt the develop-
ment of density fluctuations, resulting in a gel with larger pores
(ie, a heterogeneous structure). However, the spatiotemporal
evolution of the heterogeneous structure of agarose gels, which
is strongly influenced by phase separation, is not fully understood.

Understanding the roles of phase separation and gelation is
crucial for analyzing heterogeneity. When the temperature is
maintained between the phase separation temperature (T},) and
the gelation temperature (T, > T), we can study heterogeneity
primarily due to gelation. Inhomogeneities strongly affected by
phase separation can be analyzed using rapid cooling below Ty,
and slow cooling at a controlled rate. In both methods, phase

This journal is © The Royal Society of Chemistry 2025
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separation and gelation occur simultaneously; however, slow
cooling allows phase separation to take precedence. Therefore,
by rapidly cooling to T, (fast quenching) and gradually cooling
below T, (slow quenching), we can identify the main influences
of these processes on heterogeneity.

In this study, we investigate the spatiotemporal develop-
ment of heterogeneous structures in agarose gels prepared
using fast quenching to T, and slow quenching below T,.
Rheological measurements and image analysis of the 0.5 g/
100 mL agarose solution revealed that gelation occurred below
40 °C and that micrometer-sized heterogeneous structures formed
due to phase separation below 35 °C. Next, we analyzed the
diffusion behavior of colloids added to an agarose solution upon
decreasing the temperature. This technique, known as micro-
rheology, offers higher spatial resolution than macro-rheology
and allows us to investigate the local mechanical properties at the
microscale.”*> Thus, this method is suitable for examining
spatially heterogeneous gel structures. By mapping the diffusion
coefficient below the phase separation temperature, we confirmed
the characteristic size of the heterogeneous structure, which
coincided with the size determined by image analysis. Further-
more, the probability distribution of the colloid’s migration
distance above the phase separation temperature successfully
captured the heterogeneous structure derived from gelation. The
findings of this study contribute to the understanding and control
of the physicochemical properties of various (bio) polymer gels
with phase separation and aggregation.

2. Experimental

2.1. Materials

Agarose was purchased from Sigma-Aldrich (MO, USA; Agarose, type
IV, Lot no. 043K1302), and the nominal molecular weight deter-
mined by gel permeation chromatography was 2.9 x 10° g mol .
Distilled water (Invitrogen, CA, USA; Catalog no. 10977-023)
was used as the solvent. Polystyrene colloids with a diameter of
0.5 um and a density of 1.06 ¢ cm ™~ purchased from Thermo Fisher
Scientific (MA, USA; G500, Lot no. 252203) were used. Colloids of the
same size have been used in a previous study using particle
tracking,”® and they are comparable in size to or slightly larger than
the mesh size of the agarose gel.” The surfaces of the colloids are
coated with a fluorescent dye, Firefli™ Fluorescent Green, which
increases their hydrophilicity compared to standard polystyrene
colloids. Similar fluorescent polystyrene colloids, using a different
fluorescent dye, have been used to measure colloidal diffusion in
agarose gels without significantly affecting the gel’s structure or the
diffusion measurements.”****>

2.2. Sample preparation

Agarose is dissolved in distilled water at a temperature of 80 °C
for more than 1 h. Colloids were added at a volume fraction of
0.003, which is comparable to that reported previously
(0.0006%° to 0.15%7). The average number density of colloids is
greater than one per square of 20 um sides. To prevent
evaporation, the agarose solution was sandwiched between
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two coverslips (Matsunami, Osaka, Japan, S1111) using a
frame-seal spacer (Bio-Rad, No. SLF0201, 9 x 9 mm, height
3 mm). The agarose concentration is fixed to be 0.5 g/100 mL,
and the gelation temperature 7}, is approximately 40 °C.'*?*

2.3. Microscopic observation and diffusion analysis of
colloids

The agarose sample was observed under a microscope (Olympus,
BX85, Tokyo, Japan) using a 40x objective lens (UPlanFLN,
Olympus). Under this microscope, colloids with a diameter of
500 nm appeared as black dots measuring 2 x 2 pixels (approxi-
mately 0.6 pm). The diffusion of these colloids in the agarose
solution was recorded using a high-speed camera (HAS-D71,
DITECT, Tokyo, Japan) at frame rates of 500 frames s '. The
spatial resolution of the colloidal diffusion is approximately
0.3 pm. A Peltier temperature control stage (10021; Linkam
Scientific Inst., Tadworth, UK) was used to regulate the tempera-
ture of the agarose solution. The temperature is regulated in two
ways: (i) slow quenching from 80 to 25 °C with 0.3 °C min ", or
(ii) fast quenching from 80 °C to a certain quenching temperature
T, with 20 °C min~ . The obtained images were analyzed using the
Fiji software (NIH, USA) and the Python program to obtain the
value of each colloidal displacement.

2.4. Viscosity measurement

To estimate the value of T,, we measure the steady shear viscosity
n of agarose solutions at a constant temperature 7 using a
rotational viscometer (ViscoQC300L, Anton Paar Co.) with a
cone-and-plate measuring system of 24 mm diameter with a cone
angle of 3° (CP52). A CP40 cone (diameter: 48 mm, angle: 0.8°) was
used to measure the lower viscosity (1-15 mPa s). The measurable
shear rate ranges of CP52 and CP40 are approximately 0.1-500 s
and 1-2000 s, respectively. Samples were changed each time
when viscosity measurements were carried out at steady-state
temperatures in the range of 30-60 °C. In addition, the sample
temperature was controlled using a heat bath for gentle quench-
ing (i), as in the colloid diffusion experiment. The obtained 7 is
fitted by the following power law:

n=uy"! 6]

where u and n are the viscosity coefficient and the viscosity index,
respectively.

3. Results and discussion

3.1. Estimation of the gelation point via slow quenching

To investigate the heterogeneous structure of agarose gels
below the gelation temperature Ty, we first estimated the value
of T, using macroscopic viscosity measurements. A cone-plate
rotational viscometer was used to measure the agarose solution
viscosity n (see Experimental sections 2.3 and 2.4). Fig. 1(a)
shows the shear rate 7 dependence of n at different tempera-
tures T for an agarose concentration of 0.5 g/100 mL. It shows
that a decrease in T from 60 to 30 °C increases the value of 7 at
a constant y and the slope of # against j. By fitting this curve to
eqn (1), we derive the viscosity coefficient 1 and the viscosity
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index n and plot them against T in Fig. 1(b and c). u follows an
exponential law (or Arrhenius law) at a high T (see the exponential
fitting line shown as a dotted line in Fig. 1(b)), but deviates at a low
T due to the gelation as reported previously.'? Similarly, n remains
almost constant at high T but decreases at low T as shown in
Fig. 1(c). The temperature at which the temperature dependence of
these 1 and n changes (indicated as red arrows in Fig. 1(b and c)) is
used here as T,. The estimated T, is approximately 40 °C for the
0.5 g/100 mL agarose. This T, value is close to the previously
reported value, approximately 38-40 °C,'>'**® and lower than that
of approximately 45 °C for the 1.0 g/100 mL agarose (see Fig. S1 in
ESIT). We also examined the temperature dependence of p (see Fig.
S2, ESIT) using the Vogel-Fulcher equation, commonly applied in
glass transition studies, to estimate the Vogel temperature at
which u diverges. However, we could not accurately determine
this value due to the narrow p range of approximately 1 to 10 kPa.
The value of n at T > 40 °C is approximately 0.8 (Fig. 1(c)),
suggesting that the agarose solution is not a Newtonian solution
with 7 = 1 due to the entanglement of the agarose molecules, etc.*°

3.2. Image analysis of the heterogeneous gel structure

When the temperature of 0.5 g/100 mL agarose was lowered
below T, approximately 40 °C, the solution became more viscoe-
lastic and appeared opaque. We observed the non-uniformity
caused by temperature quenching under a microscope. Unlike
the slow quenching from 80 to 25 °C with 0.3 °C min*
mentioned above, here the solution temperature 7 was rapidly
quenched from 80 °C to several quenching temperatures, T, (22,
25, 28, 31, 34, and 37 °C), below T, = 40 °C (see Experimental
sections 2.3 and 2.4 for details). Typical images are shown in
Fig. 2(a). The larger heterogeneous structure of several micro-
meters was observed at Tq = 34 °C rather than at T = 22 °C. If we
interpret this heterogeneous structure as originating from the
phase separation of agarose, this suggests that at low T, gelation
proceeds rapidly and maintains the size growth of the hetero-
geneous structure via phase separation. Because this heteroge-
neous structure was not observed at T, > 35 °C, we estimated
the phase separation temperature T}, to be 35 °C.

Fourier transform of the images under several Ty conditions
was performed to obtain the characteristic length scales of the
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heterogeneous structures. The results are shown in Fig. 2(b),
where the intensity (radial profile) obtained by integrating the
Fourier transform is plotted against the wavenumber k, where
the color indicates T,. Since an increase at low k (<0.2) was
observed for all samples regardless of T, this can be attributed
to uneven illumination. Here, we focus on the peak shift at
approximately k = 1, as indicated by the arrows in Fig. 2(b). We
derive the k value corresponding to this peak and plot the
characteristic length (= 2n/k) against T (Fig. 2(c)). It shows that
the characteristic length is >4 pm for T, > 25 °C and becomes
smaller with decreasing Tq. This supports our hypothesis that
rapid gelation at low temperatures inhibits the growth of
heterogeneous structures via phase separation.

3.3. Colloidal diffusion analysis

From the image analysis (Fig. 2), we found that the 0.5 g/
100 mL agarose solution forms a heterogeneous structure with
a few um scale below T}, = 35 °C (< Ty = 40 °C). To confirm this
size scale from a difference in the local viscosity, we add
colloids with a diameter of 0.5 pm (smaller than the character-
istic length shown in Fig. 2(c)) to the agarose solution and
analyzed the thermal diffusion at different 7. Fig. 3(a) is an
example of microscopic image of agarose gels with colloids at
Tg = 40 °C, where the pink circles with a diameter of 2.5 um and
the other lines indicate the positions of colloids and their
trajectories for 40 s, respectively. This shows that only a few
colloids exhibit large migration distances; alternatively, the
viscoelasticity is spatially inhomogeneous.

Before considering the spatial heterogeneity, we analyzed
the averaged mean square displacement (MSD) of several col-
loids at different T during the slow quenching from 80 to 25 °C
with 0.3 °C min~". In Fig. 3(b), the horizontal axis represents the
delay time 7, and the vertical axis represents the MSD. The color
represents the temperature T. Both logarithmic plots show that
the MSD curves at a high T > T, (= 40 °C) are almost linear
against 7, while the MSD curves approach a certain value for a
long time scale of © > 0.5 s at a low T < T,. To get the overall
picture, we fit the curves with a power law MSD ~ t* for the
whole-time scale and plot the exponent « versus T in Fig. 3(c). As
T is lowered below T, = 40 °C (shown as a red arrow), « decreases
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Fig. 1 Temperature dependence of solution viscosity for 0.5 g/100 mL agarose. (a) Shear rate 7 dependence of solution viscosity 5. The error bars are
standard errors (SEs) in the time variation of viscosity at the constant 7. Solid lines indicate the fitting with the power law, egn (1). The fitting derives (b) the
viscosity coefficient i (b) and index n (c). Error bars indicate conditions with a fitting error R? > 0.9, and closed points indicate conditions with a
maximum R?. The red arrows in (b) and (c) indicate a temperature of 40 °C, where the temperature dependencies of u and n change during the cooling
process. The dotted and broken lines in (b) and (c) show the exponential fitting and the average value for T > 40 °C, respectively.
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Fig. 2 (a) Microscopic images of 0.5 g/100 mL agarose after quenching at different T,. The areas outlined in white have had their contrast increased to
make the inhomogeneities more visible. The scale bar is 10 pm. (b) Fourier analysis of microscopic images for different T, (22, 25, 28, 31, and 34 °C). (c) T
dependence of the characteristic length (= 2n/k) derived from the wavenumber k indicated by the arrows in (b). Error bar is SE. The number of samples is
8, 33,19, 16, and 19 for T, conditions of 22, 25, 28, 31, and 34 °C, respectively.
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Fig. 3 (a) Microscopic image of 0.5 g/100 mL agarose with colloids after quenching at T4 = 40 °C. The scale bar is 20 um. Pink circles with a diameter of
2.5 um and the other lines indicate the positions of colloids (diameter 0.5 pm) and their trajectories for 40 s, respectively. The average number density of
colloids is greater than one per square of 20 um sides. (b) Mean square displacement (MSD) averaged over several colloids during the slow quenching
from 80 to 25 °C with 0.3 °C min~2. (c) From the fitting with MSD ~ 7* for the whole-time scale (0.03-2 s), the exponent « is plotted against T. The green
and red arrows show T, = 35 °C and T4 = 40 °C, respectively.

drastically from approximately 0.9 to 0.2, but no obvious change viscoelastic changes upon gelation but cannot capture the
was observed around T, (shown as a green arrow). A similar viscoelastic changes upon phase separation below T,

trend was observed for 1.0 g/100 mL agarose, where « decreased To visualize the spatial heterogeneity below T, we analyzed
monotonically from over 1 to 0.2 below approximately 50 °C near  each colloidal diffusion and mapped the diffusion coefficient D
the T, (Fig. S3, ESIT). The reason why « is greater than 1 at high  (Fig. 4). D was obtained by fitting the MSD of a single colloid for
temperatures might be due to that thermophoretic particles drift 1t ~ 1 s (i.e., D= MSD/4t) and averaging over three MSDs of the
along the unintended temperature gradient. These results indi- same colloid. To discuss spatial inhomogeneity rather than the
cate that the spatially averaged diffusion of colloids captures the absolute value of the apparent diffusion coefficient, « is fixed at
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Fig. 4 Spatial plot of D at 32 °C. D was obtained by fitting the time-averaged MSD of a single colloid over a period of approximately 1 s with MSD = 4Dx.
The averaged lattice size is (a) 30 pm or (b) 10 um, respectively. The white lattice in (b) indicates areas where colloids are absent. The number density of

colloids is <1 for a square of 20 um.

1 for the fitting. Although the value of D is spatially constant in
the case of the lattice size of 30 pm (Fig. 4(a)), a spatially
inhomogeneous distribution of D was observed for the case of
the lattice size below 10 um (Fig. 4(b)). This is consistent with
the heterogeneous size of 4-7 pm below T, suggested by FFT
image analysis (Fig. 2(c)). When the lattice size is reduced below
this value, the number of white lattices (i.e., the colloid-free
region) increases. Adding more colloids can reduce the number
of white lattices; however, artifacts caused by the colloids on
the gel structure become more noticeable.

Next, we analyzed the histograms of the time-averaged D
obtained from the MSD of each colloid (Fig. 5). The tempera-
ture was controlled in two ways: (a) slow quenching from 80 to
25 °C (<Tj (= 35 °C)) with 0.3 °C min~" or (b) fast quenching
from 80 to 40 °C (~T,) and then maintained to be 40 °C. For
T > 40 °C (= Ty), the histogram has a single peak. The width of
the distribution at 40 °C was wider than that at 58 °C,

(a) Slow quench below T, (< T,)

suggesting increased heterogeneity due to gelation. The peak
position shifts to lower values with time at T, (Fig. 5(b)), and the
shift increases as T decreases (Fig. 5(a)). This is consistent with
the increase in viscosity at lower T values (Fig. 1). As T decreases
further below T}, (= 35 °C), the distribution changes from a single
peak to a double peak shape (Fig. 5(a)). Unlike the other peaks,
the large D peak becomes slightly higher at lower T and
approaches ~1 pm?* s~'. Because this D value corresponds to
the D of colloids in water, the two observed peaks below T, may
reflect the large and smaller D values of the solventrich and
agarose-rich phases after phase separation. To highlight the
impact of gelation over phase separation, we analyzed the MSD
after fast quenching below T, (Fig. S4, ESIt). The o value at 34 °C
decreased from 0.4 to less than 0.1 after 10 min of quenching,
indicating that gelation was enhanced compared to that of slow
quenching (Fig. S4(c), ESIt). Accompanied by this, single-peak
distributions of D were observed (Fig. S5, ESIT). A comparison of

(b) Constant T at T,
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Fig. 5 Histogram of time-averaged D obtained from MSD with = ~ 1's. The temperature was regulated upon (a) a slow quenching from 80 to 25 °C (< T,

(= 35 °C)) with 0.3 °C min~* or (b) maintained to be 40 °C (~

Ty). The number of data points is (a) 33000-64 000 and (b) approximately 40 000,

respectively. The solid line in (a) and (b) is a fitting line with a double Gaussian and a single Gaussian, respectively.
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Fig. 5 and Fig. S5 (ESIt) reveals that accelerated gelation at low
temperatures obscures the larger D peak, which reflects colloidal
diffusion in the agarose-poor phase. Thus, the double-peak
distribution of D observed during the slow quenching process
may strongly reflect the structural heterogeneity caused by phase
separation rather than gelation. Using smaller colloids or redu-
cing the 7 of the MSD may result in a double-peak distribution of
D, reflecting slight inhomogeneity due to gelation even after the
fast quenching.

Finally, we analyze the probability that the colloids have a
displacement (Ax) at a lag time of 7 = 0.5 s (shorter than that of
1 s in Fig. 5). The van Hove correlation function (VHF) dis-
tribution is shown in Fig. 6. The temperature control condi-
tions in Fig. 6 are identical to those in Fig. 5. The ensemble-
averaged VHF at high T (» T, = 40 °C) and at low T (<T, =
35 °C) can be fitted with a single Gaussian distribution. The
derived variance ¢” is plotted as gray dots in Fig. 6(b), showing
that the variance becomes smaller for lower 7. Interestingly, the
VHF at intermediate T (i.e., T, < T < Tg) has a shoulder at
around (Ax) approximately 0.8 um for both temperature con-
ditions. To qualitatively analyze these distributions, we fit them
with a double Gaussian and plot the ¢* against T or time in
Fig. 6(b and d), where the large and small ¢* are plotted as
orange and blue dots, respectively. This double Gaussian dis-
tribution of VHF after the quenching to T, was also observed for
(Ax) at T = 1.0 s (Fig. S6, ESIt). The temperature at which the
single Gaussian splits into double Gaussian was near T, = 40 °C
(Fig. 6(a)) and the larger ¢” of the double Gaussian (shown in
orange) vanished at low temperatures around T}, = 35 °C.

Similar phenomena were observed for 1.0 /100 mL agarose
(see Fig. S7 and S8, ESIT). The double Gaussian of the VHF was
observed at intermediate T (i.e., T, < T < T,) with 7 = 0.5 and
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maintained for more than 1 day (see Fig. S7, ESIt). From these
results, we conclude that the double Gaussian of the VHF
observed at intermediate T (ie, T, < T < T, in Fig. 6(a)
strongly reflects heterogeneity resulting from gelation rather
than phase separation,®® unlike the double Gaussian of D
strongly reflecting phase separation (Fig. 5(a)). This is consis-
tent with the fact that gelation due to network formation always
exhibits heterogeneity in the gel structure at the microscale
(polymer-rich and polymer-poor phases). Below T}, the density
fluctuation progressed with time and the spatial size of the pm-
sized inhomogeneity increased (Fig. 2(c)). In contrast, the large
a® of (x) became smaller and then vanished at low tempera-
tures (Fig. 6(b)). The progression of gelation or phase separa-
tion at low temperatures may have reduced the microscale
heterogeneity around the individual colloids. Another possible
reason is that the colloids were unable to escape the fine-
meshed polymer gel below Tj,. It has been reported that when
a 0.4 wt% agarose solution is quickly quenched from 80 °C to
room temperature, the VHF of 0.5 pm particles with 1 < 0.1 s
appears to be exponential due to the heterogeneous structure
upon gelation.?® By analyzing the VHF over shorter time inter-
vals, it may be possible to characterize the heterogeneous
structure during gelation more clearly, possibly as an exponen-
tial distribution.

4. Conclusion

Upon decreasing the temperature, agarose solution exhibited
gelation and phase separation, forming an opaque gel
composed of agarose-rich and agarose-poor phases. Although
both phenomena have been reported to contribute to the

1.0 s. In addition, the double Gaussian distribution at T, was formation of a heterogeneous gel structure, the primary
(a) Slow quench below T, (< T) (b)
_T=45C T=39C T=371°C T=29C ;
ER omin 20 min 1| 27 min {1 53 min | 06f .
g .
g ~ 04f °
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S 107 °
] 0.2F b
é’ 107 4
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® o 20 T E A oo-eefeane oo .Zo. 5
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Fig. 6 (a) and (c) Van Hove correlation function, P, at a lag time of t = 0.5 s.

The temperature is regulated upon (a) a slow quenching from 80 to 29 °C

(<Tp < Ty with0.3°C min~* or (c) maintained to be 40 °C (~ Tg). (b) and (d) Temperature dependence of the variance of the distribution 62 derived from
their fitting of the histogram in (a) using the single (gray) or double (orange and blue) Gaussian distribution. The number of data points is 5000-12 000.
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influence of each process on this heterogeneity has remained
unclear. By estimating the gelation temperature T, using a
rheometer and observing the gel with a microscope, we showed
that the gel undergoes phase separation below the phase separa-
tion temperature T}, forming heterogeneous structures with sizes
of several micrometers. To investigate the heterogeneous struc-
ture, we added colloids with sizes comparable to the gel mesh size
into the agarose solution and measured colloidal diffusion upon
decreasing the temperature. The diffusion coefficient D obtained
from the time-averaged MSD showed a double-peak distribution
only under conditions where phase separation rather than gela-
tion prevailed. On the other hand, the displacement distribution
of colloids showed a double Gaussian distribution when gelation
rather than phase separation prevailed. These results strongly
suggest that both analyses carried out on the same colloidal
diffusion can effectively capture the primary influence of both
phase separation and gelation processes on the heterogeneous gel
structure. In addition, by adjusting the colloid size and mean
squared displacement (MSD) lag time, we can tailor their observa-
tion system to the specific size of the structure. Moreover, this
method is much easier to execute than direct observation techni-
ques using fluorescent labeling or electron microscopy. We
believe that these analytical methods can be applied to different
materials and that our results contribute to the physicochemical
understanding of the heterogeneous structures of different (bio)-
polymer gels, which may be related to phase separation.
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