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ABSTRACT: Collagen is one of the most common materials used to form scaffolds for tissue
engineering applications. The multi-channel collagen gel (MCCGQG) obtained by the dialysis of an
acidic collagen solution in a neutral buffer solution has a unique structure, with many capillaries of
diameters several tens to a few hundred micrometers, and could be a potential candidate as a
biomimetic scaffold for three-dimensional tissue engineering. In the present study, the formation of
MCCG was investigated by in situ rheological measurements based on a particle tracking method
(particle tracking microrheology, PTM). PTM enabled us to measure changes in the rheological
properties of collagen solutions under the continuous exchange of substances during dialysis. When
an observation plane was set perpendicular to the direction of gel growth, we first observed
convectional flow of the collagen solution, followed by phase separation and gelation. We showed
that the structure of the MCCG originated from the transient structure formed during the initial

stage of viscoelastic phase separation and was fixed by the subsequent gelation.

1. INTRODUCTION

Collagen is the most abundant structural protein in animals and has a wide range of food,
cosmetics, and medical applications.! Because collagen is the major protein found in extracellular
matrices, collagen gels are a suitable material for constructing scaffolds for tissue engineering and
three-dimensional (3D) cell culture.? Collagen gels are typically obtained by the incubation of
collagen solutions under physiological pH or temperatures. Collagen molecules are soluble under
acidic conditions below the isoelectric point. The neutralization of acidic collagen solutions by the
addition of neutral buffer solutions at room temperature induces fibrillogenesis of collagen,

resulting in gelation.’% Recently, Furusawa et al. reported that the dialysis of an acidic collagen



solution in neutral phosphate buffer led to a gel that showed a unique structure, with many
capillaries (or channels) of diameters several tens to a few hundred micrometers (referred to as
multi-channel collagen gel, MCCG).” The multi-channel (MC) structure is reminiscent of the
anisotropic hierarchical structures of biological tissues; therefore, MCCG could be a potential
candidate for fabricating a biomimetic scaffold for 3D tissue engineering.®!!

In the formation of MCCG using the dialysis method, gelation began on the dialysis membrane
where the collagen solution first came into contact with the buffer solution, and then proceeded as
the neutralized region spread in one direction (directional neutralization) and a gelling front
propagated accordingly (Fig. S1 of Supporting Information). The MC structure also appeared near
the dialysis membrane first and then developed along the direction of the gel growth. In the
resultant MCCG, the capillaries were aligned, in parallel, in the same direction.” The formation of
MC structures similar to MCCG induced by the directional gelation process has been reported for

other biopolymers.!>!7

The mechanism for the MCCG formation was proposed in the previous
study; the development of the MC structure was attributed to spinodal decomposition, with the
subsequent gelation preventing the structure from further coarsening.” Therefore, information about
the dynamics of phase separation and gelation during the MCCG formation process are required for
fine-tuning the number and size of the capillaries in MCCG, which would be essential for designing
3D tissue engineering scaffolds. The dynamics of the MC structure formation was investigated by
microscopy in previous studies”!'? but rheological approach necessary for clarifying the gelation
dynamics has not been explored. However, rheological characterization of MCCG formation is
difficult for the following reasons. The first reason is spatial inhomogeneity due to the phase
separation; conventional rheological measurements only give rheological properties averaged over
the material, not those of each phase. The second reason is that the gelation proceeds under the
continuous exchange of substances during dialysis; the gelling system should be kept in contact
with the dialysate, without interfering with the measurement. The third reason is that phase
separation and gelation do not occur uniformly throughout the system; the rheological change
should be measured locally in the region where the phase separation and the gelation occur. As
shown later, these requirements can be satisfied by using a particle tracking microrheology (PTM)
method.

For PTM measurement, the motion of microparticles dispersed in a sample is observed under a
microscope, and the rheological properties of the sample are obtained by analyzing the trajectories
of the particle centers.!® The trajectories of the particles in the field of view reflect the rheology of
their respective microenvironments and therefore contain information about the

homogeneity/inhomogeneity of the system.!®1°

Thus, PTM is suitable for -characterizing
phase-separated systems such as MCCG. Another advantage of PTM is that we can measure

rheological properties of a sample without retrieving it from the sample chamber, as it is a



contactless measurement technique. PTM allows us to carry out in sifu rheological measurements of
the MCCG formation process during dialysis. If an observation plane is set perpendicular to the
direction of gel growth, changes in the rheological properties due to the phase separation and
gelation can be measured when the phase separation and gelation fronts, respectively, pass through
the observation plane. In the present study, the formation of MCCG was investigated by PTM and
confocal laser scanning microscopy (CLSM). The initial conditions for the formation of the MC
structure and the gelation were determined by CLSM and PTM, respectively. The PTM
measurements of the MCCG formation process revealed that gelation occurred immediately after
the formation of the MC structure, which was preceded by macroscopic flow of the collagen

solution.

2. EXPERIMENTAL SECTION
2.1 Preparation of Collagen Gels

Solutions of atelocollagen at concentrations ranging from 1.0 to 5.0 mg/mL were prepared by
diluting 5 mg/mL AteloCell IPC-50 collagen solution (Koken Co., Ltd, Japan) with 1 mM
hydrochloric acid (Wako Pure Chemical Industries, Ltd., Japan). Phosphate buffer solutions at
different pH values, from 6.0 to 8.0, and a constant ionic strength (73 mM) were prepared by
dissolving disodium hydrogen phosphate and potassium dihydrogen phosphate (Wako Pure
Chemical Industries, Ltd., Japan) in deionized water.

A sample chamber with a 5 x 5 x 1 mm well was fabricated by placing a 1-mm thick silicone
rubber spacer with a 5-mm square hole on a 35-mm glass-bottomed dish (Fig. 1). After injecting the
collagen solution into the well, a dialysis membrane was placed on the well and then a ring-shaped
silicone rubber sheet and a glass tube were placed on the dialysis membrane. Gelation was initiated
by pouring 2 mL of phosphate buffer into the glass tube. The gelation was observed from below

with the aid of an inverted microscope.

2.2 CLSM Observation

Atelocollagen was immunofluorescently stained as follows and used for the CLSM observation
of the collagen gels. AteloCell IPC-50 collagen solution, (Koken Co., Ltd, Japan), at 5 mg/mL, was
mixed with 1 mg/mL anti-collagen type I (rabbit) antibody (Rockland Immunochemicals, Inc., PA,
USA) at 1000:1 and incubated overnight at 4 °C. The solution was then mixed with 2 mg/mL goat
anti-rabbit IgG labeled with Alexa Fluor 633 (Life Technologies Corp., OR, USA) at 1000:1 and
incubated for 6 hours at 4 °C. Confocal fluorescence microscope images at 400 um from the bottom
of the sample chamber were obtained by CLSM (Carl Zeiss LSM880) equipped with a 10x

objective lens. The observations were performed at 25 °C.



2.3 Preparation of Microparticles for PTM

Polyethylene glycol (PEG)-coated (PEGylated) microparticles were prepared as follows and used
for the PTM measurement. PEG on the particle prevents adsorption of protein on the particle
surface.??2 Carboxylated fluorescent polystyrene (PS) particles with a diameter of 0.49 pm
(Polysciences, Inc., PA, USA) in 0.1 g of its aqueous suspension (2.5%) were washed with
deionized water and redispersed in 0.9 mL deionized water. Stock solutions of 600 mM
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide ~ (EDC; Sigma-Aldrich) and 240 mM
N-Hydroxysuccinimide (NHS; Sigma-Aldrich) in 50 mM 2-(N-morpholino) ethanesulfonic acid
(MES; Dojindo Molecular Technologies, Inc., Japan) at pH 6 were prepared and 0.2 mL of each
solution was added to the suspension. After 30 min under stirring, a solution of 0.3 g
amino-terminated methoxy-PEG of 5.5 kDa (Rapp Polymere GmbH, Germany) in 1.4 mL MES (50
mM, pH 6) was added. After incubating overnight at 25 °C under stirring, the reaction was stopped
by adding 100 pL of 100 mM glycine solution (Wako Pure Chemical Industries, Ltd., Japan). The
suspension was centrifuged at 16000xg for 20 min and the supernatant was discarded. The
PEGylated particles were washed via redispersion and centrifugation. Finally, the particles were
redispersed in 3 mL deionized water and stored at 4 °C until use. Before and after modification, the
particles were characterized by their hydrodynamic diameter and zeta potential, which were
measured with the aid of a Malvern Panalytical Zetasizer Nano ZS instrument. The hydrodynamic
diameter slightly increased (from 478 + 4 to 536 = 10 nm), and the zeta potential changed from
-41.7 to -10.7 mV, indicating the covalent grafting of non-ionic PEG to the surface of the
carboxylated PS particles.?? The surface density of PEG on a PS particle was estimated to be 3.3 x
10" ¢m? by nuclear magnetic resonance (NMR) measurement, as described in the Supporting

Information.

2.4 PTM Measurement

During the PTM measurement, collagen solutions containing 2 x 10% PEGylated fluorescent
PS particles were used for the gel preparation. The motion of the fluorescent particles at 150-200
um from the bottom of the sample chamber was observed using a fluorescence microscope (Nikon
ECLIPSE TS-100F) equipped with a 60x objective lens and recorded by a CMOS camera at a
frame rate of 24 fps and exposure time of 8.3 ms. The displacement of the particle centers was
measured by analyzing the video images using ImagelJ/FIJI software with a particle track and

analysis plugin (https://github.com/arayoshipta/projectPTAj). The rheology of the sample during the

gelation process can be represented by the mean square displacement (MSD) of each particle:
(Axf (D) ={lxt+ ) —x@O1), (D)
and the ensemble-averaged MSD:
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where x;(t), T and N are the centroid coordinate of the ith particle at time ¢, the lag time, and
the number of particles, respectively, while ( ), represents the average over time t.!® The spatial
resolution &, which gives the static error,'® was determined to be 10.3 nm by measuring the MSD of
particles immobilized in a strong gel of 25 wt% Pluronic F-127 (BASF SE, Germany) in water. The
measurements were performed at 25 °C.

In general, the MSD of a particle in Brownian motion in a viscous fluid is proportional to 7, as
follows:

(Ax2(1)) = 2D, (3)

t.!* On the other hand, the MSD of a particle in an elastic solid is

where D is a diffusion coefficien

independent of 7, as follows:
kgT
(@) =—— (4

because it is effectively held in place by a spring with a spring constant k.!® Therefore, defining the
slope a of the double logarithmic plot of the MSD as
d log(Ax? (7))
=— (5)

dlogt

the gelation can be represented by the change in «a, from 1 to 0.

3. RESULTS AND DISCUSSION
3.1 Conditions for MC Structure Formation and Gelation

To determine the conditions for the formation of the MC structure, CLSM observations were
performed 30 min after the start of the dialysis for the sample of different collagen concentrations,
dialyzed against buffers at different pH values. The results are shown in Fig. S3 of Supporting
Information. The MC structure was observed with higher collagen concentrations and higher buffer
pH values. For example, Figure 2 shows a CLSM image of the sample formed using 5.0 mg/mL
collagen, prepared with a buffer of pH 7.4. The bright and dark areas indicate high and low collagen
concentrations, respectively. A concentrated phase (collagen-rich phase) formed a continuous phase,
with domains of a dilute phase (solvent-rich phase) corresponding to the capillary structure
dispersed in the concentrated phase. On the other hand, a homogeneous structure was observed with
lower collagen concentrations or lower buffer pH values as shown in Fig. S3 of Supporting
Information.

To determine the conditions for the gelation of the collagen solutions, PTM measurements were

carried out 30 min after the start of the dialysis for different collagen concentrations and different



buffer pH values. The results are shown in Fig. 3 and Fig. S4 of Supporting Information. Fig. 3
shows the ensemble-averaged MSD of 3.0 mg/mL collagen solution dialyzed against buffers at
different pH values. As described later, particle dynamics in the present system could be
heterogeneous in some cases and each MSD curve in Fig. 3 represents a behavior of the majority of
the particles. At pH 6.0, the value of the slope a of the double logarithmic plot was close to 1,
indicating the collagen solution behaved as a viscous fluid. At pH values higher than 6.5, the values
of a were almost zero, which resulted from the formation of elastic gels. Thus, the gelation
occurred at a pH value between 6.0 and 6.5. The MSD curves for 1.0 and 5.0 mg/mL collagen
solutions at different pH values are shown in Fig. S4, which indicates that gelation occurred at a pH
value between 6.5 and 6.8 for 1.0 mg/mL collagen, and between 6.0 and 6.5 for 5.0 mg/mL collagen,
respectively.

Combining the results of the CLSM and PTM experiments, a “phase diagram” representing
conditions for the MC structure formation and gelation was constructed (Fig. 4). The boundary of
the phase separation, i.e. the formation of the MC structure, did not coincide the sol-gel boundary.
Thus, the final state of the collagen sample after the dialysis process depended on the collagen
concentrations and the pH values of the dialysate solution and was classified into three types:

homogeneous solution, homogeneous gel, and MCCG.

3.2 Dynamics of MCCG Formation

The MCCG formation process was investigated under the conditions of 5.0 mg/mL collagen and
a buffer pH of 7.4. Figure 5 shows the variation in MSD with time t4 after the start of the dialysis
of the collagen solution. The MSD curves in Fig. 5 were ensemble-averaged for the particles
showing a typical behavior. Initially, a fluid-like behavior (& = 1) was observed (t4 = 2 min and 4
min). Then, the shape of the MSD curve varied as a = 1 for shorter T and a = 2 for longer 7
(tq = 6 min and 8 min). In general, a relationship 0 < a < 1 holds for the MSD of particles in
Brownian motion. However, the value of a can be greater than 1 when there exists a drift of
particles caused by a macroscopic flow or convection. For particles in a fluid under flow with a
constant velocity V, for example, the MSD curve shows a crossover from @ =1 to a = 2 as?

(Ax?(1)) = 2D1 + V?12, (6)

According to eq. (6), the crossover behavior observed at t; = 6 min and 8 min indicates that the
collagen solution behaved as a viscous fluid and macroscopic flow occurred. Finally, the gel was
formed and an MSD suggestive of an elastic behavior (¢ = 0) was observed (tq > 10 min). A
gradual change in a from 1 to O in the transition from a fluid to a gel was not observed, owing to
the rather fast gel formation in the present study.

Differences in rheological characteristics before and after MCCG formation were clarified by a

close inspection of the MSD of each particle. The MSD of each particle before gelation (tq = 2



min) is shown in Fig. 6a. The MSD curves of each particle (gray lines) overlapped with each other,
indicating that the microenvironments for the particles were equivalent, i.e., the system was
homogeneous. The rheological properties were unchanged from those of the original collagen
solution, because the MSD values were almost the same as those of the collagen solution (solid
black line). After gelation (ty = 40 min), the behaviors of the MSD of each particle could be
classified into three groups (Fig. 6b), which is due to the inhomogeneity of the system. Most of the
MSD curves (blue lines) exhibited an elastic behavior (& = 0), corresponding to that of the particles
trapped in the gel. In addition, there were some MSD curves (red lines) that showed a fluid-like
behavior (a = 1) and a few MSD curves (green lines) indicative of an intermediate behavior. The
values of the MSD for the fluid-like behavior coincided with those of the MSD for water (dashed
black line). Figure 7 shows a CLSM image of MCCG prepared with a collagen solution containing
fluorescent particles. The majority of the fluorescent particles were found in a collagen-rich
concentrated phase, but several were observed in the capillaries as a dilute phase. The MSDs of the
elastic behavior and the fluid-like behavior (blue and red lines in Fig. 6b, respectively) were
attributed to the particles in a concentrated phase in the gel state and those diffusing in the
capillaries mainly filled with water, respectively. The MSD of the intermediate behavior (green
lines) slightly increased with 7 and leveled off at longer 7. This behavior is similar to that of the
MSD seen for particles diffusing in a confined space.?*2® The observed intermediate behavior could
be ascribed to particles confined in a region with a sparse network surrounded by a dense network
in the concentrated phase. As described in the Supporting Information, the approximate size of the
region confining a particle was calculated to be 1.2—1.9 pm, from the plateau value of MSD (0.006—
0.11 um?) at longer T.

Figure 8a shows the variation of a during MCCG formation obtained from the
ensemble-averaged MSD in the short t region (0.03 s < 7 < 0.2 s). In cases where different types
of behaviors appeared, as shown in Fig. 6b, the MSD curves of the majority and those of the
diffusing particles were analyzed separately; the results are represented by filled circles and open
circles, respectively. Some of the MSD curves of the intermediate behavior have not been taken into
account here. For tg < 8 min, the system was homogeneous and the values of a were
approximately 1. In the time period of 8 min < tg < 10 min, bifurcation of the particle dynamics
appeared. The a of a majority of the particles decreased, as can be seen from the filled circles,
indicating the formation of a gel. On the other hand, the a of some particles remained unchanged
even at ty > 10 min, as can be seen from the open circles; this is due to the particles in the
capillaries. This is substantiated by the MSD values at T = 0.09 s shown in Fig. 8b: the MSD
values of the particles with @ = 1 at tg3 > 10 min (open circles) were close to the value of the
particles in water (dashed line). The appearance of the bifurcation of the particle dynamics should

coincide with the formation of the MC structure due to phase separation. Thus, the phase separation



and the gelation occurred during the same period of time, i.e., 8 min < tq < 10 min. This result
implies the pinning of the MC structure by gelation immediately following the formation of the MC
structure by the phase separation.

Figure 9 shows the variation in @ during MCCG formation from the ensemble-averaged MSD in
the long 7 region (0.5 s < 7 < 2 s). The value of a was approximately 1 in the beginning and
increased with time until it reached close to 2 at t; = 8 min. This increase in « indicates that a
macroscopic flow became more significant, as shown in Fig. 5. The value of a decreased rapidly
during the time period of 8 min < tg < 10 min, reflecting the cessation of the macroscopic flow.
Following phase separation and gelation, ¢ behaved in a similar way to that in the short T region,

as shown in Fig. 8a.

3.3 Mechanism for Macroscopic Flow

The MSD curves during the MCCG formation process revealed that a macroscopic flow of the
collagen solution on the observation plane appeared soon after the start of dialysis, and gradually
became more significant until just before the phase separation and the gelation (Fig.9). This
indicates that the effect of the macroscopic flow became evident earlier than the formation of the
MC structure. Figure 10 shows CLSM images during the formation of the MC structure. The
formation of the MC structure started at t; = 320 s and ended at t5 = 350 s. The phase separation
time in CLSM (tq = 5-6 min) apparently earlier than that in MPT (t; = 810 min) is reasonable
because the observation point of CLSM and PTM was different (400 um and 150-200 pm from the
bottom for CLSM and PTM, respectively), i.e., the phase separation front passed through the
observation plane of CLSM earlier than that of PTM. Figure 10 indicates that the MC structure
formation on the observation plane finished within 1 min. This result was consistent with the result
of PTM that the bifurcation of the particle dynamics occurred within the measurement time interval
of 2 min (Fig. 8a). Thus, the MC structure formation occurred relatively fast at the phase separation
time of the observation point. In contrast, the macroscopic flow shown in Fig. 9 emerged soon after
the start of the dialysis and persisted until the phase separation and gelation occurred.

The mechanism for the macroscopic flow observed earlier than the onset of the phase separation
can be explained in the following way. As the phase separation front moved in accordance with the
directional neutralization, a capillary structure elongated along the direction of the motion of the
front (a movie in the Supporting Information). Near the capillary-growth point, fluid exchange
between the collagen solution and the dialysate solution will occur, which may provoke convection
of the collagen solution. Moreover, as shown in Fig. 11, in the area where the capillary structure
was newly formed (shaded area), interdiffusion of collagen and solvent (red and blue arrows,
respectively) should occur. This transport of substances may also induce convection of the collagen

solution in the vicinity (red area) of the capillary-growth point. Such convection accounts for the



values of a in the long t region that were more than 1, observed during the initial stage of the

MCCG formation process (Fig. 5, Fig. 9).

3.4 Mechanism for MCCG Formation

In a preceding study, Furusawa et al. showed that capillary radius increased proportionally with
t;/ 3 during the MCCG formation process and concluded that the formation of the MC structure
was due to phase separation by spinodal decomposition.”!’ Tsukada and Kurita carried out a
two-dimensional numerical simulation of phase separation induced by a directional quench to the
unstable region. They showed that a columnar pattern was formed parallel to the direction of spread
of the quenched region, depending on the speed of the quenching front,?” which supports the theory
that MC structure formation is dominated by spinodal decomposition.

The neutralization of the acidic collagen solution increases the effective attractive interaction
between collagen molecules. Thus, assuming that the buffer pH corresponds to the interaction
parameter y,?® the boundary between the areas of MCCG and homogeneous gel, shown as a solid
line in the “phase diagram” of Fig. 4, may represent a “spinodal line”. In phase diagrams of binary
systems in the plane of y and composition ¢, a critical point is located at the minimum of the
spinodal line.?® Because the solid line in Fig. 4 tends to decrease monotonically, the concentration

range used in the present study would fall below the critical concentration. According to the Flory—

Huggins theory of polymer solutions, the critical composition is given as ¢, = where n is

.
1+Vn’
the degree of polymerization.?® As the length, diameter, and degree of polymerization n of a
triple-helical collagen molecule are approximately 300 nm, 1.5 nm, and 3000, respectively,?®° the
value of ¢. is estimated to be 0.018 (equivalent to 17 mg/mL), which is larger than the
concentration range used in the present study.

When polymer solutions at concentrations below the critical concentration undergo spinodal
decomposition, droplets of a concentrated (polymer-rich) phase, which is the minority phase, should
be formed in a dilute (solvent-rich) phase, which is the majority phase.?! In contrast, during MCCG
formation, droplets of a solvent-rich phase comprising the capillaries were dispersed in a gelled,
collagen-rich phase comprising a continuous phase. This suggests that the formation of the MC

32.33 a5 described below.

structure is associated with viscoelastic phase separation,

Viscoelastic phase separation is a type of phase separation in which the dynamics are
significantly affected by viscoelastic effects; it is observed when dynamically asymmetric mixtures
comprising slow and fast components, such as polymer solutions, are quenched deep into an
unstable region of the phase diagram.’>*3 The pattern formation during viscoelastic phase
separation is quite different from that seen in normal phase separation of fluid mixtures. During the

initial stage, the usual increase in concentration fluctuation occurs. However, the viscoelastic effects



prevent the rapid growth of composition fluctuations that are characteristic of spinodal
decomposition from proceeding further. This is because the slow component (polymers) cannot
catch up with the deformation rate of the phase separation itself and starts to behave like a
viscoelastic body. The less viscoelastic solvent-rich phase appears as droplets after a period of
incubation, and then the number and size of droplets increases with time. The viscoelastic
polymer-rich phase shrinks while expelling the solvent into the solvent-rich droplets, and thus its
volume decreases with time. It forms a well-developed network structure during the volume
shrinking process. The thin parts of the network structure become elongated and eventually break
up. During the final stage, the system becomes more fluid-like, reflecting the slowing down of the
phase separation due to the fact that the composition of both phases approaches their final equilibria.
After a long time, the network structure of the polymer-rich phase eventually transforms into a
droplet structure. This “phase inversion” behavior has been confirmed by experiments** and
simulations.* The formation of the MC structure of MCCG can be explained as the formation of
droplets of the solvent-rich phase in the polymer-rich phase during the initial stage of viscoelastic
phase separation followed by pinning of the transient structure. The “phase diagram” in Fig. 4
shows that the gel line (dashed line) is outside of the boundary line of the formation of the MC
structure and therefore the conditions for the MC structure formation automatically satisfied the
conditions for gelation in the present study. Thus, the later stages of viscoelastic phase separation,
such as formation of the well-developed network structure, phase inversion, and formation of
polymer-rich droplets, were not observed because of the gelation that occurred immediately

following the formation of the MC structure.

CONCLUSION

PTM was used to investigate MCCG formation induced by the dialysis of acidic collagen
solutions in neutral buffer solutions. Conditions for the MC structure formation and gelation were
determined by CLSM observation and PTM measurements, respectively. PTM enabled us to
perform rheological measurements without retrieving the sample from the chamber, meaning that
the CLSM and PTM experiments on the samples could be carried in the same dialysis chamber.
Rheological changes in the MCCG formation process were measured using PTM without
interrupting dialysis. The MSD curves for shorter T provided information about the structure
formation due to phase separation and gelation, whereas those for longer 7 provided information
about the appearance of the convectional flow of the collagen solution prior to phase separation and
gelation. This demonstrates that PTM remains effective even if a certain level of particle drift is
unavoidable. During the MCCG formation process, convection of the collagen solution appeared
and gradually became significant. After incubation for some time, the convection suddenly stopped

and then phase separation occurred, which was quickly followed by gelation. The phase diagram



showing the conditions necessary for the MC structure formation and gelation indicated that the
formation of the MC structure could be attributed to droplet formation in a solvent-rich phase
during the initial stage of viscoelastic phase separation, which was subsequently fixed by the

gelation.

Supporting Information

Gelation of collagen induced by directional neutralization; estimation of the surface density of PEG
on a PS particle using NMR measurement; conditions for the formation of the MC structure;
conditions for the gelation; estimation of the size of the region confining a particle; and elongation

of the capillary structure
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Figure Captions

Figure 1. Schematic diagram of the sample chamber (side view).

Figure 2. CLSM image of MCCG of 5.0 mg/mL collagen, prepared with phosphate buffer pH 7.4.

Figure 3. Ensemble-averaged MSD for 3.0 mg/mL collagen with phosphate buffers at different pH
values: pH 6.0 (o), pH 6.5 (o), pH 6.8 (o), pH 7.0 (o), pH 7.4 (0), and pH 8.0 (©), measured at 30

min after the start of dialysis. The solid line represents a straight line with a slope of 1.

Figure 4. A “phase diagram” representing the conditions for MC structure formation and gelation.
The blue, green, and red circles represent MCCG, homogeneous gel, and homogeneous solution,
respectively. The dashed and solid lines are guides for the eye that show the boundaries of the MC

structure formation and gelation, respectively.

Figure 5. Variation of ensemble-averaged MSD at time tq after the start of the dialysis for 5.0
mg/mL collagen and a buffer pH of 7.4. The data were obtained at t4 =2 min (©), 4 min (©), 6 min
(©), 8 min (©), 10 min (©), 12 min (o), 20 min (©), and 40 min (o). The dashed and solid lines

represent straight lines with a slope of 1 and 2, respectively.

Figure 6. (a) MSD of each particle before gelation (t4 = 2 min) and the ensemble-averaged MSD
of particles in the collagen solution, which are represented by gray lines and a black line,
respectively. (b) MSD of each particle after gelation (¢4 = 40 min). The blue, red, and green lines
represent the MSD curves of solid-like, fluid-like, and intermediate behaviors, respectively. The

black line represents the ensemble-averaged MSD of particles in water.

Figure 7. CLSM image of MCCG prepared with a collagen solution containing fluorescent
particles (left) and a magnified image of the area marked by the dashed rectangle in the left (right).
Collagen and the particles are shown in red and green, respectively. The white circles on the right

indicate the particles observed in the capillaries.

Figure 8. (a) Variation of a in the short 7 region (0.03 s < 7 < 0.2 s) and (b) variation of the
values of (Ax?) at T = 0.09 s during MCCG formation. The filled and open circles represent the

values for the majority and the diffusing particles, respectively.



Figure 9. Variation of « in the long 7 region (0.5 s < 7 < 2 s) during MCCG formation. The

filled and open circles represent the values for the majority and the diffusing particles, respectively.

Figure 10. CLSM images of a collagen solution containing fluorescent particles during the MC
structure formation. Collagen and the particles are shown in red and green, respectively. The images
were obtained at t; =310 s (a), 320 s (b), 330 s (¢), 340 s (d), 350 s (e), and 360 s ().

Figure 11. Schematic image of substance transportation in the area where the capillary structure has

newly formed.
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