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ABSTRACT: Mechanical buckling is a ubiquitous phenom-
enon of elastic bodies like core−shell microgels. Although
conventional theory predicts that sufficiently high pressure is
the primary factor inducing the buckling of core−shell
microgels, they often buckle spontaneously without applying
pressure. We explored such spontaneous buckling of micro-
gels by introducing interfacial tension between the gel phase
of the shell and sol phase of the core. Thus, we found that the
core−shell microgels in a sol−gel coexisting phase with a
certain shell thickness ratio exhibit spontaneous buckling. According to our theoretical analysis, spontaneous buckling occurs
due to the balance between the gel elasticity E and interfacial tension γ when the characteristic length γ/E is comparable to the
microgel size R. Moreover, we found that the ratio between γ/E and R determines the buckling condition of the shell thickness
ratio. Our findings establish an important framework for applying spontaneous buckling to the shape control of elastic bodies.

■ INTRODUCTION
Wrinkling in elastic bodies such as fruits, vegetables, biological
tissues, and polymer gels is known to be related to the buckling
phenomenon caused bymechanical instability on the surface.1−3

The buckling phenomenon attracts much attention for
numerous applications such as tunable surface fabrication,4−7

optics,8−10 bioengineering,11 stretchable electronics,12,13 and
mechanical measurements.14

Compared to stress-driven buckling (constrained swelling in
response to environmental stimuli), pressure-driven buckling
exhibits a simpler mechanism: buckling occurs when the external
pressure exceeds a critical pressure Pc. In the case of a spherical
shell with an outer radius R and a shell thickness h, the value of Pc
is described by using two parameters: (i) the shell thickness
ratio, h/R, and (ii) the Young’s modulus of the shell, E, as
follows:15−17
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where μ is Poisson’s ratio of the elastic shell.
Although elastic bodies show buckling under a sufficiently

large pressure, the critical pressure at which buckling occurs is
often lower than the theoretical value. In the case of spherical
shells of polymer gels (core−shell microgels), one of the reasons
is the inhomogeneity of the elastic shells. The influence of
spatially varying thickness h and elasticity E on the buckling

mechanism of the shell has been investigated experimentally18

and theoretically.19 Another reason is inhomogeneity in the
internal structure of the elastic bodies. Spherical microgels
prepared from emulsion polymerization often buckle sponta-
neously without applying pressure.20−23 Sacanna et al. explained
that spontaneous buckling might occur when the remaining
polymer polymerizes inside previously cross-linked spherical
shells.20,21 This indicates that the inhomogeneous internal
structure of microgels in the sol−gel coexisting phase plays an
important role in the spontaneous buckling. However, how the
sol−gel coexisting phase in elastic bodies causes the buckling is
still elusive.
Here, we aimed to elucidate the underlying mechanism by

which the inhomogeneous internal structure of polymer gels in a
sol−gel coexisting phase causes spontaneous buckling without
applying pressure. For this purpose, we used core−shell
microgels prepared from phase separation solutions of poly-
(ethylene glycol) (PEG) and gelatin confined within lipid
droplets.24 The gelatin/PEG system enabled us to regulate the
sol−gel coexisting phase by changing the quenching rate
because both phase separation with complete wetting of gelatin
on the lipid membrane and gelation of the gelatin proceed with a
decrease in temperature.24−26 We demonstrated that the
interfacial tension between the gel phase of the shell and sol
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phase of the core is responsible for the spontaneous buckling of
the core−shell microgels. Our theoretical analysis reveals that
spontaneous buckling occurs due to the balance between the gel
elasticity and interfacial tension when the characteristic length is
comparable to the microgel size. Our findings provide new
insights into the mechanism by which the inhomogeneous
internal structure of elastic bodies causes buckling during
polymerization20−23,27,28 and phase separation.29,30

■ EXPERIMENTAL SECTION
Materials. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (PE)

was purchased from Wako Pure Chemical Industries (Osaka, Japan).
Mineral oil was purchased from Nacalai Tesque (Kyoto, Japan), while
alkali-treated gelatin was supplied by Merck (Darmstadt, Germany).
The average molecular weight determined by gel permeation
chromatography was 69000. Poly(ethylene glycol) (molecular weight
1000; PEG 1k) was purchased from Sigma-Aldrich. Thioflavin T (ThT;
Wako) and fluorescein isothiocyanate isomer I (FITC; Sigma-Aldrich
Japan; Tokyo, Japan) were used as a fluorescent dye for the gelatin-rich
gel phase. All the materials were used without further purification.
Preparation of Core−Shell Microgels. For preparing core−shell

microgels, we confined a gelatin/PEG solution inside lipid droplets in
oil. The gelatin/PEG solution underwent phase separation and gelation
with a decrease in temperature (Figure 1a). The droplets were coated

with a lipid layer in an oil phase. First, dry films of the lipid PE formed at
the bottom of a glass tube. The mineral oil was added to the lipid films
followed by 90 min of sonication. The final concentration of the lipid/
oil solution was ∼1 mM. The gelatin and PEG 1k were dissolved in
water at 70 °C (above the gelation temperatureTg and phase separation
temperature Tp: Figure 1a) for 1 h. To prepare droplets, a binary
polymer solution of 10 wt % PEG 1k and 9 wt % gelatin was added to
the lipid/oil solution at 70 °C and emulsified via pipetting. We placed

an aliquot containing the droplets on a silicone-coated cover glass to
prevent the droplets from sticking to the glass plate. Owing to the
temperature quenching below Tp and Tg, the gelatin/PEG droplets
transited to core−shell microgels, as reported previously24 (Figure 1b).

Fluorescence Observation of Microgels. The microgels were
observed by fluorescence microscopy (Olympus IX81; Olympus) and
confocal laser scanning fluorescence microscopy (CLSM) (Olympus
IX83 with FV1200). Fluorescent images of fluorescein-tagged gelatin
and thioflavin (ThT), which were excited by a mercury lamp or laser at
488 nm, were obtained using fluorescence filter sets (U-FBNA and U-
MNIBA3; from 510 to 550 nm). The sample was cooled from 70 to 4
°C (below Tg) at a rate of ∼0.01−40 °C/min using a Peltier-type
cooling heating stage (10021, Linkam; Scientific Instruments, Ltd.,
UK). The pinhole size was fixed to be 1 μm. The obtained images were
analyzed by “National Institutes of Health ImageJ” software.

■ RESULTS AND DISCUSSION

Buckling of Core−Shell Microgels in Sol−Gel Coexist-
ing Phase. To regulate the inhomogeneous internal structure
of microgels in the coexisting sol−gel phase, we prepared core−
shell microgels from gelatin/PEG droplets. The gelatin/PEG
solution simultaneously caused phase separation and gelation
with a decrease in temperature (Figure 1a). For 10 wt % PEG 1k
and 9 wt % gelatin solutions, the phase separation temperature
Tp was slightly higher than the gelation temperature Tg. Upon
temperature quenching, the one-phase gelatin/PEG solution
first separated into two liquid phases below Tp, following which
the gelatin-rich phase turned into a gel phase below Tg.

31 The
higher quenching rate prevented coarsening from the earlier
stage of phase separation upon gelation. By changing the
quenching rate for the gelatin/PEG solution with Tp > Tg, we
regulated the inhomogeneity derived from the coexisting sol−
gel phase.
The gelatin/PEG solution in one phase (at above Tp) was

confined inside the droplets covered with a lipid layer of
phosphatidylethanolamine (PE) (Figure 1b). The radius of the
obtained droplets was in the range 5−50 μm. Given that gelatin
has a high affinity for a PE membrane compared to PEG, the
gelatin-rich phase localized near the droplet PE surface and
finally formed a spherical shell of gelatin gel with the PEG
solution at the core, as reported previously.24

To modify the inner structure of the core−shell microgels, we
increased the temperature quenching rate from 70 to 4 °C (from
above Tp to below Tg) to 0.1 to 50 °C/min. Under a certain
quenching rate, the gelatin/PEG microgels underwent a sudden
buckling transition without applying pressure (Movie S1).
Figure 2a (left) shows a differential interference contrast (DIC)
image of a buckling microgel. The buckling microgels quickly
recovered the initial spherical shape upon temperature increase
above Tg (Figure 2a (right) and Movie S2). When the
temperature quenched below Tg, the microgels buckled again
(Movie S1 shows the second buckling). This means that the
observed buckling is a reversible phenomenon caused by the
temperature change across Tg. The reversible buckling is due to
the inner coexisting phase of the microgel which reversibly
changes with temperature shift. The overall size of the buckling
microgels was similar to the initial size of spherical droplets at
above Tp. Hereinafter, the outer radii (R) of the droplet in the
liquid phase and the microgel in the sol−gel phase are identical.
Such buckling of microgels and volume change by temperature
quenching were not observed for homogeneous microgels of
gelatin without PEG (Figure S1).
By visualizing the inhomogeneous inner structure of the

microgels,32 we obtained cross-sectional images and three-

Figure 1. (a) Schematic illustrations of (left) phase diagram of 10 wt %
PEG 1k and various concentrations of gelatin and of (right) three
different phases appeared with a decrease in temperature along the
arrow. The solid and dashed lines indicate the phase separation pointTp
and the gelation point Tg, respectively. (b) Preparation of core−shell
microgels. Above Tp, the gelatin/PEG solution was entrapped in lipid-
coated droplets via pipetting. After the cooling, the gelatin/PEG
droplets transit to core−shell microgel of gelatin with PEG liquid core.
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dimensional (3D) images of the buckling microgels with a
fluorescent dye for the gelatin-rich phase, namely Thioflavin T
(ThT) (Figure 2b). We confirmed that the ThT was localized
and visualized in the gelatin-rich phase, like FITC-conjugated
gelatin (Figure S2). The gelatin-rich phase formed core−shell
microgels with the PEG solution at the core. Given that the
thickness of the shell was spatially uniform, this buckling was not
caused by the stress concentration on the thin part of the
inhomogeneous shell. Themost possible trigger for spontaneous
buckling is the inhomogeneous inner structure in the sol−gel
coexisting phase upon gelatin during phase separation.
Inhomogeneous Inner Structure of Buckling Micro-

gels. To clarify the relation between the quenching rate and
internal structure of the buckling microgels, the fluorescence
images of the microgels were compared for several conditions
associated with different quenching rates. When the quenching
rate is low enough to complete phase separation into two liquid
phases before gelation, a thick shell capsule is obtained, as
depicted in Figure 3a (low quenching rate, 0.1 °C/min). Under
this condition, the shell thickness is 2 μm< h < 7 μm for droplets
with 5 μm < R < 50 μm, which corresponds to the h value
estimated from the volume fraction of the gelatin-rich phase
(30−45 vol %). With an increase in the quenching rate up to 30
°C/min (moderate quenching rate, Figure 3b), we observed
spontaneous buckling of microgels. The shells of the buckling
microgels were thinner than those of microgels for the low
quenching rate because the gelation prevented coarsening from
the initial stage of phase separation. Resultant domains of the
gelatin-rich phase formed isolated domains inside the gelatin
capsules without coalescence with the capsule wall. For a high
quenching rate (50 °C/min), the shell was much thinner, as
shown in Figure 3c (h ≪ 0.8 μm). In the fast quenching
condition, buckling was not observed, as was the case with the
slow quenching condition. These results clearly show that the
spontaneous buckling condition of the shell thickness has an
adequate value.

To clarify the spontaneous buckling condition of the shell
thickness h, the h of microgels with and without buckling is
plotted against the microgel size R in Figure 4a. The quenching
rate is 30 °C/min (moderate quenching rate). It clearly
demonstrates that buckling is not observed for core−shell

Figure 2. (a) Reversible buckling phenomena by changing temperature
across the phase separation temperature and the gelation temperature
Tg (<Tp). (b) An example of buckling microgels is shown as the DIC
image (left), confocal cross-sectional fluorescence (FL) image of the
gelatin-rich phase (center), and the 3D FL image (right). Figure 3.Quench rate dependence of buckling of core−shell microgels

and the shell thickness. An example of gelatin/PEG microgels is shown
as confocal cross-sectional fluorescence (FL) image of gelatin-rich
phase (left) and the schematic image (center). The gelatin-rich gel
phase and PEG-rich liquid phase are shown in white (yellow) and black
(blue), respectively. (right) Intensity profiles along the dotted lines in
the FL images. The yellow regions correspond to the shell of gelatin gel.

Figure 4. (a) Microgel size R dependence of shell thickness h for
buckling core−shell microgels (closed yellow circles) and for
nonbuckling core−shell microgels (triangles). (b) Histogram of shell
thickness ratio, h/R, for buckling core−shell microgels.
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microgels with large shell thickness (h > 2.5 μm) and with small
shell thickness (h≪ 1 μm). Only microgels with medium shell
thickness (average ± SE = 1.2 ± 0.2; N = 17) exhibit buckling.
Moreover, small microgels (R = 12.5 ± 1.9 μm; Rmin = 7 μm)
seem more likely to buckle than large microgels (R ≫ 20 μm),
and the reduced volume of such buckling microgels is increased
up to 40 vol % (Figure S3). Compared to localized buckling with
the large reduced volume, the presence of slight buckling at the
surface is difficult to judge, especially for small microgels. This
may be the reason that buckling and nonbuckling microgels
seem to coexist under the same shell thickness and microgel
radius conditions. The histogram of the shell thickness ratio h/R
has a peak, as shown in Figure 4b (0.11 ± 0.01 (average ± SE)).
In the conventional buckling theory (eq 1), pressure-induced
buckling under a constant pressure is observed for spherical
shells with a smaller shell thickness ratio than a certain value.
Therefore, the existence of a lower limit for h/R constitutes a
unique condition for the spontaneous buckling of microgels in
the sol−gel coexisting phase.
Mechanism of Spontaneous Buckling for Core−Shell

Microgels. To explain the observed spontaneous buckling
without applying pressure, we calculated the force balance for
core−shell microgels with a liquid core. The extended critical
pressure P should be composed of two factors: gel elasticity Pc
(eq 1) and interfacial tension Pint as illustrated in Figure 5a.
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where E, μ, and γ are the Young’s modulus of the shell in the gel
phase, Poisson’s ratio of the elastic shell, and interfacial tension
between gel phase at the skin shell (gelatin-rich phase) and sol
phase at the core (PEG-rich phase), respectively. These values of
Pc and −Pint are plotted against the shell thickness ratio h/R in

Figure 5b, where E, μ, R, and γ are fixed to 100 Pa, 0.5, 10 μm,
and 100 μN/m, respectively.26,32 With an increase in h/R, the Pc
increases as well, whereas −Pint decreases, because the surface
area at the phase interface becomes smaller. Therefore, the
extended critical pressure P (= Pc − Pint) becomes a downward-
convex function of h/R depending on the values of E and γ.
In our experimental results, the core−shell microgels show

spontaneous buckling when h/R reaches a certain value (h/R =
0.11 ± 0.01; see Figure 4b). We interpret this in terms of the
extended critical pressure P of a downward-convex function
reaching a minimum at a certain h/R value (h/R = 0.11) and the
core−shell microgels having that h/R value tending to buckle
more easily than microgels having smaller and larger values of h/
R.
To derive the condition of P with a minimum point, we

rewrite eq 2 as a function of h/R (≡ x) as follows:

i

k

jjjjjj
y

{

zzzzzzμ
=

− −
−

−
P x

E
x A

x
( ) 2

3(1 ) 1 1x2
2

2

(3)

γ≡A
ER
2

(4)

We plot P(x)/E for various A in Figure 5c. Depending on the
value of A, the minimum point of P(x) changes, and its x value
increases with A. The relation between the parameter A and x
value at the minimum point, xm, is derived from eq 3 as follows:
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Thus, the parameter A has a positive correlation with the shell
thickness ratio xm. The value of A is plotted against xm under the
experimental condition (x < 0.3) in Figure 5d. It shows that the
value of A should be smaller than 0.5 for P(x) to have a
minimum point.
We assume that the ratio γ/E is independent of the microgel

size R because the confined polymer composition is
independent of the confined size R. Figure 5d shows that the
value of A (= 2γ/ER), which is a decreasing function of R,
increases with increasing xm at the minimum point of P(x).
Therefore, we expect that a larger buckling microgel has a
smaller shell thickness ratio; i.e., h/R at the minimum point is a
decreasing function ofR. To verify this, we plot them as shown in
Figure 6 (closed circles; by using the data in Figure 4a) and fit
the data with eq 6, rewriting eq 5 to R:

Figure 5. (a) Schematic illustration of force balance between elastic
pressure Pc and interfacial tension pressure −Pint. R and h denote the
outer radius of the core−shell microgel and shell thickness of the gel
capsule (yellow). (b) Values of Pc and−Pint are plotted against the shell
thickness ratio h/R. The values of E, γ, R, and μ are 100 Pa, 100 μN/m,
10 μm, and 0.5, respectively. (c) Normalized extended critical pressure
P(x)/E (= (Pc − Pint)/E) with various A (= 2γ/ER) is plotted against
the shell thickness ratio, x (= h/R). The allows to denote the minimum
points. (d) The relation between the A and the x value at the minimum
point, xm.

Figure 6. Relation between the size R of buckling microgels and the
shell thickness ratio h/R for single quenching (SQ; circles) and double
quenching with 10−30 min incubation time at Tp (DQ; squares). The
solid and dashed lines are the fitting lines of eq 6 for SQ and DQ,
respectively.
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Figure 6 clearly demonstrates that the relation between h/R and
R of the buckling microgels satisfies the theoretically obtained
relation of eq 6. After fitting with μ fixed at 0.5, we found that the
characteristic length γ/E is ∼0.6 μm.
Furthermore, Figure 5d suggests that the h/R of buckling

microgels increases when increasing γ/E for fixed R conditions
becauseA (= 2γ/ER) is an increasing function of h/R. To change
the value of γ/E, we performed double-quenching experiments
where the sample was incubated for 10−30 min at the phase
separation point Tp before the second quenching below the
gelation point Tg occurred. As phase separation proceeded with
an incubation process above Tg, we expected that the value of γ/
E became greater than that of the single quenching experiment.
This is because the interfacial tension γ increases until the
progress of phase separation is inhibited by gelation. As plotted
in Figure 6 (closed square), the h/R of buckling microgels with
similar R for the double quenching was greater than that for
single quenching. The fitting-derived γ/E was found to be >1.5
μm (dashed line in Figure 6), which is larger than that of single
quenching (∼0.6 μm), as we expected. Accordingly, the
minimum R for satisfying A (= 2γ/ER) < 0.5 (Figure 5d)
increases with an increase of γ/E. In fact, the minimum R of
buckling microgels for double quenching (12.5 μm) is larger
than that of single quenching (7 μm). These tendencies support
our theoretical model.
This spontaneous buckling resulting from the balance

between the gel elasticity E and interfacial tension γ brings a
new insight into the shape change of various elastic bodies with
an inhomogeneous inner structure in the sol−gel coexisting
phase, for example, microgels during polymerization (sol−gel
transition)20−23,27,28 and phase separation.29,30 The buckling
condition of the shell thickness ratio depending on the size of the
elastic bodies and the characteristic size of γ/E derived from
both experimental and theoretical analysis make it possible to
apply spontaneous buckling for the morphological regulation of
elastic bodies.
To focus on the condition of spontaneous buckling

occurrence, we ignored the influence of core elasticity derived
from the isolated domain of gelatin gel in the PEG solution.
However, the core elasticity also becomes important, like shell
elasticity and interfacial tension, in discussing the shape of
buckling microgels (buckling mode). Compared to large
microgels, small microgels tend to show a localized buckling
with a large reduced volume (Figure 4a and Figure S3). It has
been reported that as the elasticity ratio between the shell and
core increases, the buckling depth increases and localized
buckling tends to occur.2,3,33 For small microgels where phase
separation completes faster,24 the core elasticity might be
effectively reduced and finally lead to localized buckling. For a
comprehensive understanding of the buckling pattern that is
beyond the scope here, it will be necessary to consider the
mechanical properties of the core depending on the microgel
size.

■ CONCLUSION
We explored the influence of the inhomogeneous inner structure
of microgels in a sol−gel coexisting phase on buckling by using
core−shell microgels of a polymer solution that exhibits phase
separation and gelation with a decrease in temperature. By

preventing phase separation with gelation upon temperature
quenching, we varied the shell thickness ratio h/R of the core−
shell microgels. We found that the microgels with a certain h/R
ratio spontaneously buckle without applying pressure. To
explain this buckling condition of h/R, we analyzed the extended
critical pressure for buckling by taking into account the gel
elasticity E and interfacial tension between the sol−gel
coexisting phase γ. The extended critical pressure is a
downward-convex function with respect to the h/R ratio,
which implies that the microgel having a certain h/R ratio at
which the critical pressure reaches a minimum tends to buckle
spontaneously. Moreover, the buckling condition of h/R
depends on the ratio between the characteristic length γ/E
and microgel radius R. The derived condition of spontaneous
buckling contributes to establishing amethod formicrogel shape
control through the inner structure in a sol−gel coexisting phase
(e.g., emulsion polymerization).
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(33) Lagrange, R.; Loṕez Jimeńez, F.; Terwagne, D.; Brojan, M.; Reis,
P. M. From wrinkling to global buckling of a ring on a curved substrate.
J. Mech. Phys. Solids 2016, 89, 77−95.

Langmuir Article

DOI: 10.1021/acs.langmuir.8b03751
Langmuir 2019, 35, 2283−2288

2288

http://dx.doi.org/10.1021/acs.langmuir.8b03751

