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1. Introduction

Shape memory polymers (SMPs), as a class of smart polymers, can spontaneously recover
from a temporary shape to a permanent shape when exposed to external stimuli [1,2],
such as heat [3], light [4], electrical fields [5] and magnetic fields [6]. A heat-induced SMP
can be made to a temporary shape by applying an external force upon heating above its
transition temperature (Tyans). The temporary shape can be fixed by cooling the SMP and
then it will spontaneously recover to its permanent shape upon reheating above Ty ans [7].
SMPs are used in aerospace [8], biomedical applications [9], and electronic devices [10]
owing to their excellent biodegradability, large shape deformability, and tailorable transi-
tion temperature. Among them, shape memory polyurethane (SMPU), with a molecular
microphase structure that includes soft segments and hard segments, has been widely
studied because the Ty, can be conveniently adjusted by changing the ratio of the soft
segment to the hard segment [11]. Currently, SMPU, as a hydrolytically and enzymatically
degradable polymer, is widely applied in biomedical fields owing to its adjustable Tyans,
good mechanical properties, and biocompatibility [12].

A capsule is a structure in which a substance completely encloses a second substance
or mixture of substances [13-15]. It differs from homogeneous particles owing to the
distinct outer layer, forming a core-shell structure [16,17]. This structural feature endows
the capsule with many advantages. For example, the shell can protect the inner core
substance from the external environment, improving stability and separating incompa-
tible components [18]. It is also possible to control and release encapsulated substances
and contain liquids and gases with a solid shell [19]. In addition, the capsule can retain the
characteristics of the encapsulated substance, combine the properties of different materi-
als, and even introduce new attributes to the system [20-22]. The polymerization mechan-
ism of the core-shell structure can be divided into interfacial polymerization (two reactive
monomers in different phases) and in-situ polymerization (all monomers in the same
phase) [23-25]. In interfacial polymerization, the two monomers dispersed in different
phases occur in polymerization reactions as they diffuse to the droplet interface. It is the
most commonly used method for preparing polyamide, polyurethane (PU), and polyurea
capsules [26-29]. Owing to the flexibility of the preparation technology and the diversity
of monomers and encapsulated materials, these capsules and microcapsules can be
widely used in a variety of fields [30-34], including paints, textiles, food, agriculture,
drug delivery and release, catalysts, self-healing, and other areas [35-38].

The surface morphology of capsules can vary considerably; intentional control of the
surface morphology of the capsule has also attracted widespread attention. In 2007 and
2012, Xia et al. prepared microcapsules with pore structures on the surface. They controlled
the porosity and pore size of the capsule surface by adjusting the concentration of the
polymer solution and the degree of latex beads in the polymer solution [39,40]. The capsule
morphology can be changed by improving the preparation method, such as using the layer-
by-layer (LbL) process to deposit substances with opposite charges to obtain capsules with
inorganic particles on the surface [41] and using the template method to add external stimuli
to obtain microcapsules with controlled morphology [42]. Bielski et al. [43] recently introduced
various functional groups into monomers to retain them on the outer surface of capsules
during interfacial polymerization so that they can be used for drug transport, pathogen
removal, nutrient transfer, and antigen detection. Research on capsules is in progress. Yang
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et al. [44] used the emulsion template method to prepare polyethylene glycol (PEG) capsules,
which can be used for targeted drug delivery with high drug release rates. Jeyaraman et al.
[45] used PEG latex polymer capsules to encapsulate nanoparticles. Experiments confirmed
that they did not participate in any immune response so that the capsules could be used for
biological imaging. However, the shape of these capsules could not be easily changed. Zhang
et al. [46] prepared shape memory microcapsules that could be actively deformed.

Based on the current research, a series of core-shell microcapsules with controllable
morphologies and high loadings was synthesized. The microcapsules were fabricated
with interfacial polymerization at the oil/water interface. The resulting microcapsules
demonstrated multi-stimuli-responsive functions, including shape memory behavior
and solvent response behavior. The shape memory behavior of these microcapsules
was studied by changing the temperature, thereby obtaining temporary and permanent
shapes. The microcapsules also demonstrated swelling in organic solvents, which was not
demonstrated in previous studies. Owing to these unique properties, the PU microcap-
sules have the potential for use in drug release and self-healing.

2. Experimental section
2.1 Materials

Urethane reaction (gelation) catalyst (1,4-Diazabicyclo[2.2.2]octane solution, Dabco® 33-
LV), chain extender (1,4-Butanediol (BDO)), and aromatic diisocyanate (4,4’-Methylenebis
(phenyl isocyanate) (MDI)) were obtained from Sigma-Aldrich. Polyethylene glycol (PEG),
polyvinyl alcohol (PVA, 1788), dioctyl terephthalate (DOTP), toluene, Tin (ll)2ethylhexano-
ate, ethanol and acetic acid were obtained from Aladdin.

2.2 Preparation of core/shell PU microcapsules

Firstly, 0.6 g MDI was added to the oil phase (10 mL) (DOTP, toluene, or DOTP: toluene
mixture, all with a fluorescent dye to enable rapid detection of small capsules). Next, an
appropriate amount of PVA was dissolved in deionized water to form a 1 wt% aqueous
solution. 0.6 g PEG (molecular weight 1500) was then dissolved in the PVA solution. The
water and oil components were mixed at a water-to-oil volume ratio of 80:10. To obtain
a homogeneous emulsion, the solutions were stirred at different speeds (5000, 10 000,
and15000rpm) for 15 min at 25°C. The emulsion was then purged with nitrogen at 65°C for
30 minutes. Finally, Tin (Il)2ethylhexanoate, 1,4-Diazabicyclo[2.2.2]octane and
1,4-Butanediol (BDO) (0.18 g) were added to the emulsion that had been purged with
nitrogen, and the temperature was raised to 80°C and maintained for 240 min. The resulting
microcapsules were washed five times with deionized water and subsequently collected in
a centrifuge (Thermo Scientific) for the separation of the water and the capsules (12
000 rpm, 30 min). The detail for the preparation of PU capsules is listed in Table 1.

2.3 Multistimuli-responsive behavior of microcapsules

To determine the shape memory behavior, the prepared shape memory polymer poly-
urethane (SMPU) microcapsules were first loaded in a 10 wt% PVA water solution.
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Table 1. Capsules fabricated under different conditions.

Water
MDI:PEG:BDO Phase Qil Phase Water: Capsule T, (°C)

Sample Mole Ratio (80 mL) (10 mL) OilVolume Ratio from DSC Morphology

PU1 6:1:5 1% PVA DOTP 80:10 354 Smooth
+SDS

PU2 6:1:5 1% PVA DOTP: Toluene 80:10 354 Slight Wrinkle
+SDS (1:2)

PU3 6:1:5 1% PVA DOTP: Toluene 80:10 35.2 Slight Wrinkle
+SDS (1:3)

PU4 6:1:5 1% PVA Toluene 80:10 356 Wrinkle
+SDS

Subsequently, after evaporating water at room temperature, a solid PVA film was
obtained, and the PVA film was stretched using DMA from room temperature to 90°C at
10°C/min. The temporary shape of the SMPU was obtained by dissolving the film in
deionized water. When the temperature rises above the Tyans, the microcapsules revert
from the ellipse shape to the spherical shape.

2.4 Solvent response behavior

The microcapsules were placed in ethanol and acetic acid. It can be observed that the
capsules have a specific response to organic solvents and gradually swell to rupture or
recover to the original state after swelling as described in Section 3 Results and
Discussion.

2.5 Characterization

The microcapsule was sputtered with Pt for 1 min, and SEM was used to observe the
surface structure of the microcapsules. The average diameter of the microcapsules was
calculated from Image J software under different conditions. The shape recovery process
of the microcapsules was observed by optical microscopy (Zeiss optical microscopes with
different magnifications). The shape memory properties of the stretched SMPU micro-
capsules were evaluated by placing them in water at a temperature higher than the Ty ans
during the heating phase. The thermal properties were measured from —80°C to 100°C
using differential scanning calorimetry (DSC, TA) at a heating and cooling rate of 10°C/
min, under a nitrogen atmosphere. The solvent-responsive behavior of the microcapsules
was evaluated by exposure to ethanol and acetic acid.

3. Results and discussion
3.1 Basic properties of composites

The microcapsules were fabricated with MDI and the structure of the reactive monomer
and the obtained PU microcapsules are shown in Figure.S1. The preparation process is
shown in Figure.1. First, MDI was dispersed in the oil while PEG and BDO were dissolved in
the water, and they were mixed in a flask under a nitrogen environment. This mixture was
heated to 65°C for 30 minutes for the reactive monomers to undergo interfacial
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Figure 1. (a) Schematic illustration of the fabrication of the microcapsules, (b) synthetic scheme and
structure of the microcapsules.

polymerization at the water-oil interface to form a polymer. Finally, after heating at 80°C
for 4 h, the chain extender BDO and the polymer undergo secondary crosslinking to
obtain the oil-in-water PU microcapsules with a core-shell structure.Owing to the struc-
tural properties of the monomer, this microcapsule has thermal excitation response
behavior, that is, shape memory function. The MDI part forms the hard segment of the
PU, which acts to fix the temporary shape, and the PEG part serves as the soft segment of
the PU, which determines the shape recovery of the capsule.

Maintaining other conditions, the surface morphology of the PU microcapsules pre-
pared using different oil phase components was observed to be quite different (Table 1).
SEM characterization revealed that only the surfaces of PU1 were completely smooth. In
contrast, the surfaces of PU2, PU3, and PU4 all demonstrated different degrees of wrinkles.
With an increase in the toluene solution content in the oil phase, the number of surface-
wrinkled PU microcapsules increased, the degree of wrinkles increased, and the average
diameter of the capsules decreased significantly. When the oil phase was a pure toluene
solution, the surfaces of the PU microcapsules were all wrinkled (Figure 2). It can be seen
that the structure and surface morphology of the capsule can be effectively controlled by
controlling the preparation process of the capsule, and this ability to tailor the structure
broadens its application potential. For example, volume change can result in carrying
capacity change, thereby better controlling the drug carrying capacity.

For the PU1 system, the oil phase is a single component. It can be seen from the SEM
image that the surfaces of the microcapsules are extremely smooth. The diameter is
approximately 50 um (Figure 3a). The core-shell structure of the microcapsule and the
small particle protrusion structure on the inner surface can be observed by mechanical
crushing of the capsule or selecting the incompletely synthesized capsule. The thickness
of the capsule shell is approximately 4.5 um (Figure 3b). Because the microcapsules in
other systems have wrinkles of different degrees, it affects the observation of their
average diameter and thickness. When the microcapsule was pierced with a capillary
pipette, the oil phase droplets could be withdrawn from the inside, thus verifying that it
has an oil-in-water core-shell structure (FigureS2). The core-shell structure and the protru-
sion structure on the inner surface of the capsule are also well supported by the TEM
image (Figure 3c-d). Microcapsules with a core-shell structure provide broader application
potential for drug transport, catalyst delivery, and material encapsulation.
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Figure 2. SEM images of microcapsules with different morphologies: (a) PU1, (b) PU2, (c) PU3, and (d)
PU4.

Figure 3. SEM images of microcapsules: (a) smooth surface, (b) broken capsules. The diameter is
approximately 50 um and the thickness is approximately 4.5 um. The ratio between MDI, PEG, and
BDO is 6:1:5; TEM images of microcapsules: (c) core-shell structure, (b) core-shell structure and convex
structure.

FTIR results shown in Figure.4a indicate that the new peaks of PU at 1720 cm™' and

3310 cm™' belong to the stretching vibration of C = O and N-H, respectively. The DSC
result shown in Figure.4b demonstrates that the glass transition temperature (Tg) of the
MDI-based capsules is approximately 35.4°C which can be triggered by body temperature
without an external heat source to realize the shape memory function, and this feature
provides potential applications in the biomedical field.
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Figure 4. (a) FTIR image of PU microcapsules, (b) DSC curves of PU microcapsules.

3.2 Shape memory behaviors

The MDI-based SMPU capsule film were deformed by stretching in a PVA film at 90°C
(Figure 5). PVA was selected as the film because it is a thermoplastic polymer that has
good water solubility, high glass transition temperature Ty, and high stretchability at
elevated temperature (T> Tg) [47]. For this test, the microcapsules were dyed green with
fluorescent dyes, dispersed in the PVA solution, and then evaporated to obtain the
spherical microcapsules embedded in the PVA film. The morphology could be observed
using an optical microscope (Figure 5(ii)). To obtain microcapsules whose temporary
shape is fixed to an ellipsoid, the PVA films embedded with microcapsules were heated
to 90°C, stretched to 100% to make the microcapsules appear ellipsoidal (Figure 5(iii)),
cooled to room temperature, and then dissolved in water to remove the PVA film. Finally,
when heated to 60°C, the microcapsules returned to a spherical shape (original shape). In
addition, the shape recovery process of the MDI-based shape memory microcapsules was
studied in detail. The ellipsoidal microcapsules (temporary shape) were placed into water
and heated to 40°C. The shape of the microcapsules was recovered gradually and
returned to the spherical shape (initial shape) within 60s (Figure 5b). Controlled wrinkles
were also created on the surface of the microcapsules. When the temperature exceeded
the transition temperature, the wrinkles disappeared gradually, the surface became
smoother, and the capsule returned to its initial state (FigureS3).

3.3 Solvent response behaviors

The microcapsules respond not only to thermal stimuli to achieve shape memory function
but also to organic solvents. As shown in Figure 6a, when the ethanol solution was
applied to the microcapsule, the capsule swelled, its volume increased, and the shell
layer thickened. When it swells to a certain extent and then ruptures, the oil phase in the
core can be observed to flow out. When the outward flow was complete, the capsules
shrunk. After the microcapsules swelled under the action of ethanol, they could return to
their original shape (Figure.S4). In addition, the response mechanism of PU capsules to
ethanol was not unique. Acetic acid as an organic solvent could also stimulate the
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Figure 5. Capsule memory behavior: (a) (i) Schematic illustration of SMPU microcapsule shape
programming processes, (ii) original shape of optical microscope images of SMPU capsules with
fluorescent dye, (iii) stretched shape of optical microscope images of SMPU capsules with fluorescent
dye (stretching to 100% at 90°C), (b) Shape recovery behavior of MDI-based SMPU capsules at 40°C, (c)
Shape recovery behavior of MDI-based SMPU capsules under the fluorescence microscope. The ratio of
MD], PEG, and BDO is 6:1:5.

microcapsules to achieve the response effect of swelling to rupture, expelling the oil, and
then shrinking (Figure 6b).

In contrast, the PU microcapsules demonstrated a larger response to the ethanol
solution, and the swelling volume was greater. This response phenomenon of the micro-
capsules to organic solvents has the potential for use in drug release. The capsules can
carry drugs to the affected area, and after arriving at the designated location, the organic
solvent is stimulated to rupture the capsule to achieve a precise, controlled drug release. It
was also demonstrated that the microcapsule can also release internal substances under
the action of external pressure, but the capsule itself does not rupture (FigureS5).

The mechanism of the response of the microcapsules to organic solvents, that is, the
reasons for the swelling of the capsules, is described in the following discussion. Swelling
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Figure 6. Solvent response behaviors of microcapsules: (a) ethanol-induced, (b) acetic acid-induced.

refers to the phenomenon in which solvent molecules enter the interior of the polymer
through diffusion, causing its volume to expand. The microcapsule has an oil-in-water
core-shell structure, the shell layer is composed of PU polymer, and the core is composed
of an oil phase. Organic solvents such as ethanol have relatively small molecules and
easily penetrate the PU shell of the capsule through diffusion to the capsule interior, thus
causing the volume of the capsule to expand, that is, swelling (Figure 7a). At the same
time, solvent molecules such as ethanol can form a hydrogen bond with the carbamate
group (- NHCOO) of PU (Figure 7b). Studies have shown that hydrogen bonds can affect
the swelling behavior of macromolecules [48]. The swelling behavior in polar solvents
mainly reflects the interaction between macromolecules and solvent molecules. The
formation of hydrogen bonds can weaken the force between molecules, making the
polymer more prone to swelling [49]. Therefore, molecules, such as ethanol with a smaller
volume, can directly enter the interior of the capsule through diffusion at the part that
cannot form hydrogen bonds with PU but can form hydrogen bonds at the shell layer
containing carbamate groups (- NHCOO) without entering the interior of the capsule.



86 J. LENG ET AL.

' ~ Shell
= 4

Solvent molecular diffusion

°  oi

AL Polyurethane molecule
@ Ethanol molecule
Oil drop

Figure 7. Swelling mechanism diagram of PU microcapsule.

Therefore, when the capsule swells, its shell also thickens, and this combination can
enhance the swelling effect of the capsule. After the capsule swells to a certain extent,
the number of internal molecules increases sharply, and the shell is not strong enough to
support the internal pressure and ruptures. The internal oil phase flows out in the form of
droplets, and the organic solvent molecules are almost completely released (Figure 7c). As
the oil phase flows out, the capsule gradually shrinks. When the oil phase completely
flows out, the capsule shell shrinks, though some oil phase droplets remain attached
(Figure 7d). Therefore, the response mechanism of the microcapsule to organic solvents
provides a theoretical understanding for its application in precise drug release.

4. Conclusions

In summary, through interfacial polymerization, we prepared a series of oil-in-water core-
shell structure PU microcapsules with multi-stimuli-responsive behavior. Their surface
morphology can be adjusted and they have a specific carrying capacity. Compared to
other capsules and particles, these microcapsules are more controllable and have novel
shape memory functions. Their release temperature is 35.4°C, lower than body tempera-
ture, which can be used advantageously in the human body. Moreover, the microcapsule
also has a unique solvent response behavior, and it can swell to rupture under the action
of organic solvents, thereby releasing their internal substances. This feature can be
applied to precisely controlled drug release, and the analysis of the swelling mechanism
is sufficient to support the development of new systems. Other response behaviors of the
microcapsule are worthy of further investigation and development. Hence, based on this,
multi-stimuli-responsive microcapsules have great potential in biomedicine for applica-
tions such as drug release and self-healing.
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