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Stimuli-responsive attachment for enabling the
targeted release of carriers†
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Targeted release of drugs is important for precision treatment at the desired site and preventing the

indiscriminate release of drugs. Incorporating stimuli-responsiveness into drug carriers has been

proposed to enable the carriers to have the ability to perform targeted release at specific sites. However,

a vast majority of the many established carriers are not stimuli-responsive. The current methods used

for the synthesis of stimuli-responsive carriers are mostly highly specific and ineffective (e.g., they either

leak or cannot release completely). This manuscript describes a novel class of stimuli-responsive

attachments that can be attached flexibly onto any type of soft carrier (i.e., loaded with chemicals or

drugs), thus transforming the non-responsive carrier into a stimuli-responsive carrier. The attachment

consists of a layer of stimuli-responsive hydrogel around the carrier and a partial rigid coating on the

exterior. The attachment is general: non-responsive carrier materials of different types (e.g., liposomes

and polymeric carriers) and different sizes (e.g., nanoscale and macroscopic) are shown to become

stimuli-responsive for different types of stimuli. Importantly, the attachment is capable of exerting a

large pressure for rupturing carriers with rigid and impermeable shells (e.g., highly crosslinked shells).

Hence, these carriers with stimuli-responsive attachment effectively exhibit a full range of stimuli-

responsiveness: they are not leaky due to their rigid shells, but can release their contents completely via

rupture of their shells under the influence of the stimulus. The approach of using this novel class of

stimuli-responsive attachments is thus general, simple, and effective. The large number and diverse

range of well-established soft non-responsive drug carriers can be transformed into stimuli-responsive

carriers conveniently without the constant need to find specific methods for different types of carriers.

Introduction

After many years of research in the field of drug delivery, a large
number of different types of drug carriers have been estab-
lished for treating different conditions and improving the
health of human beings. The diverse range of drug carriers
developed includes different types of materials (e.g., liposomes,
hydrogels, polymers, and inorganic materials), different
ranges of sizes (e.g., nanoparticles,1–3 microparticles,4,5 and
millimeter- or centimeter-sized drug carriers6), different ways

of administration (e.g., oral or intravenous injection), and
different mechanisms of controlled release. However, a vast
majority of these established drug carriers are not capable of
performing one important function of drug delivery: targeting.7

Targeted release at a specific site is critically required in drug
delivery.8 This allows precision treatment at the specific site in
the body that requires medication. Importantly, many drugs
include cytotoxic compounds that, when released indiscrimi-
nately, will harm healthy cells and cause severe side effects to
the body; hence, it is necessary to release the drugs only at the
targeted site and not the other regions of the body.9 In addition,
indiscriminate release of drugs makes it extremely challenging
to gauge the necessary amount of drug to be loaded in the
delivery system; this is important because it is always necessary
to have a precise amount of drug released at the targeted site.
Releasing drugs only at the targeted site also allows the drug in
the carrier to be protected (e.g., from degradation) from the
surrounding medium before reaching the site.10

Because of the importance of targeted release, researchers
have developed stimuli-responsive drug delivery carriers
(SRDDCs): these ‘‘smart’’ drug carriers interact actively with
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their surroundings for controlled release. Ideally, the operation
of these SRDDCs involves no release of drugs initially until they
reach their targeted site at which the signal (i.e., the stimulus)
is present. The signal then triggers the release of the drugs
from the SRDDCs. For example, the localized environment of a
tumor site is usually more acidic and has a higher temperature
than its surrounding; hence, the acid-responsive and/or
temperature-responsive drug carriers are enabled to detect
these conditions and release drugs only at the targeted site.
However, the SRDDCs currently developed have severe draw-
backs that prevent them from being widely used in practice.

First, the SRDDCs reported previously are generally not
effective. The most crucial challenge faced by currently devel-
oped SRDDCs is due to the two conflicting requirements of
stimuli-responsiveness: to (1) prevent leakage in the absence of
a stimulus and (2) allow drugs to be released completely when
the stimulus is present. However, a vast majority of the SRDDCs
are leaky even in the absence of the stimulus (e.g., stimuli-
responsive hydrogels and micelles).11,12 Some non-responsive
drug carriers that are normally not leaky can become leaky
after stimuli-responsive components are incorporated (e.g.,
liposomes).9,13,14 Another general approach involves protecting
the normally leaky types of drug-containing particles with
stimuli-responsive components (e.g., mesoporous silica nano-
particles capped with stimuli-responsive components15);
however, leakage from these systems is still often observed.
To prevent leakage, the SRDDC needs a robust layer of protec-
tion, which is completely impermeable, to be fabricated around
it (i.e., as a shell) for entrapping the drug within its core. On the
other hand, a robust layer would necessarily require a forceful
response from the stimuli-responsive component of the carrier
to break the shell in the presence of the stimulus. If the
response from the stimuli-responsive component is insuffi-
cient, the drug will not be released or only be partially released.
Therefore, the fabrication of SRDDCs with a strong stimuli-
responsive response that achieves both these conflicting
requirements at the same time has been extremely challenging.

Another severe limitation of SRDDCs is that they are highly
specific – there is currently no general method for fabricating
different types of stimuli-responsive drug carriers (i.e., required
for the diverse types of treatments). First, the fabrication
method for incorporating the stimuli-responsive component
into a type of drug carrier is highly specific. This is because
every single type of drug carrier among the diverse range of
drug carriers developed is prepared using a highly specific
fabrication method; hence, there is a need to devise an equally
specific method for incorporating the stimuli-responsive
component for the specific type of drug carrier (e.g., specific
methods to turn normal liposomes into stimuli-responsive
liposomes are completely different from methods for other
drug carriers). Because of this need, a large number of studies
have been published describing different specific methods
for fabricating different specific types of SRDDCs. However,
devising new methods for transforming the large number of
established drug carriers to be stimuli-responsive one by one is
difficult (e.g., require different equipment and skillset) and

extremely laborious. Besides the specific fabrication methods,
many SRDDCs can only be loaded with a specific type of drug.
This is because the fabrication of SRDDCs requires the drug
to be first loaded into the particles and then followed by
protecting the exterior of the particle with the stimuli-
responsive component for preventing the drug from leaking.
However, the process of protecting the exterior of SRDDCs
(e.g., a reaction) tends to modify the drug molecules chemically,
thus causing the drug molecules to lose efficacy or making
them unsuitable to be used in the human body. Therefore, only
relatively inert drug molecules can be used for loading into the
SRDDCs. In addition, most SRDDCs can only detect one or at
most very few specific types of stimuli due to the limitation of
the method of fabrication.

Previously reported SRDDCs also face many other problems.
Importantly, it is usually extremely challenging (i.e., chemically
and/or physically) to fabricate drug carriers with the many
specific requirements, for effective medical treatment, and to
be stimuli-responsive at the same time. In addition, many
SRDDCs can only be loaded with low dosages of drugs. For
example, the small pores of the mesoporous silica nano-
particles16–18 or metal–organic frameworks (MOFs)19 do not
allow substantial quantities of drugs to be loaded.

This manuscript describes for the first time a novel general
concept for fabricating a universal class of stimuli-responsive
carriers: using a ‘‘stimuli-responsive attachment’’. This attach-
ment is a universal independent module that can be flexibly
attached onto any type of soft carrier (i.e., loaded with chemi-
cals or drugs), thus transforming the non-responsive carriers
into stimuli-responsive carriers for targeted release. First, our
design consideration involves a soft (non-responsive) core–shell
particle that consists of a liquid or highly porous core, for
loading a large dosage of chemicals into the particle, and an
impermeable shell that prevents the chemicals loaded in the
core from leaking out (scheme on the top left of Fig. 1). This
type of particle is ideal for potentially the widest range of
stimuli-responsiveness: a carrier that is not leaky but loaded
with a high dosage of chemicals for release when the stimulus
is present. To become stimuli-responsive, we attach the stimuli-
responsive attachment onto the exterior of this non-responsive
core–shell particle. Specifically, our stimuli-responsive attach-
ment consists of a layer of stimuli-responsive hydrogel around
the core–shell particle and a rigid layer of coating that partially
covers the surface of the stimuli-responsive hydrogel (Fig. 1).
Stimuli-responsive hydrogels are a general class of materials
that can be fabricated to detect different types of stimuli,
including physical stimuli (e.g. osmotic pressure and temperature),
chemical stimuli (i.e., concentration of many types of chemicals),
and biological stimuli (concentration of many types of
biomolecules).20 Hence, this approach is general for responding
to a wide range of stimuli. These stimuli-responsive hydrogels
(e.g., the pH-responsive and temperature-responsive hydrogels
used in this study are shown in Fig. 1) change their sizes under
the influence of a stimulus.

Operationally, when the core–shell particle attached with the
stimuli-responsive attachment detects the specific stimulus,
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the layer of stimuli-responsive hydrogel expands. The rigid
outermost coating, however, restricts the stimuli-responsive
hydrogel from expanding outward; hence, the expansion is
directed inward. This inward expansion exerts a pressure onto
the core–shell particle. This pressure ruptures the core–shell
particle and allows the chemicals contained in the core of the
particle to be released into the surrounding medium.

In addition to being a general approach, it is also practically
effective. In particular, we showed in our previous study that
although hydrogels are typically regarded as soft materials with
weak mechanical properties, they actually can produce a large
amount of force onto their surroundings.21 This large force is
the central reason why our approach is general and effective:
the large force enables the stimuli-responsive attachment to
rupture many types of rigid and robust impermeable protective
shells of core–shell particles. This large force thus allows
the carriers to be non-leaky and release the chemicals when
needed.

Therefore, this attachment solves the challenges faced by
currently developed SRDDCs. Importantly, there is already a
vast variety of established drug carriers developed in science
and technology after many decades of development in the
field of drug delivery. As a universal independent modular
attachment, the stimuli-responsive attachment can simply be
attached onto any of these (non-responsive) soft carriers flexibly –
there is thus no longer the need to devise specific fabrication
methods for incorporating the stimuli-responsive components
into the many specific established types of drug carriers one by
one. We demonstrate the effectiveness, generality, simplicity, and
other advantageous features of using the stimuli-responsive

attachment by attaching it onto three types of core–shell particles
of different sizes and materials: (1) liposomes, (2) core–shell
particles with a highly cross-linked shell and a soft hydrogel core,
and (3) core–shell particles with a hydrophobic polymeric shell
and a liquid core.

Results and discussion

Our first demonstration involved adding a temperature-responsive
attachment onto non-responsive liposomes (Fig. 2a; see ESI,†
for more details on the materials and methods of fabrication).
We first prepared the nano-sized liposomes (B130 nm; Fig. S1,
ESI†), which were composed of the lipid molecule L-a-phospha-
tidylcholine, and loaded them with a fluorescein sodium salt
solution (i.e., as a convenient substitute for drug molecules).
For attaching the stimuli-responsive attachment onto the lipo-
somes, we mixed the liquid monomers of the temperature-
responsive hydrogel (poly(N-isopropylacrylamide), PNIPAm),
crosslinker, and initiator into the aqueous solution containing
the liposomes. This liquid mixture was polymerized in a
template (polydimethylsiloxane, PDMS) with an array of cylind-
rical cavities (Fig. 2b). The temperature-responsive hydrogels
contracted at high temperature (e.g., 37 1C or higher) and
expanded at low temperature (e.g., room temperature or lower).
Subsequently, the temperature-responsive hydrogel with the
liposomes embedded in their matrices was contracted at a high
temperature (i.e., at 37 1C) and coated with a layer of tannic acid
while the hydrogel remained in its contracted state. After
coating and cutting off one surface of the particle, we obtained
the SRDDCs that consisted of the pieces of cylindrical (500 mm–
800 mm in diameter and height) temperature-responsive hydro-
gels loaded with liposomes and coated with tannic acid on all
sides with an opening on one side (i.e., the surface where the
cut was made). Tannic acid was used as the coating because it
formed a rigid surface around the temperature-responsive
hydrogel;22,23 a strong rigid layer of coating was needed to
prevent the temperature-responsive hydrogel from expanding
outward. In addition, using tannic acid as the layer of coating
has other advantages, including a simple method of coating
(i.e., due to its strong hydrogen bonding with the hydrogel24,25)
and its biocompatibility.22,23

The stimulus needed to trigger (i.e., expand the temperature-
responsive hydrogel) this SRDDC was a low temperature.
Accordingly, we immersed the SRDDCs into deionized water
at room temperature, collected samples from the solution
at regular time intervals, and analyzed the samples using a
fluorescence spectrophotometer. Results showed that the
hydrogels released their contents as soon as they were immersed
in the water at low temperature (Fig. 2c). The release was observed
for a sustained period of time for up to around 8 h. This ability
to achieve sustained release was possibly due to the slow
diffusion of the fluorescein sodium salt through the matrix of
the temperature-responsive hydrogel. The solution eventually
turned visually yellow due to the release of the fluorescein
sodium salt (inset of Fig. 2c). We observed the slight expansion

Fig. 1 ‘‘Stimuli-responsive attachment’’ that transforms a non-responsive
carrier (i.e., loaded with chemicals or drugs) to a stimuli-responsive carrier
for targeted release. The scheme on top illustrates the process of attaching
the stimuli-responsive attachment onto a non-responsive core–shell
particle that is loaded with chemicals or drugs via a 2-step process. The
attachment consists of a layer of hydrogel around the core–shell particle
and a partial rigid coating on the exterior. The scheme on the bottom left
illustrates the release of chemicals or drugs from the core–shell particle
attached with the stimuli-responsive attachment when the stimulus is
present. The molecular structures of the pH-responsive and temperature-
responsive hydrogels used in this study are shown on the right.
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of the temperature-responsive hydrogel at the uncoated side;
this expansion suggested that the hydrogel was able to absorb
water from its surrounding via the uncoated side into its
interior for expansion. We performed a separate experiment
in which we added a surfactant into the solution that contained
the same amount of the SRDDCs. The surfactant disrupted and
released all the contents from the liposomes; hence, we
obtained the maximum concentration of the fluorescein mole-
cules loaded into all the SRDDCs in the medium from this
experiment. We then normalized the concentrations of all the
samples that we collected at regular time intervals from the
SRDDCs with the temperature-responsive attachment (i.e.,
without the addition of the surfactant) with this maximum
concentration. Based on this analysis, we found that the
SRDDCs released almost all its contents with time after the
stimulus was applied.

We performed two control experiments. First, we immersed
the SRDDCs into deionized water that was maintained at a high
temperature of 37 1C. In this case, the temperature-responsive
hydrogels were in their contracted states; hence, the release
was negligible. The second control experiment involved the
cylindrical pieces of temperature-responsive hydrogel loaded
with the liposomes but not coated with the tannic acid. When
immersed into deionized water at room temperature, we
observed that the temperature-responsive hydrogel expanded
outward significantly without the rigid coating. Negligible
amount of release was again observed. These control experiments
showed that expansion of the temperature-responsive hydrogel
was needed to release the contents from the liposomes and the

rigid outermost coating was needed for the expansion to be
directed inward for rupturing the liposomes.

To demonstrate the generality of the stimuli-responsive
attachment, we showed that it can be fabricated to respond
to other types of stimuli besides temperature. Specifically, we
fabricated a pH-responsive attachment using a pH-responsive
hydrogel (Fig. 3a). This pH-responsive hydrogel contracted in
an acidic medium and expanded in a basic medium. For this
experiment, we used the same procedure that was used for
fabricating the SRDDC that consisted of the temperature-
responsive hydrogel loaded with liposomes and partially coated
as illustrated in Fig. 2b, except that we used a pH-responsive
hydrogel instead of a temperature-responsive hydrogel. After
fabrication, we immersed the SRDDCs into a basic aqueous
solution (pH 12) for expanding the pH-responsive hydrogel.
Results showed again that the SRDDCs released their contents
as soon as they were immersed in the basic solution. Similarly,
almost all the contents were eventually released. The release
with the pH-responsive attachment was faster than that of
the temperature-responsive attachment probably because of
the larger expansion of the pH-responsive hydrogel (i.e.,
B2.0 times in length) than the temperature-responsive hydrogel
(i.e., B1.4 times in length). When the SRDDCs were kept in an
acidic medium (i.e., pH 2), we observed that the liposomes did
not leak their contents at all. When the pH-responsive hydrogels
loaded with liposomes were not coated and were immersed in
the basic solution with pH 12, we observed that the hydrogels
expanded outward significantly and the amount of release was
negligible.

Fig. 2 Temperature-responsive attachment attached onto liposomes. (a) Scheme illustrating the structure and operation of the temperature-responsive
attachment. When the temperature changes, the temperature-responsive hydrogel expands, ruptures the liposomes, and allows the contents within the
liposomes to be released. (b) Procedure for fabricating the temperature-responsive attachment with the liposomes. (c) Release of the contents from the
liposomes with time after applying the stimulus (i.e., a change in temperature).
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To further demonstrate the generality of the stimuli-
responsive attachment, we applied the attachment to core–shell
particles of different materials and different ranges of sizes
(Fig. 4a). For this purpose, we fabricated a macroscopic core–
shell particle (B1 mm) that consisted of a highly porous
hydrogel (i.e., alginate) core and a highly crosslinked polymeric
shell for preventing the leakage of the contents from the core

(image on the left of Fig. 4b; see ESI† for more details on the
method of fabricating this core–shell particle). The hydrogel
core was loaded with a dye (rhodamine B). In general, this
porous hydrogel core had a very high water content (i.e., B98%)
that allowed it to be loaded with a high dosage of chemicals or
drugs. The shell was then formed around the hydrogel core
by crosslinking a layer of chitosan with an excess amount of

Fig. 3 Generality of the stimuli-responsive attachment. (a) Nano-sized liposomes with the pH-responsive attachment. Macroscopic core–shell particle
that consisted of the highly crosslinked shell and soft hydrogel core with the (b) pH-responsive attachment or the (c) temperature-responsive
attachment. (d) Macroscopic core–shell particle that consisted of the hydrophobic polymeric shell and a liquid core with the pH-responsive attachment.
Left column shows the experimental images. Middle column shows the scheme of the structure of the attachment and the core–shell particles. Right
column shows the release of the contents from the core–shell particles with time.
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crosslinker (i.e., 90 vol% of aqueous glutaraldehyde solution).
The materials involved (i.e., chitosan and alginate) in the
fabrication of this type of core–shell particle are widely used
in drug delivery.26 After preparing the non-responsive core–
shell particles, we attached the stimuli-responsive attachment
onto them. We showed the generality of the approach by using
two types of attachments: the pH-responsive and temperature-
responsive attachments. Applying the attachment involved first
adding a layer of stimuli-responsive hydrogel around the highly
crosslinked core–shell particle, and then partially coating the
hydrogel with a layer of a rigid adhesive (image in the middle of
Fig. 4b).

To release the contents from these SRDDCs, we applied the
respective stimulus: a basic medium (pH 12) to the SRDDC with

the pH-responsive attachment (image on the right in Fig. 4b)
and a low temperature (i.e., room temperature) to the SRDDC
with the temperature-responsive attachment. In both cases, we
determined that the releases of the contents were complete
(Fig. 3b and c). When the stimuli were not applied, the releases
were negligible; hence, the highly crosslinked core–shell parti-
cles were not leaky. When the stimuli-responsive hydrogels
were not partially coated with the rigid adhesive and the same
stimuli were applied, some releases were observed but far from
complete. These releases were probably due to the disruption of
the shell of the core–shell particles when the stimuli-responsive
hydrogels expanded outward.

In addition, we attached the stimuli-responsive attachment onto
the macroscopic core–shell particles of another type of material.

Fig. 4 The stimuli-responsive attachment attached onto the macroscopic core–shell particles. (a) Scheme illustrating the procedure of attaching the
stimuli-responsive attachment onto the millimeter-sized core–shell particle and the operation of the attachment. Experimental images of the stimuli-
responsive attachment with the (b) core–shell particles that consisted of the highly crosslinked shell and soft hydrogel core loaded with a dye and the
(c) core–shell particles that consisted of the hydrophobic polymeric shell and a liquid core loaded with a dye. Images on the left show the core–shell
particles. Images in the middle show the stimuli-responsive attachment with the core–shell particles. Images on the right show the results of the release
of the contents from the core–shell particles. In (b), the red color of the solution indicates the release of the content when the pH-responsive attachment
with the core–shell particle was immersed in a basic (pH 10) solution. The colorless solutions indicate that the content was not released when the pH was
neutral or acidic. In (c), the dark orange color of the solution indicates the release of the content in a basic medium when the pH-responsive attachment
was coated with the rigid layer. The colorless solution indicates that the content was not released when the attachment was not coated.
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Specifically, we added the pH-responsive attachment onto a
cylindrical core–shell particle (B1 mm) that consisted of a
hydrophobic polymeric (i.e., polystyrene) shell and a liquid
core loaded with a red dye (Fig. 4c). Due to the rigidity and
hydrophobicity of the shell, the contents of the particle did not
leak without the stimulus (i.e., in an acidic medium at pH 2;
Fig. 3d). With the stimulus (i.e., a basic medium at pH 12), the
polymeric shell broke and released all the contents of the core
of the particle (image on the right of Fig. 4c). Without the
coating, the pH-responsive hydrogel expanded outward in the
basic medium (pH 12) and resulted in negligible release of its
contents.

We analyzed the rupturing of the core–shell particles by the
stimuli-responsive attachment. First, we observed the effect of
the expanding stimuli-responsive hydrogel on the liposomes
embedded in the bulk matrix of the hydrogel by FE-SEM. The
analysis involved the SRDDC that consisted of the partially
coated temperature-responsive hydrogels loaded with the lipo-
somes. The SRDDC was first kept in its contracted state at high
temperature (i.e., 37 1C), freeze-dried, cut into half to reveal its
cross-section, and observed under the FE-SEM (Fig. 5a and b).
This analysis showed that the liposomes were intact within the
matrix of the contracted hydrogel. They appeared larger
than their initial sizes (i.e., as determined by dynamic light
scattering) probably due to the effect of freeze-drying as dis-
cussed in previous studies.27–29 We repeated the experiment,
except that the temperature-responsive hydrogel of the SRDDC
was allowed to expand overnight at low temperature (i.e., 25 1C).
In this case, however, no intact liposomes were observed;
instead, only remnants of the ruptured liposomes were
observed (Fig. 5c). This analysis was thus the direct observation
that the liposomes ruptured. It is worth noting that liposomes
are generally known to be stable and a large amount of force is
required to break them (e.g., large osmotic pressure).30 This
result indicates that a large pressure was exerted by the
expanding stimuli-responsive hydrogel (i.e., constrained by
the rigid outer coating) for rupturing the liposomes.

Besides the nano-sized liposomes, we also studied the
rupturing of the macroscopic core–shell particles by the stimuli-
responsive attachment. For this analysis, we used the macroscopic
core–shell particle that consisted of the highly crosslinked shell
and the soft hydrogel core because it was not leaky without the
stimulus (see Fig. 3b and c). To illustrate the importance of the

shell, we fabricated the same soft hydrogel core loaded with a
dye (rhodamine B) but without the highly crosslinked shell.
By placing it on a piece of paper, we observed that the red dye
leaked rapidly from the hydrogel within 10 min by itself
(i.e., without the influence of any external force; Fig. 6a). This
result indicated that the highly crosslinked shell was the robust
protective layer that prevented any leakage of molecules from
the core to the surrounding.

Fig. 5 FE-SEM images of the liposomes in the stimuli-responsive attachment. Images in (a) and (b) show the intact liposomes in the contracted
temperature-responsive hydrogel of the attachment. (c) Image shows the ruptured liposome in the expanded temperature-responsive hydrogel of the
attachment.

Fig. 6 Force exerted by the stimuli-responsive attachment onto the
core–shell particle. (a) Dye leaked readily from the soft hydrogel core
without the highly crosslinked shell. (b) Force needed to rupture the core–
shell particle that consisted of the highly crosslinked shell and the soft
hydrogel core loaded with a dye. (c) Change in the size of the highly
crosslinked particle embedded within an expanding pH-responsive
hydrogel.
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We then examined the full core–shell particle that consisted
of the highly crosslinked shell and the soft hydrogel core. When
placed on a piece of paper, no dye was observed to leak.
Subsequently, a calibrated amount of force was exerted onto
the top of the particle by a metallic surface (Fig. 6b). With a
small amount of force, the particle was observed to be intact; no
dye was observed on the paper. At a critical force of B10 mN, we
observed the release of a significant amount of dye, staining the
paper. With a larger force, the amount of stain on the pieces of
paper increased. Hence, these results indicated that the
stimuli-responsive attachment had at least the critical amount
of force of B10 mN for rupturing the highly crosslinked
core–shell particles.

In addition, we observed directly the behavior of the highly
crosslinked core–shell particle within the pH-responsive attach-
ment. This experiment was performed in a cylindrical well
(diameter: 6.94 mm and height: 10.65 mm; polystyrene); the
core–shell particle was placed in the middle of the well and the
rest of the space of the well was filled with the pH-responsive
hydrogel. For better visualization, we fabricated a macroscopic
core–shell particle that had an initial diameter of 2.1 mm
(Fig. 6c). A small amount (i.e., 200 mL) of pH 10.0 solution
was placed on top of the pH-responsive hydrogel with the core–
shell particle embedded in it for 2 h for expanding the hydrogel
partially. We observed that the expanded pH-responsive hydro-
gel exerted a pressure onto the core–shell particle and caused
the particle to contract significantly to around 1.6 mm. This
experiment thus provided the visual indication of the consider-
able amount of pressure exerted by the stimuli-responsive
attachment onto the core–shell particle.

Conclusion

We introduced a novel general concept: a class of stimuli-
responsive attachments that can be attached flexibly onto soft
carriers (i.e., loaded with chemicals or drugs) for transforming
them into stimuli-responsive carriers. This property enables the
carriers to have the important ability of releasing their contents
only at the targeted site at which the stimulus is present for
precision treatment. It has the following advantageous features.
First, it is highly effective. By attaching it onto non-responsive
drug carriers, it allows the carriers to have the full range of
stimuli-responsiveness: from zero release (i.e., no leakage)
without the stimulus to complete release with the stimulus
(e.g., the SRDDC that consisted of the pH-responsive attach-
ment and liposomes). Hence, this attachment solves the most
critical challenge of fabricating stimuli-responsive drug carriers
by achieving both the conflicting requirements at the same
time: the ability to have a robust impermeable carrier that does
not leak indiscriminately, and stimuli-responsiveness that is
strong enough to break the robust particle to release its content
when the stimulus is present. We demonstrated the effective-
ness of the stimuli-responsive attachment for robust particles
with non-leaky shells, including liposomes and particles with
highly crosslinked shells or hydrophobic polymeric shells.

Fundamentally, we found that the highly effective stimuli-
responsiveness of the attachment is due to the counter-
intuitive property that the stimuli-responsive hydrogels are able
to provide a large force onto the drug carrier even though they
are soft materials and are usually regarded as having weak
mechanical properties.

This class of stimuli-responsive attachments is general.
We demonstrated that the attachment can be attached – using
similar methods – onto carriers that are fabricated using very
different methods (e.g., liposomes, hydrogels, and polymers).
We showed that the attachment can be attached onto carriers of
different sizes that range in orders of magnitude from nano-
scale to macroscopic, and onto carriers of different materials.
We showed that the attachment can be fabricated to detect and
respond to different types of stimuli. A wide range of stimuli-
responsive hydrogels have been reported in the literature for
responding to many different types of stimuli; hence, the
attachment is general and can be fabricated to respond to
different types of stimuli. In addition, the SRDDCs fabricated
via the stimuli-responsive attachment can be used for loading
any type of chemicals or drugs. This is because this class of
stimuli-responsive attachments is an independent module that
can be added onto drug carriers separately. Hence, the contents
of the carrier are first protected by the robust impermeable
shell of the carrier before the attachment is attached. Because
the process of attaching the attachment is completely separated
from the contents, any type of content can first be loaded into
the carrier. In contrast, the SRDDCs reported in previous
studies are limited to the specific method of fabrication, size,
type of carrier material, type of drug loaded, and the ability to
detect only one or at most a few specific types of stimuli. Hence,
these methods are not general.

The method of attaching the independent stimuli-
responsive attachment onto the carrier is simple as demon-
strated in this study. On the other hand, current methods for
fabricating SRDDCs are usually complicated. This is because
drug carriers need to have many essential properties for achieving
their purpose of effective medical treatment; hence, the fabrica-
tion of the non-responsive drug carriers is often already compli-
cated by themselves. The need to incorporate a stimuli-responsive
component at the same time into an already complicated process
can dramatically increase the complexity of the fabrication. For
example, stimuli-responsive drug-containing liposomes involves
molecules that have many required properties simultaneously,
including the ability to self-assemble into the lipid bilayer,
amphiphilic, and stimuli-responsive. The requirement to
integrate all these properties simultaneously into the single
molecule means that multi-step organic synthesis is needed –
the syntheses reported in previous studies are extremely
challenging.19,31–33 The approach of adding the stimuli-
responsive attachment onto the drug carrier as an independent
module in a separate step thus simplifies the process of
fabrication dramatically.

Using the stimuli-responsive attachment also solves other
challenges of currently developed SRDDCs. For example,
some SRDDCs have low loading of drugs; however, our method
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involves carriers (e.g., liquid or highly porous core) that can
contain a high dosage of drugs. In addition, sustained release
of drugs can be achieved by the attachment as demonstrated.

Most importantly, this novel material concept of using the
attachment provides a powerful solution for the important
challenging problem faced in the field of drug delivery: a vast
range of different types of drug carriers has already been
developed and established in the literature, but most of them
are currently not stimuli-responsive. This novel concept has the
effectiveness, generality, simplicity, and other advantageous
features to overcome the challenges faced in the fabrication
of stimuli-responsive drug carriers reported in previous studies.
Hence, this class of stimuli-responsive attachment is a universal
independent module that presents a complete package of
required properties for transforming the established non-
responsive soft drug carriers into stimuli-responsive drug carriers.
There is thus no longer the need to invest extensive efforts to find
special (and often complicated) ways to turn each specific type
of drug carrier into a stimuli-responsive drug carrier one by
one.13,34–37 This approach is highly convenient: the original
methods for first fabricating the well-established drug carriers
can remain completely unchanged, after which the attachment
can be added flexibly later. This is thus an ideal solution for the
vast variety of drug carriers currently already established and
expected to be highly attractive for gaining widespread usage.
Future work will be needed for a more thorough selection of
materials (e.g., biocompatibility) and optimization (e.g., thickness
and mechanical properties) of the attachment for attaching them
onto the drug delivery carriers for medical purposes.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by the Ministry of Educa-
tion, Singapore, under grant R-279-000-576-114 and R-279-000-
535-114.

References

1 Y. Hui, X. Yi, F. Hou, D. Wibowo, F. Zhang, D. Zhao, H. Gao
and C.-X. Zhao, Role of Nanoparticle Mechanical Properties
in Cancer Drug Delivery, ACS Nano, 2019, 13(7), 7410.

2 M. E. Napier and J. M. DeSimone, Nanoparticle Drug
Delivery Platform, Polym. Rev., 2007, 47(3), 321.

3 S. Aryal, C. M. J. Hu and L. Zhang, Combinatorial Drug
Conjugation Enables Nanoparticle Dual-Drug Delivery,
Small, 2010, 6(13), 1442.

4 S. Zhang, S. Zhou, H. Liu, M. Xing, B. Ding and B. Li,
Pinecone-Inspired Nanoarchitectured Smart Microcages
Enable Nano/Microparticle Drug Delivery, Adv. Funct. Mater.,
2020, 30(28), 2002434.

5 M. X. Wang, Y. M. Chen, Y. Gao, C. Hu, J. Hu, L. Tan and
Z. Yang, Rapid Self-Recoverable Hydrogels with High
Toughness and Excellent Conductivity, ACS Appl. Mater.
Interfaces, 2018, 10(31), 26610.

6 X. Zhang and S. Soh, Performing Logical Operations with
Stimuli-Responsive Building Blocks, Adv. Mater., 2017,
29(18), 1606483.

7 P. Davoodi, L. Y. Lee, Q. Xu, V. Sunil, Y. Sun, S. Soh and
C.-H. Wang, Drug delivery systems for programmed and
on-demand release, Adv. Drug Delivery Rev., 2018, 132, 104.

8 L. Li, W. W. Yang and D. G. Xu, Stimuli-responsive nano-
scale drug delivery systems for cancer therapy, J. Drug
Targeting, 2019, 27(4), 423.

9 S. Ganta, H. Devalapally, A. Shahiwala and M. Amiji,
A review of stimuli-responsive nanocarriers for drug and
gene delivery, J. Controlled Release, 2008, 126(3), 187.

10 J. R. Lopes, G. Santos, P. Barata, R. Oliveira and C. M. Lopes,
Physical and chemical stimuli-responsive drug delivery sys-
tems: targeted delivery and main routes of administration,
Curr. Pharm. Des., 2013, 19(41), 7169.

11 F. S. Majedi, M. M. Hasani-Sadrabadi, J. J. VanDersarl,
N. Mokarram, S. Hojjati-Emami, E. Dashtimoghadam,
S. Bonakdar, M. A. Shokrgozar, A. Bertsch and P. Renaud,
On-Chip Fabrication of Paclitaxel-Loaded Chitosan Nano-
particles for Cancer Therapeutics, Adv. Funct. Mater., 2014,
24(4), 432.

12 C. J. F. Rijcken, O. Soga, W. E. Hennink and C. F. V.
Nostrum, Triggered destabilisation of polymeric micelles
and vesicles by changing polymers polarity: An attractive
tool for drug delivery, J. Controlled Release, 2007, 120(3), 131.

13 S. Thamphiwatana, V. Fu, J. Zhu, D. Lu, W. Gao and
L. Zhang, Nanoparticle-Stabilized Liposomes for pH-
Responsive Gastric Drug Delivery, Langmuir, 2013, 29(39), 12228.

14 Y. Rui, S. Wang, P. S. Low and D. H. Thompson, Diplasme-
nylcholine–Folate Liposomes: An Efficient Vehicle for Intra-
cellular Drug Delivery, J. Am. Chem. Soc., 1998, 120(44),
11213.

15 Z. Y. Li, J. J. Hu, Q. Xu, S. Chen, H. Z. Jia, Y. X. Sun,
R. X. Zhuo and X. Z. Zhang, A redox-responsive drug delivery
system based on RGD containing peptide-capped meso-
porous silica nanoparticles, J. Mater. Chem. B, 2015, 3(1), 39.

16 S. Angelos, Y. W. Yang, K. Patel, J. F. Stoddart and J. I. Zink,
pH-Responsive Supramolecular Nanovalves Based on
Cucurbit[6]uril Pseudorotaxanes, Angew. Chem., Int. Ed.,
2008, 47(12), 2222.

17 S. Giri, B. G. Trewyn, M. P. Stellmaker and V. S. Y. Lin,
Stimuli-Responsive Controlled-Release Delivery System
Based on Mesoporous Silica Nanorods Capped with
Magnetic Nanoparticles, Angew. Chem., Int. Ed., 2005, 44(32),
5038.

18 C. Y. Lai, B. G. Trewyn, D. M. Jeftinija, K. Jeftinija, S. Xu,
S. Jeftinija and V. S. Y. Lin, A Mesoporous Silica Nanosphere-
Based Carrier System with Chemically Removable CdS Nano-
particle Caps for Stimuli-Responsive Controlled Release of
Neurotransmitters and Drug Molecules, J. Am. Chem. Soc.,
2003, 125(15), 4451.

Materials Chemistry Frontiers Research Article

Pu
bl

is
he

d 
on

 3
1 

M
ar

ch
 2

02
1.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l U

ni
ve

rs
ity

 o
f 

Si
ng

ap
or

e 
on

 5
/1

1/
20

21
 1

0:
04

:5
9 

A
M

. 
View Article Online

https://doi.org/10.1039/d1qm00207d


Mater. Chem. Front. This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021

19 H. Zhang, Y. Shang, Y. H. Li, S. K. Sun and X. B. Yin, Smart
Metal–Organic Framework-Based Nanoplatforms for Imaging-
Guided Precise Chemotherapy, ACS Appl. Mater. Interfaces,
2019, 11(2), 1886.
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