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A novel family of stimuli-responsive smart hydrogel is developed in this study for Kþ-induced self-
regulated controlled-release, which is featured with isothermally Kþ-induced pulse-release mode at
a certain temperature due to the isothermally Kþ-induced shrinking behavior of the hydrogel by
recognizing the increase of Kþ concentration in the environment. The proposed poly(N-
isopropylacrylamide-co-benzo-15-crown-5-acrylamide) hydrogel is composed of crown ether 15-crown-
5 as ion-signal sensing receptor and poly(N-isopropylacrylamide) as actuator. The selective formation of
stable 2:1 “host-guest” complexation between the crown ether 15-crown-5 and potassium ion drives the
polymeric network of the hydrogel to shrink; as a result, the hydrogel exhibits especial and selective
response to potassium ions. A Kþ-recognition pulse-release performance of loaded drug from the
fabricated hydrogel is achieved by using the Kþ-induced isothermal shrinkage property of the hydrogel.
The proposed hydrogel provides a new mode of Kþ-recognition volume change for stimuli-responsive
smart actuators, which is highly attractive for targeting drug delivery systems, biomedical devices, and
sensors and so on.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Stimuli-responsive smart hydrogels that can respond to envi-
ronmental physical and chemical stimuli, such as temperature
[1e7], pH [6e9], light [10,11], electric field [12], magnetic field
[13,14], and substance species [15e21], have attractedgreat interests
in recent years due to their versatile applications such as controlled
drug and gene delivery systems [22e28], chemical-/bio-separations
[21,29,30], adaptive liquid microlenses [31], soft machines [32], and
sensors and/or actuators [33,34], and so on. Among those smart
hydrogels, ion-responsive hydrogels that can selectively respond to
certain metal ions are of special interests and importance, because
heavy metal ions show serious toxicity to human beings and other
living organisms whereas some metal ions such as potassium and
sodium ions are very important for chemical signal transduction in
biological systems. Potassium ion plays an important role in bio-
logical systems, notonly involves in themaintenanceof extracellular
osmolarity but also regulates the concentration of other ions in the
living cell. The concentration of potassium ion inside of cell is about
30 times as high as that outside of cell due to the active function of
ion channels across the cell membrane [35,36]. An unbalance of
potassium ion concentration is always associated with certain
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diseases. For example, serious cytoclasis or disabled Kþ-Naþ pumps
in the cell membrane could result in abnormal increase of extra-
cellular Kþ concentration at some pathological sites in the body
[37e39]. Therefore, theabnormal increaseofKþ concentration could
be taken as a stimulus for self-regulated targeted drug delivery at
corresponding pathological sites.

Recently, some bio-inspired Kþ-recognizable hydrogels and
polymeric systemshavebeendeveloped successfully by introducing
the cooperative action of thermo-responsive poly(N-isopropyl-
acrylamide) (PNIPAM) and ion-recognizable crown ether 18-crown-
6, in which the crown ether 18-crown-6 is used as an ion-signal
sensing receptor and PNIPAM acts as an actuator [20,21,25,38e47].
When the pendant crown ether 18-crown-6 receptors capture
specific ions such as potassium ions, the lower critical solution
temperature (LCST) of the poly(N-isopropylacrylamide-co-benzo-
18-crown-6-acrylamide) (P(NIPAM-co-B18C6Am)) copolymers shift
to a higher temperature due to the enhancement of hydrophilicity of
the copolymer when specific ions (for example, potassium ions) are
captured [48]. Therefore, when the environmental temperature is
settled between the two LCSTs before and after the crown ether
receptors capture specific ions, all these P(NIPAM-co-B18C6Am)-
based smart hydrogels or polymers swell isothermally when they
recognize potassium ions in environments [20,21,25,38e47].
However, to achieve a smart hydrogel system for self-regulateddrug
delivery by recognizing abnormal increase of Kþ concentration, an
isothermally Kþ-induced shrinking mode of the Kþ-recognizable
hydrogel is necessary. Unfortunately, until very recently [49,50],
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little attentionhasbeenpaid to thenegative shiftmodeof the LCSTof
Kþ-recognizable polymers. Up to now, there has not been any report
concerning Kþ-recognizable smart hydrogels with isothermally Kþ-
induced shrinking mode for controlled-release by recognizing the
increase of environmental Kþ concentration.

In this study, we report on a novel family of Kþ-recognizable
smart hydrogels for self-regulated controlled-release, which is
featured with isothermally Kþ-induced pulse-release mode at
a certain temperature due to the isothermally Kþ-induced
shrinking behavior of the hydrogel by recognizing the increase of
Kþ concentration in the environment.

2. Experimental section

2.1. Materials

N-isopropylacrylamide (NIPAM, kindly provided by Kohjin Co.,
Ltd., Japan) was purified by recrystallizationwith a hexane/acetone
(v/v, 50/50) mixture solution. Amino-benzo-15-crown-5 (97%) was
purchased from Fluka. N,N0-Methylene-bis-acrylamide (BIS,
Chengdu Kelong Chemical Reagent Co.) was used as crosslinker.
2,20-Azobisisobutyronitrile (AIBN, Shanghai Reagent Fourth
Factory) was recrystallized with ethanol and used as initiator. All
other chemicals were of analytical grade. Deionized water (18.2 MU

at 25 �C) from a Milli-Q Plus water purification system (Millipore)
was used throughout the experiments.

2.2. Hydrogel fabrication and characterization

Benzo-15-crown-5-acrylamide (B15C5Am) monomer was
synthesized fromamino-benzo-15-crown-5according topreviously
reported procedures [51,52]. The P(NIPAM-co-B15C5Am) hydrogel
was synthesized by thermally initiated free-radical crosslinking
polymerization. Briefly, 0.046 g of B15C5Am and 0.356 g of NIPAM
monomers, 0.01 g of crosslinker BIS and 0.005 g of initiator AIBN
were dissolved in 3 mL of pure water/tetrahydrofuran (THF) (v/v, 4/
1) mixture solution. The molar ratios of B15C5Am, AIBN and BIS to
NIPAM monomer were 4.5%, 1%, and 2%, respectively. N2 gas was
bubbled into the solution for at least 15 min to remove dissolved
oxygen. The solution was then immediately transferred into a glass
tube with an inner diameter of 6 mm and the tube was sealed
immediately. The glass tube was then immersed into a constant-
temperature water bath at 70 �C for 8 h to carry out the polymeri-
zation. After the polymerization was complete, the prepared
cylindrical hydrogel was pushed out from the tube and immersed
into deionized water to remove residual unreacted chemicals. The
water was replaced with fresh water every 6 h and the wash was
lasted for 7 days. The washed P(NIPAM-co-B15C5Am) hydrogel was
cut into thin discs and then separately equilibrated in deionized
water and salt solutions at 20 �C. PNIPAM hydrogels were also
prepared as reference samples using the same procedure and
ingredient ratios but without any addition of B15C5Am. The
obtained hydrogels were characterized by Fourier Transform
Infrared Spectrometer (FT-IR, Nicolet 560) to make sure that the
B15C5Am groups were successfully introduced into the hydrogel
networks.

2.3. Isothermally Kþ-induced shrinking behaviors of the hydrogel

The volume phase transition behaviors of P(NIPAM-co-
B15C5Am) hydrogels responding to temperature and metal ions
were carried out by measuring the diameter change of hydrogel
discs in different solutions and at various temperatures ranging
from 20 to 38 �C. The hydrogel discs were separately immersed in
deionized water, LiNO3, NaNO3 and KNO3 solutions with the salt
concentrations of 0.1 and 0.2 mol L�1 in glass culture dishes with
calibrated scale. The glass culture dishes were placed in a tempera-
ture-controlled water bath with temperature fluctuation of�0.1 �C.
The diameter of the hydrogel discs was measured by taking photos
using a digital camera (Sony T-20, Japan)when the hydrogel reached
to the equilibrium state at each temperature. The photos of the
hydrogel discs with scale bar were analyzed by graph-processing
software to determine the diameters of the hydrogel discs. At least
three different pictures of each hydrogel sample at the same
temperature were analyzed to reduce the errors in measurements.

The dynamic isothermal volume shrinkage of the P(NIPAM-co-
B15C5Am) hydrogel responding to Kþ-recognitionwas investigated
using similar method as mentioned above. P(NIPAM-co-B15C5Am)
hydrogel disc was firstly immersed in deionized water in the glass
culture dish at 30 �C until reached to equilibrium state. Then, the P
(NIPAM-co-B15C5Am) hydrogel disc was immediately transferred
to another glass culture dish filled with 0.2 mol L�1 KNO3 solution
and the diameter change of the hydrogel disc was simultaneously
measured by taking photos using a digital camera at fixed time
intervals. This process was repeated at least three times using
different hydrogel samples to ensure the accuracy of results.

2.4. Kþ-induced controlled-release of model drug from the hydrogel

VB12 was used as the model drug in the controlled-release
experiment. The Kþ-induced release of the loaded drug from P
(NIPAM-co-B15C5Am) hydrogel was carried out at 30 �C by
measuring the increased VB12 concentration in the surrounding
medium at fixed time intervals during the release process. The
controlled-release experiment included two procedures, the drug
loading and the Kþ-induced drug release. In the drug loading
procedure, the prepared P(NIPAM-co-B15C5Am) hydrogel with
a length of 4 cm at 20 �C was cut into 8 pieces of hydrogel discs, and
then these hydrogel discs were immersed into 0.2 mmol L�1 VB12
solution at 0 �C for at least 72 h to make the hydrogel swell enough
and loaddrugmolecules adequately. TheVB12 solutionwas refreshed
periodically until that the VB12 concentration of the surrounding
solution did not change anymore to ensure the sufficient loading of
VB12 solutes into the hydrogel. For the drug-releasing procedure,
a 100 mL beaker containing 50 mL deionized water was placed in
a constant-temperature water bath at 30 �C. Another 100mL beaker
containing the drug-loaded hydrogel discs in 0.2 mmol L�1 VB12
solution was also placed in the constant-temperature water bath at
30 �C. The drug-loaded hydrogel discs were transferred into the
beakerwith 50mL deionizedwater at 30 �C and timed immediately.
Atfixed time intervals, theVB12 concentrationwas determined using
a UVevisible recording spectrophotometer at a wavelength of
361 nm. During the drug release process, the water around the
hydrogel discs was stirred gently to eliminate the effect of concen-
tration polarization near the hydrogel surface on the drug release.
The amount of released drug from the hydrogel was calculated from
the VB12 concentration and the solution volume. In the treatment of
drug release data, the VB12 concentration change in the surrounding
solution in the first minute was subtracted in order to exclude the
portionof drug thatwas from theextra drug solutionon thehydrogel
sample surface but not released from the inside of hydrogel sample.
The controlled-release experiment was carried out for at least three
times to verify the repeatability.

To examine the Kþ-induced pulse-release performance of the
hydrogel, an experiment was carried out as follows. After the drug
release from the drug-loaded P(NIPAM-co-B15C5Am) hydrogel and
PNIPAM hydrogel have been carried out for 10 min in pure water,
KNO3 was immediately added into the surrounding aqueous solu-
tions to make Kþ concentration up to 0.2 M, and then the drug
release rate was measured continuously.
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To check the reversibility and repeatability of P(NIPAM-co-
B15C5Am) hydrogel in Kþ-induced controlled-release, the hydrogel
samples that have been used in the release experiments were
washed adequately to remove the captured guest ions and loaded
drug molecules, and then these hydrogels were reused for the
release experiment again. Three runs of release experiments were
carried out with the same hydrogel samples in this study.
3. Results and discussion

3.1. Strategies for fabrication and Kþ-induced controlled-release
function of hydrogel

The concept of the proposed Kþ-recognizable smart hydrogel for
Kþ-induced controlled-release is schematically illustrated in Fig. 1.
The hydrogel is composed of three-dimensional crosslinked copol-
ymer networks of poly(N-isopropylacrylamide-co- benzo-15-
crown-5-acrylamide) (P(NIPAM-co-B15C5Am), Fig.1a), inwhich the
crown ether 15-crown-5 is used as an ion-signal sensing receptor
and PNIPAM acts as an actuator. The crown ether 15-crown-5 is
a well-known host molecule in supramolecular “host-guest”
systems to selectively recognize sodium ionby forming “host-guest”
Fig. 1. Schematic illustration of the proposed ion-recognizable hydrogel and Kþ-
induced controlled-release. a) The chemical structure of P(NIPAM-co-B15C5Am)
hydrogel. b) Thermo-responsive volume change behavior of the P(NIPAM-co-B15C5Am)
hydrogel in response to potassium ion. c) The Kþ-induced controlled-release from the P
(NIPAM-co-B15C5Am) hydrogel due to Kþ-induced isothermal shrinkage of the
hydrogel.
complex, and it has been reported that the 15-crown-5 molecules
can also recognize potassium ions by forming “sandwich” (crown
ether:cation¼ 2:1) structural complexes [53,54]. By the cooperative
action of thermo-responsive PNIPAM and crown ether 15-crown-5,
Kþ-induced negative shift of the LCST for phase transition of P
(NIPAM-co-B15C5Am) has been discovered in our group recently
[50].When there is no potassium ions appearing in the environ-
mental solutions, the LCST of P(NIPAM-co-B15C5Am) is located in
LCSTb (Fig. 1b); however, when potassium ions present in the envi-
ronmental solutions, the LCST of P(NIPAM-co-B15C5Am) shifts
significantly to a lower temperature at LCSTa (Fig. 1b) as a result of
the change of hydrophobicitywhen the 15-crown-5 cavities capture
potassium ions via forming stable 2:1 (crown ether:cation ¼ 2:1)
“sandwich” complexes [50]. This significant negative shift behavior
of the LCST of P(NIPAM-co-B15C5Am) is selectively triggered by Kþ-
recognition, and can not be induced by some other alkali metal ions,
such as sodium ions, lithium ions or cesium ions [50]. Therefore,
when the operation temperature is selected between the LCSTa and
the LCSTb, the proposed hydrogel can isothermally shrink from
swollen state to shrunken state byselectively recognizingpotassium
ions. By using such an isothermal shrinking function induced by Kþ-
recognition, an isothermally Kþ-triggered pulse-release of loaded
substance from the proposed hydrogel can be achieved (Fig. 1c),
which canbe aimedat self-regulated targeteddrugdeliverywith the
above-mentioned abnormal increase of Kþ concentration as
a stimulus.

3.2. Componential analyses of the hydrogel

Fig. 2 shows FT-IR spectra of B15C5Am and NIPAM monomers
and crosslinked P(NIPAM-co-B15C5Am) hydrogel. The character-
istic peaks of the B15C5Am monomer, including a strong peak at
1516 cm�1 for C]C skeletal stretching vibration of the phenyl ring,
a peak at 1228 cm�1 for CeO asymmetric stretching vibration in
AreOeR, a peak at 1132 cm�1 for CeO asymmetric stretching
vibration in ReOeR0, and a peak at 1055 cm�1 for CeO symmetric
stretching vibration in AreOeR, are all found in the spectrum of the
crosslinked P(NIPAM-co-B15C5Am) hydrogel. At the same time, the
characteristic peaks of the NIPAM monomer, such as peak at
10002000
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Fig. 2. FT-IR spectra of a) B15C5A monomer, b) NIPAM monomer, and c) crosslinked
P(NIPAM-co-B15C5Am) hydrogel.
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1647 cm�1 for C]O stretching vibration of the amidogroup and the
characteristic double peaks at 1388 and 1366 cm�1 for isopropyl
group of NIPAM, also appear in the spectrum of the crosslinked P
(NIPAM-co-B15C5Am) hydrogel. The results confirm the successful
fabrication of P(NIPAM-co-B15C5Am) hydrogel, i.e., both B15C5Am
and NIPAM components are proven to be constructed in the
crosslinked hydrogel.

3.3. Isothermally Kþ-induced shrinking behaviors of the hydrogel

The thermo-responsive and ion-recognition characteristics of
the P(NIPAM-co-B15C5Am) hydrogel are studied by detecting the
volume change of the hydrogel in water and in aqueous solutions
containing different metal ions. Fig. 3 shows thermo-responsive
volume change of P(NIPAM-co-B15C5Am) hydrogels in solutions
containing different alkali metal ions. The hydrogels undergo
thermo-responsive volume shrinkage due to the phase transition
when the environmental temperature increases across the corre-
sponding LCST. Just as expected, when potassium ions present in
the solution, the LCSTof the P(NIPAM-co-B15C5Am) hydrogel shifts
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Fig. 3. Thermo-responsive volume change of P(NIPAM-co-B15C5Am) hydrogels in
solutions containing different alkali metal cations. DT represents the diameter of the
hydrogel disc at each test temperature T, and D20 represents that at 20 �C.

Fig. 4. Kþ-induced shrinkage of the P(NIPAM-co-B15C5Am) hydrogel at 30 �C. Sample
A is in deionized water, sample B is in 0.1M Kþ aqueous solution, and sample C is in
0.2M Kþ aqueous solution. Scale bar is 5 mm.
to a lower temperature than that in water. However, when lithium
and sodium ions appear in the solutions, the LCST shifts of the
hydrogels are not so significant. Although Naþ has been reported to
easily form complexationwith crown ether 15-crown-5 at a ratio of
1:1 because of their size fitness [52], Kþ stably forms complexation
with crown ether 15-crown-5 at a ratio of 2:1 (crown ether:cation)
[52], which may drive the polymer to shrink much more effectively
and cause the LCST shift more significantly than that in the case of
Naþ. The presence of Liþ nearly does not affect the LCST for phase
transition because the diameter of Liþ is very small comparing with
the cavity size of crown ether 15-crown-5. In other words, Liþ

cannot effectively form stable complexation with the crown ether
Fig. 5. Dynamic process of the Kþ-induced shrinkage of P(NIPAM-co-B15C5Am)
hydrogel in 0.2M Kþ aqueous solution at 30 �C. Scale bar is 5 mm.
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15-crown-5. Therefore, the prepared P(NIPAM-co-B15C5Am)
hydrogel is especially and selectively sensitive to potassium ions.

From the results shown in Fig. 3, it is expected that isothermally
Kþ-induced significant shrinkage of the prepared P(NIPAM-co-
Fig. 7. Kþ-induced controlled-release of model drug VB12 from the P(NIPAM-co-B15C5Am)
is used as a reference. a) Dynamic release behavior of VB12 from PNIPAM and P(NIPAM-co-B1
P(NIPAM-co-B15C5Am) hydrogels in 0.2 M Kþ aqueous solutions, c) Kþ-induced controlle
surrounding aqueous solution, and d) reversible and repeatable characteristics of Kþ-induce
experiments in Fig. 7d are performed the same as those shown in Fig. 7c). All the release e
B15C5Am) hydrogel can be achieved at an environmental temper-
ature of 30 �C. The optical picture in Fig. 4 vividly shows the Kþ-
induced shrinkage of the P(NIPAM-co-B15C5Am) hydrogel at 30 �C.
The three hydrogel samples in Fig. 4 are of the same diameters
originally in water at 30 �C. Comparing with the situation in water,
the hydrogels immersed in Kþ solutions exhibit obvious isothermal
shrinkage, and the shrinkage in 0.2M Kþ solution is larger than that
in 0.1 M Kþ solution at this temperature.

The dynamic behavior of the isothermal shrinkage of P(NIPAM-
co-B15C5Am) hydrogel triggered by Kþ-recognition are studied by
transferring the hydrogel from pure water at 30 �C to 0.2 M Kþ

aqueous solution at the same temperature promptly and then
measuring the dynamic volume change of hydrogel in 0.2 M Kþ

aqueous solution at this temperature. As shown in Figs. 5 and 6, the
Kþ-triggered volume shrinkage of P(NIPAM-co-B15C5Am) hydrogel
is rapid and remarkable. The diameter of the hydrogel disc in 0.2 M
Kþ aqueous solution decreases to about 50% of that in pure water
within a few minutes.

3.4. Isothermally Kþ-induced controlled-release of model drug from
the hydrogel

The isothermally Kþ-induced release characteristics of VB12 as
a model drug from both the P(NIPAM-co-B15C5Am) hydrogel and
the PNIPAM hydrogel (as a reference) have been investigated by
measuring the released VB12 amount to ambient solution at fixed
time intervals at 30 �C. In pure water, the VB12 release character-
istics from both hydrogels are resulted from concentration-driven
diffusion and have almost the same release rates (Fig. 7a). However,
hydrogel. PNBC is the abbreviation of P(NIPAM-co-B15C5Am), and PNIPAM hydrogel
5C5Am) hydrogels in pure water, b) dynamic release behavior of VB12 from PNIPAM and
d-release of VB12 from P(NIPAM-co-B15C5Am) hydrogel by adding 0.2 M Kþ into the
d controlled-release of VB12 from the P(NIPAM-co-B15C5Am) hydrogel (all the release
xperiments are carried out at 30 �C.
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in 0.2 M Kþ solutions, the dynamic release behavior of VB12 from
the P(NIPAM-co-B15C5Am) hydrogel is significantly different from
that from the PNIPAM hydrogel (Fig. 7b). Both the release rate
within the first 3min and the total release amount within 20min of
VB12 from the P(NIPAM-co-B15C5Am) hydrogel are higher than
those from the PNIPAM hydrogel. The drug release from the P
(NIPAM-co-B15C5Am) hydrogel in Kþ aqueous solution is resulted
from both the concentration-driven diffusion and the Kþ-induced
shrinkage of the hydrogel. Because of the Kþ-induced volume
shrinkage of the P(NIPAM-co-B15C5Am) hydrogel, the loaded
model drug VB12 inside the hydrogel is squeezed out when potas-
sium ions present in the environment.

The dynamic behavior of Kþ-induced drug release from the P
(NIPAM-co-B15C5Am) hydrogel by adding Kþ to the surrounding
aqueous solution during the release process is also examined. The
results demonstrate that the addition of potassium ions to the
environment can trigger a pulse-release of loaded drug from the P
(NIPAM-co-B15C5Am) hydrogel due to the Kþ-induced isothermal
shrinkage of the hydrogel (Fig. 7c). However, the PNIPAM hydrogel
does not show such a performance. The fabricated P(NIPAM-co-
B15C5Am) hydrogel is highly potential to be used as materials
candidate for smart targeted drug delivery system that can recog-
nize abnormal increase of potassium ions.

The Kþ-induced controlled-release of model drug VB12 from the
P(NIPAM-co-B15C5Am) hydrogel shows reversible and repeatable
characteristics, just as the PNIPAM hydrogel does (Fig. 7d). After
each run of the release experiment, both the P(NIPAM-co-
B15C5Am) hydrogel and the PNIPAM hydrogel are washed thor-
oughly and then used again for the release experiment. After three
runs, the total release amount of model drug VB12 from the P
(NIPAM-co-B15C5Am) hydrogel within 20 min is almost the same
as that in the first run. That is, the fabricated P(NIPAM-co-
B15C5Am) hydrogel can be used repeatedly for Kþ-induced
controlled-release.

4. Conclusions

In summary, a novel family of stimuli-responsive hydrogel for
Kþ-induced self-regulated controlled-release, which is featured
with isothermally Kþ-induced pulse-release mode at a certain
temperature due to the isothermally Kþ-induced shrinking
behavior of the hydrogel by recognizing the increase of Kþ

concentration in the environment, has been successfully developed.
The crown ether 15-crown-5 is introduced in the crosslinked three-
dimensional hydrogel as an ion-signal sensing receptor and the
PNIPAM is designed as an actuator for the hydrogel, and the P
(NIPAM-co-B15C5Am) hydrogel is fabricated by thermally initiated
free-radical polymerization of monomers NIPAM and B15C5Am.
The selective formation of stable “host-guest” complexation
between the crown ether 15-crown-5 and potassium ion at a ratio of
2:1 (crown ether:cation) drives the copolymer network to shrink,
and as a result the fabricated P(NIPAM-co-B15C5Am) hydrogel is
especially and selectively sensitive to potassium ions. The experi-
mental results demonstrate that the addition of potassium ions to
the environment can trigger a pulse-release of loaded drug from the
P(NIPAM-co-B15C5Am) hydrogel due to the Kþ-induced isothermal
shrinkage of the hydrogel. Although the operation temperature for
the Kþ-triggered controlled-release of model drug from the
hydrogel is 30 �C in this study, this temperature can be easily
adjusted to physiological temperature around 37 �C by simply
introducing some hydrophilic components into the hydrogel
networks [55]. The proposed P(NIPAM-co-B15C5Am) hydrogel
provides a newmode of Kþ-recognition volume change for stimuli-
responsive smart actuators, which is highly attractive for targeting
drug delivery systems, and sensors and so on.
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