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ABSTRACT: A novel type of smart microspheres with K'-
induced shrinking and aggregating properties is designed and
developed on the basis of a K'-recognition host—guest system.
The microspheres are composed of cross-linked poly(N-
isopropylacrylamide-co-acryloylamidobenzo-15-crown-S) (P-
(NIPAM-co-AAB15CS)) networks. Due to the formation of stable
2:1 “sandwich-type” host—guest complexes between 15-crown-$
units and K* ions, the P(NIPAM-co-AAB1SCS) microspheres
significantly exhibit isothermally and synchronously K'-induced

shrinking and aggregating properties at a low K* concentration, while other cations (e.g, Na*, H*, NH,", Mg*', or Ca®")
cannot trigger such response behaviors. Effects of chemical compositions of microspheres on the K*-induced shrinking and
aggregating behaviors are investigated systematically. The K*-induced aggregating sensitivity of the P(NIPAM-co-AAB1SCS)
microspheres can be enhanced by increasing the content of crown ether units in the polymeric networks; however, it is nearly
not influenced by varying the monomer and cross-linker concentrations in the microsphere preparation. State diagrams of
the dispersed-to-aggregated transformation of P(NIPAM-co-AAB1SCS) microspheres in aqueous solutions as a function of
temperature and K' concentration are constructed, which provide valuable information for tuning the dispersed/aggregated
states of microspheres by varying environmental K* concentration and temperature. The microspheres with synchronously
K*-induced shrinking and aggregating properties proposed in this study provide a brand-new model for designing novel targeted

drug delivery systems.
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B INTRODUCTION

Potassium ion (K*) plays an important role in biological
systems. K* not only is involved in the maintenance of
extracellular/intracellular osmotic pressure, pH value, and
normal metabolism but also regulates the concentration of
other ions in the cell.' The normal concentration of serum K*
in the human body is in the range of 3.5—5.5 mmol L™". The
value of the intracellular K* concentration is about 30 times of
the extracellular K* concentration.” Certain diseases can cause a
disorder of extracellular/intracellular K* concentration. For
example, necrocytosis at specific pathological sites and a defect
in the K"'—Na* pump in the cell membrane would result in an
abnormal increase of extracellular K* concentration.® Thus, the
abnormal increase of K concentration can be treated as a
disease signal, and drug delivery systems that can recognize this
stimulus signal for K'-triggered controlled-release will be of
great significance. Functional microspheres are promising
candidates as drug carriers and biosensors due to their micron
size, large specific surface area, and functional properties.*” '
Site-specific aggregation of microspheres at certain organs or
tissues is beneficial to the site-targeting, which is crucial to
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targeted drug delivery systems.'®™'® Therefore, smart micro-
spheres with K'-induced aggregating properties as targeted
drug delivery systems are of great importance.

Crown ethers are known for the unique property of
formation of stable host—guest complexes with alkali metal
ions. For example, 18-crown-6 can selectively recognize and
capture K' by forming stable 1:1 “host—guest” 18-crown-
6/K*." It has been reported that cross-linked poly(N-
isopropylacrylamide-co-benzo-18-crown-6-acrylamide) (P-
(NIPAM-co-B18C6Am)) microspheres slightly exhibit a
K*-induced swelling property but the swelling degree is not
significant, and the microspheres show an aggregating property
only in the case of high K* concentration (e.g, >15 mM).*°
However, in certain applications, such as K'-triggered release of
drugs, an inverse mode of K'-responsive volume change behav-
jor (i.e, K'-induced shrinking) of the microspheres is preferred.
Besides, the K'-induced aggregating sensitivity to lower K"
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Figure 1. Schematic illustration of the K*-induced shrinking and
aggregating behavior of P(NIPAM-co-AAB15CS) microspheres upon
formation of stable 2:1 “sandwich-type” complexes of pendent 15-
crown-5 receptors and K* ions.

concentration is very important in biomedical applications.
Unfortunately, to the best of our knowledge, such a kind of
smart microspheres with isothermally and synchronously K*-
induced shrinking and aggregating property has not been
reported yet.

Here, we report on a novel type of smart microspheres with
K*-induced shrinking and aggregating properties based on a
responsive host—guest system. The microspheres are composed
of cross-linked poly(N-isopropylacrylamide-co-acryloylamido-
benzo-15-crown-5) (P(NIPAM-co-AAB15CS5)) networks, in
which pendent 15-crown-S units act as K'-recognition
receptors and poly(N-isopropylacrylamide) (PNIPAM) units
act as actuators. When K' appears in the environment, the
adjacent 15-crown-$ receptors capture K* to form stable 2:1
“sandwich-type” host—guest complexes within and among
microspheres,”' ~>* which would disrupt the hydrogen bonding
between the oxygen atoms in 15-crown-S and the hydrogen
atoms of water and cause the copolymer chains to contract
rapidly; as a result, microspheres significantly exhibit an
isothermal shrinkage and aggregation phenomenon by
recognizing K* (Figure 1). The microspheres are prepared by
a two-step reaction method combining g)recipitation copoly-
merization®® and chemical modification,”® so that enough 15-
crown-S units can be fixed onto the polymeric networks of the
microspheres to ensure that the K*-induced aggregation can be

Table 1. Recipe for Preparation of P(NIPAM-co-AAc)
Microspheres

[NIPAM] + [AAC]/([NIPAM] +  [MBA]/([NIPAM] +
code [AAc] (mol/L) [AAc]) (mol %) [AAc]) (mol %)
#1 0.1 20 2.6
#2 0.1 10 2.6
#3 0.1 30 2.6
#4 0.1 20 1.0
#5 0.1 20 S.0
#6 0.2 20 2.6
#7 0.3 20 2.6
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Figure 2. FT-IR spectra of P(NIPAM-co-AAc) microsphere prepared
with 10% (Curve A) of AAc feed molar content and P(NIPAM-co-
AAB15CS) microspheres prepared with 10% (Curve B), 20% (Curve
C), and 30% (Curve D) of AAc feed molar contents.

Figure 3. SEM images of dispersed P(NIPAM-co-AAB1SCS)
microspheres in the absence of K' ions (A) and aggregated
P(NIPAM-co-AAB1SCS) microspheres in the presence of K ions
(B). Scale bars are 100 nm.
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Figure 4. Effects of ion species (A, B) and K* concentration (C, D, E, F) on the isothermal shrinking and aggregating behaviors of P(NIPAM-co-
AAB15CS) microspheres. (A, C) Hydrodynamic diameters of microspheres in deionized water and various cation solutions as a function of
temperature. (B, D) State diagram of the dispersed-to-aggregated transformation of microspheres in deionized water and various cation solutions as a
function of temperature. (E) Relationship between the K* concentration and the critical aggregation temperature. (F) Relationship between the K*
concentration and the hydrodynamic diameter of the microspheres under a certain temperature condition.

achieved effectively under the condition of low K concen-
tration. Effects of chemical compositions of microspheres and
the environmental K concentration and temperature on the
K*-induced shrinking and aggregating behaviors are inves-
tigated systematically. State diagrams of the dispersed-to-
aggregated transformation of P(NIPAM-co-AAB1SCS) micro-
spheres as a function of temperature and K* concentration are
constructed according to the experimental data. The results in

this study provide valuable guidance for designing novel
targeted drug delivery systems with K*-induced shrinking and
aggregating properties.

B MATERIALS AND METHODS

Materials. N-Isopropylacrylamide (NIPAM, purchased from
Sigma-Aldrich) is purified by recrystallization with a hexane/acetone
mixture (v/v, 50/50). 4’-Amino-benzo-15-crown-S (AB15CS) is syn-
thesized from 4’-nitro-benzo-15-crown-5 (Sigma-Aldrich) according to
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Figure 5. K'-induced shrinking and aggregating behaviors of P(NIPAM-co-AAB15CS) microspheres prepared with 0.2 mol L™' monomer
concentration. (A) Hydrodynamic diameters of microspheres as a function of K* concentration and temperature. (B) State diagram of the dispersed-
to-aggregated transformation of microspheres as a function of K* concentration and temperature. (C) Relationship between the K" concentration
and the critical aggregation temperature. (D) Relationship between the K* concentration and the hydrodynamic diameter of the microspheres under

a certain temperature condition.

previously reported procedures.>*>* N,N’-Methylenebise-bis-
acrylamide (MBA), ammonium persulfate (APS), sodium dodecyl
sulfate (SDS), and acrylic acid (AAc) are all purchased from Chengdu
Kelong Chemical Reagents. 1-(3-(Dimethylamino)propyl)-3-ethyl
carbodiimide hydrochloride (EDC) is purchased from Sigma-Aldrich.
All solvents and other chemicals are of analytical grade and used as
received. Deionized water (18.2 MQ, 25 °C) from a Milli-Q Plus water
purification system (Millipore) is used throughout this work.
Preparation of Microspheres. The proposed P(NIPAM-co-
AAB1S5CS) microspheres are prepared by a two-step reaction method
combining precipitation copolymerization®® and chemical modifica-
tion.® First, poly(N-isopropylacrylamide-co-acrylic acid) (P(NIPAM-
co-AAc)) microspheres with different compositions (Table 1) are
prepared in a single step by thermally initiated free-radical pre-
cipitation copolymerization of NIPAM and AAc comonomers with
MBA as cross-linker and APS as initiator. The molar ratios of APS and
SDS to the total comonomers are kept constant as 1 and 0.8 mol %,
respectively. The reaction solution is bubbled with N, gas for 20 min
to remove dissolved oxygen and then is heated to 70 °C to initiate the
copolymerization. The precipitation copolymerization is carried out at
70 °C for 4 h under a N, atmosphere. The prepared P(NIPAM-co-
AAc) microspheres are purified for 7 days by dialysis (cutoff 8000—
15000 Da) against deionized water, which is refreshed every 12 h.
Next, the P(NIPAM-co-AAc) microspheres are modified with AB15CS
by using EDC as a dehydration catalyst. During the modification
process, the dispersion of P(NIPAM-co-AAc) microspheres in
deionized water that mixed with AB1SCS and EDC is stirred below
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4 °C for 24 h under the N, atmosphere. Then, the obtained
P(NIPAM-co-AAB15CS) microspheres are purified by dialysis (cutoff
8000—15 000 Da) against water.

Compositional and Morphological Characterizations of
Microspheres. The chemical compositions of P(NIPAM-co-AAc)
and P(NIPAM-co-AAB15CS) microspheres are confirmed by Fourier
transform infrared spectroscopy (FT-IR, IR Prestige-21, Shimadzu) by
using the KBr disc technique. The size and morphology of
microspheres in the absence and presence of K ions in the dried
state are observed by a scanning electron microscope (SEM, JSM-
7S00F, JEOL). All specimens for SEM measurements are dried at
room temperature and sputter-coated with gold before observation.

Characterization of K*-Induced Shrinking and Aggregating
Behaviors of Microspheres. The K*-induced shrinking and
aggregating behaviors of microspheres are studied by evaluating their
size change behaviors in different cation solutions at fixed ambient
temperatures ranging from S to S0 °C. The hydrodynamic diameters
of P(NIPAM-co-AAB15CS) microspheres are measured by dynamic
light scattering (DLS, Zetasizer Nano-ZEN3690, Malvern) with highly
diluted microsphere dispersions in different aqueous solutions. To
minimize salting-out effects, nitrates are chosen as the model
salts.”” " In consideration of the strong oxidation of HNO,, HCI is
used to study the effect of H'. The data of hydrodynamic diameters of
microspheres presented in this paper are the average values of at least
three measurements.

dx.doi.org/10.1021/am505506v | ACS Appl. Mater. Interfaces 2014, 6, 19405—19415
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Figure 6. K'-induced shrinking and aggregating behaviors of P(NIPAM-co-AAB15CS) microspheres prepared with 0.3 mol L™' monomer
concentration. (A) Hydrodynamic diameters of microspheres as a function of K* concentration and temperature. (B) State diagram of the dispersed-
to-aggregated transformation of microspheres as a function of K* concentration and temperature. (C) Relationship between the K" concentration
and the critical aggregation temperature. (D) Relationship between the K* concentration and the hydrodynamic diameter of the microspheres under

a certain temperature condition.

B RESULTS AND DISCUSSION

Composition and Morphology of Microspheres. FT-IR
spectra of P(NIPAM-co-AAc) and P(NIPAM-co-AAB15CS)
microspheres are shown in Figure 2. From the FT-IR spectra,
successful fabrications of P(NIPAM-co-AAc) and P(NIPAM-co-
AABI1S5CS) microspheres are confirmed. Specifically, the
characteristic bands of the benzo-15-crown-5 group, including
a strong peak at 1516 cm™" (shoulder peak) for C=C skeletal
stretching vibration in the phenyl ring, a peak at 1229 cm™" for
C—0O asymmetric stretching vibration in Ar—O—R, and a peak
at 1132 cm™ for C—O asymmetric stretching vibration in R—
O-R/, and double peaks at 1387 and 1368 cm™' for the
isopropyl group of NIPAM are both found in the FT-IR spectra
of P(NIPAM-co-AAB15CS) microspheres prepared with 10%
(Curve B), 20% (Curve C), and 30% (Curve D) of AAc feed
molar contents. Furthermore, the characteristic peak at 1713 cm™!
for the carboxylic group of AAc in the FT-IR spectrum of the
P(NIPAM-co-AAc) microspheres (Curve A) disappears in the
FT-IR spectrum of P(NIPAM-co-AAB15SCS) microspheres
(Curve B), which indicates that almost all AAc units are
converted to AAB15CS units after the chemical modification.
Particularly, the intensity of the characteristic peak of benzo-
15-crown-S group at 1516 cm™ for P(NIPAM-co-AAB15CS)
microspheres increases with an increase in the AAc feed molar

19409

content, which indicates that a larger amount of AAc feed molar
contents leads to a larger amount of crown ether units in the as-
prepared P(NIPAM-co-AAB15CS) microspheres.

SEM images of P(NIPAM-co-AAB15C5) microspheres in the
absence and presence of 100 mM K" ions in the dried state are
shown in Figure 3. In the absence of K* ions, P(NIPAM-co-
AAB15CS) microspheres disperse well and exhibit good
spherical shapes and good monodispersity (Figure 3A). The
average diameters of dried microspheres in the absence of K*
ions are about 250 nm. However, in the presence of K ions,
microspheres seriously aggregate and their diameters all reduce
to about 140 nm due to the formation of 2:1 “sandwich-type”
host—guest complexes between 15-crown-S units and K" ions
within and among microspheres (Figure 3B).

Effects of lon Species and K* Concentration on the
Isothermal Shrinking and Aggregating Behaviors of
Microspheres. Besides K*, five kinds of other common
cations, Na*, Ca®", Mg*, H', and NH," are introduced as
references to test the isothermal shrinking and aggregating
behaviors of microspheres for a comparison. The results show
that the P(NIPAM-co-AAB15CS) microspheres are featured
with specifically K-recognizable responsive properties. Only
K" ions can trigger the isothermal shrinking of microspheres
due to the formation of stable 2:1 (ligand/ion) “sandwich-type”

dx.doi.org/10.1021/am505506v | ACS Appl. Mater. Interfaces 2014, 6, 19405—19415
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Figure 7. K*-induced shrinking and aggregating behaviors of P(NIPAM-co-AAB15SCS) microspheres prepared with cross-linking degree as 1%. (A)
Hydrodynamic diameters of microspheres as a function of K* concentration and temperature. (B) State diagram of the dispersed-to-aggregated
transformation of microspheres as a function of K* concentration and temperature. (C) Relationship between the K* concentration and the critical
aggregation temperature. (D) Relationship between the K* concentration and the hydrodynamic diameter of the microspheres under a certain

temperature condition.

host—guest complexes between 15-crown-$ units and K* ions.
Since other ions cannot form stable 2:1 host—guest complexes
with 1S-crown-S units, they cannot trigger the isothermal
shrinking of microspheres. As shown in Figure 4A, P(NIPAM-
co-AAB15CS) microspheres undergo a rapid volume decrease
in deionized water when the ambient temperature increases
across a region due to the thermoresponsive property of
PNIPAM units. In these cation solutions, the concentrations of
the cations are all 0.1 M, and with an increase in the the
temperature, the hydrodynamic diameters of the microspheres
decrease first and then increase dramatically at a certain
temperature. It has been reported that dispersions of PNIPAM
microspheres exhibit aggregation phenomena in the presence
of electrolytes.’** ¢ Electrolytes can compete with PNIPAM
chains for water molecules, resulting in the dehydration of the
PNIPAM chains. Such a dehydration effect decreases the
hydrophilicity of P(NIPAM-co-AAB15CS) microspheres and
leads to the aggregation of microspheres, which is reflected in
the sudden increase of the microsphere diameters in Figure 4A.
Figure 4B illustrates the corresponding state diagram of the
dispersed-to-aggregated transformation of P(NIPAM-co-
AAB15CS) microspheres in deionized water and various cation
solutions as a function of temperature. The state diagram shows
that the state of P(NIPAM-co-AAB15CS) microspheres is

19410

related to the temperature and the kind of cations. P(NIPAM-
co-AAB15CS) microspheres always stay dispersed in deionized
water with the temperature ranging from S to 50 °C, while in
cation solutions, P(NIPAM-co-AAB15CS) microspheres trans-
fer from a dispersed state to an aggregated state at a certain
temperature, which is defined as the critical aggregation
temperature.®® Obviously, the critical aggregation temperature
of P(NIPAM-co-AAB1SCS) microspheres in 0.1 M K* solution
is much lower than that in other cation solutions, including
Na*, Ca**, Mg**, H*, and NH," solutions. With K* ions as the
guests, the isothermal aggregation of P(NIPAM-co-AAB15CS)
microspheres can be achieved even at room temperature, e.g.,
20 or 25 °C, which is much lower than the lower critical
solution temperature (LCST) of PNIPAM; however, in other
cation solutions, the isothermal aggregation of microspheres
can only be achieved at temperatures very close to the LCST.
Such a distinct low critical aggregation temperature of
P(NIPAM-co-AAB15CS) microspheres in K* solution is
resulted from the formation of stable 2:1 “sandwich-type”
host—guest complexes of 15-crown-5 and K"*"** Such a
complexation action can disrupt the hydrogen bonding between
oxygen atoms in crown ether and hydrogen atoms of water,
which results in the aggregation phenomenon of microspheres
in K* solution at low temperatures.

dx.doi.org/10.1021/am505506v | ACS Appl. Mater. Interfaces 2014, 6, 19405—19415



ACS Applied Materials & Interfaces

Research Article

(A) 650 F

500

F |
600 | |
I

|

|

|

|

|

‘ b g
550 F |
s I
|
I
I

450

Hydrodynamic Diameter (nm)

[ 00 w10 A30 @50 #100]

,.\
=

2

8

5 10 15 20 25
Temperature (°C)

30 35 40 45 50

—
@)
—
w
1)

30

25

Critical Aggregation Temperature (°C)

20 L L

Hydrodynamic Diameter (nm)

10 40 70
K* Concentration (mM)

8

|
- ......'jé\(XXXXXXXX

)

\\?“ @ Dispersed

VA X Aggregated
N

8

2

/!
0000000 gXXXXXXXX
_YO

-4,
%)

H
o
T

7
00000000 HXKXXXXXX
/|

YA N
1AL
\

Concentration of K* (mM)

N
(=]
T

Temperature (°C)

- !

| |023 A26 €29
=32 035

0 20 40 60 80 100
K* Concentration (mM)

Figure 8. K'-induced shrinking and aggregating behaviors of P(NIPAM-co-AAB15SCS) microspheres prepared with cross-linking degree as 5%. (A)
Hydrodynamic diameters of microspheres as a function of K" concentration and temperature. (B) State diagram of the dispersed-to-aggregated
transformation of microspheres as a function of K* concentration and temperature. (C) Relationship between the K* concentration and the critical
aggregation temperature. (D) Relationship between the K concentration and the hydrodynamic diameter of the microspheres under a certain

temperature condition.

Effects of environmental K" concentration and temperature
on the K'-induced shrinking and aggregating behaviors of
microspheres are shown in Figure 4C—F. In this study, the
range of K" concentrations is from 0 to 100 mM. In the state
diagram (Figure 4D), the dispersed-state region is located in
the lower left region and the aggregated-state region is located
in the upper right region. These two regions are separated by a
narrow region of critical aggregation temperature and critical
aggregation K concentration. Microspheres are more likely to
get aggregated when the surrounding K* concentration is high.
There is an inverse relationship between the critical aggregation
temperature and the critical aggregation K" concentration. The
critical aggregation temperature decreases with an increase in
the K* concentration (Figure 4E), and the critical aggregation
temperature can be as low as 20 °C when the K concentration
is 100 mM, while the critical aggregation K concentration
decreases with an increase in the environmental temperature
(Figure 4F). When the environmental temperature is 32 °C,
microspheres can aggregate at a low K* concentration, which is
lower than 10 mM. That is, the dispersed/aggregated state of
P(NIPAM-co-AAB15CS) microspheres can be tuned by varying
the temperature and K' concentration. Such a tunable K'-
induced aggregating property of P(NIPAM-co-AAB1SCS)
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microsphere provides a novel model for designing targeted
drug delivery systems.

Up to now, most reported works related to PNIPAM-based
microspheres with metal ion-induced aggregating property are
in response to Na' ions, which are mainly the flocculation
behaviors of PNIPAM-based microspheres caused by sodium
salts and temperature.® ~>** Only a few works are related to
PNIPAM microspheres with K'-induced aggregating property.
It has been reported that PNIPAM microgels exhibit K'-
induced aggregating property because of the salting-out effect at
a very high K* concentration, which is larger than 100 mM.*
However, the K™-induced aggregating property only at a high
K* concentration restricts its use in biomedical applications.
The P(NIPAM-co-B18C6Am) microspheres are reported to
exhibit K*-induced swelling and aggregating property due to
the formation of stable 1:1 “host-guest” 18-crown-6/K"
complexes.”® Unfortunately, K*-induced swelling behavior
may be unsuitable for certain applications, such as K'-triggered
release of drugs. Thus, compared with the previously reported
works, the microspheres proposed in this study with
synchronously K*-induced shrinking and aggregating property
at a low K' concentration exhibit novelty, and the results
provide valuable guidance for designing novel targeted drug
delivery systems.
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Figure 9. K'-induced shrinking and aggregating behaviors of P(NIPAM-co-AAB15CS) microspheres prepared with 10% AAc feed molar content
([AAC]/[NIPAM + AAc]). (A) Hydrodynamic diameters of microspheres as a function of K concentration and temperature. (B) State diagram of
the dispersed-to-aggregated transformation of microspheres as a function of K* concentration and temperature. (C) Relationship between the K*
concentration and the critical aggregation temperature. (D) Relationship between the K* concentration and the hydrodynamic diameter of the

microspheres under a certain temperature condition.

Effects of Chemical Compositions of Microspheres on
the K*-Induced Shrinking and Aggregating Properties.
K'-induced shrinking and aggregating behaviors of P(NIPAM-
co-AAB15CS) microspheres prepared with different monomer
concentrations are shown in Figures 5 and 6. The con-
centration of total monomers ([NIPAM] + [AAc]) is varied as
0.2 and 0.3 mol L™ while keeping the other parameters
constant. P(NIPAM-co-AAB15CS) microspheres all exhibit
good K*-induced shrinking and aggregating behaviors in K*
solutions with various concentrations. Although the K'-induced
shrinking behaviors of P(NIPAM-co-AAB1SCS) microspheres
prepared with these two monomer concentrations are different
(Figures SA and 6A; Figures SD and 6D), the K*- induced
aggregating behaviors of these two batch of microspheres are
almost the same (Figures SB and 6B; Figures SC and 6C). That
is, the variation of monomer concentration nearly does not
affect the K'-induced aggregation properties of P(NIPAM-co-
AAB15CS) microspheres. The K'-induced aggregation sensi-
tivity is related to the amount of the formed “sandwich-type”
host—guest complexes between crown ethers and K' ions.
The amount of crown ether units in the as-prepared
microspheres is not influenced by the variation of monomer
concentration; therefore, the K*-induced aggregation sensitivity
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of microspheres cannot be regulated by varying the monomer
concentration in microsphere preparation.

K*-induced shrinking and aggregating behaviors of P-
(NIPAM-co-AAB15CS) microspheres prepared with different
cross-linking degrees are shown in Figures 7 and 8. Just as the
above-mentioned case of monomer concentration, although the
K'-induced shrinking behaviors of P(NIPAM-co-AAB15CS)
microspheres prepared with cross-linking degrees of 1% and 5%
are different (Figures 7A and 8A; Figures 7D and 8D), the K*-
induced aggregating behaviors of these microspheres are almost
the same (Figures 7B and 8B; Figures 7C and 8C). That is, the
K*-induced aggregation sensitivity of microspheres cannot be
regulated by varying the cross-linking degree of the micro-
spheres either.

K*-induced shrinking and aggregating behaviors of P-
(NIPAM-co-AAB15CS) microspheres prepared with different
AAc feed molar contents ([AAc]/[NIPAM + AAc]) are shown
in Figures 9 and 10. Obviously, the K*-induced shrinking and
aggregating behaviors of P(NIPAM-co-AAB15CS) micro-
spheres prepared with 10% and 30% [AAc]/[NIPAM + AAc]
are both significantly different. For the microspheres prepared
with 10% [AAc]/[NIPAM + AAc] (Figure 9), K" with a con-
centration of 10 mM cannot even trigger the aggregation, and
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Figure 10. K*-induced shrinking and aggregating behaviors of P(NIPAM-co-AAB15CS) microspheres prepared with 30% AAc feed molar content
([AAC]/[NIPAM + AAc]). (A) Hydrodynamic diameters of microspheres as a function of K* concentration and temperature. (B) State diagram of
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concentration and the critical aggregation temperature. (D) Relationship between the K* concentration and the hydrodynamic diameter of the

microspheres under a certain temperature condition.

the critical aggregation K" concentration is located between
10 and 30 mM no matter how the environmental temperature
changes. However, for the microspheres prepared with 30%
[AAc]/[NIPAM + AAc] (Figure 10), the critical aggregation
K* concentration is much lower, which is below 10 mM. When
the K* concentration is the same, the critical aggregation
temperature of microspheres prepared with a larger AAc feed
molar content is much lower than that of microspheres
prepared with a smaller AAc feed molar content. The
aggregated-state area located in the upper right region of the
P(NIPAM-co-AAB15CS) microspheres prepared with a larger
AAc feed molar content is much larger than that of
microspheres prepared with a smaller AAc feed molar content,
which indicates that P(NIPAM-co-AAB15CS) microspheres
prepared with a larger AAc feed molar content exhibit higher
K*-induced aggregating sensitivity. As has been confirmed by
the FT-IR characterization in Figure 2, the higher the AAc feed
molar content, the larger is the amount of crown ether units in
the as-prepared P(NIPAM-co-AAB15CS) microspheres. As a
result, more 2:1 “sandwich-type” host—guest complexes
between 15-crown-S units and K ions can form within and
among the microspheres prepared with the higher AAc feed
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molar content; thus, the K'-induced aggregation of micro-
spheres is more sensitive.

B CONCLUSIONS

A novel type of smart microspheres with K*-induced shrinking
and aggregating properties based on a responsive host—guest
system has been successfully developed for the first time. The
microspheres are composed of cross-linked P(NIPAM-co-
AABI1SCS) networks and prepared by a two-step reaction
method combining precipitation copolymerization and chem-
ical modification. The prepared microspheres exhibit significant
K*-induced shrinking and aggregating properties, due to the
formation of stable 2:1 “sandwich-type” host—guest complexes
between 1S5-crown-S units on the P(NIPAM-co-AAB1SCS)
networks and K* ions, while other cations (e.g, Na*, H*, NH,*,
Mg**, or Ca’**) cannot trigger such response behaviors. The
K*-induced aggregation of microspheres can be achieved
effectively under the condition of low K' concentration,
because enough 15-crown-5 units can be introduced onto the
polymeric networks of the microspheres by the proposed two-
step reaction method in this study. The K*-induced aggregating
sensitivity of the P(NIPAM-co-AAB15CS) microspheres can be
enhanced by increasing the content of crown ether units in the
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polymeric networks; however, it is nearly not influenced by
varying the monomer and cross-linker concentrations in the
microsphere preparation. According to the experimental data,
state diagrams of the dispersed-to-aggregated transformation of
P(NIPAM-co-AAB15CS) microspheres as a function of
environmental temperature and K" concentration have been
constructed. The dispersed/aggregated state of the micro-
spheres can be tuned by varying environmental temperature
and K* concentration. The results in this study provide valuable
guidance for designing and developing novel functional
microspheres with K'-recognizable shrinking and aggregating
properties for biomedical applications.
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