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Abstract: Poly(N-isopropylacrylamide) (PNIPAM) is a widely-studied polymers due to its excellent
temperature sensitivity. PNIPAM-MAPOSS hybrid hydrogel, based on the introduction of
acrylolsobutyl polyhedral oligomeric silsesquioxane (MAPOSS) into the PNIPAM matrix in the
presence of polyethylene glycol, was prepared via radical polymerization. The modified hydrogels
exhibited a thick, heterogeneous porous structure. PEG was used as a pore-forming agent to adjust
the pore size. MAPOSS reduced the swelling ratios of gels, and decreased the LCST, causing the
hydrogels to shrink at lower temperatures. However, its hydrophobicity helped to improve the
temperature response rate. The incorporation of rigid MAPOSS into the polymer network greatly
increased the compressive modulus of the hydrogel. It is worth noting that, by adjusting the amount
of MAPOSS and PEG, the hydrogel could have both ideal mechanical properties and swelling
behavior. In addition, hydrogel containing 8.33 wt % MAPOSS could achieve stable and sustained
drug release. Thus, the prepared PNIPAM-MAPOSS hybrid hydrogel can serve as drug carrier for
5-fluorouracil and may have potential application in other biomedical fields.
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1. Introduction

Intelligent hydrogels have attracted considerable attention because of their abilities to change its
volume and property in response to external stimuli, such as temperature [1], pH [2], light [3], ionic
strength [4], electric fields [5], and magnetic fields [6]. Among all these stimuli-sensitive hydrogels,
poly(N-isopropylacrylamide) (PNIPAM) is one of the widely-studied polymers due to its excellent
temperature sensitivity. A series of studieshave been made to research its potential application, such as
dye absorption [7,8], tissue engineering [9], and drug delivery [10–12]. The PNIPAM-based hydrogels
undergo an abrupt volume phase transition at a lower critical solution temperature (LCST) of around
32 ◦C [13]. During the drug delivery, PNIPAM hydrogels swell and load the drug at a temperature
below LCST, and shrink and release the loaded drug when the temperature rises above LCST.
Typical types of polymerization are free radical polymerization and reversible addition-fragmentation
chain transfer polymerization (RAFT).Polymerization methods include solution polymerization,
inverse microemulsion polymerization [14], inverse suspension polymerization [15], precipitation
polymerization [16], etc.

However, the slow temperature response rate and the low mechanical strength are common
disadvantages of hydrogels. There are many general methods to modify hydrogels, including cross-linking,
nanocomposites [17], porous structures [18], IPNs [19,20], etc. Polyhedral oligomeric silsesquioxane
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(POSS) with a cubic cage-like nanostructure is emerging as a promising organic-inorganic nanoparticle
for the creation of nanocomposites. It serves as a terminal or cross-linking curing center to meet
the different needs of modified polymers. POSS-polymer nanocomposite combination property is
excellent. The main functions of POSS are as follows: (1) to improve the thermal performance, thereby
increasing the operating temperature of composite materials can withstand; (2) to strengthen the
mechanical properties, which is mainly due to the rigid structure of POSS; (3) to improve the processing
performance; (4) to improve flame retardancy, make the composite material have a significant delayed
combustion characteristics; and (5) to make it multi-functional. POSS modified hydrogels generally
have good mechanical properties, response rate and thermal stability [21–25]. There are many kinds of
such nanoparticles. The MAPOSS used in this paper carries carbon-carbon double bond functional
groups. Therefore, it can be introduced into the matrix by cross-linking.

We have synthesized a series of MAPOSS-incorporated P(NIPAM-co-PEGDA) hybrid hydrogels
in previous work [26].The introduction of POSS can improve some properties of hydrogels, especially
mechanical properties, but this also weakens the water retention. In this paper, PNIPAM was still used
as a matrix, a small amount of PEGDA as a crosslinking agent. We prepared a PNIPAM-MAPOSS
hybrid hydrogel, and introduced a pore-forming agent PEG to adjust the pore structure. We focused
on the swelling behavior and mechanical properties of this hydrogel. Then we studied its controlled
release of the anti-cancer drug 5-fluorouracil.The results show that, the prepared gels had temperature
sensitivity, excellent swelling behavior, enhanced mechanical properties, and potential application in
drug delivery system.

2. Experimental Section

2.1. Materials

Acrylolsobutyl polyhedral oligomeric silsesquioxane (MAPOSS) was purchased from Hybrid
Plastics Co. (Hattiesburg, MS, USA). N-isopropylacrylamide (NIPAM), polyethylene glycol diacrylate
(PEGDA, average molecular weight ~200) and 5-fluorouracil (5-FU) were Aladdin (Shanghai,
China) products. Polyethylene glycol (PEG 4000), 2,2′-azobis(2-methylpropionitrile) (AIBN), and
tetrahydrofuran (THF) were Sinopharm (Shanghai, China) products. PEG 4000 and AIBN are chemical
pure and THF is analytically pure. All reagents were used as received. Phosphate buffer solution (PBS,
pH 7.4) was prepared using potassium dihydrogen phosphate (1.36 g) and NaOH solution (0.1 mol/L,
79 mL), followed by diluting the solution to 200 mL with ultrapure water.

2.2. Preparation of PNIPAM-MAPOSS Hybrid Hydrogels

All types of PNIPAM-MAPOSS hybrid hydrogels were prepared by one-step radical
polymerization. The synthesis process can refer to our previous work [26].Briefly, 1 g NIPAM and
0.10 g PEGDA with different proportions of MAPOSS and PEG were dissolved in THF at room
temperature. Then 0.01 g AIBN was added to the mixture dispersion with stirring. The resulting
solution was transferred to a glass tube and placed in a water bath at 60 ◦C. All samples were taken
out after the reaction, and immersed in THF and deionized water alternately for threedays to remove
PEG and impurities. A schematic is shown in Figure 1. The detailed feed ratios of each group of
PNIPAM-MAPOSS hybrid hydrogels are listed in Table 1.
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Table 1. PNIPAM-MAPOSS hybrid hydrogels composition and LCSTs.

Sample
Gels Formulation (g) 1

MAPOSS (wt %) LCST (◦C) 2

MAPOSS PEG

Gel 1 0 0.10 0 31.1
Gel 2 0.05 0.10 4.35 31.1
Gel 3 0.10 0.10 8.33 31.1
Gel 4 0.20 0.10 15.38 29.4
Gel 5 0.30 0.10 21.43 28.5
Gel 6 0.10 0 8.33 31.1
Gel 7 0.10 0.05 8.33 31.1
Gel 8 0.10 0.30 8.33 31.1

1 The amount of raw material for preparing gels; 2 Defined by the endothermic peaks of the DSC curves.

2.3. Characterization

Fourier-transform infrared spectrometry (FTIR) spectra of hydrogels were recorded using KBr
disks on a Nicolet Nexus 670 spectrometer (Nicolet, Madison, WI, USA). In all case, the scans were
carried out in the spectral range varying from 4000 to 400 cm−1 with a resolution of 4 cm−1. The interior
morphologies of the freeze dried specimens were observed by environmental scanning electron
microscopy (ESEM; XL30 ESEM-FEG, FEI, Hillsboro, OR, USA) after sputter-coating with gold under
vacuum. The LCST measurement of the wet samples from 20 to 50 ◦C was determined by differential
scanning calorimetry (DSC; Q20, TA, New Castle, PA, USA) under a nitrogen atmosphere with a
heating rate of 2 ◦C/min.

2.4. Swelling Equilibrium of the PNIPAM-MAPOSS Hybrid Hydrogels

The pre-weighed dry hydrogels were immersed in deionized water at 20 to 50 ◦C until swelling
equilibrium was reached. The weight of hydrogel was measured after removing the excess water on
the surface with wet filter paper. The swelling ratio (SR) was determined by the gravimetric method
and calculated by following Equation (1):

SR =
Ws −Wd

Wd
, (1)

where Ws is the weight of the swollen hydrogel reached swelling equilibrium at a given temperature,
and Wd is the weight of dry hydrogel [27].

The deswelling behavior was investigated by recording the change in the weight of water in the
hydrogels over time. The hydrogels samples first reached swelling equilibrium at 25 ◦C, and were
then placed in water at 60 ◦C. The samples were recorded at regular time intervals. Water retention
(WR) corresponding to the deswelling ratio is defined by Equation (3):

WR =
Wf −Wd
Ws −Wd

× 100%, (2)

where Wf is the weight of the hydrogel at a certain time, Ws is the ultimate weight of the swollen
hydrogel reached swelling equilibrium at 25 ◦C, and Wd is the weight of dry hydrogel [28]. Five
independent samples were tested and plotted with the average of their SRs and WRs.

2.5. Mechanical Performance Test

The mechanical properties of PNIPAM-MAPOSS hybrid hydrogels were investigated with a
WSM universal mechanical tester (Changchun Intelligent Equipment Co., Ltd., Changchun, China) at
room temperature. The cylindrical samples (10 mm in diameter, 10 mm in height) were immersed in
deionized water and kept at 25 ◦C for at least 24 h prior to testing.
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Since the hydrogels are soft materials, all the samples were compressed at a rate of 10 mm/min
until the compression ratio reached 70%. According to the obtained stress-strain curves, the hydrogel
compressive tangent modulus was calculated by the finite difference method at 5% and 20% strain.
The equation is follows:

Eε =
σε+∆ε − σε−∆ε

2∆ε
, (3)

Where Eε is the compressive tangent modulus of the hydrogel at the compressive strain ratio of ε. ∆ε
is the variable of the strain, taking 2% [29]. In addition, five independent samples were tested and the
average was calculated.

2.6. Drug Release Behavior of 5-Fluorouracil

The drug-loaded hydrogels were prepared by using 5-FU as a model drug. The disc-like dried
hydrogel was immersed in 5-FU solution (1 mg/mL) at 25 ◦C for 48 h to reach swelling equilibrium,
and then dried using vacuum freezing to obtain a drug-loaded hydrogel. The in vitro release behavior
of 5-FU from PNIPAM-MAPOSS hybrid hydrogels was studied in PBS (pH 7.4) at physiological
temperature. The PBS was shocked at 100 rpm. At each fixed time interval, 3 mL solution was
taken out and replaced by 3 mL of fresh PBS to maintain the volume of the medium. There are five
independent samples for each kind of gel for testing. The released amount of 5-FU was measured by
ultraviolet spectrophotometer (UV; UV-6100s, MAPADA, Shanghai, China) at 265 nm [30]. The average
of released amounts was calculated for each group.

3. Results and Discussion

3.1. FTIR Spectroscopy

The FTIR spectra of PNIPAM-MAPOSS hybrid hydrogels are shown in Figure 2. The characteristic
peaks of NIPAM at 1659 and 1549 cm−1 are assigned to the C=O stretching vibration and N–H
deformation vibration of amide group. The typical peak appearing at 1747 cm−1 belongs to the C=O
stretching vibration of ester group in PEGDA and MAPOSS. The peaks at 1622, 1630, and 1629 cm−1,
related to the C=C stretching vibrations in NIPAM, PEGDA and MAPOSS macromer, disappeared
in PNIPAM-MAPOSS hybrid hydrogels (Gel 1, 3, 6), indicating chemical cross-linking between the
three. The peaks of Si–O–Si and Si–C of MAPOSS at 1111 and 743 cm−1 could be found in Gel 3 and
6, indicating the successful incorporation of MAPOSS into Gel 3 and 6, but not Gel 1. It should be
pointed out that, the absence of terminal hydroxyl at 3445 cm−1 in hybrid hydrogels confirmed the
remove of PEG. PEG only acted as a pore-forming agent and did not participate in the reaction.
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3.2. Interior Morphology

The SEM images were used to study the effect of MAPOSS and PEG on the porous structure
of gels. Figure 3 shows the interior pore of these hydrogels. Gel 1 without MAPOSS exhibited
a porous morphology with a very thin wall, which is shown in detail in Figure 3a. The pores of
Gel 2 became larger and heterogeneous than Gel 1 due to the introduction of 4.35 wt % MAPOSS.
It can be directly observed from the SEM images that the pore size decreased as the MAPOSS
content increased (average pore size: Gel 2 > Gel 3 > Gel 4 > Gel 5). The distinct cubic core
(0.53 nm) and the functionalized arms of MAPOSS occupied some space in the network structure.
Therefore, the pore walls of the hybrid hydrogels became thicker and their structural homogeneity
deteriorated. The formation of a heterogeneous, porous structure in hydrogel is usually ascribed to
polymerization-induced microphase-separation. MAPOSS and hydrophobic portions of PNIPAM
self-assembled into hydrophobic domains. These hydrophobic MAPOSS domains would also act as
cross-linking sites connecting PNIPAM chains, so that the increase of MAPOSS made a more compact
network structure, leading the pore size reduced. On the contrary, it is evident that the pore diameter
of Gel 6 without PEG was only 200 nm, while the Gel 8 exhibited macroporous structure with pore
diameter of 3 to 7 µm (see Figure S1). The amount of pore-forming agent PEG was directly related to
the pore size (average pore size: Gel 8 > Gel 3 > Gel 7 > Gel 6). After the polymerization, we soaked
gels in THF and deionized water alternately to remove PEG. The original position occupied by PEG
became a pore, and these pores were regular in size.
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3.3. Volume Phase Transition Behavior

PNIPAM-based hydrogels are temperature sensitive. In essence, the volume change of the
temperature-sensitive hydrogel in the sense of temperature changes is a phase separation process,
so that the phase separation heat is accompanied. The DSC thermograms of hydrogels are shown in
Figure 4, and the LCSTs can be found in Table 1. We defined the endothermic peak on the curve as
the LCST.
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The results revealed that, when the amount of MAPOSS increased from 0 to 21.43 wt %, the
LCSTs decreased from 31.1 to 28.5 ◦C. PNIPAM has inherently hydrophilic segments and hydrophobic
segments, but this hydrophilic-hydrophobic balance of hydrogel was changed by adding MAPOSS.
With more hydrophobic components, the affinity of the gels with water reduced and the LCST
decreased. Even the endothermic peaks of Gel 4 and Gel 5 became insignificant. Too much MAPOSS
weakened the temperature sensitivity of hydrogels. Hence, PNIPAM-MAPOSS hybrid hydrogels could
shrink at a lower temperature. In addition, the use of PEG to prepare hydrogels had little impact on
its LCST.

3.4. Swelling and Deswelling Behavior

The swelling behavior was used to study the temperature sensitivity of gels, while the deswelling
behavior was used to study the response rate. The temperature-dependent swelling ratios (SRs)
of hydrogels were investigated at different temperatures, as shown in Figure 5a. All samples had
the volume phase transition behavior and exhibited excellent thermal responsiveness, supported by
their SRs reduction, especially between 22.0 and 34.0 ◦C. At temperatures above LCST, the SRs were
relatively small, but not very different, because the hydrogels shrunk at high temperatures and the
network structure became similar.

MAPOSS was not conducive to swelling. From the SEM images, we already know that the
MAPOSS caused the internal pores of the hydrogel smaller and heterogeneous. Both the tight network
structure and hydrophobicity reduced the SRs of gels. However, it was intuitively observed in Figure 5a
that the addition of hydrophobic MAPOSS allowed the hydrogels to shrink at lower temperatures.
As shown in Figure 5b, the relationship between the deswelling rate and the MAPOSS content was
varied. Gel 2 reached equilibrium at 180 min, which deswelling rate was faster than Gel 1 because of
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the incorporation of MAPOSS. The hydrophobic domains could behave as the micro-porogens and,
therefore, the contact area between polymer chains and water molecules were significantly increased.
This would facilitate the diffusion of water molecules in the cross-linked networks. However, the
deswelling rate became slower when the content of MAPOSS reached 15.38 wt % (Gel 4). After analysis,
too much MAPOSS made the internal pores of hydrogel very small to limit water loss.

The introduction of PEG could significantly change the size of the pores inside the gels, thereby
affecting the swelling behavior. The SR of Gel 8 (with the highest PEG content) was apparently higher
than others. Larger internal pores could accommodate more water, so that the more the amount of
PEG used, the higher the gel’s SR. Gel 8 also exhibited the fastest deswelling rate in Figure 5b. Gel
8 lost more than 75% water within 90 min, while only 40% water was evacuated from Gel 6. All the
comparative tests showed that, the hydrogel with big internal pore had a large swelling ratio, fast
deswelling rate, but poor water retention capacity. In summary, the temperature response behavior
of the hydrogel was not only related to the structure of the pores, but also to the hydrophobicity of
the substance. Hybrid hydrogel with a suitable swelling ratio and response rate could be prepared by
co-adjusting the amounts of MAPOSS and PEG.
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3.5. Mechanical Performance

The compression stress–strain curves of gels were shown in Figure 6a. Figure 6b,c show the
effect of MAPOSS and PEG on the compressive modulus of hydrogels, respectively. It was shown
that the compressive tangent modulus (Eε) calculated at 5% and 20% strain followed the same tend.
In Figure 6b, Gel 1 exhibited a poor compressive performance (only 0.1 MPa at 5% strain, 0.3 MPa at
20% strain), while the Eε of Gel 5 had been dramatically increased to approximately 10 times (about
2.1 MPa at 5% strain, and 2.8 MPa at 20% strain). Only by adding 8.33 wt % MAPOSS in the hydrogels
could make the Eε of Gel 3 reach 0.5 MPa at 5% strain and 0.7 MPa at 20% strain. The increase of
compressive modulus could be explained mainly by three reasons. Firstly, the incorporation of rigid
inorganic POSS core into the hydrogel networks enhanced the hardness of polymer chains. Secondly,
MAPOSS with double bonds played the role of a cross-linking agent. It increased the cross-linking
degree of gels and made the network more robust. Finally, the dispersion of POSS cages at the
nanometer level could significantly restrict the motions of macromolecular chains as shown in other
POSS-reinforced polymers. MAPOSS was easy to cause polymers chains entanglement, also helped to
improve the mechanical properties of hydrogels.
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As shown in Figure 6c, with the increase of PEG content, the Eε increased first and then decreased.
Appropriate water absorption could better maintain the network structure of hydrogel. Hence, it had
good mechanical properties. However, larger pore size and higher SR caused by too much PEG were
counterproductive. However, the effect of PEG on the mechanical properties of gels was not as obvious
as that of MAPOSS. The improved hydrogels were more stable and could withstand a certain pressure
without being destroyed.

3.6. Drug Release of 5-Fluorouracil

5-Fluorouracil (5-FU) is an early anti-cancer drug and the most widely used in clinical
anti-pyrimidine drugs [6]. It has a good therapeutic effect on gastrointestinal cancer and other solid
tumors. However, its rapid metabolism in body may reduce the therapeutic effect [31]. Hsiue et al.
synthesized PLA-g-P(NIPAm-co-MAA) nanoparticles with core-shell structure were thremo-responsive,
pH-responsive and biodegradable. The drug loading level of 5-FU encapsulated in this nanoparticles
could reach 20% [32]. Dias et al. synthesized molecularly imprinted particles with surface grafted
functional polymer brushes aiming at the targeting of 5-FU. For particles with PNIPA grafted brushes,
a boost in drug release was also shown at 20 ◦C as compared to 40 ◦C [15,33]. In this work, the release
behaviors of the 5-FU loaded NIPAM-MAPOSS hydrogels in PBS (pH 7.4) were evaluated at 37 ◦C
for 9 h. The solubility of 5-FU in saline solution is about 1.45 mol/L at 37 ◦C [34]. All types of gels
functioned as drug delivery systems that control the release of 5-FU.We selected several representative
examples to investigate the effect of MAPOSS and PEG on the release efficiency and sustained release
time of hydrogel. The cumulative release percentage of these groups of gels was listed in Table S1.
The data for drug release (time from 1 to 9 h) were fitted to a logarithmic function as follows:

y = k ln(x) + b, (4)
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where k affects the slope of the curve, b is directly related to the value of y, and y represents the
cumulative release. The value of k is larger, the drug release is gentle. The release curves and the
functions were shown in Figure 7.

The curves of Gel 1, Gel 3, and Gel 5 reflect the effect of MAPOSS on drug release performance.
The final cumulative release of Gel 1 and Gel 3 are close, more than 70%. At the initial stage, the release
rate of Gel 1 (without MAPOSS) was fast. Meanwhile, the cumulative release percentage of Gel 3
(containing 8.33 wt % MAPOSS) was lower than Gel 1, and then achieved a steady, sustained release in
300 min. Gel 3 had an ideal release rate and release efficiency. However, when the amount of MAPOSS
continued to increase in the feed, the cumulative release percentage of Gel 5 became low. This was
because the unique spatial structure of MAPOSS was conducive to the storage and slow release of
drugs. MAPOSS also made the polymer network structure more solid, so as to achieve a sustained
and stable release. However, too tight network structure limited the water in the hydrogel in and out,
was against to drug loading and release. The results demonstrate that the addition of appropriate
amount of MAPOSS can prolong the release time while maintaining the cumulative release percentage.
Moreover, the curves of Gel 3, Gel 6, and Gel 8 show the effect of PEG on drug release performance of
gels. The Gel 8 release curve was above any other curve. Nearly 76% of the 5-FU adsorbed in Gel 8
was released in 180 min, while Gel 6 only released 39% over the same time. And after 240 min, Gel 8
was barely released. The simulated curve of Gel 3 had a larger value of k than the others. The b value
of the simulated release curve decreased as the amount of MAPOSS increases and increased with the
amount of PEG. We can conclude that the release efficiency of macroporous hydrogel is high, but the
duration of the sustained release is short.
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4. Conclusions

A series of PNIPAM-MAPOSS hybrid hydrogels were prepared by one-step radical polymerization
and utilized for drug delivery. From the morphology, the addition of MAPOSS made the internal pores
heterogeneous and the network tight. Microphase-separation could be observed. The hydrophobic
MAPOSS domains functioned as cross-linking sites, linking PNIPAM chains. The amount of PEG
directly determined the size of pores. The PNIPAM-MAPOSS hybrid hydrogels were temperature
sensitive because of NIPAM. However, adding MAPOSS decreased its LCST. The tight network
structure and hydrophobicity reduced the SRs of gels. However, the hydrophobic domains could
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behave as the micro-porogens to facilitate the diffusion of water molecules, thereby increasing the
temperature response rate of the hydrogels. The incorporation of rigid MAPOSS into the hydrogels
greatly improved their compressive modulus. Just adding a small amount of MAPOSS could increase
the compressive modulus of hydrogel approximately 10 times. This can be explained as MAPOSS
increased the cross-linking degree of gels and made the network more robust. Additionally, the
dispersion of POSS cages limited the movement of the polymer chains. The right amount of MAPOSS
also helped to prolong the sustained release of drugs. MAPOSS was conducive to the storage and
sustained release of drugs, and made the polymer network difficult to be destroyed in the water. PEG
essentially affected the performance of hydrogels by changing the size of the pores. The large-pore
hydrogel had a high swelling ratio, fast deswelling rate, and greater drug loading. However, its
loaded drug released quickly and its mechanical properties might be weakened. More importantly, we
obtained Gel 3 by adjusting the amount of MAPOSS and PEG, had a moderate pore size, excellent
swelling behavior, and enhanced mechanical properties. It can serve as a drug carrier for 5-FU to treat
cancer, but also for other biomedical applications.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4360/10/2/137/s1,
Figure S1: The pore size distribution of PNIPAM-MAPOSS hybrid hydrogels: (a) Gel 6, (b) Gel 7, (c) Gel 3,
and (d) Gel 8; Table S1: The cumulative release percentage (%) of Gel 1, Gel 3, Gel 5, Gel 6, and Gel 8.

Acknowledgments: The authors gratefully acknowledge the financial supports for this research from the
Development Project of Jilin provincial Science and Technology of China (No. 20180101197jc).

Author Contributions: Chunling Zhang and Xiaoman Hou conceived and designed the experiments; Peihong Li
and Xiaoman Hou performed most of the experiments, Xueyan Dai was in charge of the mechanical part;
Peihong Li and Lijie Qu analyzed the data and plotted the figures. Peihong Li wrote the paper, and Chunling Zhang
provided revise the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Reddy, N.N.; Ravindra, S.; Reddy, N.M.; Rajinikanth, V.; Raju, K.M.; Vallabhapurapu, V.S. Temperature
responsive hydrogel magnetic nanocomposites for hyperthermia and metal extraction applications. J. Magn.
Magn. Mater. 2015, 394, 237–244. [CrossRef]

2. Marambio, O.G.; Pizarro, G.D.C.; Jeria-Orell, M.; Geckeler, K.E. Swelling behavior and metal ion retention
from aqueous solution of hydrogels based onN-1-vinyl-2-pyrrolidone andn-hydroxymethylacrylamide.
J. Appl. Polym. Sci. 2009, 113, 1792–1802. [CrossRef]

3. Cevik, O.; Gidon, D.; Kizilel, S. Visible-light-induced synthesis of pH-responsive composite hydrogels for
controlled delivery of the anticonvulsant drug pregabalin. Acta Biomater. 2015, 11, 151–161. [CrossRef]
[PubMed]

4. Jia, X.; Wang, K.; Wang, J.; Hu, Y.; Shen, L.; Zhu, J. Full-color photonic hydrogels for pH and ionic strength
sensing. Eur. Polym. J. 2016, 83, 60–66. [CrossRef]

5. Yang, S.; Liu, G.; Wang, X.; Song, J. Electroresponsive behavior of a sulfonated poly(vinyl alcohol) hydrogel
and its application to electrodriven artificial fish. J. Appl. Polym. Sci. 2010, 117, 2346–2353. [CrossRef]

6. Li, L.; Chen, L.; Zhang, H.; Yang, Y.; Liu, X.; Chen, Y. Temperature and magnetism bi-responsive molecularly
imprinted polymers: Preparation, adsorption mechanism and properties as drug delivery system for
sustained release of 5-fluorouracil. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 61, 158–168. [CrossRef]
[PubMed]

7. Bai, H.; Zhang, Q.; He, T.; Zheng, G.; Zhang, G.; Zheng, L.; Ma, S. Adsorption dynamics, diffusion and
isotherm models of poly(NIPAM/LMSH) nanocomposite hydrogels for the removal of anionic dye amaranth
from an aqueous solution. Appl. Clay Sci. 2016, 124–125, 157–166. [CrossRef]

8. JagadeeshBabu, P.E.; Suresh Kumar, R.; Maheswari, B. Synthesis and characterization of temperature
sensitive P-NIPAM macro/micro hydrogels. Colloids Surf. A Physicochem. Eng. Asp. 2011, 384, 466–472.
[CrossRef]

www.mdpi.com/2073-4360/10/2/137/s1
http://dx.doi.org/10.1016/j.jmmm.2015.06.065
http://dx.doi.org/10.1002/app.29944
http://dx.doi.org/10.1016/j.actbio.2014.09.018
http://www.ncbi.nlm.nih.gov/pubmed/25242648
http://dx.doi.org/10.1016/j.eurpolymj.2016.08.006
http://dx.doi.org/10.1002/app.32069
http://dx.doi.org/10.1016/j.msec.2015.12.027
http://www.ncbi.nlm.nih.gov/pubmed/26838836
http://dx.doi.org/10.1016/j.clay.2016.02.007
http://dx.doi.org/10.1016/j.colsurfa.2011.05.004


Polymers 2018, 10, 137 11 of 12

9. Shepherd, J.; Sarker, P.; Rimmer, S.; Swanson, L.; MacNeil, S.; Douglas, I. Hyperbranched poly(NIPAM)
polymers modified with antibiotics for the reduction of bacterial burden in infected human tissue engineered
skin. Biomaterials 2011, 32, 258–267. [CrossRef] [PubMed]

10. Francis, R.; Baby, D.K.; Kumar, D.S. Poly(N-isopropylacrylamide) hydrogel: Effect of hydrophilicity on
controlled release of ibuprofen at different pH. J. Appl. Polym. Sci. 2012, 124, 5079–5088. [CrossRef]

11. Kang, M.K.; Hong, S.K.; Kim, J.-C. Release property of microgels formed by electrostatic interaction
between poly(N-isopropylacrylamide-co-methacrylic acid) and poly(N-isopropylacrylamide-co-dimethylamin
oethylmethacrylate). J. Appl. Polym. Sci. 2012, 125, 1993–1999. [CrossRef]

12. Choi, J.-H.; Lee, H.Y.; Kim, J.-C. Release behavior of freeze-dried alginate beads containing
poly(N-isopropylacrylamide) copolymers. J. Appl. Polym. Sci. 2008, 110, 117–123. [CrossRef]

13. Chen, S.; Jiang, L.; Dan, Y. Preparation and thermal response behavior of poly(N-isopropylacrylamide-co-a
crylic acid) microgels via soap-free emulsion polymerization based on aibn initiator. J. Appl. Polym. Sci. 2011,
121, 3322–3331. [CrossRef]

14. Fernandez, V.V.A.; Tepale, N.; Sánchez-Díaz, J.C.; Mendizábal, E.; Puig, J.E.; Soltero, J.F.A. Thermoresponsive
nanostructured poly(N-isopropylacrylamide) hydrogels made via inverse microemulsion polymerization.
Coll. Polym. Sci. 2005, 284, 387–395. [CrossRef]

15. Gonçalves, M.A.D.; Pinto, V.D.; Costa, R.A.S.; Dias, R.C.S.; Hernándes-Ortiz, J.C.; Costa, M.R.P.F.N.
Stimuli-responsive hydrogels synthesis using free radical and RAFT polymerization. Macromol. Symp.
2013, 333, 41–54. [CrossRef]

16. Gan, D.; Lyon, A.L. Tunable swelling kinetics in core-shell hydrogel nanoparticles. J. Am. Chem. Soc. 2001,
123, 7511–7517. [CrossRef] [PubMed]

17. Li, P.; Kim, N.H.; Hui, D.; Rhee, K.Y.; Lee, J.H. Improved mechanical and swelling behavior of the composite
hydrogels prepared by ionic monomer and acid-activated Laponite. Appl. Clay Sci. 2009, 46, 414–417.
[CrossRef]

18. Li, L.; Du, X.; Deng, J.; Yang, W. Synthesis of optically active macroporous poly(N-isopropylacrylamide)
hydrogels with helical poly(N-propargylamide) for chiral recognition of amino acids. React. Funct. Polym.
2011, 71, 972–979. [CrossRef]

19. Rennerfeldt, D.A.; Renth, A.N.; Talata, Z.; Gehrke, S.H.; Detamore, M.S. Tuning mechanical performance
of poly(ethylene glycol) and agarose interpenetrating network hydrogels for cartilage tissue engineering.
Biomaterials 2013, 34, 8241–8257. [CrossRef] [PubMed]

20. Baek, K.; Clay, N.E.; Qin, E.C.; Sullivan, K.M.; Kim, D.H.; Kong, H. In situ assembly of the collagen–polyacrylamide
interpenetrating network hydrogel: Enabling decoupled control of stiffness and degree of swelling.
Eur. Polym. J. 2015, 72, 413–422. [CrossRef]

21. Chinnam, P.R.; Mantravadi, R.; Jimenez, J.C.; Dikin, D.A.; Wunder, S.L. Lamellar, micro-phase separated
blends of methyl cellulose and dendritic polyethylene glycol, POSS-PEG. Carbohydr. Polym. 2016, 136, 19–29.
[CrossRef] [PubMed]

22. Nag, S.; Sachan, A.; Castro, M.; Choudhary, V.; Feller, J.F. Spray layer-by-layer assembly of POSS
functionalized CNT quantum chemo-resistive sensors with tuneable selectivity and ppm resolution to
VOC biomarkers. Sens. Actuators B Chem. 2016, 222, 362–373. [CrossRef]

23. Wang, D.; Fredericks, P.M.; Haddad, A.; Hill, D.J.T.; Rasoul, F.; Whittaker, A.K. Hydrolytic degradation of
POSS–PEG–lactide hybrid hydrogels. Polym. Degrad. Stab. 2011, 96, 123–130. [CrossRef]

24. Wang, L.; Zeng, K.; Zheng, S. Hepta(3,3,3-trifluoropropyl) polyhedral oligomeric silsesquioxane-capped
poly(N-isopropylacrylamide) telechelics: Synthesis and behavior of physical hydrogels. ACS Appl.
Mater. Interfaces 2011, 3, 898–909. [CrossRef] [PubMed]

25. Wang, D.K.; Varanasi, S.; Strounina, E.; Hill, D.J.; Symons, A.L.; Whittaker, A.K.; Rasoul, F. Synthesis and
characterization of a POSS-PEG macromonomer and POSS-PEG-PLA hydrogels for periodontal applications.
Biomacromolecules 2014, 15, 666–679. [CrossRef] [PubMed]

26. Hou, X.; Yang, W.; Li, A.; Hou, J.; Zhang, C. Effects of incorporating acrylolsobutyl polyhedral oligomeric
silsesquioxane on the properties of p(N-isopropylacrylamide-co-poly(ethylene glycol) diacrylate) hybrid
hydrogels. Polym. Bull. 2016, 74, 1831–1847. [CrossRef]

27. Chen, K.; Zhang, Q.; Chen, B.; Chen, L. Nanocomposite hydrogels with rapid thermal-responsibility by
using surfactant detergent as template. Appl. Clay Sci. 2012, 58, 114–119. [CrossRef]

http://dx.doi.org/10.1016/j.biomaterials.2010.08.084
http://www.ncbi.nlm.nih.gov/pubmed/20933276
http://dx.doi.org/10.1002/app.35644
http://dx.doi.org/10.1002/app.36295
http://dx.doi.org/10.1002/app.28620
http://dx.doi.org/10.1002/app.33938
http://dx.doi.org/10.1007/s00396-005-1395-1
http://dx.doi.org/10.1002/masy.201300045
http://dx.doi.org/10.1021/ja010609f
http://www.ncbi.nlm.nih.gov/pubmed/11480971
http://dx.doi.org/10.1016/j.clay.2009.10.007
http://dx.doi.org/10.1016/j.reactfunctpolym.2011.06.006
http://dx.doi.org/10.1016/j.biomaterials.2013.07.052
http://www.ncbi.nlm.nih.gov/pubmed/23932504
http://dx.doi.org/10.1016/j.eurpolymj.2015.07.044
http://dx.doi.org/10.1016/j.carbpol.2015.08.087
http://www.ncbi.nlm.nih.gov/pubmed/26572324
http://dx.doi.org/10.1016/j.snb.2015.08.038
http://dx.doi.org/10.1016/j.polymdegradstab.2010.10.005
http://dx.doi.org/10.1021/am101258k
http://www.ncbi.nlm.nih.gov/pubmed/21381657
http://dx.doi.org/10.1021/bm401728p
http://www.ncbi.nlm.nih.gov/pubmed/24410405
http://dx.doi.org/10.1007/s00289-016-1807-z
http://dx.doi.org/10.1016/j.clay.2012.01.003


Polymers 2018, 10, 137 12 of 12

28. Zeng, K.; Fang, Y.; Zheng, S. Organic-inorganic hybrid hydrogels involving poly(N-isopropylacrylamide)
and polyhedral oligomeric silsesquioxane: Preparation and rapid thermoresponsive properties. J. Polym. Sci.
Part B Polym. Phys. 2009, 47, 504–516. [CrossRef]

29. Shi, Y.; Xiong, D.; Liu, Y.; Wang, N.; Zhao, X. Swelling, mechanical and friction properties of PVA/PVP
hydrogels after swelling in osmotic pressure solution. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 65, 172–180.
[CrossRef] [PubMed]

30. Liu, S.; Zhang, J.; Cui, X.; Guo, Y.; Zhang, X.; Hongyan, W. Synthesis of chitosan-based nanohydrogels for
loading and release of 5-fluorouracil. Colloids Surf. A Physicochem. Eng. Asp. 2016, 490, 91–97. [CrossRef]

31. Blanco, M.D.; Guerrero, S.; Benito, M.; Fernández, A.; Teijón, C.; Olmo, R.; Katime, I.; Teijón, J.M. In vitro
and in vivo evaluation of a folate-targeted copolymeric submicrohydrogel based on N-isopropylacrylamide
as 5-fluorouracil delivery system. Polymers 2011, 3, 1107–1125. [CrossRef]

32. Lo, C.L.; Lin, K.M.; Hsiue, G.H. Preparation and characterization of intelligent core-shell nanoparticles
based on poly(D,L-lactide)-g-poly(N-isopropyl acrylamide-co-methacrylic acid). J. Control. Release 2005, 104,
477–488. [CrossRef] [PubMed]

33. Oliveira, D.; Gomes, C.P.; Dias, R.C.S.; Costa, M.R.P.F.N. Molecular imprinting of 5-fluorouracil in particles
with surface RAFT grafted functional brushes. React. Funct. Polym. 2016, 107, 35–45. [CrossRef]

34. Arakawa, Y.; Nakano, M.; Juni, K.; Arita, T. Physical properties of pyrimidine and purine antimetabolites. I.
The effects of salts and temperature on the solubility of 5-fluorouracil, 1-(2-tetrahydrofuryl)-5-fluorouracil,
6-mercaptopurine, and thioinosine. Chem. Pharm. Bull. 1976, 24, 1654–1657. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/polb.21655
http://dx.doi.org/10.1016/j.msec.2016.04.042
http://www.ncbi.nlm.nih.gov/pubmed/27157740
http://dx.doi.org/10.1016/j.colsurfa.2015.11.029
http://dx.doi.org/10.3390/polym3031107
http://dx.doi.org/10.1016/j.jconrel.2005.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15911047
http://dx.doi.org/10.1016/j.reactfunctpolym.2016.08.007
http://dx.doi.org/10.1248/cpb.24.1654
http://www.ncbi.nlm.nih.gov/pubmed/975426
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Materials 
	Preparation of PNIPAM-MAPOSS Hybrid Hydrogels 
	Characterization 
	Swelling Equilibrium of the PNIPAM-MAPOSS Hybrid Hydrogels 
	Mechanical Performance Test 
	Drug Release Behavior of 5-Fluorouracil 

	Results and Discussion 
	FTIR Spectroscopy 
	Interior Morphology 
	Volume Phase Transition Behavior 
	Swelling and Deswelling Behavior 
	Mechanical Performance 
	Drug Release of 5-Fluorouracil 

	Conclusions 
	References

