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ABSTRACT: A controlled/ living free-radical polymerization technique was introduced to prepared a homogeneous poly(N-isopropyla-

crylamide)-g-poly(sulfobetaine methacrylate) hydrogel (RG) possessing a highly porous architecture via two steps. Compared to a

poly(N-isopropylacrylamide)-co-poly(sulfobetaine methacrylate) hydrogel (CG) prepared by conventional radical polymerization, RG

exhibited a much faster shrinking rate (it lost over 72% of the water in 15 min) in response to the temperature changes. The release

behaviors of tetracycline hydrochloride (TCHC) of the hydrogels indicated the TCHC release from the RG could be prolonged to 48

h at 37�C; this was much longer than that for CG (5 h at 37�C). Bovine serum albumin (BSA) was chosen as the model protein to

examine the low-fouling properties of the RG. The BSA adsorption data showed that improved antifouling properties could be

achieved by the RG at both 25 and 37�C. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39816.
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INTRODUCTION

Stimuli-responsive hydrogels are three-dimensional polymeric

networks with the ability to respond to external stimuli, such as

temperature, pH, and ionic strength.1–3 The poly(N-isopropyla-

crylamide) (PNIPAM) hydrogel is one of the most popularly

investigated temperature-sensitive hydrogels, and it has been

widely explored for drug delivery, mass separations, and tissue

engineering.4–6 Since the fast thermoresponsive PNIPAM hydro-

gel was first developed by Yoshida et al,1 it has received great

attention because of its huge potential for sustained drug release

over a longer period. PNIPAM hydrogels can shrink rapidly in

response to temperature changes; this makes the hydrogel net-

work compact. A tight structure leads to an increase in the

high-density region in the surface of the hydrogel; this was pro-

posed to be responsible for the sustained release of the drug.7

However, when used as a drug-release device, the PNIPAM

hydrogel probably suffers from protein fouling on the surface,

and the adsorbed protein would block its responsive functional

groups and make the gel fail to respond rapidly to shifts in

temperature. Therefore, the exploitation of new types of fast

thermoresponsive and low-fouling hydrogels is critical for its

application in drug release.

One effective strategies for keeping the rapid thermoresponsive

properties of a gel is the fabrication of the grafted hydrogel by

the introduction of graft chains in the polymeric network.8 This

is because the graft chains in the network can provide water-

releasing channels and allow the water inside the gel to diffuse

out quickly when the temperature changes.9 Many reports have

demonstrated the preparation of the rapidly shrinking hydrogel

bearing grafted side chains. However, little attention has been

paid to the improvement of the protein resistance of the hydro-

gel. For example, Yoshida et al.1 and Okano et al.8 reported a

grafted PNIPAM hydrogel with hydrophilic graft chains; it

exhibited a rapid deswelling rate, but the antifouling properties

of the gel were not investigated. Kim et al.10 synthesized a rapid

temperature-/pH-responsive alginate-g-PNIPAM hydrogel with a

porous structure, which showed repeatable shrinking–swelling

behaviors. However, the hydrophobicity of the hydrogel surface

increased when the temperature changed, and this was unfavor-

able for the resistance to protein adsorption. Liu and

coworkers11,12 prepared two kinds of grafted N-isopropylacryla-

mide (NIPAM) hydrogels by the introduction of PNIPAM and

poly(acrylic acid) as graft chains. Despite the acceleration of the

shrinking rate in the hydrogel, both of them still showed a low

protein-resistance ability because of the hydrophobic aggrega-

tion of the network at 37�C.

Poly(sulfobetaine methacrylate) (PSBMA) is a biocompatible

and hydrophilic polyzwitterionic polymer, which can form a

hydration layer between the PSBMA surface and protein mole-

cule via electrostatic interaction and hydrogen bonding.13,14 The
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hydration layer on the PSBMA surface is supposed to be highly

resistant to protein adsorption. For instance, Zhang et al.13 pre-

pared a series of uniform PSBMA brushes on the gold surface;

it was found that fibrinogen adsorption on the N-(3-sulfo-

propyl)-N-(methacryloxyethyl)-N,N0-dimethyl ammonium beta-

ine (SBMA)-grafted surface was less than 0.3 ng/cm2. Chiang

et al.15 grafted PSBMA onto the surface of a poly(vinylidene flu-

oride) membrane via atom transfer radical polymerization; this

PSBMA-grafted membrane was found to effectively resist albu-

min adsorption during filtration. If the PSBMA chains are

introduced as graft chains in the NIPAM network, the antifoul-

ing properties of the grafted PNIPAM hydrogel may be

enhanced. Thus, it is possible to synthesize thermoresponsive

hydrogels with protein-resistance properties with PSBMA as the

graft chains. As far as we know, reports on the study of the

thermoresponsive and low-fouling hydrogels are rare.

Reversible addition–fragmentation chain transfer (RAFT) poly-

merization is a controlled/ living free-radical polymerization

technique used to prepare well-defined polymers in both aque-

ous and nonaqueous media.16,17 Some researchers have reported

the synthesis of grafted hydrogels via RAFT polymerization in

nonaqueous media.11,12 However, a nonaqueous reaction

medium, such as 1,4-dioxane, is unsuitable for carrying out the

reaction for preparing the hydrophilic graft chains, and the

organic solvent is unfriendly to the environment.

Herein, we introduce an aqueous RAFT polymerization technique

for synthesizing grafted poly(N-isopropylacrylamide)-g-poly(sulfo-

betaine methacrylate) hydrogel (RG) with water-soluble 2-(2-car-

boxyethylsulfanylthiocarbonyl sulfanyl) propionic acid (TTC) as a

chain-transfer agent via two steps. In this study, the morphologi-

cal characterization, shrinking rate, antifouling properties and

drug-release kinetics of the hydrogel were investigated and com-

pared with a hydrogel prepared by the conventional free-radical

polymerization method.

EXPERIMENTAL

Materials

NIPAM, N,N0-methylene bisacrylamide (MMBA), ammonium per-

sulfate (APS), bovine serum albumin (BSA), and Coomassie Bril-

liant Blue G-250 were purchased from Aladdin Chemicals

(Shanghai, China). Phosphate-buffered saline (PBS) and tetracy-

cline hydrochloride (TCHC) were obtained from AMRESCO.

SBMA was further purified by dissolution and recrystallization in

ethanol. TTC was synthesized by a previously published method.18

Synthesis of the Grafted RGs

SBMA (0.5 g, 1.81 mmol), APS (0.0054 g, 0.024 mmol), TTC

(0.0065 g, 0.024 mmol), and distilled water (4.0 mL) were

added to a polymerization tube with magnetic stirring. After

three freeze–pump–thaw cycles, the polymerization tube was

sealed in vacuo, SBMA polymeric chains (PSBMA) were synthe-

sized at 40�C for 24 h under stirring. Then, a solution of

NIPAM (1.5 g, 13.3 mmol), PSBMA (0.5 g, 1.81 mmol), APS

(0.0054 g, 0.024 mmol), and MMBA (0.08 g, 0.52 mmol) in 8

mL of deionized water was added to a polymerization tube.

After the tube was sealed under nitrogen, the reaction was con-

ducted at 35�C for 24 h to produce the grafted RG. For com-

parison, the poly(N-isopropylacrylamide)-co-poly(sulfobetaine

methacrylate) hydrogel (CG) was prepared by conventional rad-

ical polymerization under the same conditions. Briefly, SBMA

(0.5 g, 1.81 mmol), NIPAM (1.5 g, 13.3 mmol), and MMBA

(0.08 g, 0.52 mmol) were dissolved in 12 mL of deionized

water, and then APS (0.0054 g, 0.024 mmol) was added to the

solution to initiate the polymerization at 35�C, and the reaction

was performed under a nitrogen atmosphere for 24 h. These

two kinds of hydrogels were immersed in deionized water for

48 h to remove the unreacted chemicals. Both of them were cut

into small discs (10 mm in diameter and 3 mm in thickness)

for further testing.

Characterization of Hydrogels

Fourier transform infrared (FTIR) spectroscopy with a Bruker

Vector 33 spectrophotometer was used to evaluate the chemical

compositions of the hydrogels in the range 4000–500 cm21.

The exact morphologies of RG and CG were visualized by scan-

ning electron microscopy (SEM; HITACHI S-3700N). These

hydrogels were freeze-dried to get rid of water and were coated

with gold before SEM observation.

The swelling ratio (SR) of the hydrogel was determined as

follows:

SR 5 ms2mdð Þ=md

where ms is the mass of the swollen hydrogel at a certain tem-

perature and md is the mass of the dry hydrogel.

We measured the shrinking behaviors of the hydrogel by trans-

ferring the equilibrated swollen hydrogel at room temperature

to deionized water at 45�C and recording the weight of the

hydrogel during collapse at different times. The water retention

(WR) was computed as follows:

WR 5 mt 2mdð Þ=ms

where mt is the weight of the hydrogel at a certain times during

shrinking.

In Vitro Release of TCHC by the Hydrogels

The freeze-dried hydrogels were immersed in a TCHC aqueous

solution (7.0 mg/mL, 10 mL) at room temperature for 48 h to

reach equilibrium; after equilibrium was reached, the excess

water on the surfaces was wiped off, and these gels were placed

at room temperature for 24 h and dried in vacuo for 48 h.

The in vitro drug-release studies were carried out at 25 and

37�C, respectively. Dried drug-entrapped RG (or CG) was trans-

ferred to 50 mL of deionized water. At given time intervals, 5.0

mL of drug-release solution was withdrawn for concentration

measurement by a UV spectrophotometer (UV-2450, Shimadzu)

at 357 nm and replaced with 5.0 mL of fresh distilled water

simultaneously. All of the drug-release tests were performed in

triplicate. The release kinetics were determined as follows:

Release kinetics5Mt=M03100%

where Mt is the amount of drug in the release medium at a

fixed time and M0 is the amount of drug before release.
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In Vitro Protein Adsorption Test

A Bio-Rad protein assay was used to evaluate the protein adsorp-

tion of the zwitterionic hydrogels with BSA as a model protein.

Hydrogel disks (10 mm in diameter and 3 mm in thickness) were

soaked in PBS (0.01M, 20 mL) for 30 min. Then the disks were

transferred into BSA solutions (1.0 mg/mL, 10 mL), which were

prepared with PBS solutions for 24 h at 25 and 37�C, respectively.

The hydrogels were removed from BSA solutions, and this was

followed by the addition of the coloring agent (Coomassie Bril-

liant Blue G-250) into the solutions. The protein concentration of

the solutions was determined with a UV spectrometer (UV-2450,

Shimadzu) to measure the absorption at 595 nm. The calibration

curve was preset by the measurement of the solutions with vari-

ous protein concentrations. The protein adsorption (lg/cm2) of

the hydrogels could be calculated by the following equation:

Protein adsorption5
C02Ctð Þ3 V

A

where C0 and Ct are the BSA concentrations before and after

the hydrogel was soaked in BSA solution (lg/mL), V is the vol-

ume of the solution, and A is the effective surface area of the

hydrogel (cm2).

RESULTS AND DISCUSSION

Preparation of Grafted Hydrogel

In this study, RG was prepared by aqueous RAFT polymeriza-

tion via two steps [as illustrated in Figure 1(a)]. PSBMA bearing

a thiocarbonylthio [AC(@S)SAR] end was first synthesized,

and then it worked as a macromolecular chain-transfer reagent

to react with NIPAM to form the grafted hydrogel in the pres-

ence of MMBA. On the contrary, CG was synthesized by the

free-radical copolymerization of SBMA and NIPAM in one step.

As shown in Figure 1(b), SBMA and NIPAM were initiated to

form the CG with MMBA as a crosslinker.

The FTIR spectra for the pure PNIPAM hydrogel, SBMA hydrogel,

CG, and RG are presented in Figure 2. In the spectrum of the pure

PNIPAM hydrogel [Figure 1(a)], the intensities of the band at 1542

and 3071 cm21 were ascribed to the bending and stretching of the

NAH bond in NIPAM,19 and the characteristic peak at 2876 cm21

due to the stretching of the CAH bond in ACH(CH3)2 was

observed. These peaks are also found in spectra b and c; this indicated

the presence of NIPAM in both the CG and RG. In addition, spectra

b and c displayed characteristic bands at 1040 and 1730 cm21, which

were also seen in the spectrum of the SBMA hydrogel [Figure 1(d)].

These absorption bands resulted from the stretching vibration

of ASO3 and the ester carbonyl (C@O) existing in the structure of

SBMA;16,20 this suggested the successful incorporation of SBMA into

the gel network of the CG and RG. Moreover, the intensity of the

band at 1460 cm21 was assigned to the bending vibrations of the

CAH bond in ACH(CH3)2 and A(CH2)2, and the broad band in

the range from 1100 to 1350 cm21 was attributed to the stretching of

CAN in NIPAM and the CAOAC structure in SBMA.20

The surface morphologies of the RG and CG are shown in

Figure 3(a). The CG exhibited highly heterogeneous crosslinking

Figure 1. Process for synthesizing the (a) RG by RAFT polymerization and (b) CG by free-radical copolymerization.
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and an uneven mass distribution. This was because gel forma-

tion by free-radical copolymerization proceeded in a highly

nonideal way; this probably resulted in the formation of cycles

or intermolecular crosslinks.11 In contrast, as shown in Figure

3(b), RG showed a homogeneous architecture with uniform

pore diameters ranging from 20 to 40 lm; this probably

resulted from the well-controlled properties of RAFT polymer-

ization. The homogeneous porous microstructure in the RG

matrix was supposed to allow water to diffuse out more easily

than in the CG during the shrinking process. To test the shrink-

ing kinetics of the RG, the swollen RG was transferred into

45�C distilled water in comparison with the CG.

Shrinking Kinetics

The shrinking behaviors of the porous RG and CG are illus-

trated in Figure 4(a), from which we observed that the porous

RG showed a much faster shrinking rate than the CG. For

instance, the RG lost over 72% water in 15 min, whereas CG

just lost 25% water in 15 min. This was because the uncon-

trolled intermolecular binding and crosslink between PNIPAM

and PSBMA weakened the thermoresponsive functional groups

of PNIPAM in the process of synthesizing CG; this resulted in a

much slower shrinking rate.8,12 In comparison with CG, few

intermolecular crosslinks happened in the RAFT polymerization,

and a homogeneous network structure with the PSBMA-grafted

chains was formed during gelation. In the shrinking process, the

hydrophilic grafted chains diffused out to restrict the strong

hydrophobic aggregation of the NIPAM backbone and offered

water-releasing channels simultaneously.11 Thus, the water

inside the gel could be squeezed out quickly.

In addition, we conducted the shrinking–swelling experiments

of the RG and CG by changing the temperature between 25 and

45�C in the cycle of 48 h. As illustrated in Figure 4(a), the equi-

librium SR of the CG decreased from 3.7 to 2.8 after two

shrinking–swelling cycles, whereas the swelling–shrinking pro-

cess of the RG was repeatable with little SR change. This sug-

gested that the RG had stable thermosensitive properties in

response to temperature change. The structural stability of the

RG gives it great potential application in the design of drug-

release system. The decrease in the equilibrium SR of the CG

may have been due to the reduced pore size10 caused by the

unstable network structure.

Drug-Release Studies

The possibility of the drug releasing from the RG was investi-

gated with hydrophilic TCHC as a model drug at 25 and 37�C.

As comparison, the drug release from CG was examined at the

same temperatures. As presented in Figure 5(a), we observed

that both CG and RG exhibited a burst release of TCHC within

the initial 2 h at 25�C. The release amounts of drug in the first

2 h were 54% for the CG and 37% for the RG, respectively.

Then the release rate gradually decreased with less TCHC

released at the equal time interval, and the release times of the

CG and RG were 6 and 12 h, respectively. During the first stage,

large amounts of TCHC were loaded in the surface of the

hydrogel, and the burst release was mainly driven by the con-

centration gradient between the hydrogel surface and the sur-

rounding medium. In the following stage, the swelling rate was

the main driving force for drug release. The slowing down of

the release rate was ascribed to the reduced TCHC concentra-

tion and the slow swelling of the hydrogel. However, because ofFigure 3. SEM images of (a) CG and (b) RG.

Figure 2. FTIR spectra of the (a) PNIPAM hydrogel, (b) CG, (c) RG, and

(d) PSBMA hydrogel. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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the low shrinkage of the CG and RG at 25�C, the regional den-

sity of the surface was so low that the gel could reach the swol-

len equilibrium in a relatively short time. The swollen state of

the gel allowed TCHC molecules to diffuse out into the release

medium easily. Thus, most of the TCHC was released from the

RG and CG within 12 h; this made both of them incapable of

achieving sustained release for a long time.

Figure 5(a) also shows the cumulative release of the TCHC

from the CG at 37�C. The TCHC release time of the CG at

37�C was 5 h; this was shorter than that at 25�C. It was sug-

gested that the CG showed a faster release rate at 37�C. This

result may have been caused by the following two reasons: (1)

the weak thermoresponsive properties of the CG, which made

the gel network retained a swollen state at 37�C [Figure 5(b)]

and simultaneously allowed the TCHC to move out of the

hydrogel quickly, and (2) the increased temperature of the sur-

rounding medium, which led to the increased diffusion rate of

the TCHC and enhanced the release driving force.

The cumulative release of the TCHC from the RG as a function

of time is illustrated in Figure 5(a). We found that the TCHC

release from the RG at 37�C was significantly prolonged to 48

h; this was four times longer than that at 25�C. During the pro-

cess of TCHC release from the RG, the release kinetics of the

TCHC at 37�C was still determined by the swelling rate.

Although RG shrunk in response to the alteration of tempera-

ture from 25 to 37�C [see Figure 5(b)], this made the gel net-

work structure collapse drastically. The shrinkage of the gel

Figure 4. (a) Shrinking kinetics of the conventional and RAFT hydrogels

via the transfer of equilibrated swollen hydrogels at room temperature to

deionized water at 45�C. (b) Reversible shrinking–swelling behaviors of

RG and CG between 25 and 45�C. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 5. (a) Cumulative amounts of TCHC released from RG and CG at

25 and 37�C. The amount of drug released was determined by absorption

at 357 nm with a UV spectrometer (UV-2450, Shimadzu). (b) Equilibrium

SR of RG and CG over the temperature range 21–45�C. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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produced the high-density region in the surface of the hydrogel,

which may have slowed the swelling rate and greatly prevented

the TCHC from releasing into the medium. The slow swelling

process resulted in a decrease in the diffusion rate of the TCHC

in the RG and hence made the RG achieve sustained drug

release at a longer period.

The simplified equation model [eq. (1)] is usually adopted to

estimate the controlled release rate of the hydrogel:21

ln 12
Mt

M1

� �
5ln

8

p2
2

Dp2

l2
t (1)

where M1 is the cumulative amount of drug released at infinite

time, l is the thickness of the gel disc, and D is the diffusion

coefficient of the hydrogel, which could be acquired from the

slope, Dp2/l2, of the tread line by the plot of ln(1 2 Mt/M1)

against time (t). A larger D will result in a faster drug-release

rate of the gel.According to eq. (1), the fitted regression lines of

the TCHC release data are shown in Figure 6, and the slope (k),

D, and correlation coefficient (R2) of the CG and RG are listed

in Table I. We found that D was 0.5968 cm2/min for the RG at

25�C, 1.0098 cm2/min for the CG at 25�C, 0.1379 cm2/min for

the RG at 37�C, and 2.5002 cm2/min for CG at 37�C. The

smallest D for the RG at 37�C indicated RG had the slowest

release rate at such temperatures; this confirmed our hypothesis

that RG could achieve sustained drug release for a longer time.

Protein Adsorption Test

A Bio-Rad protein assay was carried out to evaluate the anti-

protein-fouling properties of the RG and PNIPAM hydrogel at 25

and 37�C by the use of BSA as a model protein. From Figure

7(a), we observed that the BSA adsorption on the RG surface was

3.5 lg/cm2 at 25�C and 19 lg/cm2 at 37�C, whereas the BSA

adsorption for the PNIPAM hydrogel sharply increased to 105 lg/

cm2 at 25�C and 161 lg/cm2 at 37�C, respectively. From the BSA

adsorption data, we assumed that the network structure and the

medium temperature influenced the protein resistance of the gel.

In fact, the surface hydration played a critical role in the non-

fouling ability of the hydrogel, whereas the strength of hydra-

tion was mainly determined by the surface packing density and

chain flexibility.22 The RG could strongly resist protein adsorp-

tion because large amounts of flexible hydrophilic PSBMA

Figure 6. Plots of ln(1 2 Mt/M1) versus t for TCHC released from RG

and CG at 25 and 37�C. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table I. Fitting Parameters for the Release of TCHC from RG and CG at

25 and 37�C

Sample
SBMA
(g)

Temperature
(�C)

k
(min21)

D
(cm2/min) R2

CG 0.5 25 0.2489 1.0098 0.9493

RG 0.5 25 0.6286 0.5968 0.9942

CG 0.5 37 0.0340 2.5502 0.9756

RG 0.5 37 0.1471 0.1379 0.9845

Figure 7. (a) Adsorption of RG and the PNIPAM hydrogel in a BSA solu-

tion (1.0 mg/mL) for 24 h at 25 or 37�C. (b) Illustration of the hydration

of zwitterionic PSBMA chains to resist BSA adsorption on the grafted

RAFT hydrogel surface. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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chains were grafted into the RG network; this could structurally

separate from the PNIPAM backbone. Then it would bind water

molecules to form a strong hydration layer near the surface via

electrostatic interaction and hydrogen bonding. Such a hydra-

tion layer produced a physical barrier to prevent protein

adsorption [Figure 7(b)]. However, strong surface hydration did

not happen on the surface of the PNIPAM hydrogel because of

the lack of the hydrophilic grafted chains in the network struc-

ture. Thus, the RG revealed market antifouling properties,

whereas the PNIPAM gel did not.

The protein adsorption for both the PNIPAM hydrogel

and the RG increased as the temperature rose from 25 to 37�C
(Figure 7). We investigated that the enhancement in the surface

hydrophobicity23 or high surface density22 reduced the protein

resistance of the gel and gave rise to more protein adsorbence on

the surface. The NIPAM hydrogel was an excellently thermosensi-

tive material, and the NIPAM structure turned from hydrophilic

into hydrophobic when the temperature was higher than its phase-

transition temperature (32�C). At 37�C, the NIPAM hydrogel

showed hydrophobic properties; this caused more protein adsorp-

tion on the surface. For the RG, regardless of the existence of the

hydrophilic grafted chains on the gel surface, it was still possible to

absorb more protein on the surface because of the high surface

density caused by the shrinkage of RG at 37�C.

CONCLUSIONS

The RG was successfully prepared by aqueous RAFT polymer-

ization via PSBMA precursors with a thiocarbonylthio

[AC(@S)SAR] end reaction with NIPAM. As expected, RG

exhibited a fast shrinking rate in response to the temperature

change and significantly decreased protein adsorption on the

surface. Because of the rapid temperature-responsive properties,

the RG at body temperature (37�C) could collapse, entrap drug

inside the gel, and attain a long period of drug release. The

structural stability, thermoresponsive and low-fouling proper-

ties, and sustained drug-release rate of the grafted RAFT gel

suggested that it may have promising potential for drug-release

systems.
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