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A B S T R A C T

To realize tight control of hyperglycemia for diabetic patients, cationic chitosan (HTCC) based nano-
composite hydrogels were prepared by using graphene oxide (GO) as nano-carrier for the model drug
(bovine serum albumin, BSA). BSA intercalated into the layers of GO and the intercalation process was
mainly driven by the mutual electrostatic interaction. By introducing GO-BSA, a more compact GO-
centered network structure formed for the hydrogel. Compared with HTCC/BSA, HTCC/2.0wt%GO-BSA
hydrogels exhibited a more distinct pH-/glucose-sensitivity and a much lower initial burst release, which
was attributed to the compact structure and strong interactions among HTCC, GO and BSA in the hydrogel
system.
© 2016 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

6 Introduction

7 Diabetes mellitus, a disorder of glucose regulation, is a global
8 burden affecting 366 million people across the world [1]. For tight
9 control of hyperglycemia and prevention of the resulting

10 complications in diabetic patients, it is highly desirable to develop
11 simple, effective, and continuously self-regulated drug delivery
12 systems [2]. Glucose-responsive hydrogels, known as stimuli-
13 responsive or “intelligent” systems, can adapt the rate of drug
14 release in response to changes in glucose concentration in order to
15 maintain blood glucose levels within the normal range. Enzyme
16 glucose oxidase (GOD), a widely used natural receptor, can be
17 entrapped or immobilized within a pH-sensitive matrix, which
18 results in enzyme-catalyzed conversion of glucose to gluconic acid,
19 thereby lowering the pH in the microenvironment of the hydrogel
20 and causing drug release [3–5].
21 Chitosan (CS), a copolymer of D-glucosamine and N-acetylglu-
22 cosamine derived from chitin, is a potentially useful pharmaceuti-
23 cal material owing to its good biocompatibility and low toxicity
24 [6,7]. In our previous study, it was demonstrated that chitosan
25 microspheres based on the amino group were pH-sensitive in a
26 wide range of pH 1.0–9.0, which was not suitable in the field of
27 glucose responsive drug release systems with a narrow

28physiological pH-sensitive variation range from 7.4 to 6.8 for the
29conversion of glucose to gluconic acid through GOD [8]. Meanwhile
30the cationic chitosan (HTCC) synthesized by grafting with
31glycidyltrimethylammonium chloride (GTMAC) showed more
32distinct pH sensitivity as compared with chitosan and satisfied
33the above mentioned narrow physiological pH variation for
34glucose responsive drug release systems [9]. However, the initial
35burst effect was the main problems for the application of such
36HTCC hydrogels systems. The burst release of drugs is usually due
37to the weak interaction between polymer matrix and drugs, and
38the quick swollen rate of the polymer gel during the initial release
39process.
40Recently, the preparation and application of novel biopolymer/
41nanomaterial composites [10–12] as controlled drug delivery
42vehicles have attracted much attention owing to their unique
43structure and properties. Graphene oxide (GO), an oxidative
44derivative of graphene, has attracted extensive interests in drug
45delivery. GO sheets are enriched with oxygen-containing func-
46tional groups such as hydroxyl and epoxy group on the basal planes
47and carbonyl and carboxylic groups at the sheet edges. Thus, the
48GO sheets with one-atom thickness and two-dimensional plane
49structure can provide large specific surface area to carry drugs via
50surface adsorption, hydrogen bonding, and other types of
51interactions [13], which makes it a promising material for drug
52carrier [14–21].
53Very limited works have been published regarding the use of
54CS/GO nano-composites for drug delivery. Justin and Ben [22]
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55 studied the drug release behavior of CS/GO nano-composite film,
56 which offered a faster and a more substantial release of drug than
57 CS, and the pH-sensitive release functionality of the nano-
58 composite was also demonstrated, releasing 48% less drug in an
59 acidic condition than that in a neutral environment. Chen et al. [23]
60 prepared a series of porous CS/GO composite xerogels, which can
61 absorb and slowly release an anticancer drug, doxorubicin
62 hydrochloride (DOX). The cumulative release percentage of DOX
63 from the xerogels at pH 4 was much higher than that at pH 7.4.
64 In summary, for the current reported intelligent CS/GO drug
65 release systems, the pH-sensitive variation range was too wide to
66 satisfy the glucose-responsive drug release systems. And up to
67 now, no literature can be available for the effect of GO on the
68 glucose-responsive drug release behavior of CS.
69 In this study, GO was used as nanocarrier for bovine serum
70 albumin (BSA) as the model drug. A series of GO-BSA intercalation
71 complexes were prepared at first, and then, by using the cationic
72 chitosan (HTCC) prepared in our previous study as the pH-sensitive
73 polymer matrix and enzyme glucose oxidase (GOD) as the glucose-
74 sensitive receptor, GO-BSA loaded intelligent hydrogels (HTCC/GO-
75 BSA) were prepared.Q3 The intercalation behavior of GO-BSA was
76 studied, and the network structures as well as pH- and glucose-
77 responsive drug release behavior of HTCC/GO-BSA hydrogels were
78 investigated.

79 Experimental

80 Materials

81 Chitosan (molecular weight 1 �106Da, degree of deacetylation
82 85%) was purchased from Zhejiang Jinke Biochemical Co. Ltd.
83 (Zhejiang, China). Epichlorohydrin and sodium tripolyphosphate
84 (TPP) were purchased from Tianjin Tianda Chemical Reagent Co.
85 (Tianjin, China). Glycidyltrimethylammonium chloride (GTMAC)
86 was obtained from Dongyingguofeng Fine Chemical Co. Ltd.
87 (Shandong, China). Bovine serum albumin (BSA) was provided
88 by Huayi Bioengineering Co. Ltd. (Hubei, China). Glucose, enzyme
89 glucose oxidase (GOD) and insulin were purchased from Baoxin
90 Biotechnology Co. Ltd. (Chengdu, China). All other reagents were
91 of analytic reagent grade. Double distilled water was used
92 throughout.

93 Preparation of GO-BSA intercalation complexes

94 The preparation procedure for the GO-BSA intercalation
95 complexes was carried out as follows: 0.5 g of GO was dispersed
96 in 200 ml of deionized water under ultrasound for 30 min at room
97 temperature, and in this process the stable GO/H2O dispersion
98 solution formed. Then BSA was added and the mixture solution
99 was stirred for another 4 h. Afterwards, GO-BSA dispersion solution

100 was centrifugated and washed with distilled water to remove the
101 free BSA. The resulting solids were freeze-dried for 12 h, finally
102 yielding GO-BSA intercalation complexes.

103 Preparation of HTCC/GO nano-composite hydrogels

104 Chitosan was dispersed in water/isopropanol media at 37 �C and
105 stirred for 30 min prior to dropwise addition of GTMAC. Then the
106 reaction mixture was stirred at 60 �C for another 6 h. After being
107 precipitated and washed with cold acetone, cationic chitosan
108 (HTCC) was obtained by filtration.
109 Afterwards, HTCC with GO-BSA and GOD was dissolved in
110 distilled water at room temperature and crosslinking agent (TPP)
111 was added. After incubating at 37 �C for 2 h, HTCC/GO-BSA
112 hydrogels formed. The samples were freeze-dried for 24 h and
113 stored at 4 �C before use.

114Measurements

115X-ray diffraction analysis (XRD)
116The interlayer spacing of the Q4samples of GO and GO-BSA was
117measured at room temperature over the scanning range of 2u = 3–
11820� with Rigaku D/max III B x-ray diffraction equipment (Japan).
119Copper (Cu) Ka radiation (l = 0.154 nm) was used at a generator
120voltage of 40 kV, current of 35 mA, and the scanning speed was
1212.4 deg min�1. The d-spacing of the GO-BSA layers was calculated
122with the Bragg equation:

2dsinu ¼ nl ð1Þ
123124where u is the diffraction angle; n is the order of diffraction, and l
125is the incident wavelength.

126Thermo-gravimetric analysis (TGA)
127The thermo-gravimetric analysis (TGA) was used to character-
128ize the thermal stability and intercalation ratio of GO-BSA. TGA was
129performed with a TA2950 thermo-balance from TA Co. (USA) under
130nitrogen atmosphere with the flow rate of 50 ml/min. The
131granulated samples of about 10 mg were heated from ambient
132temperature to approximately 800 �C at a heating rate of 10 �C/min.

133Atomic force microscopy (AFM)
134The surface morphologies and thickness of GO and GO-BSA
135were examined by AFM. The AFM measurements were performed
136with a SPM-9700 Scanning Probe Microscope (Japan) in a tapping
137mode from Digital Instruments with a Nanoscope IV controller.
138Samples for AFM imaging were prepared by drop-casting the GO
139and GO-BSA dispersions onto freshly cleaved mica substrates,
140which were then allowed to dry in air at ambient temperature and
141pressure.

142Scanning electron microscopy analysis (SEM)
143The morphology of the fractured surface of HTCC/GO-BSA
144hydrogels was observed with a JEOL JSM-5900LV scanning electron
145microscopy (SEM) (Japan). The operating voltage was 5 kV. The
146samples were ion beam sputter-coated with gold and the thin layer
147thickness was about 1–20 nm.

148Transmission electron microscopy analysis (TEM)
149The morphologies of GO-BSA intercalation complexes were
150observed with a Titan G2 60-300 transmission electron microscopy
151(TEM) (U.S.A.) at an accelerating voltage of 300 kV. Samples were
152dispersed in distilled water and dropped onto 200-mesh copper
153grids for TEM observation.

154Rheological behavior
155The visco-elasticity behaviors of HTCC/GO-BSA hydrogels were
156analyzed with Rheometer System Gemini 200 of Malvern
157Instrument Co. (UK), using parallel plates with 25 mm diameter
158and 1–2 mm plate-to-plate distance. For the strain scan experi-
159ment, the shear elastic modulus (G0) and viscous modulus (G00)
160were measured at 0.01–100% strain and 1 Hz frequency. For the
161frequency scan experiment, G0 and G00 were measured in the linear
162visco-elastic region, at 0.01–100 Hz frequency and 0.1% maximum
163strain.

164Swelling ratio
165The swelling properties of the HTCC/GO-BSA hydrogels were
166investigated in phosphate buffered saline (PBS) with pH 6.8.
167Hydrogels of a known weight (W0) were immersed in PBS buffer
168solutions at 37 �C. Then, the hydrogels were taken out at
169predetermined intervals and weighed after removing excess
170solution on the surface. The swelling ratio can be determined
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