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Abstract In this article, we report an original and feasible protocol for the

preparation of superparamagnetic b-cyclodextrin-functionalized composite nano-

particles with core–shell structures via cross linking reaction on the surface of

carboxymethyl b-cyclodextrin-modified magnetite (Fe3O4) nanoparticles by using

epichlorohydrin as a crosslinking agent. The structure and morphology of the pre-

pared composite nanoparticles were studied by Fourier transform infrared spec-

trometry, X-ray diffraction measurement, transmission electron microscopy and the

thermogravimetric analysis. The results show that the prepared roughly spherical

composite nanoparticles (diameter about 10–20 nm) with core–shell structures

turned out to be magnetite nanoparticles surface-surrounded by a layer of cross-

linked CM-b-cyclodextrin polymer. Results of vibrating sample magnetometry

testing and inclusive behaviour studying confirmed the superparamagnetism with

saturation magnetization value of 52.0 emu/g in an external applied magnetic field

of 20000 Oe and inclusion functionality of the composite nanoparticles consisting

of magnetite cores and b-cyclodextrin moiety, which implies very important

applications in targeting drug delivery technology and separation for specific

substances.
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Introduction

In recent years, b-cyclodextrin (b-CD) plays important roles in many disciplines

such as supramolecular chemistry, analytical chemistry, biomedicine and catalysis

[1–3]. b-CD is a torus-shaped cyclic oligosaccharide consisting of seven a-1,4-linked

D-glucose units arranged in a circle with a hydrophilic exterior surface and a

hydrophobic interior cavity. The special structure affords it remarkable ability to

form inclusion complexes with many organic compounds and biological molecules

[4–6]. Because of this unique supramolecular behaviour, b-CD and its derivatives

including b-cyclodextrin polymers (b-CDP) have been extensively researched in the

fields of drug delivery system, separating and absorption of material, environmental

protection devices and functional catalysts, etc. [7–11].

Nano-sized materials offer many important advantages due to their unique size as

well as physical properties and have become one of the most important research and

development frontiers in modern science. Nowadays, magnetite (Fe3O4) nanopar-

ticles, for their good biocompatibility, superior superparamagnetic property, non-

toxicity and easy preparation process, are becoming a focus of relative research

areas [12–15]. They have attracted increasing attention and enormous interest in

biomedical applications including enzyme encapsulation, DNA transfection,

biosensors, bioseparators and targeting drug delivery system [16–20]. Most of the

above mentioned applications require the magnetite nanoparticles to keep chemical

stability, uniformity in size, and fine dispersion status in liquid media [21].

Magnetite nanoparticles with superparamagnetism can be easily magnetized with an

external magnetic field and demagnetized immediately once the external magnetic

field is removed, not retaining any magnetism. However, due to high specific

surface energy and anisotropic dipolar attraction, magnetite nanoparticles tend to

aggregate together into larger clusters which lead to a possible loss of superpara-

magnetism and limit their applications. Also, it is well known that magnetite

(Fe3O4) has a high magnetic saturation value compare to maghemite (c-Fe2O3), and

if exposed to oxygen environment, magnetite (Fe3O4) can change its oxidation

status and transform to maghemite (c-Fe2O3) gradually which may result in serious

degradation of magnetic performance and still limit their applications [22, 23].

In this study, surface modification is a frequently used method to keep superior

magnetic properties of magnetite nanoparticles. One way is to capsulate magnetite

nanoparticles with a layer of polymeric materials so that both the aggregation of

magnetite nanoparticles due to the high specific surface energy and the transfor-

mation of magnetite (Fe3O4) to maghemite (c-Fe2O3) attributed to the reaction of

Fe(II) cations with contacted oxygen molecules can be effectively prevented.

Furthermore, the capsulated polymer layer with functional groups can always afford

magnetite nanoparticles some new superior properties [24–26]. Recently, research-

ers reported several successful designings and preparation methods of cyclodextrin-

functionalized superparamagnetic nanoparticles or their spherical aggregates by

conjugating cyclodextrin (CD) units onto the surface of magnetite nanoparticles

[27–30]. On one hand, the innermost magnetite nanoparticles can sense and respond

to an externally applied magnetic field. On the other hand, the outermost

cyclodextrin moiety can function as inclusion sites and specific containers for
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drugs and biomolecules. Generally, the preparation strategies can be divided into

two steps. First, magnetite nanoparticles are surface decorated by modifiers with

active amino groups (–NH2). Then, the previously synthesized cyclodextrin

derivatives with some active groups such as tosylate groups (–OTs) or carboxyl (–

COOH) are covalently bonded with amino groups (–NH2) and thus grafted onto

the surface of magnetite nanoparticles. Usually, the synthesis of used CD

derivatives and the surface modification of magnetite nanoparticles with amino

groups (–NH2) are complicated and the oxidation of magnetite nanoparticles can

not be prevented so effectively. In this article, we propose a convenient and

feasible protocol for the preparation of superparamagnetic b-CD-functionalized

composite nanoparticles with core–shell structures via cross-linking reaction on

the surface of carboxymethyl b-CD (CM-b-CD)-modified magnetite nanoparticles

by using epichlorohydrin (EP) as a cross-linking agent. As shown in Fig. 1, CM-

b-CD with carboxyl groups which can coordinate with the surfaces of metal oxide

nanoparticles is utilized to surface-modify magnetite (Fe3O4) nanoparticles. Then,

CM-b-CD modified onto the surface of the nanoparticles can be crosslinked in

alkali environment by using EP as a crosslinking agent for abundant exterior

hydroxyl groups. The formed cross-linked CM-b-cyclodextrin polymer (CM-b-

CDP) layer capsulated around the surface of magnetite nanoparticles can

efficiently prevents magnetite nanoparticles from aggregation and oxidation. In

addition, CM-b-CDP has superior capabilities for preferable inclusion ability,

stability and chemical modification compared to b-CD [31, 32]. Therefore, the

superparamagnetic b-CD-functionalized composite nanoparticles with core–shell

structures can be anticipated to have a wide variety of biomedical and chemical

applications as a very prospective targeting drug carrier and separator for specified

substances.
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Fig. 1 FTIR spectra of b-CD
(a) and CM-b-CD (b)

Polym. Bull. (2011) 66:1125–1136 1127

123



Experimental

Chemicals and materials

Monochloroacetic acid of analytical grade and EP were obtained from Shanghai

Jingchun Chemical Co. Ltd. b-cyclodextrin of reagent grade (Shanghai Boao Bio-

tech Co. Ltd) was recrystallized twice from de-ionized water and dried in vacuo at

95 �C for 24 h before use. Ferric chloride (FeCl3�6H2O), ferrous sulphate

(FeSO4�7H2O) and ammonium hydroxide (NH3�H2O, 25%) were obtained from

Guangzhou Chemical Reagents Company and used without further purification.

Sodium hydroxide and methanol was procured from Chongqing Hongyan Chemical

Co. Ltd. The double distilled water was used throughout this study and a permanent

magnet was obtained locally and utilized to separate magnetite nanoparticles.

Synthesis of carboxymethyl b-cyclodextrin

Carboxymethyl b-CD was synthesized following the procedure introduced by a

literature as reference via nucleophilic substitution reaction of b-CD and mono-

chloroacetic acid in alkaline media reported by Junge Zhi et al. [33]

b-CD�OHþ OH� ! b-CD�O� þ H2O

b-CD�O� þ Cl�CH2COOH! b-CD�O�CH2COOHþ Cl�

The optimum detailed synthesis procedure of the preparation obtained through

experiments that we recommend was as following: predetermined b-CD and NaOH

dissolved in distilled water, then, monochloroacetic acid with mole ratio 6:1 to

b-CD was added. The mixture was stirred at 80 �C for 4 h, cooled to room

temperature and its pH value was adjusted to 4–6 by using hydrochloric acid. Then

it was washed with ethanol/water (80/20) solution repeatedly until no Cl-1 was

detected by using AgNO3 as a detect reagent. The obtained solution without Cl-1

was mixed with a large amount of methanol and white precipitation produced. The

solid precipitation was filtrated and dried at 70 �C under vacuum for 3 days. The

final yield was calculated to be 86.2% and the carboxymethylated degree 4.9 was

determined by a method of titrating carboxylate group with perchloric acid in acetic

acid.

Preparation of magnetite nanoparticles

The magnetite nanoparticles were prepared by traditional chemical co-precipitation

method. Predetermined amounts of FeCl3�6H2O and FeSO4�7H2O were dissolved in

distilled water under intense stirring at 55 �C and under N2 atmosphere.

Subsequently, chilled NH4OH was added and the stirring was kept at 800 rpm for

0.5 h (Fe2? ? 2Fe3? ? 8OH- ? Fe3O4 ? 4H2O). The formed magnetite nano-

particles after the reaction were deposited with a permanent magnet placed under the

reaction flask and supernatant liquid was removed. The particles were washed with

distilled water repeatedly and dried for 24 h at room temperature in a vacuum oven.
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Surface modification of magnetite nanoparticles

Predetermined amount of magnetite nanoparticles were added to 50 mL aqueous

solution of 1.0 g CM-b-CD. After ultrasonic treatment at 80 �C for 1 h, the mixture

was cooled down to room temperature and washed several times with distilled water

to remove excess CM-b-CD. After drying at room temperature in a vacuum oven,

magnetite nanoparticles modified by CM-b-CD were obtained.

Preparation of b-cyclodextrin-functionalized composite nanoparticles

The CM-b-CD modified magnetite nanoparticles were added to dilute NaOH

aqueous solution. After ultrasonic dispersion for 20 min, stable magnetic fluid was

obtained. Predetermined amount of EP was added into the magnetic fluid and the

mixture was stirred in a three-necked flask for 24 h at 80 �C in N2 atmosphere for

cross-linking reaction. The mixture was cooled down to room temperature and its

pH value was adjusted to 4–6 by using hydrochloric acid. The obtained composite

nanoparticles were washed with distilled water and separated with a magnetic

repeatedly. The final product was dried for 24 h at 70 �C in a vacuum oven.

Characterization

The CM-b-CD sample was analyzed by Fourier transform infrared (FTIR)

spectroscopy which was performed on a MAGANA-IR760 spectrometer using

potassium bromide pressed disc method, with 2 cm-1 resolution and 32 scanning

times. The structures of the prepared composite nanoparticles were studied by FTIR

spectroscopy and an X-ray diffractometer (D/max-IIIA, Japan) equipped with a

graphite homochromatic instruments and Cu anticathode (30 kV, 30 mA, scanning

rate 2�/min, 2h = 10�–80�). The morphology of the magnetite nanoparticles and the

composite nanoparticles in aqueous solution were observed with a high resolution

transmission electron microscope (Hitachi-JEM-100CX II, Japan). The samples

were ultrasonicated for 30 min in advance and sprayed onto a Cu grid for

observation with an accelerating voltage of 100 kV. The thermal degradation

behaviour of the composite nanoparticles was tested using thermo-gravimeter

(Netzsh TG-200PC, Germany) in combination with a TA System Controller. The N2

flow rate was 40 mL/min, and the heating rate was 10 �C/min. The magnetic

properties of the composite nanoparticles were measured by vibrating sample

magnetometry (VSM) (Lake Shore 7410, US) at 298 K. Spectrophotometer (UV2-

200, Japan) was utilized to check the inclusive ability of the composite

nanoparticles by testing the concentration variation of naphthalene (NA) ethanol/

water (20/80) solution according to the amount of the prepared composite

nanoparticles which can be anticipated to form complexes with NA molecules

and be removed from the mixture of NA ethanol/water (20/80) solution and the

composite nanoparticles with an external magnetic field before spectrophotometric

determination. The wavelength used to determine the concentration of NA is

221 nm.
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Results and discussion

FTIR analysis of the CM-b-CD sample

Figure 1 shows the FTIR spectra of b-CD (a) and synthesized CM-b-CD sample (b)

utilized as coating surfactant of magnetite nanoparticles. The absorption bands at

3416 and 2928 cm-1 in Fig. 1a are attributed to the stretching vibrations of

alcoholic O–H groups and C–H groups in b-CD, respectively. The absorption bands

at 1643, 1371, 1157, 1082 and 1017 cm-1 are in correspond to symmetric stretching

vibrations and asymmetric stretching vibrations of C–O groups in b-CD. Compared

with Fig. 1a, newly appeared absorption bands at 1603, 1423 and 1325 cm-1 in

Fig. 1b corresponding to –COO- groups and intensity reduction of absorption bands

at 3416 cm-1 corresponding to alcoholic O–H groups which is ascribed to the

partial substitution of hydroxyl by carboxymethyl confirmed the carboxymethyl-

ation of b-CD with the degree of substitution about 4.9 determined by a method of

titrating carboxylate group with perchloric acid in acetic acid.

FTIR analysis of b-cyclodextrin-functionalized composite nanoparticles

Figure 2 shows the FTIR spectra of unmodified magnetite nanoparticles (a), the

prepared composite nanoparticles (b) and CM-b-CD polymer (c) which were

prepared with the same cross-linking agent and almost under the same cross-linking

conditions. For both unmodified magnetite nanoparticles and composite nanopar-

ticles, the strong characteristic absorption bands of magnetite at around 586 cm-1 are

clearly visible in the spectra. Compared with unmodified magnetite nanoparticles in

Fig. 2a, the prepared composite nanoparticles in Fig. 2b present newly appeared

absorption bands at 1125, 1039 and 2936 cm-1 corresponding to –CO, C–O–C and

C–H bonds in CM-b-CD polymer in Fig. 2c, respectively. This indicates that b-CD

moiety has been combined with magnetite nanoparticles successfully.
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Fig. 2 FTIR spectra of
unmodified magnetite
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functionalized composite
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CM-b-CD polymer (c)
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X-ray diffraction analysis of b-cyclodextrin-functionalized composite

nanoparticles

The crystalline structures of unmodified magnetite nanoparticles and the prepared

composite nanoparticles were studied by X-ray diffraction (XRD) measurement. It

can be found that the crystalline patterns of both nanoparticles coincided very well

with standard pattern of magnetite (Fe3O4) from the JCPDS card (19-0629),

showing an isometric-hexoctahedral crystal system. The diffraction peaks at 30.1�,

43.2�, 57.1� and 62.7� of the composite nanoparticles were similar to those of

unmodified magnetite nanoparticles. This indicates that the outer shell of CM-b-CD

polymer did not change the typical XRD pattern of magnetite. Such a crystal system

was important for superior superparamagnetic properties to be maintained. The

relatively broader peaks of the composite nanoparticles in Fig. 3b than those of

unmodified magnetite nanoparticles in Fig. 3a suggest that magnetite in the

composite nanoparticles have better nanocrystallite nature which is attributed to the

barrier effect of outer shell of b-CD polymer from aggregation and oxidation of

magnetite nanoparticles.

Structure and morphology of b-cyclodextrin-functionalized composite

nanoparticles

Transmission electron microscope (TEM) was used to obtain direct information

about the structure and morphology of the prepared composite nanoparticles. The

sample for TEM was prepared by dropping dispersions of unmodified magnetite

nanoparticles and the composite nanoparticles in aqueous solution onto carbon-

coated copper grids after sonication and drying under vacuum. Figure 4 shows the

TEM images of the unmodified magnetite nanoparticles and the prepared composite

nanoparticles. It can be seen that the unmodified magnetite nanoparticles in Fig. 4a

are approximately 10 nm in diameter and trend to agglomerate because some
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formed big aggregations with tight structure can be observed. Compared to Fig. 4a

and b shows a much better dispersion state of the composite nanoparticles in

aqueous solution with various sizes in diameter from 10 to 20 nm and the composite

nanoparticles display roughly spherical shapes. From Fig. 4c and d, a typical core–

shell structure of composite nanoparticles consisting of single magnetite core or

multiple cores and an outer layer of CM-b-CD polymer capsulated around the

magnetite nanoparticles can be obviously observed. The results agreed well with the

designed structure shown in Scheme 1 proposed in the ‘Introduction’.

Thermogravimetric analysis of b-CD-functionalized composite nanoparticles

The content of cross-linked CM-b-CD polymer moiety in the prepared composite

nanoparticles and the thermal stability were evaluated by thermogravimetric

Fig. 4 TEM images of unmodified magnetite nanoparticles (a) and b-CD-functionalized composite
nanoparticles (b, c, d)

CM-β-CD

Surface-modifying
Fe3O4 Fe3O4

Epichlorohydrin

Crosslinking

-CDP

Fe3O4Fe2+ Fe3++
OH-1

Fe3O4

β

Scheme 1 Illustration of preparation steps for superparamagnetic b-CD-functionalized composite
nanoparticles
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analysis (TGA) technique. Figure 5 presents the thermal degradation curves for

unmodified magnetite nanoparticles (a), the prepared composite nanoparticles (b)

and CM-b-CD polymer (c) which was prepared with the same cross-linking agent

and almost under the same cross-linking conditions. As shown in Fig. 5a, the total

weight loss over the full temperature range for unmodified magnetite nanoparticles

is about 1.6% due to the loss of the dehydration of the surface hydroxyl groups. For

pure CM-b-CD polymer in Fig. 5c, the mass loss of about 55.2% by weight in the

range of 200–430 �C is attributed to the decomposition of pure CM-b-CD polymer

and the temperature of the maximum weight loss is 378 �C. For the composite

nanoparticles in Fig. 5b, the relatively slow weight loss below 200 �C is owing to

the loss of residual water absorbed in the cavities of the cross-linked CM-b-CD

polymer. Then, well-defined mass weight loss of about 16.3% between 200 and

430 �C can be observed due to the degradation of cross-linked CM-b-CD polymer

moiety and the temperature of the maximum weight loss is 376 �C, almost similar to

that of pure CM-b-CD polymer. From the above data, a proximate CM-b-CD

polymer moiety content of about 29.5% by weight was deduced for the prepared

composite nanoparticles.

Evaluation of the magnetic properties of b-cyclodextrin-functionalized

composite nanoparticles

The magnetic properties of the prepared composite nanoparticles were investigated

by VSM. Figure 6 shows magnetic hysteresis loops of unmodified magnetite

nanoparticles (a) and the prepared composite nanoparticles (b) in an applied

magnetic field of 20000 Oe at 298 K. The results show that unmodified magnetite

nanoparticles and the prepared composite nanoparticles have very low coercive

forces of 12.5 and 8.3 Oe, respectively. In addition, nearly no remnant magnetism is

left after removal of the applied magnetic field. The hysteresis loops of the prepared

composite nanoparticles show typical characters of superparamagnetic behaviour

which implies their re-dispersion ability in solution without occurrence of severe

aggregation. The saturation magnetization of the composite nanoparticles in Fig. 6b
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is about 52.0 emu/g, relatively lower than that of unmodified magnetite nanopar-

ticles in Fig. 6a because of the contained non-magnetic cross-linked CM-b-CD

polymer moiety.

Study of the inclusive behaviour of b-CD-functionalized composite

nanoparticles

The inclusive behaviour of the prepared composite nanoparticles can be studied by

analyzing the concentration variation of predetermined amount of NA aqueous-

alcohol solution according to the amount of added b-CD-functionalized composite

nanoparticles which were firstly mixed with predetermined NA aqueous-alcohol

(80/20) solution for 24 h and then separated from the mixture with a permanent

magnet before concentration determination by means of a spectrophotometer. From

Fig. 7, we can find that the concentration of NA aqueous-alcohol solution decreased
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as the amount of composite nanoparticles added into the NA aqueous-alcohol

solution increased. It indicates that the prepared composite nanoparticles can form

complexes with NA molecules through inclusion interaction and a maximum

inclusion amount of NA by the composite nanoparticles was deduced as about

0.1 mg/g.

Conclusions

In summary, we developed an original and ideal approach for the feasible

preparation of b-CD-functionalized composite nanoparticles possessing both

superparamagnetism and functionality of b-CD unit in this study. The composite

nanoparticles were prepared successfully via cross-linking reaction of CM-b-CD

utilized as a surface-modifier of magnetite nanoparticles by using EP as a cross-

linking agent. The size of the prepared composite nanoparticles with roughly

spherical shapes and core–shell structures was about 10–20 nm in diameter. The

amount of b-CD polymer capsulated around the magnetite nanoparticles in the

prepared composite nanoparticles was estimated to be 29.5% by weight. The results

of VSM indicated that the composite nanoparticles performed superparamagnetic

behaviour and the saturation magnetization was measured to be 52.0 emu/g in an

applied magnetic field of 20000 Oe at 298 K. The inclusive ability of the composite

nanoparticles was confirmed by studying the inclusion reaction between the

composite nanoparticles and NA molecules in aqueous-alcohol solution and a

maximum inclusion amount of about 0.1 mg/g was deduced. The composite

nanoparticles may have a wide variety of biomedical and chemical applications as a

very prospective drug carrier and separator for specified substances.
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