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Abstract The temperature-responsive magnetic compos-

ite particles were synthesized by emulsion-free polymeri-

zation of N-isopropylacrylamide (NIPAAm) and acrylamide

(Am) in the presence of oleic acid-modified Fe3O4 nano-

particles. The magnetic properties and heat generation

ability of the composite particles were characterized. Fur-

thermore, temperature and alternating magnetic field (AMF)

triggered drug release behaviors of vitamin B12-loaded

composite particles were also examined. It was found that

composite particles enabled drug release to be controlled

through temperature changes in the neighborhood of lower

critical solution temperature. Continuous application of

AMF resulted in an accelerated release of the loaded drug.

On the other hand, intermittent AMF application to the

composite particles resulted in an ‘‘on–off’’, stepwise release

pattern. Longer release duration and larger overall release

could be achieved by intermittent application of AMF as

compared to continuous magnetic field. Such composite

particles may be used for magnetic drug targeting followed

by simultaneous hyperthermia and drug release.

1 Introduction

In recent years, mild hyperthermia treatment to tumor has

attracted a lot of attention as an auxiliary method for

treating cancer patients, especially when used in combi-

nation with other therapeutic methods such as radiotherapy

and chemotherapy [1, 2]. It has been indicated that

hyperthermia enhances apoptosis and the anti-tumor effects

of chemotherapy through an increase in the uptake of

carcinostatics into tumor cells, and inhibits the repair of

tumor cell killing by anti-tumor drugs [3]. The dose of anti-

tumor drugs, therefore, can be decreased by combination

with hyperthermia, thus minimizing the undesirable side

effects of chemotherapy drugs.

Conventional hyperthermia techniques including radio-

frequency, microwave, water bath and hepatic perfusion

suffer from several drawbacks such as insufficient cover-

age, poor temperature control and distribution, risk of

organ damage, etc. [4, 5]. It is well known that heat can be

generated by Néel relaxation, Brownian relaxation and

hysteresis losses when magnetic nanoparticles are exposed

to an alternating magnetic field (AMF), hence magnetic

nanoparticles can be used as potential hyperthermia agents

[6].

Magnetic nanoparticles are delivered to a tumor either

intravenously or through direct injection. This is followed

by application of an AMF that causes the nanoparticles to

heat. As the temperature rises in nearby cancerous cells,

they are eradicated due to rupture of the cellular membrane

or denaturation of proteins [7]. Of the materials tested, iron

oxide nanoparticles were the most promising because of

their biocompatibility, heat generation ability and chemical

stability [8].

Intelligent polymers which have the ability to respond to

small external stimulus changes, such as temperature, pH,
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photo field, and antigen have attracted significant attention,

and a considerable number of studies have been undertaken

[9–11]. Poly(N-isopropylacrylamide) (PNIPAAm) is a

well-known temperature-sensitive polymer that exhibit

lower critical solution temperature (LCST) slightly below

body temperature, about *32�C [12, 13]. The polymer

chains of PNIPAAm undergo a coil (soluble)—globule

(insoluble) transition when the external temperature cycles

across the LCST. Thus, at a temperature below the LCST,

PNIPAAm hydrogel absorbs water and exists in a swollen

state, but it shrinks and displays an abrupt volume decrease

when the environmental temperature is higher than the

LCST. The LCST of the PNIPAAm can be tuned by

incorporating co-monomer units, such as Am [12]. Such a

temperature-responsive polymer with thermoreversible

phase transition characteristics is attractive for biomedical

and bioengineering applications [14, 15].

A combination of magnetic and temperature-responsive

properties in the same composites are considered to

increase the application potential for magnetic separation

[16], nucleic-acid extraction and purification [17] and drug

delivery [18], etc. Additionally, composite particles con-

sisting of iron oxide core and temperature-responsive

polymer shell can be loaded with anti-cancer drug, injected

into the bloodstream, and targeted to the tumor using an

external magnetic field gradient. When an AMF is applied

after localization, the iron oxide magnetic cores of the

composite particles generate heat, raising the temperature

of the tumor and resulting in hyperthermia. At the same

time, the heat generated is conducted form the core to

the surrounding polymer and raise the temperature of the

polymer shell above the LCST, trigger the release of the

drug loaded in the polymer. In this way, the multi-modal

cancer therapy, including drug targeting, drug delivery and

hyperthermia will be achieved.

For this purpose, the magnetic composite particles

consisting of iron oxide cores and temperature-responsive

polymer shells were synthesized by emulsion-free poly-

merization, which were subsequently loaded with Vitamin

B12 (that was used as model drug). Their magnetic prop-

erties and heat generation ability as well as in vitro drug

release behavior under an AMF were investigated. In the

present work, two different conditions, referred to as

‘‘continuous’’ and ‘‘intermittent’’, were applied, and the

effect of the magnetic field on drug release profile was

compared. The drug release profiles showed that longer

release duration and larger overall release could be

achieved by intermittent application of AMF as compared

to continuous magnetic field. These investigations are

rarely reported in related references. To obtain a desirable

LCST, which should be slightly higher than the physio-

logical temperature and lower than the LCST of the

polymer, the copolymers formed of NIPAAm and Am with

molar ratio of 15:1 were chosen.

2 Materials and methods

2.1 Materials

The monomer NIPAAm was obtained form J&K Chemica

(99%) and recrystallized in n-hexane prior to use. Am,

N,N-methylenebisacrylamide (MBAM), ammonium per-

sulfate (APS), oleic acid, ferrous chloride hexahydrate

(FeCl3�6H2O) and iron sulfate heptahydrate (FeSO4�7H2O)

were obtained from Sinopharm Chemical Reagent Co., Ltd

(China), Acrylamide was recrystallized from chloroform

prior to use. All other materials were of analytical grade

and used without further purification.

2.2 Synthesis of oleic acid-modified Fe3O4

nanoparticles

The oleic acid-modified Fe3O4 nanoparticles were synthe-

sized based on co-precipitation method. Briefly, 2.36 g

FeCl3�6H2O and 1.21 g FeSO4�7H2O were dissolved in

100 ml distilled water, and then 5 ml of concentrated

ammonia was added to the solution rapidly with vigorous

stirring under nitrogen atmosphere. Subsequently, 1.2 g

oleic acid in 5 ml ethanol was added to above-mentioned

solution. The mixed solution was heated to 70�C and kept

at this temperature for 30 min, and the co-precipitation

reaction took place. The magnetic particles thus formed

were then separated by magnetic decantation and washed

with hot ethanol several times to remove excess surfactant.

The resultant particles were finally dispersed in 50 ml

distilled water and pH was adjusted to 10 to yield stable

magnetic fluid for further use.

2.3 Preparation of Fe3O4/P(NIPAAm-co-Am)

composite particles

Fe3O4/P(NIPAAm-co-Am) composite particles were syn-

thesized by emulsifier-free emulsion polymerization.

Firstly, N-isopropylacrylamide-co-acrylamide, [P(NIP-

AAm-co-Am)], copolymers, were prepared. The total

monomer concentration was adjusted to 0.02 mol/l and the

molar ratio of NIPAAm and Am was 15:1 in the feed. 5 wt%

MBAM (based on monomer weight) was added to the

monomer mixture and stirred for 10 min. Various amount of

Fe3O4 (5, 10 and 15% based on the monomer weight, des-

ignated as F5, F10, F15) were then added to the above-

mentioned mixtures and purged with nitrogen for 30 min to

remove oxygen. The solution was allowed to heat to 70�C,
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and subsequently 3 wt% redox initiator, APS was added.

After 7 h of reaction, the composite particles were separated

by magnetic decantation. The resulting particles were finally

washed with cold distilled water and dried at room tem-

perature under reduced pressure for 24 h.

2.4 Characterization

The morphologies of oleic acid-modified Fe3O4 nanopar-

ticles and Fe3O4/P(NIPAAm-co-Am) composite particles

were observed with a Hitachi H-800 transmission electron

microscopy (TEM) working at an accelerating voltage of

200 kV. Samples for TEM measurements were prepared by

ultrasonically dispersing the particles into absolute ethanol,

then placing a drop of the suspensions onto carbon-coated

copper grids, and then drying in air. Fourier transform

infrared (FTIR) analysis (Bruker EQUINOXSS, German)

of the oleic acid-modified Fe3O4 nanoparticles and Fe3O4/

P(NIPAAm-co-Am) composite particles were performed in

the wavenumber range 400–4000 cm-1, on disks prepared

from a mixture of 2 mg samples and 150 mg of high-

purity grade KBr. Temperature-responsive property of

P(NIPAAm-co-Am) copolymer was characterized using a

UV–visible spectrophotometer (JASCO V-570). Dynamic

light scattering particle size analyzer (DLS, Autosizer

4700, Malvern Co.) was used to investigate particle size

change of the composite particles. Magnetic property

measurements were carried out at room temperature using

a vibrating sample magnetometer (VSM, Model 4 HF,

Nanjing University Instrument Plant, China) with a maxi-

mum field of 7 9 106 A/m. The polymer content of the

composite particles was determined via thermogravimetric

(TG, Netzsch STA 449 C) analysis. The concentration of

vitamin B12 was determined in a UV–visible spectropho-

tometer (JASCO V-570).

2.5 Heat generation ability of the composite particles

under an AMF

The heat generation ability of the composite particles was

determined using a homemade experimental setup. The

experimental setup consisted of three main parts: an

alternation magnetic generator with frequencies ranging

from 55 to 65 kHz and maximum amplitude of 1260 A/m

(Nanjing University Instrument Plant, China), loops of

induction coil and a thermally insulated glass container

(double wall vacuum bottle). The composite particles with

15 wt% Fe3O4 nanoparticle loading were firstly allowed to

fully swell in phosphate buffered solution (PBS) at 25�C.

Subsequently, 20 mg samples were immersed into 1.0 ml

deionized water placed in the thermally insulating glass

container. An AMF (frequency 65 kHz and strength

6.5 kA/m) was applied to the samples through the coil.

The temperature of water heated by the samples was

monitored using an alcohol thermometer and was recorded

with time.

2.6 Preparation of vitamin B12-loaded composite

particles

Vitamin B12 was used as model drugs for in vitro drug

release study due to its high aqueous solubility and easy

detection. Vitamin B12 was loaded onto the composite

particles by incubating 100 mg of the dehydrated particles

in 4 ml of vitamin B12 water solution (conc. 1 mg/ml) for

24 h at 25�C. After loading, the drug-loaded particles was

separated by magnetic decantation, dried and stored under

vacuum. The concentration of free vitamin B12 in the

supernatant was determined by measuring the absorbance

at 360 nm in a UV–visible spectrophotometer. The drug-

loading efficiency was calculated as follows [18]:

Drug - loading efficiency %ð Þ ¼ Wfeed �Wfreeð Þ
� 100%=Wfeed ð1Þ

The drug-loading efficiency estimated using Eq. 1 was

65%.

2.7 Temperature triggered drug release

300 mg vitamin B12-loaded composite particles were dis-

persed in 10 ml of PBS (pH 7.4) at 25�C, which was placed

in a test tub with a closer. The test tube were placed in

preheated water baths at 25�C (\LCST), physiological

temperature (37�C,\LCST) or 42�C ([LCST). 4 ml of the

release medium (free of particles) was extracted and

replaced with a same volume of fresh PBS at predeter-

mined time intervals (1, 4, 8, 12, 18 and 24 h). The amount

of the free vitamin B12 in the extracted solution was

quantified using UV–visible spectrophotometer and

cumulative drug release was calculated. All drug release

experiments were repeated at least three times.

2.8 AMF triggered drug release

AMF triggered drug release behaviors were performed

under two different conditions, referred to as ‘‘continuous’’

and ‘‘intermittent’’. In the intermittent experiments,

300 mg of vitamin B12-loaded composite particles were

dispersed in 10 ml of PBS (pH 7.4) at 25�C, which was

placed in a test tub with a closer. The test tube was then

exposed to an AMF with strength of 6.5 kA/m and fre-

quency of 65 kHz. The AMF was applied as a pulse for 1 h

every 3 h, up to 24 h. On the other hand, for the continuous

experiments, the samples were continuously subjected to

the AMF for 24 h. For these two cases, after 24 h of

exposure to an AMF, 4 ml of the release medium (free of
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particles) was extracted and replaced with a same volume

of fresh PBS at predetermined time intervals (1, 4, 8, 12, 18

and 24 h). The amount of the free vitamin B12 in the

extracted solution was quantified using UV–visible spec-

trophotometer, and thus hourly release amount and cumu-

lative drug release were calculated.

3 Results and discussion

3.1 Structure and morphology characterization

TEM images of the oleic acid-modified Fe3O4 nanoparticles

and Fe3O4/P(NIPAAm-co-Am) composite particles were

taken to determine their shapes, sizes and uniformities. As

observed in Fig. 1a, the oleic acid-modified Fe3O4 nano-

particles are individually dispersed and uniform in shape

and size, with an average diameter of *10 nm. Magnetic

nanoparticles have a large ratio of surface area to volume,

and therefore, tend to agglomerate in order to reduce their

surface energy by strong dipole–dipole interactions and van

der Waal’s forces among particles [19]. The dispersion and

stability of nanoparticles, however, can be improved by

modifying the nanoparticles with a surfactant or a polymer.

Among them oleic acid is usually used surfactant. Several

authors have reported the magnetic iron oxide nanoparticles

modified with oleic acid [20, 21]. In the present work, oleic

acid molecules were chemisorbed to the surfaces of the

magnetic nanoparticles, forming the first layer of surfactant.

Subsequently excess oleic acid molecules were adsorbed to

the first layer surfactant by hydrophobic interaction and

form the second layer surfactant [20]. The outer layer of

oleic acid molecules on the Fe3O4 surface reacted with

NH4OH solution and transformed into an ammonium salt,

resulting in a good dispersibility of Fe3O4 nanoparticles in

aqueous solution.

In the following experiments, the bilayer oleic acid-

modified Fe3O4 nanoparticles were used as the seeds of

emulsion polymerization. Under initiation of APS solution,

the temperature-responsive P(NIPAAm-co-Am) copolymer

chains were precipitated on the nanoparticles, and forming

a core/shell structure. This was confirmed by TEM image

of Fe3O4/P(NIPAAm-co-Am) composite particles as

shown in Fig. 1b. Compared with the starting magnetite

nanoparticles, a gray area of 20–30 nm in thickness sur-

rounding the nanoparticles can be clearly observed after the

polymer immobilization. It also can be seen in Fig. 1b that

the composite particles are nearly spherical with an average

diameter of *50 nm, but a small amount of agglomeration

is detected. The agglomeration is probably due to the

occurrence of crosslinking reaction between the particles.

Figure 2 shows FTIR spectra of the oleic acid-modified

Fe3O4 nanoparticles and the Fe3O4/P(NIPAAm-co-Am)

composite particles. The strong absorption bands at 2962,

2924 cm-1 (mas(C–H)), 2850 cm-1 (ms(C–H)), 1450 cm-1

(das(CH)3), 1420 cm-1(ds(CH)3), and 1710 cm-1 (m(C=O))

in Fig. 2a originate from oleic acid molecules. Another

sharp band can be observed at 1640 cm-1, which has been

shift from 1710 cm-1 (C=O bond asymmetric vibration).

This can be explained as the carboxyl groups of oleic acid

combined with Fe atoms on the surface of Fe3O4 nano-

particles and rendered a partial single bone character of the

C=O bond to weaken the bond, and then shifted the

stretching frequency to a lower value [20]. The absorption

bands at 630, 586 and 442 cm-1 are attributed to Fe–O

from Fe3O4 nanoparticles [18]. The main characteristic

absorption bands at 1640 and 1548 cm-1 corresponding to

C=O (amide I) and N–H bending (amice II) are observed in

Fig. 2b, indicating the temperature-responsive P(NIPAAm-

co-Am) copolymer has been successfully coated on the

surfaces of Fe3O4 nanoparticles. Furthermore, the coating

was supported by the TGA plot presented in Fig. 3.

Fig. 1 TEM images of oleic acid-modified Fe3O4 nanoparticles (a) and Fe3O4/P(NIPAAm-co-Am) composite particles (b)
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The mass loss of 90 wt% on heating from 200 to 750�C

implies that the drug carrier consists of 10 wt% of Fe3O4

nanoparticles and 80 wt% of the organic substances,

including oleic acid and P(NIPAAm-co-Am) copolymer.

3.2 Temperature-responsive behavior of Fe3O4/

P(NIPAAm-co-Am) composite particles

Temperature-responsive property of P(NIPAAm-co-Am)

copolymer was characterized using a UV–visible photom-

eter, and the LCST of the copolymer was determined from

the curve of relationship between UV light absorbance and

temperature [22]. As shown in Fig. 4, the 1 wt% copoly-

mer solution changes from transparent to opaque at LCST

of *40�C. When the temperature-responsive polymer was

encapsulated on solid surfaces, the modified surface

showed a hydrophilic-hydrophobic change because of the

reversible hydration-dehydration of the polymer chains,

which led to the size change of the composite particles. The

DLS measurement result in Fig. 5 demonstrated the parti-

cle size change above and below the LCST. The diameters

of the composite particles remain almost unchanged with

temperature when the temperature is increased from 25 to

36�C. In contrary, when the temperature is raised to

*40�C, the diameters of the composite particles abruptly

decrease from 235 to 197 nm, which suggests that the

LCST of the magnetic composite particles is about 40�C.

When the temperature was below 40�C, the hydrophilic

copolymer chains stretched into water to separate every

particle from its neighbors by steric force, while the tem-

perature was above 40�C, the hydropholic copolymer

chains collapsed on the surface of the composite nano-

particles. Due to the loss of steric force, composite nano-

particles got together to form big aggregates, resulting in

the increase in the particle sizes. It was found that the

particle size changed in a reversible manner in response to

changes in temperature around their LCST (shown in

Fig. 5 inset).

3.3 Magnetic property and heat generation ability

Figure 6 shows the hysteresis loops of oleic acid-modified

Fe3O4 nanoparticles (Fig. 6d) and Fe3O4/P(NIPAAm-co-

Am) composite particles with various magnetic nanopar-

ticles loading (Fig. 6a–c) at room temperature. It is obvious

that all samples show superparamagnetic behaviors. Satu-

ration magnetization (Ms) of oleic acid-modified Fe3O4

nanoparticles is 75 emu/g, and the value significantly

decreases upon encapsulating with P(NIPAAm-co-Am)

copolymer. As observed, the Ms values are 9, 20 and
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23 emu/g for the samples F5, F10 and F15, respectively.

The observed decrease in the magnetization value is pri-

marily due to the reduced portion of magnetic material per

mass of composite particles. In the copolymer-coated

samples, there was less magnetic material per gram, and

the magnetization readings were divided by substantial

mass of copolymer [23].

In order to investigate the heat generation ability of the

temperature-responsive magnetic composite particles,

50 mg as-synthesized samples were exposed to an external

AMF of 65 kHz. The heating generated by samples under

the AMF led to an increase in the temperature of distilled

water. The deionized water temperature as a function of

time for the composite particles with 15 wt% Fe3O4

nanoparticle loading is shown in Fig. 7. It is observed that

the temperature of distilled water is elevated rapidly to

41�C in the first 20 min, and ultimately reaches an equi-

librium temperature of 46�C in 60 min. The equilibrium

temperature is higher than the LCST of P(NIPAAm-co-

Am) copolymer. Therefore, it is believed that the present

composite particles can be employed to regulate drug

release via response to temperature change in the neigh-

borhood of LCST by swelling and deswelling. Further-

more, the heating power generated by the magnetic

nanoparticles is sufficient to meet the requirement of

magnetic hyperthermia.

It should be pointed out here that the magnetic filed

strength and frequency used in the present work is much

lower than those reported in other literatures [24–26].

Hence, the heating generation ability of the composite

particles can be enhanced by using higher magnetic field,

which will subsequently increase the heating rate and

reduce the dosage of the composite particles required for

hyperthermia application.

3.4 Temperature triggered drug release

To examine the temperature-triggered drug release ability

of the vitamin B12-loaded composite particles, three tem-

peratures: room temperature (25�C) (\LCST), physiolog-

ical temperature (37�C) (\LCST) and low hyperthermia

temperature (42�C) ([LCST) were selected. The cumula-

tive release of vitamin B12 from the composite particles

was plotted with time. It can be seen from Fig. 8 in all

cases, the release of vitamin B12 from the composite par-

ticles is relatively rapid during the initial 5 h, followed by a

low rate of release. Additionally, the temperature-triggered

drug release behavior is confirmed in Fig. 8. When the
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temperature is below the LCST (25 and 37�C), the drug

carrier is stable and the drug release is very low (\20%).

However, when the temperature is higher than the LCST,

the P(NIPAAm-co-Am) copolymer collapses such that the

squeezing effect of the polymer leads to enhanced drug

release [18]. Such a drug release behavior is especially

suitable for multi-modal cancer therapy because it ensure

that there is a near absence of drug release at the physio-

logical temperature during the transport of drug, while

there is fast or controlled drug release at slightly above the

normal body temperature on arriving at the targeted tumor

cells [18, 27–29].

3.5 AMF triggered drug release

AMF-triggered drug release behaviors of the vitamin

B12-loaded composite particles were performed under two

different conditions, referred to as ‘‘continuous’’ and

‘‘intermittent’’. As shown in Fig. 9, continuous application

of AMF leads to a fast release of vitamin B12 from the

composite particles, with an overall drug release of 69%

within 6 h. Also, an obvious initial burst release of *50%

in the first half hour is observed in Fig. 9. The above

observations suggests that the heat generated by the mag-

netic field is transferred to the temperature-responsive

polymer, raises the temperature of the polymer shell above

its LCST, and as a result, trigger the release of the drug

loaded in the polymer. Comparison of the release patterns

of vitamin B12 in Figs. 8c and 9 shows that the drug release

appears to be accelerated by application of an external

magnetic field. It is speculated that higher temperatures

(*46�C) were obtained by an AMF, and hence there were

an enhancement in release rates due to increased drug

diffusivity.

The hourly released amount and cumulative release of

vitamin B12 from the composite particles are plotted in

Fig. 10. It is obvious that an intermittent AMF application

to the composite particles results in an ‘‘on–off’’, stepwise

release pattern. With the magnetic field on, heat generated

in the magnetic core raises the temperature of the drug-

loaded polymer shell above its LCST, resulting in the

shrinkage in volume of the composite particles and a cor-

responding burst release is observed. On the other hand, in

the experiment with the magnetic field off, the polymer

absorbs water and re-swells, and thus slows down the drug
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release. Therefore, these composite particles are feasible

for application in ‘‘on/off’’ drug delivery systems. The drug

content in the composite particles decrease with time and

hence limited actuation is achieved in the later stages. It

was found almost complete drug release was observed after

three on–off cycles in the present work.

The data from vitamin B12 release suggests that longer

release duration and larger overall release can be achieved

by intermittent application of AMF. However, the initial

burst release is still high in this case, and thus limited

release duration is achieved. In vivo application as drug

delivery device typically needs release for weeks or

months. It is, therefore, expected that essential modifica-

tions in the network structure of the polymer and the pro-

cedures for drug loading can lead to longer release

durations. Additionally, manipulating the field magnitude

and field exposure duration can tailor the burst release to

desired magnitude and can even result in reduced release

with prolonged AMF durations [30]. These various modi-

fications will be taken into account in the subsequent

research work, and related results will be reported in the

near future.

4 Conclusions

Fe3O4/P(NIPAAm-co-Am) composite particles were pre-

pared by emulsion free polymerization of NIPAAm and

Am in the presence of oleic acid-modified Fe3O4 nano-

particles. DLS measurement showed the composite parti-

cles exhibited a LCST about 40�C. Additionally, the

magnetic property measurements showed the heating

power generated by the magnetic nanoparticles was suffi-

cient to meet the requirement of magnetic hyperthermia.

Temperature- and AMF-triggered drug release behaviors

were confirmed. A marked difference in drug release rate

was found at temperatures below and above the LCST of

[P(NIPAAm-co-Am)] copolymers. At experimental tem-

peratures lower than LCST, the drug release was very low.

However, at temperatures higher than LCST, there was an

initially rapid drug release followed by a low rate of

release. The drug release profiles showed that longer

release duration and larger overall release could be

achieved by intermittent application of AMF as compared

to continuous magnetic field. The multi-functional Fe3O4/

P(NIPAAm-co-Am) composite particles may be consid-

ered as attractive implant materials for multi-modal cancer

therapies.
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