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RESEARCH ARTICLE

Study on magnetic thermal seeds coated with thermal-responsive
molecularly imprinted polymers

Takuya Kuboa , Miwa Shimonakaa, Yoshiyuki Watabea,b, Kazunari Akiyoshic, Jeyadevan
Balachandrand and Koji Otsukaa

aDepartment of Material Chemistry, Graduate School of Engineering, Kyoto University, Kyoto, Japan; bResearch Center, Shimadzu
General Service, Inc, Kyoto, Japan; cDepartment of Polymer Chemistry, Graduate School of Engineering, Kyoto University, Kyoto,
Japan; dDepartment of Material Science, University of Shiga Prefecture, Hikone, Japan

ABSTRACT
We conceived a novel hybrid carrier of a thermal-responsive molecularly imprinted polymer
(MIP) and a magnetic thermal seed (MTS) that showed a heat-generating ability under an
alternate current (AC) magnetic field. Compared to our previous publications, we modify
both the MIP and MTS to improve the feasibility for the hybrid carrier, briefly we have to
achieve the accurate size control and narrower size distribution of MTS, and higher molecu-
lar recognition/release ability of MIP. Firstly, uniformly sized particles which are expected to
show a large heat-generating ability under an AC magnetic field were successfully prepared
by controlling the core creation. Then, an MIP targeted for selective adsorption of peme-
trexed (PMX), a well-known anti-cancer drug, was prepared using N-carbobenzoxy-L-glutamic
acid as a pseudo template. Finally, the preliminary hybridization of the MTS and the MIP-
equivalent polymer coating was examined by introducing vinyl groups as methacrylic acid
using a ligand exchanging method.
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1. Introduction

Molecular imprinting technique, which enables cre-
ation of specific molecular recognition sites inside of
a crosslinked polymer for selective adsorption of tar-
geting compounds, has been widely studied in vari-
ous fields [1–7]. The obtained polymer using this
technique is called as a molecularly imprinted poly-
mer (MIP), which is generally prepared by using the

following procedures. (➔) Mixing the template mol-
ecules and functional monomers to form the complex
by the interaction, (➔) Polymerization after adding
the crosslinker to form a crosslinked polymer that
involves the complex inside of its structure, (➔ )
Removing the template molecules from the obtained
polymer. A molecular recognition site for the target
compound, in which functional monomer is
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three-dimensionally immobilized, has been prepared
by above-mentioned procedures.

Generally, hydrogen bonding between the func-
tional monomer and the template molecule is used
to create the molecular recognition site. An exter-
nally stimulus-responsive MIP that can controllably
release the target compound can be prepared
because hydrogen bonding can be cleaved by the
variations of temperature and/or pH conditions
[8–12]. There is increasing expectation of the stimu-
lus-responsive MIP for various fields other than
analytical chemistry.

The most notable application of the stimulus-
responsive MIP is the use as a carrier in a drug
delivery system (DDS). The stimulus-responsive
MIP is considered as a suitable material for a DDS
carrier that can control a drug releasing rate
depending on an external stimulus [13–15].
However, following cons are currently recognized,
firstly unsatisfactory directivity toward the target
area, in other words, self-directed delivery to dis-
eased site is difficult due to a simple composition of
the MIP using only organic polymer. Secondly, diffi-
culty of a precise control of the drug releasing rate
due to its large dependence on the environmental
conditions such as temperature and/or pH. For solv-
ing these issues, we conceived an application of
organic–inorganic hybrid material consisting of an
MIP and magnetic thermal seed (MTS, Fe3O4)
[16–19]. An MTS sized less than 20 nm exhibits
superparamagnetic property and possesses consider-
able saturation magnetization giving the directivity
toward the target area [20,21]. Additionally, it is
known that the MTS generates heat under an alter-
nate current (AC) magnetic field because of the
relaxation of the magnetic moment, and the amount
of generated heat can be controlled by modulating
the strength of the magnetic field [22–25].

Some studies on the DDS using an MTS have
been reported. Corato et al. introduced MTS into
the core of liposome then added a material that gen-
erated active oxygen by the laser irradiation. They
successfully applied it to the thermotherapy under
an AC magnetic field and the phototherapy under
the laser irradiation [26–30]. However, the annihila-
tion of cancer cells only by hyperthermia effect is
considered difficult, and the concurrent use of anti-
cancer drug treatment has been proposed. We are
developing a novel drug carrier that affords control-
lable anti-cancer drug releasing and directivity
toward the diseased site by an MTS coated with a
thermal-responsive MIP. The concept of this system
will be advantageous compared to other techniques
because an MTS contributes induction and heat
generation, and an MIP contributes thermo-respon-
sive drug release.

In our previous study, the selective adsorption
and desorption of methotrexate (MTX), a com-
monly used anti-cancer drug, which prohibits the
metabolism of folic acid (antifolic drug), was suc-
ceeded by using a thermal-responsive MIP, in which
the hydrogen bonding based molecular recognition
site was created with methacrylic acid (MAA) as a
functional monomer [31]. However, the small
releasing rate for MTX and the significant agglomer-
ation were remaining problems to be improved for
the use as a DDS carrier in both the MTS and MIP
parts. In the former, the aggregation of the particles
and the lack of generated heat amount [32] should
be considered, whereas the limited biocompatibility
and the lack of adsorption selectivity due to the
structural hydrophobicity of an MIP in the latter.
Additionally, particle size being larger than 1mm for
the hybridized material after the vinyl group intro-
duction should also be improved.

Due to these drawbacks, here we try to address
the following issues in this study. Firstly, MTS-
related issues; novel uniformly sized MTS was pre-
pared by using the oleic acid (OA)-added thermal
decomposition method that provided the suppressed
aggregation and controlled seed size [33–35] to
increase the heat generation [20,23,25]. Secondly,
MIP related issues; new MIP targeted to pemetrexed
(PMX), anti-cancer drug, which is also an antifolic
drug as well as MTX, was prepared with diethylami-
noethyl methacrylate (DEAEMA) as a functional
monomer and ethylene glycol dimethacrylate
(EDMA) as a crosslinker to improve the biocom-
patibility. PMX exhibits larger solubility against typ-
ical organic solvents, resulting in high density of the
molecular recognition site compared with MTX.
Additionally, PMX is expected to afford stronger
anti-cancer effect as well. Thirdly, the hybridization
of the MIP and MTS; previously reported vinyl
group introduction was changed from ‘via silica
coating’ to ‘via ligand exchange’ to prepare smaller
than 200 nm [36–38] size of the particle that is suit-
able as the functionalized DDS carrier [39–41] con-
sidering the internal-body circulation and the
enhanced permeation and retention effect on the
cancer tissue. One on one MIP coating on the MTS
is preferable.

2. Materials and methods

2.1. Chemicals

2-Propanol (extra pure reagent), toluene (extra pure
reagent), methanol (HPLC grade), formic acid, N,N-
dimethylformamide (DMF) (extra pure reagent),
ethanol (HPLC grade), dimethyl sulfoxide (DMSO)
(extra pure reagent), tetrahydrofuran (THF) (extra
pure reagent), acetonitrile (HPLC grade), benzoic
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acid, distilled water (HPLC grade), acrylic acid,
monomer (AA), hexane (HPLC grade) and divinyl-
benzene (DVB) were purchased from Nacalai
Tesque, Inc. (Kyoto, Japan). OA, uracil, MAA and
2,20-azobis(2,4-dimethylvaleronitrile) (ADVN) were
purchased from Wako Pure Chemical Industries,
Ltd. (Tokyo, Japan). PMX, 2, 20-azobis(isobutyroni-
trile) (AIBN), N-carbobenzoxy-L-glutamic acid
(NCLG), 2-(diethylamino)ethyl methacrylate (stabi-
lized with MEHQ) (DEAEMA), N-[(9H-fluoren-9-
ylmethoxy)carbonyl]-L-aspartic acid (L-FAA), N-
[(9H-fluoren-9-ylmethoxy)carbonyl]-D-aspartic acid
(D-FAA) and EDMA (stabilized with HQ) were pur-
chased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). DEAEMA, EDMA and DVB were
used after distillation. 1-Octadecene and goethite
were purchased from Sigma-Aldrich (Tokyo, Japan).
14G-DMA was kindly donated from
Shin-Nakamura.

2.2. Instrumentation

An HPLC system consisted of a pump (LC-30AD),
a degasser (DGU-20A5R), a column oven (CTO-
20AC) and a photodiode array detector (SPD-
M20A) (Shimadzu Co., Kyoto, Japan). A
Thermomixer C (Eppendorf AG. Hamburg,
Germany) was used as a shaker. A direct mixer
DM-301 (AS ONE Co. Tokyo, Japan) was used as a
mechanical stirrer, and a TM-VSM 1230-HHH5
(Tamakawa Co., LTD, Sendai, Japan) was used as a
vibrating sample magnetometer. A Nicolet iS5 ATR
(Thermo Fisher Scientific Inc. Waltham, MA, USA)
was used as an FT-IR spectrometer. A T162-5723A
(Thamway Co. Ltd., Shizuoka, Japan) was used as
an AC magnetic field generator, and an H-103NR
(Kokusan Co. Ltd. Saitama, Japan) was used as a
centrifuge. A Zetasizer Nano ZSP (Malvern
Panalytical, Malvern, UK) was used for dynamic
light scattering (DLS) measurements. A 2510J-MT
(Branson Co. Ltd, Atsugi, Japan) was used as a
bench-top ultrasonic cleaner. An H-8100 (Hitachi
Ltd, Tokyo, Japan) was used as a transmission elec-
tron microscope. HPLC conditions were as follows;
mobile phase, 0.1% (v/v) formic acid aq./methanol
¼ 65:35; flow rate, 2.1mL/min; column, Mightysil
RP-18GP II (150mm � 2.0mm, particle size 3 mm);
detection, UV at 254 nm.

2.2.1. Preparation of MTS
The MTS was prepared by the following procedures.
A mixture of 1-octadecene (10.0 g), OA (10.0 g) and
goethite (0.534 g), which is the most common of the
iron oxyhydroxides and is anti-ferromagnetic with a
disordering (N�eel) temperature was sonicated in a
four-necked flask. After a 6 h stirring under the

conditions of programmed N2 supply (50, 100, 125
and 150mL/min) and thermal treatment at max-
imum 315 �C, the obtained each MTS was collected
by a magnetic decantation method, then washed
with a mixture of toluene/2-propanol ¼ 1:6 (v:v).
Each MTS was dried and subjected to the evaluation
for dispersity using TEM and DLS.

2.2.2. Evaluation of MTS using XRD and VSM
The crystal structure of the obtained MTS was
determined with XRD and the magnetic characteris-
tics was evaluated with VSM.

2.2.3. Measurement of head generation of MTS
under AC magnetic field
The dried MTS was dispersed in toluene (20.7mg/
2mL), then treated with ultrasonication. The dis-
persed solution was set in the center of the coil to
be applied with the AC magnetic field of 600 kHz
and 3.2 kA/m. The specific adsorption rate (SAR)
was calculated based on the temperature variation
measured with the optical fiber thermometer using
the following formula

SAR ¼ CS mS=mið Þ dT=dtð Þinitial
where CS is specific heat of the solvent, mS is
amount of the solvent, mi is amount of magnetic
particles and (dT/dt) is differentiation of tempera-
ture per unit time, respectively.

2.3. Preparation and evaluation of MIP

Four MIPs and their related NIPs listed in Table S1
and Figure 1 were prepared and evaluated under
appropriate conditions. Here, we chose two basic
functional monomers, 4VP and DEAEMA at four
times mole ratio toward template molecules. We
anticipated that these monomers effectively inter-
acted with the carboxy groups in both PMX and
NCLG. After brief adsorption test of the four MIPs
using target PMX or template NCLG, further
detailed evaluations were executed on the most
promising MIP4. Adsorption test in 1mL of NCLG
acetonitrile solutions at 1.0, 2.5, 5.0, 7.5, 10, 15, 20,
25, 30, 50, 100, 250, 500, 750, 1000mM containing
5.0mg of MIP4 and NIP4, respectively was carried
out for 24 h stirring at 800 rpm. The filtered super-
natants were determined with HPLC to calculating
the binding constants using following formula

Q=C ¼ nK–KQ

where Q is amount of bounded MTX (mol g�1), C
is concentration of free MTX (M), n is number of
the binding sites (mol g�1) and K is binding con-
stant (M�1). Adsorption test in 1.0mL of PMX
under the same conditions as the above but at the
concentrations of 500 and 1000 mM was carried out.
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Adsorption selectivity test for following structural
analogues of PMX under similar conditions as the
above but only at a concentration of 1000 mM was
carried out. Desorption test of PMX from the MIPs
tested in (2.4) evaluation. Two MIPs of the dried
2.0 g were added into methanol of 1mL at 25/60 �C
for 10/60min, then the filtered supernatants were
determined with HPLC. The imprinting factor (IF)
was calculated by the following equation

IF ¼ adsorption amount on MIPð Þ
= adsorption amount on NIPð Þ

2.4. Ligand exchanging for MTS

The prepared OA coated MTS was subjected to the
ligand exchange procedures to introduce vinyl
groups as MAA preparing for flat MIP coating
under mono-dispersity conditions.

1. 3.6mL of MAA and 0.4mL of water were
treated with ultrasonication for 10min.

2. 4mL of OA-MTS hexane solution (25mg /mL)
was treated with ultrasonication for 10min.

3. MAA ligand solution was transferred into a
sample vial then OA-MTS hexane solution was
added to make 13.5mL.

4. Yielded MTS was recovered using a magnetic
decantation after standing for 6 h then washed
with ethanol.

5. MTS was re-dispersed into ethanol, DMSO and
acetonitrile then subjected to TEM observation
and DLS measurement.

6. MTS dispersed into ethanol was recovered using
a magnetic decantation method then subjected

to an infrared spectroscopy (IR) measurement
following an overnight vacuum drying.

2.5. Example polymer coating on MTS after
ligand exchange

The hybridization of the MTS and three types of poly-
mers as the model of MIP was preliminary tried fol-
lowing the previous studies [32,41]. The MAA-MTS
obtained from ligand exchange was hybridized with
blank polymers, which have no imprinted site, listed
in Table S2. Other conditions are also shown in Table
S2. The yielded MTS based particles were recovered
using magnetic decantation then washed with metha-
nol and re-dispersed in DMSO to be subjected to the
TEM observation and DLS measurement.

3. Results and discussion

3.1. Preparation of MTS

Figure 2 summarizes the physical appearances of the
prepared MTS. Figure 2(a) shows the TEM image of
the prepared MTS. The mean diameter and its rela-
tive standard deviation (RSD) were estimated as
14.1 nm and 4.7% (n¼ 200), respectively, based on
the image. Less than 5% of the particle size RSD
suggested the successful mono-dispersed preparation
of MTS. The MTS kept a well-dispersed state for a
while in toluene (Figure 2(b)). Magnetic decantation
of the MTS was successfully executed in toluene/2-
propanol ¼ 1:6 (Figure 2(c)) suggesting that the dir-
ectional control of MTS could be possible by the
AC magnetic field. Figure 2(d) shows the result of
the DLS measurement and the calculated mean
diameter was 18.7 nm. The value was slightly larger

Figure 1. Structural analogues of PMX and NCLG employed for the evaluation.
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compared to the result from TEM, and it assumed
that the MTS after drying and re-dispersion into the
solvent generated some amount of aggregations.

3.2. Heat generation of MTS under AC
magnetic field

Figure 3(a) shows the X-ray diffraction profile of the
MTS that was assigned to Fe3O4 (ICDD powder dif-
fraction data No. 00-019-0629) based on the peak pos-
ition and peak intensity ratio. It was revealed that

W€ustite, which is a mineral form of iron(II) oxide
found in meteorites and native iron, phase, having no
heat-generating ability, was not contained in the MTS
according to no significantly assigned peak to that
from the W€ustite spectrum. Furthermore, Figure 3(b)
shows the magnetization curve of the MTS at room
temperature (maximum externally applied magnetic
field; 8 kOe). The saturated magnetization was
67.99 emu/g, which was similar to measured value in
our previous studies [23]. The possibility of external
directional controlling for MTS was suggested because

Figure 2. Physical appearance of the MTS. (a) TEM image, (b) dispersion, (c) magnetic decantation, (d) result of DLS.

Figure 3. X-ray diffraction profile of MTS and standard spectra from magnetite and W€ustite (a), magnetization curve of
MTS (b).

Figure 4. Temperature variation versus applied time of AC magnetic field.
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of its super paramagnetic property approved by the
absence of a hysteresis loop.

3.3. Measurement of heat generation of MTS
under AC magnetic field

Time dependent temperature variation of the MTS
under the AC magnetic field, frequency f¼ 600 kHz
and strength H¼ 3.2 kA/m are shown in Figure 4.
The result from previous study that employed the
coprecipitation method is also shown for the refer-
ence. Present MTS prepared by the thermal decom-
position method provided an improved heat-
generating ability in the first 10min. Considering
the different dispersion solvent to that of the previ-
ous study, the SAR values for respective MTSs were
calculated for the fair comparison. The present MTS
showed 8.9 W/g which was larger than 7.3W/g
from data reported from previous MTS [32].
Consequently, the improved heat-generating ability
was confirmed.

3.4. Particle size control during MTS
synthetic process

Figure 5 shows TEM images of the MTS in different
N2 supplying conditions (a, 50; b, 100; c, 125; d,
150mL/min). Table 1 shows calculated particle
diameters and their uniformity in RSD (n¼ 200). At

the 125mL/min N2 supplying, the highest uniform-
ity and almost desired particle size of the MTS was
successfully prepared. The large N2 supplying pro-
vided small particle size. This would be due to the
increased core formation rate induced by the
increased reduction rate under N2 atmosphere.
Based on this result, it was suggested that the par-
ticle size was surely controlled by N2 supplying
amount. As shown in the previous study, the size
and its degree of dispersion are very important for
the heat generation under the AC field [20], there-
fore, the optimization process will also be contrib-
uted to the control of the degree of the
heat generation.

3.5. Evaluation of MIPs

For the MIP-1, Figure S1 shows the results of the
adsorption test for PMX. In the DMSO solvent, no
significant adsorption was observed in the MIP-1
and NIP-1. This is due to the larger interaction
between PMX and DMSO than that between PMX
and the functional monomer. DMSO is not suitable
solvent for preparing an MIP in which PMX is
employed as the template.

For the MIP-2, DMSO was not a suitable solvent
for preparing MIP-2, whereas PMX was able to be
dissolved into only DMSO to meet necessary con-
centration to create a molecular recognition site.
Next NCLG was used as a pseudo template. NCLG
is cheap and expected to interact with 4VP, the
employed functional monomer. Figure S2 shows the
results of the adsorption test for PMX. In methanol
and acetonitrile, specific molecular recognitions
were observed but the adsorbed PMX amount of
5 mmol/g was too small to be compared with density
of the molecular recognition site of 50 mmol/g. The
adsorption capacity of the MIP-2 was just 10% of
expected value.

For the MIP-3, the adsorption test of the MIP-3
prepared with NCLG as a pseudo template and
EDMA as a crosslinker is shown in Figure S3. Short
chain length of EDMA provided improved adsorp-
tion but still not enough. Calculated adsorption effi-
ciency was around 15% based on the number of
recognition sites. This suggested that the creation of
the molecular recognition site with 4-VP was not
enough and/or the interaction with 4-VP was lim-
ited. For the MIP-4, this was prepared using
DEAEMA as a functional monomer. The results of
adsorption tests in 1000mM of NCGL using various
solvents are shown in Figure S4. Based on the
results, a large adsorption capacity and high molecu-
lar recognition ability were confirmed. In the case
of using higher concentration of NCLG, more than
90% of adsorption efficiency against the theoretical

Figure 5. TEM images of MTS obtained under different N2

supplying conditions.

Table 1. RSD values of TEMs based on TEM images in dif-
ferent N2 supplying conditions (n¼ 200).
N2 (mL/min) (a) 50 (b) 100 (c) 125 (d) 150

TEM diameter (nm) 17.2 18.2 11.9 11.3
RSD (%) 18 9.0 7.5 8.0
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adsorption capacity (50 mmol/g) was observed in an
acetonitrile and ethanol solution.

3.6. Adsorption test in different concentrations
and estimation of binding constant (K)

The MIP-4 that consisted of EDMA as a crosslinker,
DEAEMA as a functional monomer and NCLG as a
pseudo template was subjected to further evalua-
tions. Figure 6(a) shows adsorption capacities in
various concentrations of NGCL. The molecular rec-
ognition abilities (IF is larger than 1) originating
from imprinted sites were confirmed at 7.5 mM or
higher. The adsorption efficiencies were almost
100% at the concentration of 500mM or larger.
Scatchard plot, in which the kinetics of ligand bind-
ing to receptors can be graphically represented in a
variety of ways, was created based on the data of
adsorption test in the range of more than 15 mM
(Figure 6(b)). The tangent value of the plot is dra-
matically changed around the point of 5–6 mmol/g,
which corresponds to 15 lM of the NCLG solution.
When the mentioned point was considered as the
inflection point, K for the NCLG concentration
range of 1–15 and 15–1000 lM were 1.2� 104

(M�1) and 2.0� 102 (M�1), respectively. Largely
changing because of the molecular recognition effect
K was confirmed (Table 2).

3.7. Adsorption and desorption tests of the MIP
toward the target compound PMX

Figure 7(a) shows the result of the adsorption test
of the MIP toward the target compound PMX at
two different conditions (500, 1000 mM, 1mL).
Selective adsorption capacity that was provided by

molecular recognition site created with the pseudo
template was observed. Figure 7(b) shows the results
of adsorption test of the MIP-4 toward various ana-
logues of the target PMX. An adsorption selectivity
to PMX was obviously shown.

Figure 7(c) shows desorption amount of PMX
from the MIP-4 under different time and tempera-
ture conditions. Increased temperature of 60 �C
afforded increased desorption amount of PMX, sug-
gesting that the hydrogen bonding between PMX
and NCLG, a functional monomer, was effectively
cleaved at high temperature. The desorption
amounts of PMX in 10 and 60min were not so
largely different, suggesting that the adsorption
equilibrium was immediately accomplished and sen-
sitive against the temperature variation. It is surely
one of suitable features for DDS.

3.8. Ligand exchanging modification for MTS

Figure S5 shows the appearance of the solutions
during the ligand exchanging process. As described
in our previous report, MTS particles moved from
upper hexane layer to lower water layer 6 h after
starting decantation (Figure S5(a), (b)). After adding
a hexane solution containing an MTS onto MAA
aqueous solution, the MTS solubility was immedi-
ately reduced and transferring to the aqueous layer
and precipitation was observed. In AA ligand
exchange, there was no significant change during
initial 10min then after 1 h, the transfer to the
aqueous layer was observed. After the removal of
the solvent following 6 h decantation (Figure S5(c)),
the MTS after AA ligand exchanging showed no
magnetic decantation effect. After the vacuum dry-
ing, only an orange-colored oily substance was
obtained. In some cases, the MTS was recovered but
the recovering rate was too small. Consequently, all
the ligand exchanging experiments were executed
only with MAA.

The evaluation of a magnetic property and dis-
persity was carried out for the ligand exchanged

Figure 6. Adsorption capacities of MIP-4 and NIP-4 in various concentrations of NGCL (a). Scatchard plot for finally prepared
MIP-4 and its NIP-4 for NCLG (b).

Table 2. Binding constant K calculated from Scatchard plot.
K (M–1)

NIP-4 1.1� 103

MIP-4 1–15 mM 1.2� 104

15–1000 mM 2.0� 102
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MTS (MAA-MTS). The MAA-MTS was re-dispersed
in ethanol and recovered using a strong magnet.
The recovery behavior was the same as that of the

OA-MTS, before ligand exchange (Figure 8(a-1)).
The OA-MTS was still precipitated in ethanol after
10min ultrasonication. On the other hand, the

Figure 8. MTS behavior in (a) (1) OA-MTS in ethanol, (2) MAA-MTS in ethanol, (3) recovery with magnet of MAA-MTS, IR spec-
tra (b), TEM (c) and DLS (d) of MAA-MTS.

Figure 7. Adsorption and desorption test of MIP-4 toward PMX. Difference of the concentration of PMX (a), adsorption test of
MIP4 toward various analogues of PMX (b) and desorption evaluation of MIP-4 for PMX at different time and temperature (c).
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MAA-MTS was easily dispersed into ethanol (Figure
8(a-2, 3)), suggesting that the surface hydrophobicity
of the MTS was increased after ligand changing
from OA to MAA. Additionally, IR spectra of pure
OA, pure MAA, OA-MTS and MAA-MTS are
shown in Figure 8(b). Specific C–H stretching vibra-
tion at 2850–3000 cm�1 from the OA-MTS was
observed in the OA-MTS spectrum but disappeared
in the MAA-MTS spectrum. The peaks at 1450,
1550 cm�1 in the MAA-MTS spectrum were from
symmetric and asymmetric vibration of coordinated
carboxylic groups to Fe. Based on the results of IR
analysis, it was suggested that ligand exchange was
successfully executed. Finally, the physical properties
of MAA-MTSs were evaluated using TEM and DLS.
Figure 8(c) shows the TEM image and (d) shows
the particle size distribution obtained by DLS. The
particle size and the dispersion property were simi-
lar to those of OA-MTS. The DLS based mean par-
ticle size of the MAA-MTS was 19.6 nm, which was
almost the same as the calculated particle size using
the TEM image. This means no serious aggregation
occurs in the MAA-MTS solution and mono disper-
sion maintained after the ligand exchange.

3.9. Polymer coating on MAA-MTS

Figure S6 shows the TEM images of the polymer
coated MTS. The P-A1 coated with DVB provided
partial coating but two or more MTS particles were
included in the continuous polymer coating and mean
size of the formed hybrid composition was larger than
500nm. Some of MTS particles were not coated with
DVB, and remained in dispersed state. The PA-2 with
decreased DVB addition provided completely dis-
persed MTS without polymer coating (Figure S6(b)).
On the other hand, the PB-2 with EDMA provided
reasonably well-dispersed coated particles but in unex-
pected large particle size due to delocalized aggrega-
tion of EDMA monomers (Figure S6(c)).

The particle size distributions of respective poly-
mer coated MTS are shown in Figure S7. The PA-1
showed the large size distribution in the TEM
observation. The P-A2 showed a similar particle size
distribution to that of the MTS after ligand
exchanging. On the other hand, the P-B1 showed
bimodal size distribution derived from small hybri-
dized compositions including non-coated MTS and
large aggregates. Based on these results, the hybrid-
ization, in other word, polymer coating of MTS was
partially accomplished but the complete one-to-one
hybridization of MTS was not succeeded. The ligand
exchange method resulted in smaller aggregates
than from silica coating. Consequently, after appro-
priate optimization of hybridization, an MIP coated
MTS of smaller particle size can be prepared.

4. Conclusion

In this study, we prepared a novel hybrid carrier of a
thermal-responsive MIP and an MTS that can control
drug release by generating heat and directivity toward
the diseased area and improved MTS, MIP and their
hybridization based on our previous study. The
method for precise formation of an MTS core using
thermal decomposition was successfully established.
Mono-dispersed and uniformly sized MTS preparation
was confirmed by TEM observation and DLS meas-
urement. This MTS particle having optimized particle
size and its distribution showed obviously improved
the heat-generating ability compared with an MTS
particle prepared by coprecipitation method.
Furthermore, we succeeded to control MTS particle
size by changing N2 supply during the thermal
decomposition process. This means that MTS with
optimized particle size for heat generation under vari-
ous AC magnetic fields can be designed and prepared.

The MIP targeted for PMX, an anti-cancer drug,
was prepared with the pseudo template NCGL,
which afforded specific recognition to PMX and
extremely increased number of recognition sites
contributing to the improvement of the adsorption
capacity. Basic functional monomer DEAEMA
employed in place of 4VP resulted in an excellent
selectivity to PMX and increased availability of the
recognition site. This finally prepared MIP that con-
sisted of EDMA as a crosslinker, DEAEMA as a
functional monomer and NCLG as a pseudo tem-
plate showed a specific molecular recognition to
PMX among its various analogues and a satisfactory
desorption characteristic for PMX derived from
cleaving hydrogen bonding due to the generated
heat by the MTS core. Based on these results, the
possibility of a practical thermal-responsive DDS
carrier was strongly suggested.
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