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a b s t r a c t

In this study, we examined the feasibility of a novel liquid chromatography technique that combines
temperature-responsive polymeric materials with inductive heating via an alternating magnetic field
(AMF). We considered the following components of the technique: (i) the preparation of composite
materials of magnetite and silica, (ii) their heating behavior under the AMF, (iii) the conjugation of
eywords:
hermo-responsive polymer
oly(N-isopropylacrylamide)
agnetic particle
agnetic field inductive heating

temperature-responsive polymers for the packing materials, and (iv) the elution profiles of the model
compounds in the AMF. The results showed that we could influence the elution of the model compounds
by AMF induction heating generated by the surrounding coil.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, much attention has been focused on the use
f separation technology on biomolecules such as genes, peptides,
nd proteins [1–3]. Of course, liquid chromatography is a very con-
enient and effective separation technology for such purposes, and
eversed-phase chromatography has been widely used in this area
4–6]. The separation of desired compounds during chromatogra-
hy is controlled by changing the polarity of the mobile phase. This
as traditionally been achieved using water-soluble organic sol-
ents, such as methanol and acetonitrile. However, many of the
olecules of interest can be damaged or destroyed by pH changes

nd organic solvents. For biological studies and pharmaceutical
anufacturing, it has therefore become increasingly important to

evelop an effective separation system that does not harm the
ffectiveness or viability of targeted molecules and compounds.

Toward this end, Okano’s research group has suggested the use
f temperature-responsive liquid chromatography with a unique
tationary phase comprised of silica conjugated with temperature-
esponsive polymers [7–9]. This type of chromatography does

ot require an organic solvent for the mobile phase, relying

nstead upon water. The temperature-responsive polymer, poly(N-
sopropylacrylamide) (PNIPAAm), which is immobilized on the
urface of the stationary phase packing material, exhibits a com-

∗ Corresponding author. Tel.: +81 99 285 7794; fax: +81 99 285 7794.
E-mail address: aoyagi@eng.kagoshima-u.ac.jp (T. Aoyagi).
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letely reversible hydrophilic–hydrophobic change in response to
emperature alteration [10,11]. This means that the elution profile
an be controlled by the water temperature of the mobile phase.
hey also reported an ion-exchange mode using a NIPAAm-based
opolymer containing the ionic groups [12–14].

It is well known that magnetite can provide an effective source of
eat when acted upon by an alternating magnetic field (AMF) [15].

n a previous study, we prepared a magnetite nanoparticle that was
onjugated with a NIPAAm-based, temperature-responsive poly-
er and that helped accurately target drug delivery to a specific

ite [16]. That study demonstrated both the sensitivity and the
eversibility of the hydrophilic–hydrophobic change in response to
MF induced heat.

The objective of this follow up work is to demonstrate
he feasibility of a novel chromatographic approach combining
emperature-responsive materials with inductive heating of mag-
etite via AMF. Our goal was to control the polarity of the stationary
hase by providing heat to the temperature-responsive polymer in
he stationary phase through by AMF in a coil. That is, we hoped
o show that the AMF alternation would heat the magnetic compo-
ents in the packing materials and thereby control the materials’
lution profiles.

To achieve these new goals, we first prepared composite

aterials of magnetite and silica and confirmed their heating

rofiles within the AMF. The temperature-responsive polymers
ere then conjugated for the packing materials. To modify

he packing materials’ surface, poly(N-isopropylacrylamide-co-
-carboxyisopropylacrylamide) (poly(NIPAAm-co-CIPAAm)) was

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:aoyagi@eng.kagoshima-u.ac.jp
dx.doi.org/10.1016/j.jchromb.2008.10.028
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sed. We have already reported that the copolymer is sensitive to
hanges in pH or temperature [17–19]. The functional groups in the
opolymers were immobilized on the magnetite–silica composite
urfaces. They were prepared and characterized by X-ray photo-
lectron spectroscopy (XPS), thermogravimetric (TG) analysis and
y scanning electron microscope (SEM) measurement. Finally, we
hecked the elution profiles of this new chromatographic process
nder the influence of the AMF. The elution profiles were gener-
ted by a high-performance liquid chromatography (HPLC) system
hose column was packed with materials prepared above.

. Experimental

.1. Materials

Poly(NIPAAm-co-CIPAAm) with a 10 mol% of CIPAAm content
as synthesized according to the methods described in a pre-

ious study [17]. The silica particles (Wakogel® C-200, particle
ize: 75–150 �m), iron(II) chloride (FeCl2·4H2O), iron(III) chloride
FeCl3·6H2O), toluene, and 28% ammonia solution were purchased
rom Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The model
rugs hydrocortisone, prednisolone, dexamethasone, hydrocorti-
one acetate, testosterone, ibuprofen, ketoprofen, and naproxen
ere purchased from the same company. A silane coupling agent, 3-

minopropyltriethoxysilane (APTES) was obtained from the Tokyo
hemical Industry Co., Ltd. (Tokyo, Japan) and used as received. The
oupling agent, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
ydrochloride (EDC), was obtained from Dojindo Co. (Kumamoto,
apan). All other chemicals and solvents were commercially avail-
ble and of analytical grade.

.2. Preparation of magnetite–silica composite

The ratio of Fe ions to silica particles was changed to obtain sam-
les with different compositions. For example, 9.0 g of FeCl2·4H2O,
4.0 g of FeCl3·6H2O, and 5.0 g of silica particles were dispersed into
0 mL of distilled water. The mol ratio of Fe(II) to Fe(III) was about
:2. During stirring, a 28% ammonia aqueous solution (100 mL)
as added and the resulting solution was then stirred at 75 ◦C for
0 min. The precipitated magnetite–silica composite was then thor-
ughly washed with distilled water and ethanol and finally dried in
acuo for 24 h to provide 15.0 g of the composites as a black powder.

.3. Preparation of APTES-modified magnetite–silica composite

The magnetite–silica composite prepared above (7.5 g) was dis-
ersed in 75 mL of toluene. A 2.5 mL aliquot of APTES was then
dded to the solution and it was stirred at room temperature for
4 h. The resulting composites were exhaustively washed with
oluene and ethanol. After drying in vacuo for 24 h, 8.3 g of the
PTES-modified magnetite–silica composites were obtained as a
lack powder.

.4. Preparation of polymer-modified magnetite–silica composite

The production method of the temperature-responsive poly-
er was as follows. To the aqueous solution containing 0.25 g of

oly(NIPAAm-co-CIPAAm), 50 mg of EDC was added, and the mix-
ure was stirred at 4 ◦C. A 1.5 g sample of the APTES-modified
agnetite–silica composite was added to the solution, and it was
tirred at 4 ◦C for 12 h and then at ambient temperature for 24 h.
fter the reaction was completed, the polymer-modified compos-

te was repeatedly washed with a large amount of water. Finally, the
esulting composite was dried at room temperature under reduced

d
a
A
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ressure for 24 h. A 1.52 g sample of the packing material was
btained as a brown powder.

.5. Measurements

The CIPAAm content in the copolymer was determined from 1H
MR (JMN-GSX400, JEOL, Tokyo, Japan). The lower critical solution

emperature (LCST) of the poly(NIPAAm-co-CIPAAm) in an aqueous
olution (1.0%, w/v) was estimated by transmittance measurement
sing a UV–vis spectrometer (V-550, Jasco, Tokyo, Japan) equipped
ith a temperature controller. The heating rate was 1.0 ◦C/min, and

he wavelength was fixed at 500 nm. The LCST of the polymer solu-
ion was defined as the temperature when the transmittance was
0%.

The successful preparations in each step were confirmed by
canning electron microscopy (H-7010A, Hitachi, Tokyo, Japan), X-
ay diffraction (XRD) (RINT2200 HK/PC, Rigaku, Tokyo, Japan), and
-ray photoelectron spectroscopy measurements (ESCA-1000, Shi-
adzu, Kyoto, Japan).
The heating profiles of the magnetite–silica composite suspen-

ion (3 g of the composite/10 mL of water) were measured in a coil
ade from copper tubing (the inside and outside diameters were

1 and 12 cm, respectively, and there were 12 turns in the coil).
n alternating current with a frequency of 300 kHz and 1 kW of
ower was applied to induce the AMF in the coil. The current was
enerated by a high-frequency power unit (T162-6023A, Thamway,
hizuoka, Japan).

.6. Elution profile studies in the AMF

The polymer-modified composite materials were suspended in
5 mM phosphoric acid (pH 3.0) that is the same as the mobile
hase. The materials were then packed into a glass column (100 mm

ength × 4.6 mm diameter), through which the liquid was pumped
uring the liquid chromatography (Tosoh CCPD, Tokyo, Japan). The
lution behaviors of the model drugs were recorded at a flow rate
f 0.5 mL/min, both with and without the AMF.

. Results and discussion

.1. Preparation and characterization of magnetite–silica
omposites

Fig. 1 shows the preparative scheme of the packing materi-
ls for this new chromatographic method. In each reaction, XPS
nd TG analyses were used to confirm the desired reactions. It is
ell known that the co-precipitation method is very effective for

he preparation of magnetite particles [20–22], so, to obtain the
agnetite–silica composites, we applied the same method in the

resence of silica particles. The preparative data and yields are sum-
arized in Table 1. Fig. 2 shows the X-ray diffraction pattern of each
agnetite and silica composition ratio. As seen in the figure, the

iffraction patterns of the composites were similar to those of the
agnetite alone. This suggests that the co-precipitation reaction

or the magnetites and silica occurred satisfactorily, and that the
o-existing silica particle did not interfere with the precipitation
rocess. The same figure shows that the magnetite–silica ratio in
he resulting composites can be tuned by changing the feed ratios
f the iron ions and co-existing silica particles.
Prior to the next reaction, we studied the heating profiles of the
ifferent compositions of the magnetite–silica composite. For this
nalysis, the electrical power was fixed at 1000 W to generate the
MF. Fig. 3 shows the experimental conditions and the AMF heating
rofiles. The results clearly indicated that the heating rate increased



H. Yagi et al. / J. Chromatogr. B 876 (2008) 97–102 99

Fig. 1. Preparation scheme of the column packing m

Fig. 2. XRD patterns of the magnetite–silica composites. (a) Silica; (b–g)
magnetite–silica composites: (b) magnetite:silica = 1:3, (c) 1:2, (d) 1:1, (e) 1:0.75,
(f) 1:0.5, (g) 1:0.3; (h) magnetite.

p
t
c
b
c
r
t
s

3

t
a
i
t
t
t
a

T
P

C

S
S
S
S
S
S
M

(

aterials for the new chromatographic method.

roportionally with the percentage of magnetite in the composi-
ion. As we describe later, temperature-responsive polymers can
hange drastically in their surface hydrophilicity and hydropho-
icity around 30 ◦C. Hence, according to the heating profile, the
omposites are quite useful as a heating source for temperature-
esponsive polymers. In separate experiments, we also controlled
he heating profiles by adjusting the electrical power (data not
hown).

.2. Polymer modification on the composite surfaces

In the next step, the amino groups were introduced into
he magnetite–silica composite surface by the reaction with 3-
minopropyltriethoxysilane (APTES). Fig. 4 shows that the peak

ntensity was higher after the modification than before, based on
he N1s of the nitrogen atom in the XPS. The weight loss traced in
he TG analysis also showed clear evidence of a successful reac-
ion. The weight loss around 100 ◦C is due to the water evaporation
dsorbed on the material surfaces. The weight loss around 300 ◦C

able 1
reparation of magnetite–silica composite.

ode In feed (g) Yield (g) Magnetite content
(wt%)a

FeCl2·4H2O FeCl3·6H2O Silica

ilica 30 9 24 30 40.1 25.2
ilica 20 9 24 20 30.0 33.3
ilica 10 9 24 10 20.3 50.7
ilica 7.5 9 24 7.5 17.5 57.1
ilica 5 9 24 5 15.2 67.1
ilica 3 9 24 3 13.0 76.9
agnetite 9 24 0 10.3 100

a Estimated by ((magnetite–silica (yield) (g) − silica (in feed) (g))/magnetite–silica
yield) (g)) × 100.
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Fig. 3. Temperature profiles of the magnetite–silica composite in the AMF. (Open circles) silica, (open triangles)–(closed squares) magnetite–silica composite, (triangles)
magnetite:silica = 1:3, (open squares) 1:2, (open reverse triangles) 1:1, (closed circles) 1:0.75, (closed triangles) 1:0.5, (closed squares) 1:0.3, (closed reverse triangles)
magnetite. Conditions: 3 g magnetite–silica composite/10 mL water, external AMF: 300 kHz, 1000 W.
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ig. 4. TG curves and XPS spectra of (a) magnetite–silica composite, (b) APTES-mod

orresponds to the burning out of the organic components, that is,
he aminopropyl groups. The TG charts strongly suggested the suc-
essful introduction of a useful functional group for the polymer
mmobilization.

In the last preparation step, the thermo-responsive
oly(NIPAAm-co-CIPAAm) was reacted with the amino groups on
he magnetite–silica composites. The polymer conjugation was
raced using the XPS and the weight loss during the TG analysis,
nd the results are shown in Fig. 4. It is clear that the reaction
ith the aminopropyl groups significantly increased the N1s peak
ntensity and also decreased the Fe2p peak. This strongly suggests
hat the polymer effectively reacted and bonded to the composite
urfaces, and extent of the weight loss around 300 ◦C also supports
his conclusion. Separately, we measured the IR spectra before and
fter the reaction to evaluate the immobilization of the polymers

i
o
f
t
p

Fig. 5. SEM images of (a) silica, (b) magnetite–silica composite
agnetite–silica composite, and (c) polymer-modified magnetite–silica composite.

n the surface. The clear adsorption peaks at 1655 and 1549 cm−1

ased on the amide groups also suggested a satisfactory modifica-
ion (data not shown). The polymer used here shows a clear phase
ransition at 28 ◦C, detected by the transmittance measurement, in
he same medium as the mobile phase.

.3. Surface morphology of the packing materials

We observed the morphology of the obtained column packing
aterials by SEM. The images are shown in Fig. 5. As seen in the
mages, the co-precipitated magnetite particles were accumulated
n the silica surface (Fig. 5(b)). This suggests that the composite
ormation by the magnetite co-precipitated reaction occurs using
he silica as cores or scaffolds. The surface was smoother after the
olymer reaction via the amino group introduction (Fig. 5(c)). As

, and (c) polymer-modified magnetite–silica composite.
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lready mentioned, the temperature-responsive polymers that can
hange the surface properties cover the composites.

The analytical data and heating profiles of the sequence
f prepared composites strongly indicate that the different
agnetite–silica composite ratios can be used for a feasibility study

f the new chromatography.

.4. Feasibility of the new chromatographic concept

Prior to the AMF phase of the study, we investigated the
emperature-response of the packing materials. The temperature
f the column was controlled by circulating constant temperature
ater in a water jacket surrounding the column, after which the

hromatographic studies were performed. The retention times of
he model compound elution are plotted as a function of the tem-
erature in Fig. 6. In this experiment, five kinds of steroids having
ifferent polarities were used as model compounds. The figure
hows that longer elution times are associated with increasing tem-
erature. The most hydrophobic compound produced the longest
lution time, suggesting that the partition of the compound to the
tationary phase from the mobile phase would improve. In the com-
osite only case, without the temperature-responsive polymer, no
hange was observed in the retention time. When testosterone was
sed, the retention time decreased, which would be due to the

ower viscosity from heating.
In this experiment, we used a phosphoric acid solution with

H 3.0 as a mobile phase. To modify the surface properties,
he temperature-responsive poly(NIPAAm-co-CIPAAm) was used.

fter the reaction, some unreacted carboxyl groups would remain
ecause of the bulkiness of the polymer chains. In a solution of
neutral pH, these remaining groups could dissociate and turn

nto the more hydrophilic carboxylate ions, which we feared might
bstruct the hydrophilic–hydrophobic change brought on the AMF

c
F
t
t

ig. 7. Retention time changes in the steroids on (a) polymer-modified column and (b) nonm
HCA) hydrocortisone acetate, (TES) testosterone. Conditions: external AMF: 300 kHz, 100
olymer-modified column and (b) nonmodified column. (Open circles) hydrocorti-
one, (open squares) prednisolone, (open triangles) dexamethasone, (open reverse
riangles) hydrocortisone acetate, (closed circles) testosterone.

pplication. Therefore, we used a low pH condition to maintain the
rotonation of the carboxyl groups.

To analyze the effectiveness of the process, we checked the

hange in retention times brought on by alternation of the AMF.
ig. 7 shows that the AMF prolonged the retention times of all
he model compounds. Compared to the previously mentioned
emperature-controlled chromatography, we were able estimate

odified column. (HCO) hydrocortisone, (PRE) prednisolone, (DEX) dexamethasone,
0 W.
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ig. 8. Chromatograms of a mixture of three steroids with 45 mM phosphoric acid
estosterone. HPLC conditions: flow rate, 0.5 mL/min; monitoring, UV at 254 nm. Ex

hat the chromatography was performed around 48 ◦C. This means
hat the temperature-responsive polymer could utilize the heat
enerated by the AMF and would thus dehydrate and become more
ydrophobic. The hydrophobic surface improved the interaction
ith the hydrophobic model compounds.

We wanted to measure the surface temperature of the packing
aterials, but it was found that accurate measurement was very

ifficult. Therefore, we decided to compare temperature control
ia not only heating of the mobile phase but also via AMF applica-
ion. This led us to understand that temperature modification of the

obile phase is required for elution control even with the inductive
eating by AMF.

Finally, the model compounds were separated using hydrocor-
isone, dexamethasone, and testosterone. Fig. 8 shows the elution
rofiles with and without the application of the AMF. Without the
MF, the three compound peaks could not be separated. With the
pplication, peaks were clearly isolated. However, the observed
eaks seem to be broad. One of the reasons may be the lack of
niformity in the size and shape of the composite particles, as we
sed crushed silica gels for the feasibility study. We are currently
tudying methods of the preparing sphere-type packing materials
f a uniform size.

To confirm the viability of this system, we used the anti-
nflammatory drugs ibuprofen, ketoprofen, and naproxen. As
xpected, the retention times of the model drugs were definitely
rolonged by the application of the AMF. Thus, AMF improved the
ydrophobicity of the surface of the packing materials. It is under-
tood that, for practical use, the separation efficiency or specificity
f the process must be improved. With that goal in mind, we are
ow preparing the spherical packing materials with magnetite and
emperature-responsive polymers.

. Conclusions
In this study, we examined a new chromatographic proce-
ure that couples a thermo-responsive polymer with inductive
eating via an AMF. The AMF generated this heat by acting
pon column packing materials made up of a magnetite–silica
omposite whose surface had been modified by a thermo-

[

[
[

[

.0) as the mobile phase and AMF. Peaks: 1, hydrocortisone; 2, dexamethasone; 3,
AMF: 300 kHz, 1000 W.

esponsive N-isopropylacrylamide-based functional copolymer.
hen the AMF was applied, the elution time increased in the chro-
atogram. Mixed model compounds were also separated using this

ystem.

cknowledgments

This project was performed with the support of the Japan Sci-
nce and Technology Agency (JST). We thank Prof. J. Kadokawa,
epartment of Nanostructure and Advanced Materials, Graduate
chool of Science and Engineering, Kagoshima University, for his
echnical support of the TG measurement.

eferences

[1] D.M.F. Prazeres, T. Schluep, C. Cooney, J. Chromatogr. A 806 (1998) 31.
[2] P. Kuban, P.C. Hauser, J. Chromatogr. A 1176 (2007) 185.
[3] N. Zolotarjova, P. Mrozinski, H. Chen, J. Martosella, J. Chromatogr. A 1189 (2008)

332.
[4] R.M. Kothari, M.W. Taylor, J. Chromatogr. 247 (1982) 187.
[5] M. Liu, C. Xie, H. Pan, J. Pan, W. Lu, J. Chromatogr. A 1129 (2006) 61.
[6] Y. Mao, P.W. Carr, Anal. Chem. 73 (2001) 4478.
[7] H. Kanazawa, K. Yamamoto, Y. Matsushima, N. Takai, A. Kikuchi, Y. Sakurai, T.

Okano, Anal. Chem. 68 (1996) 100.
[8] T. Yakushiji, K. Sakai, A. Kikuchi, T. Aoyagi, Y. Sakurai, T. Okano, Anal. Chem. 71

(1999) 1125.
[9] A. Kikuchi, T. Okano, Prog. Polym. Sci. 27 (2002) 1165.
10] M. Heskins, J.E. Guillet, E. James, J. Macromol. Sci. Chem. A 2 (1968) 1441.
11] Y.H. Bae, T. Okano, S.W. Kim, J. Polym. Sci. Part B, Polym. Phys. 28 (1990) 923.
12] J. Kobayashi, A. Kikuchi, K. Sakai, T. Okano, Anal. Chem. 73 (2001) 2027.
13] J. Kobayashi, A. Kikuchi, K. Sakai, T. Okano, J. Chromatogr. A 958 (2002) 109.
14] C. Sakamoto, Y. Okada, H. Kanazawa, E. Ayano, T. Nishimura, M. Ando, A. Kikuchi,

T. Okano, J. Chromatogr. A 1030 (2004) 247.
15] M. Ma, Y. Wu, J. Zhou, Y. Sun, Y. Zhang, N. Gu, J. Magn. Magn. Mater. 268 (2004)

33.
16] H. Wakamatsu, K. Yamamoto, A. Nakao, T. Aoyagi, J. Magn. Magn. Mater. 302

(2006) 327.
17] T. Aoyagi, M. Ebara, K. Sakai, Y. Sakurai, T. Okano, J. Biomater. Sci., Polym. Ed. 11

(2000) 101.
18] M. Ebara, T. Aoyagi, K. Sakai, T. Okano, Macromolecules 33 (2000) 8312.

19] D. Matsukuma, K. Yamamoto, T. Aotagi, J. Photopolym. Sci. Technol. 19 (2006)

445.
20] Y. Deng, W. Yang, C. Wang, S. Fu, Adv. Mater. 15 (2003) 1729.
21] I. Nedkov, T. Merodiiska, L. Slavov, R.E. Vandenberghe, Y. Kusano, J. Takada, J.

Magn. Magn. Mater. 300 (2006) 358.
22] K. Tao, H. Dou, K. Sun, Chem. Mater. 18 (2006) 5273.


	New liquid chromatography method combining thermo-responsive material and inductive heating via alternating magnetic field
	Introduction
	Experimental
	Materials
	Preparation of magnetite-silica composite
	Preparation of APTES-modified magnetite-silica composite
	Preparation of polymer-modified magnetite-silica composite
	Measurements
	Elution profile studies in the AMF

	Results and discussion
	Preparation and characterization of magnetite-silica composites
	Polymer modification on the composite surfaces
	Surface morphology of the packing materials
	Feasibility of the new chromatographic concept

	Conclusions
	Acknowledgments
	References


