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Experimental section 

 

1) Preparation and Characterization of Fe3O4@DFUR-LDH submicro particles 

Preparation of Fe3O4@C submicro particles. Fe3O4 submicro particles with 

diameter of 220 nm were first synthesized via a solvothermal reaction as previously 

described with proper modifications.1 In the next step, 0.200 g Fe3O4 submicro 

particles were ultrasonicated for 10 min in 0.1 M HNO3, followed by washing twice 

with deionized water. Then, the treated Fe3O4 ubmicro particles were redispersed in 

0.5 M aqueous glucose solution. After ultrasonicating for 20 min, the suspension was 

transferred to an autoclave and kept at 180 oC for 8 h. After reaction, the autoclave 

was cooled naturally in air, and the suspensions was isolated with the help of a 

magnet and washed with deionized water and alcohol for three times, respectively, 

resulting in the product Fe3O4@C.  

Preparation of Fe3O4@C@LDH and Fe3O4@LDO submicro particles. 0.100 g 

Fe3O4@C submicro particles were dispersed into a 60 ml methanol solution 

containing containing 0.420 g NaOH then ultrasonically agitated for 20 minutes to 

obtain a uniform suspension. Another 60 ml methanol solution containing 0.769 g 

Mg(NO3)2·6H2O and 0.563 g Al(NO3)3·9H2O was added dropwise into the above 

suspension with vigorous stirring until the final pH ca. 9.5. The resulting slurry was 

aged at 60oC under N2 atmosphere for 48 h to yield Fe3O4@C@LDH. In the next step, 

the Fe3O4@C@LDH was heated to 500 oC at a ramp rate of 0.5 oC min–1 under N2 

atmosphere and kept at this temperature for 2 h to remove NO3
- and water. The 

obtained mixed oxides were denoted as Fe3O4@LDO and kept in a vacuum 

desiccator. 

Preparation of Fe3O4@DFUR-LDH submicro particles. 0.150 g Fe3O4@LDO 

submicro particles were added into a 50 ml aqueous solution and then ultrasonicated 

under N2 atmosphere for 30 min to form a uniform suspension. Another 50 ml 

aqueous solution containing 0.500 g doxifluridine (DFUR) was added into the above 

suspension with vigorous stirring. The resulting slurry was aged at 60oC under N2 
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atmosphere for 24 h, and then the obtained product was washed by decarbonated 

deionized water for three times and collected with the aid of the magnet. The final 

product was dried at 60oC in vacuum for 24 h and denoted as Fe3O4@DFUR-LDH. 

Characterization. Powder XRD data were taken on a Shimadzu XRD-6000 

diffractometer using Cu Kα radiation (λ = 1.5418 Å, 40 kV, 30 mA). The samples, as 

un-oriented powders, were step-scanned in steps of 0.02° (2θ) in the range of 2θ 

3–70° using a count time of 4 s per step. The FT-IR spectra were obtained on a Bruker 

Vector-22 FT-IR spectrophotometer using KBr pellet technique (sample/KBr = 1/100). 

The SEM micrographs were recorded on Zeiss Supra 55 field emission scanning 

electron microscope. The TEM graphs were recorded on a HITACHI-800 

transmission electron microscope. The HRTEM graphs were recorded on JEM 2010 

transmission electron microscope. The actual metal incorporation contents were 

measured by inductively coupled plasma (ICP) emission spectroscopy on a Shimadzu 

ICPS-7500 instrument. The drug content in nanohybrid was determined based upon 

carbon, hydrogen and nitrogen (CHN) elemental analysis using an Elementar Vario 

Elemental Analyser. The magnetization of the magnetic submicro particles was tested 

on a JDM-13 vibrating-sample magnetometer at 298 K and ±15kOe applied magnetic 

field. The amount of drug released in PBS solution was determined by UV-Vis 

absorbance on a Shimadzu UV-2501 PC UV-Vis spectrophotometer. 

2) In vitro magnetically controlled drug release of Fe3O4@DFUR-LDH submicro 

particles  

In vitro drug release without an external magnetic field (MF). A solution 

simulated gastrointestinal and intestinal fluid at pH 7.45 without pancreatine 

(phosphate buffered solution, Chinese pharmacopoeia 2005) was employed as release 

medium. The Fe3O4@DFUR-LDH submicro particles (0.05 g) was suspended in 250 

ml release medium in a flask and incubated in a water bath at 37±0.5°C with paddle 

rotation speed of 50 rpm. Aliquots (3 ml) of the release medium was taken at prefixed 

time intervals, replaced by a same volume of fresh PBS, centrifuged at 12000 rpm and 

the supernatant DFUR content was determined by UV-Vis absorbance (λmax =270nm). 

In vitro drug release with an external MF of 0.15 T. In order to investigate the drug 
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release behavior of the Fe3O4@DFUR-LDH submicro particles under the magnetic 

drug targeting operation, a stable MF of 0.15 Tesla (surface magnetic flux density) 

was applied to emulate the magnetic location and magnetically controlled release 

process (i.e. “MF on” mode). The magnet was placed just beside the flask and the 

position of the magnet relative to the flask is unchangeable during the whole release 

process.  

In vitro drug release with MF On-Off switch operation. The drug release behavior 

of the Fe3O4@DFUR-LDH submicro particles under quasi MF On-Off switch 

operation was also examined through applying and removing a MF of 0.15 T 

alternatively for several cycles to study the in-time drug release property of the 

magnetic nanohybrids. At the prefixed time of “MF On”, the magnet was placed 

beside the flask, while at the prefixed time of “MF Off”, the magnet was removed 

immediately and other conditions kept unchanged.  

Simulated magnetic drug targeting and controlled release. To investigate their 

magnetic drug targeting and controlled release properties, the Fe3O4@DFUR–LDH 

submicro particles were submitted to a device designed for simulating the circulatory 

fluid system in human body as shown in Scheme S1.  

 
Scheme S1. The device for simulating the circulatory fluid system in human body for 

studying the magnetic drug targeting and controlled release property  

The device is composed of a peristaltic pump, a permanent magnet with surface 

magnetic flux density of 0.45 T, a water bath, a flask, a glass tube and polyethylene 
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tubes. The release medium (250 ml PBS) is pumped from the flask incubated in the 

water bath (37.5 ± 0.5oC) and flows along the polyethylene tubes with a fixed flow 

velocity to the targeted site, the glass tube beside the permanent magnet, and then 

flows back to the flask to form a circulatory system as that in human body. The 

Fe3O4@DFUR–LDH submicro particles (0.05 g, dispersed in 10 ml deionized water) 

are injected into the circulatory system in the inlet site, and flow along with the 

release medium. When the Fe3O4@DFUR–LDH submicro particles reach the glass 

tube, they were captured by the magnet beside the glass tube and retained there. 

Aliquots (3 ml) of the release medium was taken at prefixed time intervals, replaced 

by a same volume of fresh PBS, centrifuged at 12000 rpm and the supernatant DFUR 

content was determined by UV-Vis absorbance (λmax =270nm). 

The retentions of the Fe3O4@DFUR–LDH submicro particles were also tested in 

this device. The release medium PBS was changed as deionized water to prevent the 

release of the DFUR from Fe3O4@DFUR–LDH submicro particles. A g of 

Fe3O4@DFUR–LDH submicro particles was injected in the inlet site, and then the 

retained particles in the glass tube were collected after 5 min and dried at 60 oC for 

weighing (B g). The retention of Fe3O4@DFUR–LDH submicro particles was 

calculated by the following equation: 

100%BRetention
A

= ×  
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Fig. S1. SEM images of (a) Fe3O4 and (b) Fe3O4@DFUR-LDH. 

 
 
 
 

Supplementary Material (ESI) for Chemical Communications
This journal is (c) The Royal Society of Chemistry 2010



 7

 

 

Fig. S2 XRD patterns of (a) Fe3O4, (b) Fe3O4@C, (c) Fe3O4@C@LDH, (d) Fe3O4@LDO (● 

goethite phase, ■ α–Fe phase) and (e) Fe3O4@DFUR–LDH. 

 

 Fig. S2 shows the XRD patterns of the samples at various stages of the 

fabrication of Fe3O4@DFUR–LDH composites. For Fe3O4@C (Fig. S2b), the 

broad band at 2θ = 25o can be assigned to the Carbon shell.1 The other diffraction 

peaks can be readily indexed to a cubic structure of magnetite according to JCPDS 

card No. 19–0629. In the case of Fe3O4@C@LDH, besides of the characteristic 

peaks of Fe3O4 and Carbon, the obvious diffraction peaks at 2θ = 11o, 22o and 62o 

can be indexed to the (003), (006) and (110) plane of the LDH material, suggesting 

the successful crystallization of NO3–LDH on the surface of Fe3O4@C as the 

interlayer spacing d003 of 0.86 nm.2 After calcined at 500 oC for 2 h, the LDH 

phase disappears, instead of mixed oxides characterized by two broad peaks 

indexed to (200) and (220) plane of the MgO,2 small amount of goethite phase 
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(marked with ●) and α–Fe phase (marked with ■) can also be detected. 3 As shown 

in Fig. S2e, when this mixed oxides was dispersed into the DFUR solution for 24 h, 

the LDH phase characterized by (003) and (110) plane emerges, indicating that the 

DFUR–LDH was successfully coated on the surface of the Fe3O4 by the 

calcination-reconstruction process. The d003 of the coated DFUR–LDH shell 

crystallite is 1.76 nm, may be ascribed to the bilayer arrangement of the DFUR 

between the LDH layers, considering the size of 0.81 nm for DFUR molecule 

along its long axes. The particle size along the (110) plane of the coated 

DFUR–LDH shell crystallite is also calculated by the Scherrer equation (D = 0.89λ 

/ (βcosθ), where λ is the X-ray wavelength (0.1542 nm), θ the Bragg diffraction 

angle, and β the FWHM of the XRD lines). It should be mentioned that the exact 

evaluation can be carried out through the deconvolution of overlapped (110) and 

(113) peaks by Original Pro 7.0. 4 As calculated, the D110 value of the coated 

DFUR–LDH crystallites is ca. 12 nm, conformed to the SEM result.  
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Fig. S3. FT–IR spectra of (a) DFUR, (b) Fe3O4, (c) Fe3O4@C, (d) Fe3O4@C@LDH, (e) 

Fe3O4@LDO and (f) Fe3O4@DFUR–LDH. 

 The FTIR spectrum of Fe3O4@DFUR–LDH (Fig. S3f)  shows a new band at 

1532 cm–1 due to the appearance of conjugated ionized C–O– in tautomer (a) of the 

DFUR molecules, while that at 1676 cm–1 of C=O(2) keeps unchanged and 

presents as a shoulder band. The band at 1397 cm–1 downshifts to 1384 cm–1 is due 

to the cleavage of the CN–H.5 These phenomena indicate that the DFUR species 

between the LDH layers can only be recognized as a negatively charged resonance 

tautomer (a) in the coated DFUR–LDH. 

 

Resonance structure of DFUR.
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Fig. S4. (a) Magnetization curves of the samples at various stages of the fabrication of 

Fe3O4@DFUR–LDH submicro particles, (b) magnetic separation and redispersion of 

Fe3O4@DFUR–LDH submicro particles. 

 The magnetic separability of such magnetic submicro particles was tested in 

ethanol by placing a magnet near the flask. The black particles in solution were 

attracted towards the magnet within 10 s, directly demonstrating that the 

Fe3O4@DFUR–LDH particles can be separated readily from a sol or a suspension 

system to carry drugs to targeted locations with the aid of an external magnetic 

field (MF). After shaking at 50 rpm for 30 s, the Fe3O4@DFUR–LDH particles can 

be redispersed again to form a homogenous suspension. 
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Fig. S5 Release profiles of Fe3O4@DFUR–LDH under a MF of 0.45 T in the circulatory device 

with the release medium flow velocity of 1.04, 4.15 and 8.30 cm/s. 

The drug release of Fe3O4@DFUR–LDH particles in the circulatory device was 

also studied by setting the d of 0 cm and the V of 1.04, 4.15 and 8.30 cm/s (as linear 

flow rate of blood is appoximately 30 cm/s in large arteries while 0.5 cm/s in 

capillaries6), respectively. As shown in Fig. S5, when V is 1.04 cm/s, the t0.5 (the time 

for release fraction of 50%) for Fe3O4@DFUR–LDH is ~90 min with teq (the time for 

release reaches equilibrium) of ~650 min. when V is 4.15 cm/s, the t0.5 for 

Fe3O4@DFUR–LDH is ~50 min with teq of ~440 min. Further increase the V to 8.30 

cm/s, the t0.5 for Fe3O4@DFUR–LDH decreases to ~20 min. These findings strongly 

suggest that the drug release rate increases as increasing the V of the release medium, 

probably due to the decreasing retentions of the Fe3O4@DFUR–LDH particles and the 

increasing diffusion rate of DFUR in the circulatory system. 

Supplementary Material (ESI) for Chemical Communications
This journal is (c) The Royal Society of Chemistry 2010



 12

Reference 

1 H. Deng, X. Li, Q. Peng, X. Wang, J. Chen and Y. Li, Angew. Chem., Int. Ed., 2005, 44, 2782 

2. P. Gunawan and R. Xu, Chem. Mater., 2009, 21, 781. 

3. X. Liang, X. Wang, J. Zhuang, Y. Chen, D. Wang and Y. Li, Adv. Funct. Mater., 2006, 16, 1805; 

D. Peng, S. Beysen, Q. Li, J. Jian, Y. Sun and J. Jiwuer, Particuology, 2009, 7, 35. 

4. H. Zhang, D. Pan, K. Zou, J. He and X. Duan, J. Mater. Chem., 2009, 19, 3069; H. Zhang, D. 

Pan and X. Duan, J. Phys. Chem. C, 2009, 113, 12140 

5 K. Nakamoto, Infrared and raman spectra of inorganic and coordination compounds (5th Ed.), 

John Wiley and Sons, New York, 1997. 

6 S. Ghassabian, T. Ehtezazi, S. M. Forutan, S. A. Mortazavi, Int. J. Pharm., 1996, 130, 49. 

Supplementary Material (ESI) for Chemical Communications
This journal is (c) The Royal Society of Chemistry 2010



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /MyriadPro-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG ()
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 779.528]
>> setpagedevice


