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DESCRIPTION CN102515283A

A method for preparing magnetic iron oxide nanoparticles that can be stably dispersed in

water
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—TMEERRE 73 AT KPRV R SRR FRIRI & 77 0A

[0001]

Technical Field

ARG

[0002]

This invention pertains to the fields of materials chemistry, nanoscience, and biomaterials,
and specifically relates to a method for preparing magnetic iron oxide nanoparticles that can

be stably dispersed in water.
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KERPAFTE AT AMEHEE . PURBIZ. EYMEI, F319R— MEERRE 7 8T 7K RAEvH

MR BRI RRLFRIFIE TS 5.

[0003]

Background Technology

BHREA

[0004]

y-Fe<sub>2</sub>0<sub>3</sub> with spinel structure or Fe<sub>3</sub>0<sub>4</sub>

with anti-spinel structure are paramagnetic. According to the grain size, they are further
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subdivided into small-particle iron oxide nanoparticles (SPIO: hydrodynamic particle size is
approximately 40-180 nm) and ultra-small-particle iron oxide nanoparticles (USPIO:

hydrodynamic particle size is less than 40 nm).

R AL Y-Fe<sub>2</sub>0<sub>3</sub>a{ L A LEHEIFe<sub>3</sub>0<sub>4<
[sub>BE B, ZRAAFER NNXAD R/ NFEMEEPNKRF(SPIO: KEhHFENFEARETE

40~180nm) KziB/ ML F R ERAKKLF(USPIO: KB HFRIF/ NF40nm).

USPIO exhibits superparamagnetism at room temperature, meaning it becomes magnetic
when magnetized in an external magnetic field, and its remanence is zero or minimal when

the external magnetic field strength is zero.

USPIOTEE R FRIRILLEIREYE, EITEIMET TREBHLTMERHMSE, MIAIMNEARENE BSEF

BERZTAR o

The extremely low remanence of superparamagnetic particles prevents them from

agglomerating, allowing them to disperse in solvents.

IR FIRRR R E R R RE, EAFIEAU 28
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Superparamagnetic iron oxide nanocrystals have high magnetic susceptibility and are easily
controlled by external magnetic fields. Larger-sized SPIO particles also have their own unique

applications.

B MR AR RURESHEEER, BHRINGIDER. AN ZHISPIOHE HFFHRIIN

Fo

[0005]

The surface modification of iron oxide nanoparticles directly determines their application
fields and effects. Commonly used iron oxide particle modifiers include polymers such as
dextran and its derivatives, polyethylene glycol and its derivatives, small molecules such as
citric acid and tetramethylamine hydroxide, and inorganic substances such as SiO2, CdS, Au,

and Pt.
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AUBRPRRFIRERITERRAEENABMINRMR, BRI FEmTaRRERET
£Y). BZTBENETEYMSESSF, TR, OR ES8HMERF)NDF, SiO<sub>2</sub>.

CdS. Au. PtZFLH.

Currently, two types of magnetic iron oxide nanoparticle intravenous injection products,
Ferumoxide modified with dextran and Ferucarbotran modified with carboxyl dextran, have
been commercialized. Carboxylated polyethylene glycol-modified iron oxide nanoparticles
have a longer blood half-life. As a contrast enhancer, the size and surface modifiers of iron
oxide nanoparticles determine the probability of them being discovered and phagocytosed by
phagocytes in organisms, which in turn determines their distribution specificity or selectivity.
Iron oxide nanoparticles have been used in in vivo and in vitro biomedical research, such as
magnetic resonance imaging (MRI, fMRI), cell separation and labeling, DNA separation, tumor
detection, magnetothermal therapy, and targeted drug delivery (Yang Wensheng, Gao
Mingyuan, Bai Yubai). Nanomaterials and biotechnology. Beijing: Chemical Industry Press,

2005.

B e im L EERNER Ferumoxide K& im IR B H R ERIFerucarbotran g4 S B AK KL F5F
oS mELEmt. RERZ _EEITNESABEHNRKNFEEFTKNMK ¥ =10, FREE
sB7, B KNFHIRTREREEIGTIRE T EWE MR EEME L IMEENLE,

RE T HORRRETEREE. | BRPRRFHATIER(in vivo) SN in vitro) E¥IEFHH
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R, WOHE HEHRACER(MRI, fMRI). AR ES4RiS. DNAZDE. BRI, HAVETT MEEMZYE

FEFMCHE, SR, BEA. RMESEYRA. LR KF Ik Bhktt, 2005).

[0006]

Commonly used methods for preparing iron oxide nanocrystals include coprecipitation,

microemulsion, and ultrasonic cavitation.

wERANEUBRMRBAGE T EZEHIUEE. HIBE BEZEWESF.

The coprecipitation method involves simultaneously hydrolyzing and precipitating
Fe<sup>3+</sup>and Fe<sup>2+</sup> salts in an aqueous solution at a molar ratio of 2:1, or
partially oxidizing and precipitating Fe<sup>2+</sup> salt in the presence of an oxidant to
achieve the synthesis of Fe<sub>3</sub>0<sub>4</sub> nanocrystals. The coprecipitation
method has the advantages of being simple and inexpensive. However, the coprecipitation
method has the disadvantages of wide particle size distribution and easy agglomeration.

Moreover, since the reaction between iron oxide and water is relatively complex and can
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generate a variety of compounds, other phase impurities are often mixed into the product,
which cannot give full play to the role of nano iron oxide in biological systems. Nano-iron
oxide prepared by the improved microemulsion method and ultrasonic cavitation method
generally suffers from poor crystallinity, low magnetic properties, and difficulty in controlling

particle size and morphology.

HIUEERIBEE/RLL2 @ 1M9Fe<sup>3+</sup>5Fe<sup>2+</sup>E1EK AR TR KETE, X
Fe<sup>2+</sup>&hE |HFNEEZFHE TR RMIESLIFe<sub>3</sub>0<sub>4</sub>#hxK
@mIANER, HUEEEERE 8. RANMERNIR. BERLNVERFEFERNESME. BER
iR, T BEBETFaRAFKSKZERNBRAESR, TERSHEEY), AF-YFEREN HERk
B, MABERDREARKEURKTENERRPNER, S OERT AR ENEE AR FRIZN

KEWHK, ERFEEREE. AR, RHEUE. FHRMEUERIBRR.

[0007]

The synthesis of Fe<sub>3</sub>0<sub>4</sub> or nanocrystals by high-temperature
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decomposition and reduction of acetylacetone iron in high-boiling-point organic solvents is a

successful synthetic method developed in recent years.

RAZBERERESHRBEIAT PSR BAEREMFe<sub>3</sub>0<sub>4</sub>B 44K

& K, BIEFRRIN—TINBIET %

The iron oxide nanoparticles synthesized by this method have the advantages of small
particle size, uniform size and highly uniform dispersion (the particles are observed to be
monodisperse under TEM electron microscopy, with little or no agglomeration). Sun
Shouheng et al. used iron acetylacetone (Fe(acac)<sub>3</sub>, each acetylacetone group
containing two carbonyl groups) in diphenyl ether solvent to react with hexadecanediol, oleic
acid, and oleylamine to generate Fe<sub>3</sub>0<sub>4</sub> nanocrystals with a particle
size of less than 20 nm (Journal of the American Chemical Society, 2002, 124, 8204-8205). Iron
oxide nanocrystals obtained by this method have long alkyl chains or other small molecules
of the organic solvent used on their surface. They can only be dissolved or dispersed in
nonpolar or weakly polar organic solvents and cannot be used in the biomedical field at the
scale of individual particles. Hydrophilicity on the surface of nano-iron oxide particles can
only be achieved through the substitution of modifiers. The substitution process is complex
and not conducive to practical applications. Gao Mingyuan (Chemistry of Materials, 2004, 16,

1391-1393, Chinese Patent Application No. 03136273.7: A method for preparing biocompatible
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magnetic nanoparticles) et al. developed a method for the thermal decomposition of iron
acetylacetonate in high-boiling-point solvents. They used strongly polar solvents such as 2-
pyrrolidone as the reaction heat transfer medium and coordination solvent, and obtained
water-soluble Fe<sub>3</sub>0<sub>4</sub> nanoparticles through a one-step reaction
method. In order to prepare biocompatible nanoparticles that are stably dispersed in neutral
water, a displacement reaction must be used to replace the organic solvents such as
pyrrolidone adsorbed on the surface of the iron oxide nanoparticles, but there are cases
where the displacement is incomplete. Jiagi Wan and Wei Cai et al. (Chemical
Communications, 2007, 5004-5006) and Dipak Maity (Journal of Magnetics and Magnetic
Materials, 2009, 321, 3093-3098) prepared water-soluble Fe<sub>3</sub>0<sub>4</sub>
nanoparticles by high-temperature decomposition of acetylacetone iron in triethylene glycol
(TREG), an organic small molecule with good water solubility. However, the prepared

Fe<sub>3</sub>0<sub>4</sub> nanoparticles did not exhibit high stability in water.

B EERNEMKNAKNFEEN B/ RIY—REEHNSDT(TEMER TR FE 278
KE, B PHAR)BIMS. Sun ShouhengHERBEZEEBNAFIF, ZERERE(Fe(acac)
<sub>3</sub> BN ZEREAERE &R E) 573k B2, THER. SHERERERKIZ/ T 20nmAY
Fe<sub>3</sub>0<sub>4</sub>#K &{&(Journal of the American Chemical Society, 2002,
124, 8204~8205), XEFERFENANBKIMKEE, REBIHEKEEENECR EANE

BTN F, REEREED BT IFRMEESERIERENAETR, T EERMMIRE LRATEY
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EFSiE. B EIMAERA eI USSR S FREAEEFKIE, ERIEER, THF
SEFRR . SBEIE (Chemistry of Materials, 2004, 16, 1391~1393, FE%LF|HES
03136273.7: —MHl&EEEMRBEREMMRMII G E)FELRR T ZHREAKESH =57
DR E, FRA2-MPRIRESF—RRIRNMEAFIEN R MAERN RN BEEAAT, B8 —FRkMNE
527 BEANGAMEMNKFe<sub>3</sub>0<sub>4</sub>4 KK F, AT Hl&E EHMHKFRESD
A EVIHEB MR T, BOTRABERR MG EWER KA FRERM RIS B F B A5
B, FEERARATEMIBER, Jiagi WanFlWei CaiZ(Chemical communications, 2007, 5004-
5006), AzDipak Maity(Journal of magnetism and magnetic materials, 2009, 321, 3093~
3098)F AFIAEAEE RIFKEENENNNG F=HE(TREG) REESD L BLRETAHIE T KA MER
ZHKFe<sub>3</sub>0<sub>4</sub>fi ¥, {BEHIFHHMAKFe<sub>3</sub>0O<sub>4</sub>HiF

KRR EMEAR S

Ricardo H. Goncalves (Journal of Materials Chemistry, 2010, 20, 1167-1172) et al. decomposed
acetylacetone iron in PEG of different molecular weights to prepare water-soluble nano
Fe<sub>3</sub>0<sub>4</sub> particles. However, the synthesized nano Fe<sub>3<
/sub>0<sub>4</sub> particles easily combined with each other and quickly formed a

precipitate in water.
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Ricardo H.Goncalves(Journal of Materials Chemistry, 2010, 20, 1167~1172)FAERRESDF
EMPEGH D RZEERERTE, & T KAMM HKFe<sub>3</sub>0O<sub>4</sub>fi+F, BEE

BBV K Fe<sub>3</sub>0<sub>4</sub>RiFZ BIRZHEELES, TEKFRIRAZE T

[0008]

Summary of the Invention

YL INES

[0009]

The purpose of this invention is to provide a method for preparing magnetic iron oxide

nanoparticles that can be stably dispersed in water.
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A% AR B Y BIR M —MEER E 2 B T KRB S AR F RIS 7%

[0010]

The specific steps are as follows:

BAETEN:

[0011]

Weigh 10-30 g of triethylene glycol (TREG) or polyethylene glycol (PEG) with a molecular
weight of 600-20000 or polyethylene glycol monomethyl ether (MPEG) with a molecular

weight of 600-20000, add 0.15-3 g of additives, and place the above raw materials into a three-
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necked flask. Heat the flask to 70-90°C on a temperature-controlled magnetic stirrer, then
add 0.1-3 g of analytical grade ferric acetylacetone. Stir with a magnetic stirrer for 5-15
minutes, with flowing argon gas for protection during heating. Then raise the temperature to
150-320°C and heat for 20-600 minutes. The solution will change from red to black. After
stopping heating, let the solution cool to below 60°C, add 50-70 ml of analytical grade toluene
or acetone, and separate the black precipitate by magnetic adsorption. Wash twice with
analytical grade acetone to remove excess impurities. Organic matter, the precipitate was
dissolved in water to obtain magnetic iron oxide Fe<sub>3</sub>0O<sub>4</sub>

nanoparticles with a particle size of 3-50 nanometers;

FREX10~3052 = HEZ(TREG) 353 FE M600~20000M98 2, — 2 (PEG) 353 FE M600~20000R95
R HE}(MPEG), ANANO0.15~3Z A0, ¥ LU EEEEEAN=ZORERFR, EF R
EMHZET0~90°C, BAINO.1~ 3D ZEARENTk, REAOMHFFHRHS~157, M2
RELUREI®R SRP, ARBFEE150~320°C, I#20~60047%, BERALEBTNER, FLE
M, FaRRLENFN60°CLLT, MAS0~TOMIDTARRERER, & KRG R BT
Bk, BRASWAREEEMRURESRNE W), FREERET KR, [FERIRE3I~5040K

RIS R (K Sk Fe<sub>3</sub>0<sub>4</sub>4 Kkl F;
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[0012]

The additive is one of polyethyleneimine (PEI) with a molecular weight between 800 and
100,000, polyvinylpyrrolidone (PVP) with a molecular weight between 800 and 100,000, and

sodium alkyl sulfate with a carbon chain length between 8 and 20.

P ANN5 79 53 FE7£800~100000 Z BINR ZIFILR (PEI). 73FE7E 800~100000ZBIHYR Z %

Ikt B e (PVP) iR B 128~ 20 Z [BIRY G £ H7 BR SN P RY—7,

[0013]

This invention can prepare magnetic iron oxide Fe<sub>3</sub>0<sub>4</sub>
nanoparticles that are stably dispersed in water. The entire reaction process is simple and

controllable and easy to put into production.
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A AA LU IERE O BT Kk PagiM S EkFe<sub>3</sub>0<sub>4</sub>#Kki F, BN

o I2ERAE, BERNES

The prepared magnetic iron oxide Fe<sub>3</sub>0<sub>4</sub> nanoparticles can be used

in fields such as biology, medicine, catalysis and mechanical lubrication.

PRl & RV U EkFe<sub>3</sub>0<sub>4</sub>4 KN FRILIBTEY. EL. R

pEdbiz b

[0014]

Attached Figure Description

P35t RE
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[0015]

Figure 1is a transmission electron microscope (TEM) image of the nanoparticles prepared in

Example 1 of the present invention.

Bl 17 % BRSE e 15 & RO R KL F BYEST R 53 (TEM) SRR Ao

[0016]

Figure 2 is a transmission electron microscope (TEM) image of the nanoparticles prepared in

Example 2 of the present invention.

12 97 % BRSL i 1 215! & RN K KL F BYIEST R 55 (TEM) SRR Ao
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[0017]

Figure 3 is a transmission electron microscope (TEM) image of the nanoparticles prepared in

Example 3 of this invention.

B3 97 % BRSE i 3! & RUAN R KL F BYEST R £ (TEM) SRR Ao

[0018]

Figure 4 shows a transmission electron microscope (TEM) image of the nanoparticles

prepared in Example 4 of this invention.

El4 07 & BRSL i 4 & RUN K KL FBYIEST B ER (TEM) 2SR R Ao
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[0019]

Figure 5 shows a transmission electron microscope (TEM) image of the nanoparticles

prepared in Example 5 of this invention.

1597 % BRSL i 5 5! & RUAN R KL F BYEST R £R (TEM) SRR Ao

[0020]

Figure 6 shows a transmission electron microscope (TEM) image of the nanoparticles

prepared in Example 6 of this invention.

[E16 /97 & BRSL i 765! & RUAN K KL FBYIEST R ER (TEM) 2SR R Ao

26-08-2026 - Page 19



[0021]

Detailed Implementation

BiALR

[0022]

Example 1:

SKhtEf1:

[0023]
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Weigh 15.1g of PEG (molecular weight 1000) and add 0.11g of PEI (molecular weight 1800).

MREX15.1g PEG(53F&791000), AOANO0.115EPEI(453F&E1800),

The above raw materials were placed in a three-necked flask and heated to 80°Con a
temperature-controlled magnetic stirrer. Then, 0.72 g of analytical grade acetylacetone iron
was added, and the mixture was stirred with a magnetic stir bar for 10 minutes. During the
heating process, a flowing argon gas was passed through for protection. Then, the
temperature was raised to 260°C and heated for 60 minutes. The solution changed from red to

black.

UL RREAN=ZOGRS, BETERREIBH S DMAESC, BAIAN.T25% DT A2 ERER
%, AEABHFHHFLI00H, MAIEFELURSRSRF, A BBHEE260°C, MHA607

W, BRAIETNEER,

After heating is stopped, wait for the solution to cool to below 60°C, add 60 ml of analytical

grade toluene, and separate the black precipitate by magnetic adsorption. Then wash twice
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with analytical grade acetone to remove excess organic matter, and dissolve the precipitate in

water.

EIEMARE, AR 2EFN60°CLLT, MAOMIDTARE, BIHHKMEEEEMDEL

K, BRASWAREEEMRURESROETY), KFEaET kR,

The electrophoretic particle size of this nanoparticle is 28 nm.

&AM RRLFRIYEB K RLEE 928N mo

The morphology of the nanoparticles was observed using transmission electron microscopy
(TEM). Figure 1 shows a TEM image of the magnetic nanoparticles, which reveals an average

grain size of 15 nm.

FBEST B3R (TEM)IRRARAL TR, ELZHE 9K FRSHBIRRA, MBIRRATAUE

B BATIRIIZ 150 m,

The nanoparticles have a zeta potential of +25 mV in aqueous solution.
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Z RARRLFEKBRPZetaBBL/+25mV,

Thermogravimetric analysis revealed that the surface of the nanoparticles contained

approximately 43% organic matter.

ZREDARRFREZELI43% BN,

X-ray diffraction analysis results indicate that the product is a Fe<sub>3</sub>0<sub>4<

/sub> crystalline phase.

XH18t Dt R RBAEYI N Fe<sub>3</sub>0<sub>4</sub>R18,

The saturation magnetization of the nanoparticle was measured to be 79 emu/g Fe<sub>3<
/sub>0<sub>4</sub> (calculated after removing the weight of organic matter) using a
superconducting quantum interference device (Squid), and it also exhibits

superparamagnetism.

BHBSEF T HXSquidlll EiZgAKN FEVIEFMELILERE A T9emu/g Fe<sub>3</sub>0O<sub>4<

[sub>(REBHMEERHESE B), FEGEIREL.
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When the product is dissolved in water, a dispersed suspension can be formed. Because the

amount of PEl added to the reactants is small, a precipitate appears after one day.

KA T kg, aTLIEMDBIRE R, RRNY FRIIPEIZL, ME—XREETELMR,

[0024]

Example 2:

SSHEf52

[0025]
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Weigh 15.3g of PEG (molecular weight 1000) and add 0.31g of PEI (molecular weight 1800).

FREX15.3g PEG(53F&791000), AIAO0.317PEI(53F&E1800).

The above raw materials were placed in a three-necked flask and heated to 80°Con a
temperature-controlled magnetic stirrer. Then, 0.72 g of analytical grade acetylacetone iron
was added, and the mixture was stirred with a magnetic stir bar for 10 minutes. During the
heating process, a flowing argon gas was passed through for protection. Then, the
temperature was raised to 260°C and heated for 60 minutes. The solution changed from red to

black.

UL RREANZOGRS, ETEREABHE DMMESC, BAIAN.T25R DT AZERER
®, REAHBHFHRAHLI0DH, MAIRETRLURSRSEP, A BEBAEE260°C, MA6077

M, ARBEIBEAERE,

After heating is stopped, wait for the solution to cool to below 60°C, add 60 ml of analytical

grade toluene, and separate the black precipitate by magnetic adsorption. Then wash twice
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with analytical grade acetone to remove excess organic matter, and dissolve the precipitate in

water.

EIEMARE, AR 2EFN60°CLLT, MAOMIDTARE, BIHHKMEEEEMDEL

K, BRASWAREEEMRURESROETY), KFEaET kR,

The average electrophoretic particle size of this nanoparticle is 27 nm.

&AM RRLFRIEE KR T35 92Tnm,

The morphology of the nanoparticles was observed using transmission electron microscopy
(TEM). Figure 2 shows a TEM image of the magnetic nanoparticles, which reveals an average

grain size of 20 nm.

FBEST B3R (TEM)IRRARAL TR, B2 ZHEARIFRSHBIREA, MBIRRATALUE

B BATIRIE920nm,

The nanoparticle has a zeta potential of +32 mV in aqueous solution.
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ZENRRLFEKBRPZetaBB I /+32mV,

Thermogravimetric analysis revealed that the surface of the nanoparticles contained

approximately 33% organic matter.

ZRED KRR FREZELI33% BEN.

X-ray diffraction analysis results indicate that the product is of the Fe<sub>3</sub>0<sub>4<

/sub> crystalline phase.

XH18t Dt R RBAEYI N Fe<sub>3</sub>0<sub>4</sub>R18,

The saturation magnetization of the nanoparticle was measured using a superconducting
quantum interference device (Squid) to be 81 emu/g Fe<sub>3</sub>0<sub>4</sub> (the
value calculated after removing the weight of organic matter), and it exhibits
superparamagnetism. When the product is dissolved in water, it forms a stable and dispersed

suspension, and no precipitate forms after being left for more than 40 days.
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FBSEFTFHNSquidill EiZHKR FHIEFE L EE /81emu/g Fe<sub>3</sub>0<sub>4<
[sub>(BREEVYIEERITEFRSE B), HEGRBIMEME. B=YaETke, aJUFERRE D

HNEFR, HE BWEAORULERAZEITIE.

[0026]

Example 3:

SEhtEf3:

[0027]

Weigh 15.2g of PEG (molecular weight 1000) and add 0.51g of PEI (molecular weight 1800).
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#REX15.2g PEG(53F&791000), AIANO0.515PEI(53F&E1800).

The above raw materials were placed in a three-necked flask and heated to 80°Con a
temperature-controlled magnetic stirrer. Then, 0.73 g of analytical grade acetylacetone iron
was added, and the mixture was stirred with a magnetic stir bar for 10 minutes. During the
heating process, a flowing argon gas was passed through for protection. Then, the
temperature was raised to 260°C and heated for 60 minutes. The solution changed from red to

black.

RULE RREAZOGMARS, BETEREIBH S DMMAESC, BAIAN0.73RDHT AZERER
%, RHEOBHFHRHELIONT, MAISRERRBLURNESEP, A BEBAEE260°C, MA605

M, ARBALEBTHES,

After heating is stopped, wait for the solution to cool to below 60°C, add 60 ml of analytical
grade toluene, and separate the black precipitate by magnetic adsorption. Then wash twice
with analytical grade acetone to remove excess organic matter, and dissolve the precipitate in
water. The average electrophoretic particle size of this nanoparticle is 30 nm. The morphology
of the nanoparticles was observed using transmission electron microscopy (TEM). Figure 3
shows a TEM image of the magnetic nanoparticles, which reveals an average grain size of 21

nm. The nanoparticles have a zeta potential of +35 mV in aqueous solution.

26-08-2026 - Page 29



Thermogravimetric analysis revealed that the surface of the nanoparticles contained
approximately 31% organic matter. X-ray diffraction analysis results indicate that the product
is of the Fe<sub>3</sub>0<sub>4</sub> phase. The saturation magnetization of the
nanoparticle was measured to be 73 emu/g Fe<sub>3</sub>0<sub>4</sub> (calculated after
removing the weight of organic matter) using a superconducting quantum interference device
(Squid), and it also exhibits superparamagnetism. When the product is dissolved in water, it

forms a dispersed suspension, and no precipitate forms after being left for more than 40 days.

EIEMMGE, F5AR 2EN1ZI60°CLLT, MIAN6OMINEIRE, BB RHHE RE&TEM D BT
*, BRDITAREEARRUGES RGN, KIUESHET K. 29 KA FRYEBEXIEF
197930nm. BN EBIR(TEM)MRRISKIL FRS, B30 ZBMELRRFROERNBIRERA, MBH
BRA e BRI SRTIINEZEN21nm. ZAKNFEKBRPZetalBBAI+35mV, FHREBHITH
KR FRESELN31% BN, XT18 2SR RA=Y AFe<sub>3</sub>0<sub>4</sub>&
. RBSFEFTHNSquidll EiZAMAKN TRV IBMENEE I T3emu/g Fe<sub>3<
/sub>0O<sub>4</sub>(FFEBHMEERITEMRFE 5), HEGBIEL. B8 kH,

BILUER BB ZAF R, FHEKRE 40R A ERRZBE,

[0028]
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Example 4:

SEhtEf4 -

[0029]

Weigh 15.4g of PEG (molecular weight 1000) and add 1.1g of PEI (molecular weight 1800).

FREX15.4g PEG(53F&791000), AIA1.15PEI(53F&E1800).

The above raw materials were placed in a three-necked flask and heated to 80°Con a
temperature-controlled magnetic stirrer. Then, 0.72 g of analytical grade acetylacetone iron
was added, and the mixture was stirred with a magnetic stir bar for 10 minutes. During the

heating process, a flowing argon gas was passed through for protection. Then, the
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temperature was raised to 260°C and heated for 30 minutes. The solution changed from red to

black.

UL RREAZOGRS, BETEREHH S DMAESC, BAIAN.T25R DT A2 ERER
%, AEABHFHHFLI0DH, MAIEFELURSRSRF, A BBHEE260°C, MA30D

W, BRALIETNEER,

After heating is stopped, wait for the solution to cool to below 60°C, add 60 ml of analytical
grade toluene, and separate the black precipitate by magnetic adsorption. Then wash twice
with analytical grade acetone to remove excess organic matter. The electrophoretic particle
size of the nanoparticle is 21 nm. The morphology of the nanoparticles was observed using
transmission electron microscopy (TEM). Figure 4 shows a TEM image of the magnetic
nanoparticles, which shows that the average grain size is about 10 nm. The nanoparticles
have a zeta potential of +41 mV in aqueous solution. Thermogravimetric analysis revealed
that the surface of the nanoparticles contained approximately 16% organic matter. X-ray
diffraction analysis results indicate that the product is a Fe<sub>3</sub>0<sub>4</sub>
crystalline phase. The saturation magnetization of the nanoparticle was determined to be 68
emu/g Fe<sub>3</sub>0<sub>4</sub> (calculated after removing the weight of organic

matter) using a superconducting quantum interference device (Squid), and it also exhibits
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superparamagnetic properties. When the product is dissolved in water, it forms a dispersed

suspension, and no precipitate forms after being left for more than 40 days.

EIEMMGE, F5AR 2EIZI60°CLLT, MIAN6OMINIAIRE, BRI 2ETTEM N BT

¥, BASNTAREEARRURESRNEN. ZAMKFRIBEKEN 21nm. FBESTER
(TEM)IRRGSRIL TR, EARIZHERIFROENE SRR, MBIREBAR R UED &R T
RIRZ9R10nmM. ZPKKIFIEKBR PZetaBAIA+4ImV. ERABAMAKNFREESEL16%
WENY. XF1519 SR KRB AFe<sub>3</sub>0<sub>4</sub>&il, ABSEFTHN
SquidTMITEZAAK ML FHI RN HiLsRE A68emu/g Fe<sub>3</sub>0<sub>4</sub>(frEBH M E
EREMSERE), HAEBBINME t. Br¥agTke, s BNEFEK, HFEREIX

W ERFEBGT o

[0030]

Example 5:

SEHEfIS
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[0031]

Weigh 20.3g of PEG (molecular weight 1000) and add 0.71g of polyvinylpyrrolidone (PVP)

(molecular weight 8000).

#rEX20.3g PEG(53F&791000), HINO.715E ZIEMIEEIPVP (5 F £8000),

The above raw materials were placed in a three-necked flask and heated to 80°Con a
temperature-controlled magnetic stirrer. Then, 0.72 g of analytical grade acetylacetone iron
was added, and the mixture was stirred with a magnetic stir bar for 10 minutes. During the
heating process, a flowing argon gas was passed through for protection. The temperature was

then raised to 260°C and heated for 60 minutes. The solution changed from red to black.

RULERREBEA=ZORASR, BTFEREDHHSE LMHRESC, BIAN0.T25R 2 ERER
B, BENBHFFRAFLI00M, MAIRETE LURSERSEFRP, ARBAERZE260°C, 16053
W, BARBLEBTHES,
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After heating is stopped, the solution is allowed to cool to room temperature. 60 ml of
analytical grade toluene is added, and the black precipitate is separated by magnetic
adsorption. The solution is then washed twice with analytical grade acetone to remove excess
organic matter. The morphology of the nanoparticles was observed using transmission
electron microscopy (TEM). Figure 5 shows a TEM image of the magnetic nanoparticles, which
shows that the average grain size is about 11.8 nm. The nanoparticle has a zeta potential of 0
mV in aqueous solution. The electrophoretic particle size of the nanoparticle is 39 nm. X-ray
diffraction analysis results indicate that the product is of the Fe<sub>3</sub>0<sub>4</sub>
crystalline phase. Due to the steric hindrance formed by PVP and PEG together, the product

can be dissolved in water to form a stable and dispersed suspension for a long time.

FIEMARG, FEARLAHEER, MACOMIDFARRE, BEIHGRMERE TUEMPBEHXR, B
R AREE SRR UREZRINENY). FBENBE (TEM)MRAPKI TR, E5RIZHMEmR
RUWFHBHNBIRER, MNEER AR UERSNTIIRFL711.8nm. ZARKFEKERF
ZetaB iy OmV, ZHKRMIFRIEBKNIER3INm, XFTH PSR RBFYHIFe<sub>3<

/sub>0<sub>4</sub>gtH, EAPVPSPEG—ER =T BMUEIER, E=¥af T KPba LA

KA 8] F2E 7 BBV R TF Ro
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[0032]

Example 6:

SEhtEf6

[0033]

Weigh 20.04g of triethylene glycol and add 0.32g of sodium dodecyl sulfate.

MREX20.04g=HEZ, MA0.3252+ & iR TN,

The above raw materials were placed in a three-necked flask and heated to 80°Con a
temperature-controlled magnetic stirrer. Then, 0.71 g of analytical grade acetylacetone iron

was added, and the mixture was stirred with a magnetic stir bar for 10 minutes. During the
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heating process, a flowing argon gas was passed through for protection. The temperature was

then raised to 280°C and heated for 30 minutes. The solution changed from red to black.

RBULRMEAN=ZOR S, BTEEEIHH S DMMESC, BAIAN.T1R DT ZERER
%, RHAOBHFHHFLI0ODH, MAIEFBLURSRIRF, AEBAEE280°C, MHA307

W, BRALIETNEER,

After heating is stopped, wait for the solution to cool to below 60°C, add 60 ml of analytical
grade acetone, and separate the black precipitate by magnetic adsorption. Then wash twice
with analytical grade acetone to remove excess organic matter. The morphology of the
nanoparticles was observed using transmission electron microscopy (TEM). Figure 6 shows a
TEM image of the magnetic nanoparticles, which reveals an average grain size of 6.5 nm. X-ray
diffraction analysis results indicate that the product is Fe<sub>3</sub>0<sub>4</sub>
crystalline phase. The saturation magnetization of the nanoparticles (Fe<sub>3<
/sub>0<sub>4</sub>nanoparticles containing organic matter) was determined to be 52 emu
/g using a superconducting quantum interference device (Squid), and the nanoparticles
exhibit superparamagnetism. However, the prepared product is insoluble in water. 5.08 g of
the original reaction solution was washed with analytical grade acetone, adsorbed with a
magnet and precipitated. The precipitate was added to 8 mL of chloroform to prepare a

Fe<sub>3</sub>0<sub>4</sub> solution with a concentration of 5 mg/mL. Then, 50 mL of
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dimethyl sulfoxide (DMSO) and 0.54 g of PEl were added, and the mixture was stirred at room
temperature for 48 h. The liquid was then washed with analytical grade acetone and

precipitated using a magnet. The precipitate was then stably dispersed in deionized water.

MG, FEARAEEI60°CLAT, MA6OMIS AR, @I HHE R ETTE D B

¥, BRDITARE BARRUGESRINENYI. BABEFBR(TEM)MRAKIU TR, E6H iz
BRI FRUB N BIRIRE , MBIRRA PRI LB TFIIRIEZER 6.5nm.  XTTH D4R KA
P /9Fe<sub>3</sub>0<sub>4</sub>gtH, FBIFEFTFNSquidE ZHAKNFBIEFIHL
K3gER52emu/g(EBHMIHIFe<sub>3</sub>0<sub>4</sub>#KHF), HE BEIMEE. B
EFRRIER YR ARET K, 155.08gh R NIRRA DR BER, WIKRMHERTRE, BULE
YIIDNEI8mLEY BB REFESmg/mL BIFe<sub>3</sub>0<sub>4</sub>A&, ZEIMA50mL
—EATLAR (DMSO)F00.54gMIPEl, HEZER T #48h, Z SR RIER D NARERE T H AR SR

FHEEIUE, ZITUEREBIR Bt BT EBEFKF.
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