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Abstract 

Background superparamagnetic ferroferric oxide  (Fe3O4) nanoparticles can be extensively functionalized for applica-
tions in drug enrichment and separation. Their high magnetic responsiveness and controllable surface modification 
enable rapid drug enrichment and separation under external magnetic fields. This study aimed to enhance the appli-
cation potential of superparamagnetic  Fe3O4 nanoparticles in the field of drug enrichment and separation by func-
tionalizing these nanoparticles to improve their biocompatibility and targeting capabilities.

Methods superparamagnetic  Fe3O4 nanoparticles functionalized with dopamine were synthesized using benzyl 
alcohol as the solvent and iron acetylacetonate as the precursor. The dopamine-functionalized superparamagnetic 
iron oxide nanoparticles were used to analyze protein enrichment and separation. Characterization of the nanopar-
ticles was conducted, including analysis of particle size distribution, Zeta potential, and fluorescence spectra using 
a fluorescence spectrophotometer.

Results the  Fe3O4 nanoparticles maintained high magnetism from the original material and exhibited uniform 
particle size distribution and stable Zeta potential. The saturation magnetization of dopamine-functionalized super-
paramagnetic  Fe3O4 nanoparticles showed no significant difference compared to before coating, indicating minimal 
influence of dopamine on the internal magnetic core of the nanoparticles. The  Fe3O4 nanoparticles demonstrated 
good biocompatibility and stability.

Conclusion functionalization of superparamagnetic  Fe3O4 nanoparticles significantly enhances their efficiency 
in drug enrichment and separation processes, suggesting broad applications in the pharmaceutical industry.

Keywords Superparamagnetic ferroferric oxide, Functionalization, Drug enrichment and separation, Characterization 
of nanoparticles

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if 
you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or 
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To 
view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by- nc- nd/4. 0/.

BMC Chemistry

†Hao Shen and Xiaoye Wang have contributed equally to this work as co-first 
author.

*Correspondence:
Xinlong Ma
xiaoliao388545@163.com
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13065-024-01258-4&domain=pdf


Page 2 of 9Shen et al. BMC Chemistry  (2024) 18:181

Background
Superparamagnetic ferroferric oxide  (Fe3O4) nanoparti-
cles are magnetic nanomaterials with excellent magnetic 
properties, biocompatibility, and biosafety. Superpara-
magnetic  Fe3O4 nanoparticles have shown a wide range 
of potential applications in the fields of medicine, biology, 
and environmental protection. It has played an important 
role in magnetic resonance imaging, cancer diagnosis 
and treatment, drug delivery, gene delivery, and so on. It 
is a kind of nanomaterials with high application value [1, 
2].

The functionalization of superparamagnetic  Fe3O4 
nanoparticles is the modification of their surface to 
obtain specific properties and functions. In this way, it 
enables more application scenarios, such as immune 
recognition, drug enrichment and separation, biologi-
cal imaging [3, 4]. The key to the functionalization of 
superparamagnetic  Fe3O4 nanoparticles is the introduc-
tion of functional groups on the surface, which is usually 
achieved by chemical reactions or biological methods [5, 
6]. Carboxylic acid modifiers are introduced to the sur-
face of superparamagnetic  Fe3O4 nanoparticles to gener-
ate negatively charged particles, which can interact with 
positively charged molecules or positively charged cells 
on the surface [7, 8]. Another common functionalized 
modification method is to introduce silane modifiers to 
the surface of superparamagnetic  Fe3O4 nanoparticles to 
introduce specific energy interactions between hydrophi-
licity and lipophilicity. This modification is particularly 
important for the use of nanoparticles for drug enrich-
ment and separation [9, 10]. Superparamagnetic  Fe3O4 
nanoparticles can be used to fabricate nano-drug carri-
ers to control drug release rate, enhance drug stability, 
reduce drug dose, and alleviate side effects. Drug enrich-
ment and separation is one of its main applications [11, 
12]. Superparamagnetic  Fe3O4 nanoparticles can be used 
for drug enrichment and separation due to their strong 
magnetic properties, extremely high specific surface area, 
and strong affinity [13, 14]. The use of superparamagnetic 
 Fe3O4 nanoparticles can rapidly enrich drugs, improve 
the bioavailability of drugs, and have a positive impact on 
the therapeutic effect of drugs [15, 16].

This study aimed to develop and optimize function-
alization strategies for superparamagnetic  Fe3O4 nano-
particles to enhance their efficacy in drug enrichment 
and separation applications. By finely tuning the surface 
properties of nanoparticles through the introduction of 
specific functional groups such as dopamine, the research 
aimed to enhance interactions between nanoparticles 
and target drug molecules, thereby achieving efficient 
capture and precise separation of drugs. The study also 
focused on evaluating the magnetic properties of the 
functionalized nanoparticles to ensure they maintain 

high magnetic responsiveness under external magnetic 
fields, crucial for rapid drug enrichment and separa-
tion. Through comprehensive characterization including 
particle size analysis, Zeta potential measurements, and 
magnetization intensity testing, researchers can gain a 
thorough understanding of how functionalization affects 
the physicochemical properties of nanoparticles. This 
includes verifying whether functionalization steps have 
any adverse effects on the core magnetic properties, thus 
ensuring the safety and effectiveness of these nanoparti-
cles in biomedical applications.

Materials and methods
Experimental materials
Iron acetylacetone (Wuhan Haorong Biotechnology Co., 
LTD., Hubei, China); Benzyl alcohol (Wuhan Haorong 
Biotechnology Co., LTD., Hubei, China); Bovine serum 
albumin (BSA) (Hebei Crovell Biotechnology Co., LTD., 
Hebei, China). Dopamine hydrochloride (Shanghai 
Yuanye Biotechnology Co., LTD., Shanghai, China); Tet-
rachlorogold acid (SCAC, Shanghai, China); Sodium 
hydroxide (SCAC, Shanghai, China).

Experimental apparatus
Magnetic stirrers (Shanghai Yiheng Scientific Instru-
ment Co., LTD., Shanghai, China); Electronic balance 
(Shanghai Yiheng Scientific Instrument Co., LTD., Shang-
hai, China); High speed centrifuge (Shanghai Qiqian 
Electronic Technology Co. Ltd., Shanghai, China); 
X-ray diffractometer (Shanghai Yinxu Electromechani-
cal Equipment Co., LTD., Shanghai, China); Transmis-
sion electron microscopy (FEI Company, Oregon, USA); 
zeta potential analyzer (Beijing Dataphys Instruments 
Co., LTD., Beijing, China); DTA/TGA integrated ana-
lyzer (FEI Company, Oregon, USA); FT-IR spectroscopy 
(Beijing Dataphys Instrument Co., LTD., Beijing, China); 
Fluorescence spectrophotometer (Shandong Hongde 
Industrial Co., LTD., Shandong, China).

Experimental methods
Preparation of superparamagnetic  Fe3O4 nanoparticles: 
Benzyl alcohol was used as solvent and iron acetylacetone 
was used as precursor to synthesize superparamagnetic 
 Fe3O4 nanoparticles. 2 g of iron acetylacetone and 20 mL 
of benzyl alcohol were added to a two-mouth flasks. The 
N2 valve was opened for 10 min, the reaction tempera-
ture was set to 200 ℃. It was condensed and reflowed for 
7  h. The nanoparticles were separated with a magnet, 
washed three times with acetone and dichloromethane, 
dried under vacuum for 1 day, and stored for later use.

Dopamine functionalized superparamagnetic 
 Fe3O4 nanoparticles: 40  mg superparamagnetic  Fe3O4 
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nanoparticles were weighed and added to 40 mL second-
ary aqueous solution containing 40 mg dopamine hydro-
chloride, sonicated for 30 min, and stirred for 24 h. After 
washing, the nanoparticles were stored at 4 ℃ for later 
use.

Enrichment and separation of dopamine functionalized 
superparamagnetic  Fe3O4 nanoparticles in proteins: 2 mL 
of tetrachloroauric acid solution was taken, the pH was 
adjusted to 7, and 1.5 mL BSA solution was added. The 
pH of the mixture of BSA and tetrachloroauric acid was 
adjusted to 12 with sodium hydroxide solution, and the 
mixture was incubated for 12 h with shaking. The result-
ing BSA-Au nanocrysts were washed and stored at 4℃ 
for later use. 1 mL of the mixture of red fluorescent BSA-
Au solution and fluorescein sodium was added to 6 mL of 
secondary water, and 1 mL of the MNP-DA solution was 
added to the protein solution mentioned above, pH = 9. It 
was sonicated for 10 min to activate the catechol group 
on dopamine, and stirred for 12 h. The magnetic particles 
attached with BSA (MNP-BSA) were separated from the 
solution using a magnet and stored at 4℃ for later use.

Experimental characterization: a trace solution of nan-
oparticles to be measured was dropped onto the surface 
of the copper mesh prepared by transmission electron 
microscope (TEM) and observed under an accelerating 
voltage of 200 KV. The nanoparticles to be tested were 
dispersed into a certain solvent (water or DMSO), soni-
cated for 20  min, and the particle size distribution and 
zeta potential of the nanoparticles were tested at 25 ℃. 
A certain mass of the tested sample was weighed and 
loaded into a special Teflon tube, and tested at 5 K and 
300 K and H = 100 Oe. The cooling curve of the sample 
was drawn. The samples were weighed and subjected to 
thermogravimetric analysis (TGA) in N2 atmosphere at 
a temperature range of 30 to 700 ℃ and a heating rate 
of 10 ℃/min. Fluorescence characterization: A certain 

concentration of the sample solution to be tested was 
taken, and its fluorescence spectrum was tested under a 
fluorescence spectrophotometer.

Statistical methods
Excel 2016 was adopted to record and summarize the 
data. SPSS 20.0 was adopted for data statistics and analy-
sis. Mean ± standard deviation (͞x ± s) was adopted for 
measurement data, t test was adopted, and P < 0.05 was 
considered statistically significant.

Results
Analysis of the enrichment and separation process 
of superparamagnetic  Fe3O4 nanoparticles
Figure  1 shows the enrichment and separation process 
analysis of superparamagnetic  Fe3O4 nanoparticles. The 
separation of superparamagnetic  Fe3O4 nanoparticles 
can be completed in 20 s, with high separation efficiency, 
fast time, and easy operation.

Figure  2 shows the use of functionalized magnetic 
 Fe3O4 nanoparticles for enrichment and purification 
of target molecules in drugs. Functionalized mag-
netic  Fe3O4 nanoparticles can be used for enrichment 
and purification of target molecules in drugs. The 

Fig. 1 Analysis of the enrichment and separation process of superparamagnetic  Fe3O4 nanoparticles. (A = 0 s, B = 2 s, C = 8 s, D = 20 s)

Fig. 2 Functionalized magnetic  Fe3O4 nanoparticles for enrichment 
and purification of target molecules in drugs. (A for multi-component 
drugs, B for addition of magnetic nanoparticles, C for magnet 
adsorption, D for liquid absorption, and E for desorption, where red 
and green are magnetic nanoparticles and blue is magnet)
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purification effect was good and the operation was rela-
tively simple.

Cooling curve analysis of superparamagnetic  Fe3O4 
nanoparticles
Figure  3 presents the cooling curve analysis of super-
paramagnetic  Fe3O4 nanoparticles. The cooling curve 
at H = 100 Oe and T = 5–300  K suggested that the 
zero-field cooling curve with a peak at 160  K, and its 
corresponding temperature was called the blocking 
temperature.

Figure 4 displays the saturation magnetization curves 
of superparamagnetic  Fe3O4 nanoparticles under dif-
ferent concentrations of iron acetylacetone. Concen-
tration 1 is 0.5  g iron acetylacetonate + 20 mL benzyl 
alcohol, concentration 2 is 2 g iron acetylacetonate + 20 
mL benzyl alcohol, and concentration 3 is 4 g iron acet-
ylacetonate + 20 mL benzyl alcohol. When T = 300  K, 
the magnetization of the superparamagnetic  Fe3O4 
nanoparticles was the highest at the concentration of 3, 
and the magnetization of the superparamagnetic  Fe3O4 
nanoparticles was the lowest at the concentration of 
1. With the increase of the iron acetylacetone con-
centration, the particle size of the obtained nanopar-
ticles increased and the magnetic properties became 
stronger.

Magnetization curves of superparamagnetic 
 Fe3O4 nanoparticles and dopamine functionalized 
superparamagnetic  Fe3O4 nanoparticles
Figure  5 presents the magnetization curves of super-
paramagnetic  Fe3O4 nanoparticles and dopamine func-
tionalized superparamagnetic  Fe3O4 nanoparticles. 
The saturation magnetization of the dopamine-coated 
superparamagnetic  Fe3O4 nanoparticles decreased 
slightly.

TGA curves of superparamagnetic  Fe3O4 nanoparticles 
and dopamine functionalized superparamagnetic  Fe3O4 
nanoparticles
Figure 6 suggests the TGA curves of superparamagnetic 
 Fe3O4 nanoparticles and dopamine functionalized super-
paramagnetic  Fe3O4 nanoparticles. The TGA curve of the 
superparamagnetic  Fe3O4 nanoparticles showed the first 
weight loss at around 150 ℃.

Surface Zeta potential analysis of superparamagnetic 
 Fe3O4 nanoparticles
Figure  7 shows the surface Zeta potential analysis of 
superparamagnetic  Fe3O4 nanoparticles. The surface 

Fig. 3 Cooling curve analysis of superparamagnetic  Fe3O4 
nanoparticles. (A is the field-cooling curve, B is the zero-field cooling 
curve)

Fig. 4 Saturation magnetization curves of superparamagnetic  Fe3O4 
nanoparticles with different concentrations of iron acetylacetone. 
(A is concentration 1, B is concentration 2, C is concentration 3, 
T = 300 K).

Fig. 5 Magnetization curves of superparamagnetic  Fe3O4 
nanoparticles and dopamine functionalized superparamagnetic 
 Fe3O4 nanoparticles. (A is superparamagnetic  Fe3O4 nanoparticles, B 
is dopamine functionalized superparamagnetic  Fe3O4 nanoparticles, 
T = 300 K).
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Zeta potential of the superparamagnetic  Fe3O4 nano-
particles was 25.78 mV, the surface Zeta potential of the 
dopamine functionalized superparamagnetic  Fe3O4 nan-
oparticles was 13.92 mV, and the surface Zeta potential 
of the magnetic particles connected with BSA was − 30.9 
mV. The surface Zeta potential of BSA attached magnetic 
particles decreased significantly.

Particle size distribution analysis of nanoparticles 
in aqueous solution
Figure 8 displays the particle size distribution analysis of 
nanoparticles in aqueous solution. After the dopamine-
functionalized superparamagnetic  Fe3O4 nanoparticles 
were connected to BSA-Au nanocrystals, the particle size 
distribution of nanoparticles became slightly wider.

Fluorescence spectrum analysis of superparamagnetic 
 Fe3O4 nanoparticles
Figure 9 illustrates the fluorescence spectroscopy analy-
sis of superparamagnetic  Fe3O4 nanoparticles, revealing 
the distinctive optical properties of BSA-Au nanocrys-
tals. It indicates their ability to absorb light ranging 

Fig. 6 TGA curves of superparamagnetic  Fe3O4 nanoparticles 
and dopamine functionalized superparamagnetic  Fe3O4 
nanoparticles. (A is superparamagnetic  Fe3O4 nanoparticles, B 
is dopamine functionalized superparamagnetic  Fe3O4 nanoparticles)

Fig. 7 Surface Zeta potential analysis of superparamagnetic  Fe3O4 
nanoparticles

Fig. 8 Analysis of particle size distribution of nanoparticles 
in aqueous solution. (A is superparamagnetic  Fe3O4 nanoparticles, B 
is dopamine functionalized superparamagnetic  Fe3O4 nanoparticles, 
C is magnetic particles connected with BSA).

Fig. 9 Fluorescence spectrum analysis of superparamagnetic  Fe3O4 
nanoparticles. (A is the fluorescence emission spectrum of BSA-Au 
nanocrystals, B is the excitation spectrum, C is the fluorescein sodium 
spectrum, D is the fluorescence emission spectrum of the mixed 
solution of BSA-Au and fluorescein sodium, E is the fluorescence 
emission spectrum of the mixed solution without MNP-BSA).
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from blue-green to longer wavelengths within the visible 
spectrum and convert it into fluorescence signals. The 
maximum excitation wavelength for BSA-Au nanocrys-
tals was at 510 nanometers, indicating their sensitiv-
ity to green light. Optimal fluorescence intensity was 
achieved when illuminated with light at 510 nanometers, 
crucial for fluorescence detection requiring high signal-
to-noise ratios. Under excitation at 510 nanometers, 
BSA-Au nanocrystals exhibited a very narrow emission 
peak, suggesting highly monochromatic fluorescence sig-
nals concentrated near specific wavelengths rather than 
broad-band distribution.

Discussion
The application of superparamagnetic materials and 
nanoparticles in biomedical fields has attracted much 
attention [17–21]. As a material with unique physi-
cal and chemical properties, superparamagnetic  Fe3O4 
nanoparticles have become a research hotspot due to 
their high magnetic responsiveness and biocompatibil-
ity [22, 23]. The functionalization method of superpara-
magnetic  Fe3O4 nanoparticles is the key to realize their 
application in drug enrichment and separation [24, 25]. 
Surface modification and functionalization can improve 
the biocompatibility, stability and targeting of nanopar-
ticles. Chemical modification methods include covalent 
bonding and adsorption to achieve selective adsorption 
of drugs by introducing specific functional groups [26, 
27]. Biological modification methods use the interac-
tion between biomolecules (such as antibodies, oligo-
nucleotides) and the surface of nanoparticles to realize 
the recognition and enrichment of specific molecules 
[28, 29]. Superparamagnetic  Fe3O4 nanoparticles have a 
wide application prospect in drug enrichment. Their high 
magnetic responsiveness enables them to achieve rapid 
drug enrichment by the action of external magnetic fields 
[30, 31]. In the process of drug enrichment, nanoparti-
cles can be used as drug carriers or adsorbents to achieve 
selective enrichment of target drugs by regulating the 
characteristics of surface modifications [32, 33]. The high 
specific surface area and adjustable size of nanoparticles 
can also increase the enrichment efficiency and the con-
trolled release performance of drugs, which has positive 
application value [34, 35].

Superparamagnetic  Fe3O4 nanoparticles also have great 
potential in the field of drug separation and enrichment. 
Drug separation is an indispensable step in the process of 
drug research, analysis, and preparation [36, 37]. Through 
surface modification and functionalization, superpara-
magnetic  Fe3O4 nanoparticles can realize the separation 
and purification of complex drug mixtures [38, 39]. The 
magnetic responsiveness of magnetic nanoparticles ena-
bles them to achieve rapid separation of target substances 

by the action of external magnetic fields, and the efficient 
separation of different drugs can be achieved by regulat-
ing the characteristics of nanoparticles and separation 
conditions [40, 41]. The high magnetic responsiveness 
of superparamagnetic  Fe3O4 nanoparticles enables rapid 
enrichment of target drugs by an external magnetic field 
[42, 43]. By applying an external magnetic field, nanopar-
ticles can be directed to move and agglomerate, thereby 
achieving effective enrichment of drugs [44, 45]. Super-
paramagnetic  Fe3O4 nanoparticles have good biocom-
patibility in  vivo [46, 47]. They are usually coated in 
highly biocompatible materials (such as polyvinyl alco-
hol, gelatin) to reduce damage to biological tissues and 
immune responses [48, 49]. The size of superparamag-
netic  Fe3O4 nanoparticles can be modulated by suitable 
synthetic methods, ranging from nanometer to submi-
cron level [50, 51]. In addition, the surface of nanoparti-
cles can be chemically modified to introduce functional 
groups or molecules to achieve selective adsorption and 
enrichment of drugs [52, 53]. Superparamagnetic  Fe3O4 
nanoparticles have a high specific surface area, which 
can provide more adsorption sites and contact areas to 
increase the interaction between drugs and nanoparti-
cles, thereby improving the efficiency of drug enrichment 
[54, 55].

In this article, dopamine functionalized superpara-
magnetic  Fe3O4 nanoparticles were prepared, and the 
enrichment and separation of dopamine functionalized 
superparamagnetic  Fe3O4 nanoparticles in proteins were 
analyzed. It was found that benzyl alcohol was used as the 
solvent and ligand for the preparation of  Fe3O4 nanopar-
ticles by the organic precursor method, and the obtained 
nanoparticles had uniform particle size, high crystallinity, 
and good magnetic properties. The saturation magneti-
zation of dopamine functionalized superparamagnetic 
 Fe3O4 nanoparticles is almost not decreased compared 
with that before coating, indicating that dopamine has 
little effect on the magnetic properties of the internal 
magnetic core of dopamine functionalized superpara-
magnetic  Fe3O4 nanoparticles, which is environmentally 
safe, easy to operate, and has high application value. 
Dopamine-functionalized superparamagnetic  Fe3O4 
nanoparticles have the advantage of magnetic respon-
siveness. Magnetic responsiveness enables the rapid sep-
aration of the enriched proteins from the nanoparticles 
by an external magnetic field. Selective enrichment and 
separation of dopamine-functionalized superparamag-
netic  Fe3O4 nanoparticles and protein complexes can be 
achieved by adjusting the strength and direction of the 
magnetic field.
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Conclusion
This study delved into the application potential of dopa-
mine-functionalized superparamagnetic  Fe3O4 nanopar-
ticles in drug enrichment and separation, highlighting 
their crucial role in precision medicine and personal-
ized therapy. Through carefully designed surface modi-
fications, we successfully enhanced interactions between 
nanoparticles and drug molecules, demonstrating sig-
nificant selectivity in drug enrichment and efficient 
separation capabilities. The dopamine-functionalized 
superparamagnetic  Fe3O4 nanoparticles not only retained 
their magnetic responsiveness but also increased affin-
ity towards proteins, thereby providing a robust tool for 
drug separation in complex biological systems. One of 
the key findings of this research is that dopamine func-
tionalization did not adversely affect the core magnetic 
properties of  Fe3O4 nanoparticles, confirming the safety 
and reliability of this functionalization strategy in bio-
medical applications. Uniform particle size distribution 
and stable Zeta potential ensure their stable presence and 
effective delivery in vivo. However, despite demonstrating 
immense potential in drug enrichment and separation, 
further meticulous research and validation are necessary 
to optimize separation efficiency and biocompatibility 
for specific drugs. Future work will focus on evaluating 
the performance of these functionalized nanoparticles 
in actual drug samples, considering the diversity of drug 
types, concentration ranges, and biological media, aim-
ing to comprehensively enhance their effectiveness in 
drug enrichment, separation, and targeted therapy.

Acknowledgements
Not applicable.

Author contributions
HS, XW, FT, ML, KX, and XM took charge of drafting the manuscript, con-
tributed significantly to the statistical analyses. The manuscript underwent 
thorough revision by all authors, who also granted their approval of the final 
version.

Funding
Not applicable.

Data availability
All data generated or analysed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Critical Care Medicine, Tianjin Medical University General 
Hospital, Tianjin 300052, China. 2 Academy of Medical Engineering and Trans-
lational Medicine, Tianjin University, Tianjin 300072, China. 3 Department 
of Pediatric Surgery, Tianjin Children’s Hospital, Tianjin 300074, China. 4 State 
Key Laboratory of Component-based Chinese Medicine, Tianjin University 
of Traditional Chinese Medicine, Tianjin 301617, China. 5 Department of Ortho-
pedics, Tianjin University, Tianjin Hospital, Tianjin 300211, China. 

Received: 16 June 2024   Accepted: 31 July 2024
Published: 19 September 2024

References
 1. Farajian F, Hashemi P. Superparamagnetic tragacanth coated  Fe3O4@SiO2 

nanoparticles for the loading and delivery of metformin. Acta Chim Slov. 
2022;69(3):714–21.

 2. Yang D, Chen Q, Zhang M, Xie L, Chen Y, Zhong T, Tian F, Feng G, Jing 
X, Lin L. PLGA +  Fe3O4+PFP nanoparticles drug-delivery demonstrates 
potential anti-tumor effects on tumor cells. Ann Transpl. 2022;27:e933246.

 3. Feng X, Xue Y, Gonca S, Ji K, Zhang M, García-García FR, Li Q, Huang 
Y, Kamenev KV, Chen X. Ultrasmall superparamagnetic iron oxide 
nanoparticles for enhanced tumor penetration. J Mater Chem B. 
2023;11(15):3422–33.

 4. Laissy JP. Editorial for comparison of three ultrasmall, superparamag-
netic iron oxide nanoparticles for MRI at 3.0 T. J Magn Reson Imaging. 
2023;57(6):1830–1.

 5. Caizer C, Caizer IS, Racoviceanu R, Watz CG, Mioc M, Dehelean CA, Bratu T, 
Soica C.  Fe3O4-PAA-(HP-γ-CDs) biocompatible ferrimagnetic nanopar-
ticles for increasing the efficacy in superparamagnetic hyperthermia. 
Nanomaterials. 2022;12(15):2577.

 6. Wang C, Wang Y, Xiao W, Chen X, Li R, Shen Z, Lu F. Carboxylated super-
paramagnetic Fe3O4 nanoparticles modified with 3-amino propanol and 
their application in magnetic resonance tumor imaging. BMC Cancer. 
2023;23(1):54.

 7. Wang T, Chang TMS. Superparamagnetic artificial cells PLGA-Fe3O4 micro/
nanocapsules for cancer targeted delivery. Cancers. 2023;15(24):5807.

 8. Ranjbary AG, Saleh GK, Azimi M, Karimian F, Mehrzad J, Zohdi J. Super-
paramagnetic Iron Oxide nanoparticles induce apoptosis in HT-29 cells 
by stimulating oxidative stress and damaging DNA. Biol Trace Elem Res. 
2023;201(3):1163–73.

 9. Azarnier SG, Esmkhani M, Dolatkhah Z, Javanshir S. Collagen-coated 
superparamagnetic iron oxide nanoparticles as a sustainable catalyst for 
spirooxindole synthesis. Sci Rep. 2022;12(1):6104.

 10. Wulandari AD, Sutriyo S, Rahmasari R. Synthesis conditions and charac-
terization of superparamagnetic iron oxide nanoparticles with oleic acid 
stabilizer. J Adv Pharm Technol Res. 2022;13(2):89–94.

 11. Nowak-Jary J, Machnicka B. In vivo biodistribution and clearance of mag-
netic iron oxide nanoparticles for medical applications. Int J Nanomed. 
2023;18:4067–100.

 12. Pan Y, Li J, Xia X, Wang J, Jiang Q, Yang J, Dou H, Liang H, Li K, Hou 
Y. β-glucan-coupled superparamagnetic iron oxide nanoparticles 
induce trained immunity to protect mice against sepsis. Theranostics. 
2022;12(2):675–88.

 13. Colbert CM, Ming Z, Pogosyan A, Finn JP, Nguyen KL. Comparison of 
three ultrasmall, superparamagnetic iron oxide nanoparticles for MRI at 
3.0 T. J Magn Reson Imaging. 2023;57(6):1819–29.

 14. Xu Y, Li Y, Ding Z. Network-polymer-modified superparamagnetic mag-
netic silica nanoparticles for the Adsorption and Regeneration of Heavy 
Metal ions. Molecules. 2023;28(21):7385.

 15. Yeboah IB, Hatekah SWK, Yaya A, Kan-Dapaah K. Photothermally-heated 
superparamagnetic polymeric nanocomposite implants for interstitial 
thermotherapy. Nanomaterials. 2022;12(6):955.

 16. Lu Y, Jin X, Li X, Liu M, Liu B, Zeng X, Chen J, Liu Z, Yu S, Xu Y. Controllable 
preparation of superparamagnetic  Fe3O4@La(OH)3 inorganic polymer for 
rapid adsorption and separation of phosphate. Polymers. 2023;15(1):248.

 17. Luo Y, Zhao J, Zhang X, Wang C, Wang T, Jiang M, Zhu Q, Xie T, Chen D. 
Size controlled fabrication of enzyme encapsulated amorphous calcium 
phosphate nanoparticle and its intracellular biosensing application. Col-
loids Surf B Biointerfaces. 2021;201:111638.



Page 8 of 9Shen et al. BMC Chemistry  (2024) 18:181

 18. Liu K, Jiang Z, Lalancette RA, Tang X, Jäkle F, Near-Infrared-Absorbing B-N. 
Lewis pair-functionalized anthracenes: electronic structure tuning, con-
formational isomerism, and applications in photothermal cancer therapy. 
J Am Chem Soc. 2022;144(41):18908–17.

 19. Yang W, Wang X, Ge Z, Yu H. Magnetically controlled millipede inspired 
soft robot for releasing drugs on target area in stomach. IEEE Robot 
Autom Lett. 2024;9(4):3846–53.

 20. Liu F, Liu X, Huang Q, Arai T. Recent progress of magnetically actuated DNA 
Micro/Nanorobots. Cyborg Bionic Syst. 2022;2022:9758460.

 21. Liu D, Liu X, Chen Z, Zuo Z, Tang X, Huang Q, Arai T. Magnetically Driven Soft 
Continuum Microrobot for Intravascular operations in Microscale. Cyborg 
Bionic Syst. 2022;2022:9850832.

 22. Bozoglu S, Arvas MB, Varlı HS, Ucar B, Acar T, Karatepe N. Agglomerated 
serum albumin adsorbed protocatechuic acid coated superparamag-
netic iron oxide nanoparticles as a theranostic agent. Nanotechnology. 
2023;34(14):145602.

 23. Dabagh S, Haris SA, Isfahani BK, Ertas YN. Silver-decorated and silica-capped 
Magnetite nanoparticles with effective antibacterial activity and reusability. 
ACS Appl Bio Mater. 2023;6(6):2266–76.

 24. Selvaraj R, Murugesan G, Rangasamy G, Bhole R, Dave N, Pai S, Balakrishna K, 
Vinayagam R, Varadavenkatesan T. As (III) removal using superparamagnetic 
magnetite nanoparticles synthesized using Ulva prolifera - optimization, 
isotherm, kinetic and equilibrium studies. Chemosphere. 2022;308(Pt 
1):136271.

 25. Chang YL, Liao PB, Wu PH, Chang WJ, Lee SY, Huang HM. Cancer cytotoxicity 
of a hybrid hyaluronan-superparamagnetic iron oxide nanoparticle material: 
an in-vitro evaluation. Nanomaterials. 2022;12(3):496.

 26. Feye J, Matthias J, Fischer A, Rudolph D, Treptow J, Popescu R, Franke J, 
Exarhos AL, Boekelheide ZA, Gerthsen D, Feldmann C, Roesky PW, Rösch 
ES. SMART RHESINs-Superparamagnetic Magnetite Architecture made of 
Phenolic Resin Hollow spheres coated with Eu(III) containing silica nanopar-
ticles for future quantitative magnetic particle imaging applications. Small. 
2023;19(38):e2301997.

 27. Segers FME, Ruder AV, Westra MM, Lammers T, Dadfar SM, Roemhild K, Lam 
TS, Kooi ME, Cleutjens KBJM, Verheyen FK, Schurink GWH, Haenen GR, van 
Berkel TJC, Bot I, Halvorsen B, Sluimer JC, Biessen EAL. Magnetic resonance 
imaging contrast-enhancement with superparamagnetic iron oxide nano-
particles amplifies macrophage foam cell apoptosis in human and murine 
atherosclerosis. Cardiovasc Res. 2023;118(17):3346–59.

 28. Bazrafshan E, Mohammadi L, Zarei AA, Mosafer J, Zafar MN, Dargahi A. 
Optimization of the photocatalytic degradation of phenol using superpara-
magnetic iron oxide  (Fe3O4) nanoparticles in aqueous solutions. RSC Adv. 
2023;13(36):25408–24.

 29. Saad H, El-Dien FAN, El-Gamel NEA, Abo Dena AS. Azo-functionalized 
superparamagnetic  Fe3O4 nanoparticles: an efficient adsorbent for 
the removal of bromocresol green from contaminated water. RSC Adv. 
2022;12(39):25487–99.

 30. Kothandaraman H, Kaliyamoorthy A, Rajaram A, Kalaiselvan CR, Sahu NK, 
Govindasamy P, Rajaram M. Functionalization and haemolytic analysis of 
pure superparamagnetic magnetite nanoparticle for hyperthermia applica-
tion. J Biol Phys. 2022;48(4):383–97.

 31. Huang Y, Hsu JC, Koo H, Cormode DP. Repurposing ferumoxytol: diagnostic 
and therapeutic applications of an FDA-approved nanoparticle. Theranos-
tics. 2022;12(2):796–816.

 32. Yin S, Zhang T, Yu Y, Bu X, Zhang Z, Geng J, Dong X, Jiang H. Study on the 
preparation and optical properties of graphene oxide@Fe3O4 two-dimen-
sional magnetically oriented nanocomposites. Materials. 2023;16(2):476.

 33. Kluknavsky M, Micurova A, Skratek M, Balis P, Okuliarova M, Manka J, 
Bernatova I. A single infusion of polyethylene glycol-coated superparamag-
netic Magnetite nanoparticles alters differently the expressions of genes 
involved in Iron Metabolism in the liver and heart of rats. Pharmaceutics. 
2023;15(5):1475.

 34. Coll-Font J, Nguyen C. Editorial for IOP injection, a novel superpara-
magnetic iron oxide particle MRI contrast agent for the detection of 
hepatocellular carcinoma: a phase II clinical trial. J Magn Reson Imaging. 
2023;58(4):1189–90.

 35. Wang B, Moyano A, Duque JM, Sánchez L, García-Santos G, Flórez LJG, Ser-
rano-Pertierra E, Blanco-López MDC. Nanozyme-based lateral flow immuno-
assay (LFIA) for extracellular vesicle detection. Biosensors. 2022;12(7):490.

 36. Alvarado-Noguez ML, Matías-Reyes AE, Pérez-González M, Tomás SA, 
Hernández-Aguilar C, Domínguez-Pacheco FA, Arenas-Alatorre JA, Cruz-
Orea A, Carbajal-Tinoco MD, Galot-Linaldi J, Estrada-Muñiz E, Vega-Loyo L, 
Santoyo-Salazar J. Processing and Physicochemical Properties of Magnetite 
Nanoparticles Coated with Curcuma longa L. Extract. Materials (Basel), 
2023;16(8):3020.

 37. Das RS, Maiti D, Kar S, Bera T, Mukherjee A, Saha PC, Mondal A, Guha S. 
Design of water-soluble rotaxane-capped superparamagnetic, ultrasmall 
 Fe3O4 nanoparticles for targeted NIR fluorescence imaging in combination 
with magnetic resonance imaging. J Am Chem Soc. 2023;145(37):20451–61.

 38. Inestrosa-Izurieta MJ, Vilches D, Urzúa JI. Tailored synthesis of iron oxide 
nanoparticles for specific applications using a statistical experimental 
design. Heliyon. 2023;9(11):e21124.

 39. Taccola S, da Veiga T, Chandler JH, Cespedes O, Valdastri P, Harris RA. 
Micro-scale aerosol jet printing of superparamagnetic Fe3O4 nanoparticle 
patterns. Sci Rep. 2022;12(1):17931.

 40. García-García G, Caro C, Fernández-Álvarez F, García-Martín ML, Arias 
JL. Multi-stimuli-responsive chitosan-functionalized magnetite/poly(ε-
caprolactone) nanoparticles as theranostic platforms for combined 
tumor magnetic resonance imaging and chemotherapy. Nanomedicine. 
2023;52:102695.

 41. Dahiya M, Awasthi R, Yadav JP, Sharma S, Dua K, Dureja H. Chitosan based 
sorafenib tosylate loaded magnetic nanoparticles: formulation and in-vitro 
characterization. Int J Biol Macromol. 2023;242(Pt 2):124919.

 42. Zhou W, Tang X, Huang J, Wang J, Zhao J, Zhang L, Wang Z, Li P, Li R. Dual-
imaging magnetic nanocatalysis based on fenton-like reaction for tumor 
therapy. J Mater Chem B. 2022;10(18):3462–73.

 43. Muşat V, Crintea Căpăţână L, Anghel EM, Stănică N, Atkinson I, Culiţă DC, 
Baroiu L, Țigău N, Cantaragiu Ceoromila A, Botezatu Dediu AV, Carp O. Ag-
decorated Iron oxides-silica magnetic nanocomposites with antimicrobial 
and photocatalytic activity. Nanomaterials. 2022;12(24):4452.

 44. Lemine OM, Algessair S, Madkhali N, Al-Najar B, El-Boubbou K. Assessing the 
heat generation and self-heating mechanism of superparamagnetic  Fe3O4 
nanoparticles for magnetic hyperthermia application: the effects of concen-
tration, frequency, and magnetic field. Nanomaterials. 2023;13(3):453.

 45. Wei W, Cai M, Yu S, Chen H, Luo Y, Zhang X. Effect of magnetic nanoparticles 
on hormone level changes during perimenopausal period and regulation 
of bone metabolism. Cell Mol Biol. 2022;68(12):91–6.

 46. Nasirpouri F, Fallah S, Ahmadpour G, Moslehifard E, Samardak AY, Samardak 
VY, Ognev AV, Samardak AS. Microstructure, ion adsorption and mag-
netic behavior of mesoporous γ-Fe2O3 ferrite nanoparticles. RSC Adv. 
2023;13(36):25140–58.

 47. Rahman MA, Ochiai B. A facile aqueous production of bisphosphonated-
polyelectrolyte functionalized magnetite nanoparticles for pH-specific 
targeting of acidic-bone cells. RSC Adv. 2022;12(13):8043–58.

 48. Quiñonero G, Gallo J, Carrasco A, Samitier J, Villasante A. Engineering biomi-
metic nanoparticles through extracellular vesicle coating in cancer tissue 
models. Nanomaterials. 2023;13(24):3097.

 49. Chen Z, Yao J, Ma B, Liu B, Kim J, Li H, Zhu X, Zhao C, Amde M. A robust 
biocatalyst based on laccase immobilized superparamagnetic  Fe3O4@SiO2–
NH2 nanoparticles and its application for degradation of chlorophenols. 
Chemosphere. 2022;291(Pt 1):132727.

 50. Li Z, Chen Z, Gao Y, Xing Y, Zhou Y, Luo Y, Xu W, Chen Z, Gao X, Gupta K, 
Anbalakan K, Chen L, Liu C, Kong J, Leo HL, Hu C, Yu H, Guo Q. Shape 
memory micro-anchors with magnetic guidance for precision micro-vascu-
lar deployment. Biomaterials. 2022;283:121426.

 51. Zhang T, Chu X, Jin F, Xu M, Zhai Y, Li J. Superparamagnetic  MoS2@Fe3O4 
nanoflowers for rapid resonance-Raman scattering biodetection. J Mater Sci 
Mater Electron. 2022;33(19):15754–62.

 52. Liu L, Li Y, Al-Huqail AA, Ali E, Alkhalifah T, Alturise F, Ali HE. Green synthesis of 
 Fe3O4 nanoparticles using Alliaceae waste (Allium sativum) for a sustainable 
landscape enhancement using support vector regression. Chemosphere. 
2023;334:138638.

 53. Zeng N, He L, Jiang L, Shan S, Su H. Synthesis of magnetic/pH dual respon-
sive dextran hydrogels as stimuli-sensitive drug carriers. Carbohydr Res. 
2022;520:108632.

 54. Silva AC, Dos Santos AGR, Pieretti JC, Rolim WR, Seabra AB, Ávila DS. 
Iron oxide/silver hybrid nanoparticles impair the cholinergic system 
and cause reprotoxicity in Caenorhabditis elegans. Food Chem Toxicol. 
2023;179:113945.



Page 9 of 9Shen et al. BMC Chemistry  (2024) 18:181 

 55. Dietrich J, Enke A, Wilharm N, Konieczny R, Lotnyk A, Anders A, Mayr SG. 
Energetic electron-assisted synthesis of tailored magnetite  (Fe3O4) and 
maghemite (γ-Fe2O3) nanoparticles: structure and magnetic properties. 
Nanomaterials. 2023;13(5):786.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Enhanced functionalization of superparamagnetic Fe3O4 nanoparticles for advanced drug enrichment and separation applications
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Materials and methods
	Experimental materials
	Experimental apparatus
	Experimental methods
	Statistical methods

	Results
	Analysis of the enrichment and separation process of superparamagnetic Fe3O4 nanoparticles
	Cooling curve analysis of superparamagnetic Fe3O4 nanoparticles
	Magnetization curves of superparamagnetic Fe3O4 nanoparticles and dopamine functionalized superparamagnetic Fe3O4 nanoparticles
	TGA curves of superparamagnetic Fe3O4 nanoparticles and dopamine functionalized superparamagnetic Fe3O4 nanoparticles
	Surface Zeta potential analysis of superparamagnetic Fe3O4 nanoparticles
	Particle size distribution analysis of nanoparticles in aqueous solution
	Fluorescence spectrum analysis of superparamagnetic Fe3O4 nanoparticles

	Discussion
	Conclusion
	Acknowledgements
	References


