
Vol:.(1234567890)

Journal of Inorganic and Organometallic Polymers and Materials (2024) 34:2432–2444
https://doi.org/10.1007/s10904-023-02975-4

RESEARCH

Strategies Towards Submicron Size and High‑Performance Magnetic 
PGMA@Fe3O4@SiO2–COOH Microspheres with Biological Application

Tianhao Xia1 · Yunpeng Wang1 · Pragati Awasthi1 · Wenkun Dong2 · Mengting Li2 · Xvsheng Qiao1 · Dong Chen2 · 
Shisheng Ling2 · Xianping Fan1

Received: 17 October 2023 / Accepted: 18 December 2023 / Published online: 22 February 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
The separation of target substances is a significant biological detection procedure, where magnetic microspheres can act 
as high-performance separation materials. However, challenges are still kept to fulfill all the requirements. A submicron 
magnetic poly (glycidyl methacrylate) (PGMA) microsphere was synthesized in this investigation by utilizing three distinct 
techniques: in situ coprecipitation, electrostatic self-assembly, and silica surface coating. The PGMA microspheres were 
initially produced through a soap-free emulsion polymerization technique, wherein the coagulation process was governed 
by surface charge density. This factor additionally impacted the size and monodispersity of the microspheres. Then, we dis-
covered that the capping agent sodium citrate  (Na3Cit) effectively regulated the superparamagnetism properties of magnetic 
microspheres; the critical size of the superparamagnetic was 10.9 nm. Furthermore, the concentration of  Fe2+ and  Fe3+ 
effectively regulated the saturation magnetization, a property that correlated with the nucleation rate of the  Fe3O4 crystal. 
Additionally, we demonstrated that the pH regulated the electrostatic self-assembly, and it was suggested that positively 
charged PGMA–NH2 microspheres and negatively charged  Fe3O4 nanoparticles be tightly coupled. For application, the 
PGMA@Fe3O4 microspheres were subsequently coated with  SiO2, which had been surface-modified with carboxyl groups. 
The PGMA@Fe3O4 and carboxyl-modified microspheres exhibited saturated magnetization values of 23.73 and 17.73 emu/g, 
respectively. These microspheres have been effectively utilized for the extraction of DNA from various sources such as Sal-
monella typhi, monkeypox virus, and clinical swab samples, suggesting the potential of these microspheres for nucleic acid 
separation in the biomedical domain.

Keywords Superparamagnetic PGMA@Fe3O4 microspheres · pH-induced electrostatic self-assembly · In situ 
coprecipitation · Amino and carboxyl group · Nucleic acid separation

1 Introduction

In the biomedical field, DNA, RNA, proteins, enzymes, 
and polypeptides are usually regarded as crucial analytical 
parameters, consequently, the separation and purification of 
these substances constitute a significant method for biologi-
cal detection, pathological research, and product develop-
ment. Conventional separation techniques, such as lysis, 
chromatography, and various forms of liquid or solid-phase 

extraction [1–4]. There are various drawbacks associated 
with this approach, including reduced efficiency, a compli-
cated procedure, and a lack of autonomous functionality. 
Furthermore, certain chemicals employed in the extraction 
process exhibit potential risks to human health. To reduce 
the separation time and reliance on toxic reagents, nowadays 
magnetic isolation is applied more extensively, because of 
its notable attributes of high specificity, sensitivity, and effi-
ciency. Meanwhile, the materials and instruments for this 
new technology are widely developed.

Biological magnetic isolation typically relies on super-
paramagnetic polymer microspheres that provide several 
desirable characteristics, including a high density of func-
tional groups, rapid magnetic response, a large specific 
surface area, excellent disperse stability, and biocompat-
ibility [5–7]. This type of material is mainly divided into 
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core–shell (magnetic components serve as either the core 
or shell), sandwich, dispersion, and other structures. In 
recent years there has been a significant increase in schol-
arly interest globally regarding the utilization of various 
magnetic polymer microspheres for separation purposes. 
For instance, Ge et al. conducted a study in which they syn-
thesized coordination compounds of  M2+(M = Ni, Co, Cu, 
and Zn) to modify polystyrene@Fe3O4 microspheres. These 
changed microspheres exhibited a dispersion structure and 
were utilized for the isolation of histidine-tagged proteins. 
The researchers observed that the modified microspheres 
had notable characteristics such as high adsorption capacity, 
selectivity, and stability [8]. Zandieh et al. used a solvo-
thermal method to prepare submicron  Fe3O4 nanoparticles, 
then in situ coated polydopamine on the surface of particles, 
finally modified with spherical nucleic acids to extract tar-
get DNA, these core–shell microspheres exhibited notable 
extraction efficacy and selectivity [9]. However, there are 
still several shortcomings in the microspheres studied and 
used now. For core–shell microspheres, it is hard to synthe-
size  Fe3O4 particles with a size larger than 200 nm, thus the 
bulk size or magnetic contents cannot be controlled in a wide 
range [10–12]. To disperse microspheres, it is necessary to 
combine  Fe3O4 nanoparticles with monomers prior to the 
polymerization procedure. This requires the modification of 
 Fe3O4 nanoparticles with oleophilic chemicals, hence impos-
ing limitations on the magnetic components. [13–15]. To 
solve the shortcomings, in the 1980s Ugelstad et al. devel-
oped a new type of core–shell microspheres consisting of 
polymer microspheres as cores and  Fe3O4 nanoparticles as 
shells, which indicates that the size and monodispersity only 
depend on polymer microspheres [16, 17]. Besides, the mag-
netic contents can be easily controlled up to more than 30% 
[18]. To avoid the magnetic contents being oxidized as well 
as contact with the detection environment directly, inorganic 
materials like  SiO2 and  TiO2 are usually used as protective 
layers on the surface of polymer@Fe3O4 microspheres to 
form sandwich structures [19, 20].

The  Fe3O4 shell in the composite microspheres is mainly 
synthesized by an in situ coprecipitation method, which 
has the same mechanism as the traditional coprecipita-
tion method, i.e., firstly polymer microspheres were mixed 
with  Fe2+ and  Fe3+ solutions and then a fast coprecipitation 
reacted under a special environment with high temperature 
and pH range of 8–14 [21]. This method was widely used 
and has developed into products like Dynabeads® [22]. 
However, up to now, most of the studies of in situ copre-
cipitation magnetic polymer microspheres were based on 
micron-sized polymer spheres [23–26], and there are few 
studies focused on submicron and monodispersed polymer 
spheres, also the bonding mechanism of  Fe3O4 nanoparti-
cles and polymer microspheres has not been well explained. 
Therefore, it is imperative to conduct thorough investigations 

on materials with elevated  Fe3O4 concentrations and submi-
cron-sized magnetic polymer microspheres. In this study, 
our target is to synthesize monodispersed and superparamag-
netic  Fe3O4@polymer microspheres with a controllable size 
range of 300–600 nm, also increasing the  Fe3O4 contents in 
the microspheres. The soap-free emulsion method was used 
to prepare PGMA microspheres as the template, and then 
the microspheres were modified by ethylenediamine (EDA) 
to fix amino groups, finally, the PGMA–NH2 microspheres 
were added to  Fe2+ and  Fe3+ solutions, and  Fe3O4 contents 
were generated by an in situ coprecipitation method. We 
firstly reveal the combination mechanism of  Fe3O4 nano-
particles and PGMA microspheres and functionalize these 
magnetic microspheres by carboxyl groups to separate DNA 
in Salmonella typhi, monkeypox virus, and clinical swab 
samples.

2  Experimental

2.1  Materials and Reagents

Ferrous chloride tetrahydrate  (FeCl2·4H2O, 98%), ferric 
chloride hexahydrate  (FeCl3·6H2O, 99%) and glycidyl meth-
acrylate (GMA, 97%) were purchased from Shanghai Mack-
lin Biochemical Reagent Co. Ltd. Potassium peroxydisulfate 
(KPS, AR), ethylenediamine (EDA, AR) and ethyl alcohol 
(EtOH, AR) were purchased from Sinopharm Chemical 
Reagent Co. Ltd. Sodium citrate  (Na3Cit, 98%), ammonia 
 (NH3·H2O, 25–28 wt%), tetraethyl orthosilicate (TEOS, 
99%), 3-aminopropyl triethoxysilane (APTES, 99%), suc-
cinic anhydride (SA, 99%), N, N-dimethylformamide (DMF, 
99.9%) were purchased from Shanghai Aladdin Biochemical 
Reagent Co. Ltd. HCl titration solution (0.01036 M), NaOH 
titration solution (0.009435 M), and deionized water was 
made by laboratory.

2.2  Preparation of Monodispersed PGMA 
and PGMA–NH2 Microspheres

PGMA microspheres with different sizes were produced 
by soap-free emulsion polymerization [27, 28]. In our 
method, a certain volume of GMA and 45 mL of  H2O were 
first mixed in a four-neck flask, and argon was purged for 
30 min to create an  O2-free environment. Then the mixture 
was heated to 70 °C, and 5 mL KPS solution (2.0 wt%) was 
added to the flask as an initiator. Keep the polymerization 
under mechanical stirring (500 rpm) and reflux condensation 
for 4.5 h, and the products were centrifuged and washed sev-
eral times with deionized water, finally dispersed in 50 mL 
of deionized water. About 1.2 g of PGMA microspheres 
were dispersed in 36 mL of  H2O in a four-neck flask and 
then added 36 mL of EDA to the flask. Heated the solution 
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to 90 °C and maintained stirring for 12 h to form the result-
ing products. The PGMA–NH2 microspheres were centri-
fuged and washed several times with deionized water and 
dispersed in deionized water.

2.3  In Situ Coprecipitation to Synthesize PGMA@
Fe3O4 Microspheres

An amount of 1.0 g PGMA–NH2 microspheres was mixed 
with 20 mL of  H2O in a four-neck flask, then added 50 mL 
of  Fe3+ and  Fe2+ solution(c(Fe3+): c(Fe2+) = 1.6: 1) to the 
dispersion liquid, and cooled down to 5–10 °C in an ice bath. 
The flask was evacuated for 20 min, heated to 75 °C, and 
purged argon simultaneously. Added  Na3Cit to the mixture 
and then added  NH3·H2O to precipitate the  Fe3+ and  Fe2+ 
ions. The reaction was retained for 1.5 h, and the composite 
microsphere products were washed several times by mag-
netic isolation to remove ammonia. Finally, the PGMA@
Fe3O4 microspheres were dispersed in about 50 mL of deion-
ized water.

2.4  Synthesis of PGMA@Fe3O4@SiO2–COOH 
Microspheres by Stöber Method and Amidation 
Reaction

PGMA@Fe3O4@SiO2–NH2 microspheres were synthesized 
by means of a modified Stöber method [29, 30]. Briefly, 
0.10 g of PGMA@Fe3O4 microspheres were added to a 
mixed solution including 35 mL of EtOH, 4 mL of deionized 
water, and 2 mL of ammonia in a four-neck flask. 0.1 mL 
of TEOS was dissolved in 5 mL of EtOH and added to the 
mixture in the flask dropwise. The hydrolysis reaction was 
maintained at 30 °C for 18 h, then 0.05 mL of APTES was 
dissolved in 2.5 mL of EtOH and added to the mixture like 
TEOS. After 6 h, the PGMA@Fe3O4@SiO2–NH2 micro-
spheres were prepared, washed several times, and dispersed 
in deionized water.

Weighed 1.5 g of SA to dissolve in 30 mL DMF, the 
solution was stirred for 4 h and transferred to a four-neck 
flask, and then 20 mL of DMF was supplied. Took 0.1 g of 
PGMA@Fe3O4@SiO2–NH2 microspheres and washed by 
DMF three times, dispersed in 10 mL of DMF, and added 
to the SA solution dropwise. Kept the reaction at room tem-
perature, and argon charged several times. The final prod-
ucts were washed and dispersed in deionized water at a low 
temperature (2–4 °C).

2.5  Characterization Methods

The morphology of polymer and composite samples was 
characterized by Zeiss GeminiSEM 360 scanning electron 
microscope (SEM) and the structure of magnetic micro-
spheres was determined by JEOL JEM-2010 transmission 

electron microscope (TEM). The distribution, chemical 
state, and contents of different elements in samples were 
analysed by energy dispersive X-ray spectrometer (EDS), 
X-ray photoelectron spectrometer (XPS, Thermo Fisher 
Escalab 250Xi), and X-ray Fluorescence Spectrometer 
(XRF, Bruker S8 TIGER), respectively. The crystal structure 
of  Fe3O4 contents was obtained with a Shimadzu XRD-6000 
diffractometer equipped with Cu  Kα radiation. The FT-IR 
spectra of PGMA and magnetic microspheres were detected 
by Nicolet iS5 FT-IR spectrophotometer between 4000 and 
400  cm−1. The magnetic contents and weight loss in high 
temperature of PGMA@Fe3O4 microspheres were measured 
by Netzsch STA-2500 thermal analyser from room tempera-
ture to 800 °C at a heating rate of 5 °C/min under nitrogen. 
The magnetic hysteresis loops of the samples are measured 
with a vibrating sample magnetometer (VSM, Lakeshore, 
Model 7300) with a field up to 2.0 T.

The dispersion stability in water solutions of magnetic 
microspheres was measured by standing the dispersion liq-
uid for 30 min, 3 h, and 6 h at room temperature, and the 
magnetic responsiveness was detected by magnet attrac-
tion for 30 s, 1.5 min, and 3 min. Acid–base titration was 
used to measure the contents of primary amine groups in 
PGMA@Fe3O4@SiO2–NH2 microspheres, and the concen-
tration of carboxyl groups in PGMA@Fe3O4@SiO2–COOH 
microspheres was calculated by the results of potentiometric 
titration.

2.6  DNA Extraction Experiment

The biological samples were combined with a lysis solution 
in order to facilitate the separation of cells or viruses. Subse-
quently, a substantial amount of polyethylene glycol (PEG) 
and NaCl were introduced to induce a high concentration 
of salt and viscosity within the mixture. In this investiga-
tion, the solution was augmented by magnetic microspheres, 
namely PGMA@Fe3O4@SiO2–COOH microspheres synthe-
sized within the scope of this research, or magnetic micro-
sphere products that are commercially accessible. Following 
that, the microspheres were subjected to the adsorption of 
DNA molecules onto their surface. A magnetic field was 
employed to facilitate the separation process, followed by 
the extraction of the liquid supernatant. Subsequently, dis-
tilled water was used to separate the DNA from the micro-
spheres. The DNA concentration of the sample was detected 
by an Allsheng Nano-300 microspectrophotometer. Subse-
quently, polymerase chain reaction (PCR) amplification was 
performed on the sample to attain a targeted concentration. 
The precise number of amplification cycles was ascertained. 
Images were captured during gel electrophoresis experi-
ments utilizing 1.0 wt% agarose gels to assess the DNA 
extraction purity of various microspheres subsequent to PCR 
amplification.
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3  Results and Discussion

3.1  Characterization of PGMA and PGMA@Fe3O4 
Microspheres

As Scheme. 1 illustrated, the core–shell PGMA@Fe3O4 
microspheres can be synthesized through an electrostatic 
self-assembly method. Firstly, the blank PGMA micro-
spheres were prepared through soap-free polymerization and 
modified by EDA. Then, the PGMA@Fe3O4 microspheres 
with core–shell structure mainly self-assembled with posi-
tively charged PGMA and negatively charged  Fe3O4, where 
EDA and  Na3Cit act as surfactant modifiers, respectively. 
Herein, PGMA microspheres are taken as the template to 
support magnetic  Fe3O4 nanoparticles as shell layers on the 
spherical surface.

During the soap-free polymerization, the acquisition of 
a well-defined size distribution of PGMA microspheres is 
achievable through the surface charge density determined 
coagulation process. When the GMA volume is 2.25 mL, 
4.5 mL, and 6.75 mL (Fig. 1a–c), the PGMA microspheres, 
are monodispersed and the average size is about 250 nm, 
400 nm, and 600 nm, respectively. However, Fig. 1d shows 
that increasing the GMA volume to 9 mL will result in poly-
dispersity of PGMA microspheres. Such this variation of 
size and monodispersity of soap-free polymerized PGMA 
microspheres can be explained by the particle coagula-
tion theory [31–33], that is, primary nuclei were formed 
by precipitation of large chain length polymers, while the 
ionic initiator provided surface charge to keep dispersity. 
Under a high GMA concentration, to maintain the thickness 
of the electrical double layer, the particles coagulated to a 
larger size to decrease specific surface area and promoted 
monodispersity by self-sharpening effects. While the GMA 
concentration was too high, the charge density of primary 
particles was too low to maintain stability, and the particles 
coagulate excessively, leading to the polydispersity of final 

microspheres. Therefore, the inner mechanism of control-
ling the size and monodispersity is the adjusting of surface 
charge density. Meanwhile, maintaining the GMA concen-
tration to synthesize monodispersed PGMA microspheres 
under a fixed initiator amount is significant.

To fabricate electrostatically self-assembled PGMA@
Fe3O4 microspheres, we prepared positively charged 
PGMA–NH2 microspheres, through an EDA triggered a 
ring-open reaction of epoxy groups on the surface of PGMA 
microspheres. From the SEM (Fig. 1e–h) observation, the 
size and morphology of PGMA–NH2 microspheres almost 
appear no changes. For the next step, the PGMA@Fe3O4 
microspheres were electrostatically self-assembled through 
an in situ coprecipitation of  Cit3− capped and negatively 
charged  Fe3O4 nanoparticles on the surface of PGMA–NH2 
microspheres. From the SEM (Fig. 1i–l) and TEM images 
(Fig. 1m–p), the  Fe3O4 nanoparticles are mainly distrib-
uted on the surface of PGMA microspheres. It makes the 
whole composite microspheres with rough surfaces and con-
firms the formation of core–shell structures. There are also 
some deeply-colored particles in the inner layer, indicating 
a small part of  Fe3O4 nanoparticles are impregnated into 
PGMA–NH2 microspheres.

3.2  Crystalline and Magnetic Properties of PGMA@
Fe3O4 Microspheres

Superparamagnetism properties are well guaranteed when 
the grain sizes of  Fe3O4 nanocrystals are well controlled 
below the critical size, i.e., 10.9 nm. Here we carried out 
the  Na3Cit suppressed crystal growth strategy to control 
 Fe3O4 nanocrystals with sizes below 10.9 nm. In Fig. 2a, 
the diffraction peaks match well with standard PDF cards 
of  Fe3O4 crystal, and intensity decreases as the  Na3Cit 
amount increases. The grain size was calculated by the 
Debye–Scherrer formula. It also decreases with a higher 
 Na3Cit amount (see Fig. 2b). The essence is concluded by 

Scheme 1  The procedure of preparing core–shell PGMA@Fe3O4 microspheres
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Cornell et al. [34]:  Cit3− acts as the capping agent and one 
 Cit3− ion has a strong coordination effect with one or two Fe 
ions  (Fe2+ or  Fe3+) in the mixture, once ammonia is added to 
nucleate, the coordinated complex will be distributed on the 
surface of  Fe3O4 nuclei, and  Cit3− produces extra  COO− to 
promote electrostatic repulsion, therefore the growth of 
 Fe3O4 crystal is inhibited [35–37].

The addition of  Na3Cit ≥ 0.050 g is evidenced to get the 
 Fe3O4 grain size below the critical value, thus the coer-
cive force  (Hc) and remanent magnetization  (Mr) would be 
meager to exhibit the superparamagnetic behaviors. As the 
magnetic domain theory described, bulk  Fe3O4 has a multi-
domain structure. While the grain size  Fe3O4 decreases, 
 Fe3O4 is transferred to a monodomain structure and the 

surface spin disorder will be increased [38]. Finally, the 
grain size reaches a critical value, and  Fe3O4 materials will 
have an unstable magnetic state without an external mag-
netic field, i.e., superparamagnetism. In Fig. 2c, it is obvious 
that the superparamagnetic critical size is at about 10.9 nm, 
as described in the previous experimental results [39, 40]. 
Nevertheless, when the grain size of  Fe3O4 is smaller than 
this value,  Mr and  Hc are near zero; when the grain size 
is more significant, the  Mr and  Hc increase linearly. From 
the curves in Fig. 2d, the saturation magnetization  (Ms) is 
also relative to the  Na3Cit amount, which is due to the finite 
size effect and crystal defects [41]. In summary, to keep the 
superparamagnetism and high  Ms of PGMA@Fe3O4 micro-
spheres, the appropriate  Na3Cit amount should be 0.050 g.

Fig. 1  The SEM and TEM images of PGMA, PGMA–NH2, and PGMA@Fe3O4 microspheres for GMA volume of a, e, i, m 2.25 mL; b, f, j, n 
4.5 mL; c, g, k, o 6.75 mL; d, h, l, p 9 mL



2437Journal of Inorganic and Organometallic Polymers and Materials (2024) 34:2432–2444 

Besides the superparamagnetism, saturation magnetiza-
tion is also essential for PGMA@Fe3O4 microspheres, which 
can be well strengthened by increasing the Fe concentration 
(c (Fe)). It is correlated with the nucleation rate of  Fe3O4 
crystal. Figure 3a shows that when the ammonia volume 
added to the mixture is fixed, the nucleation process of low 
and high c(Fe) mixture are different, this result can be inter-
preted by the classical nucleation-growth theory: A higher 
concentration will provide a higher degree of supersatura-
tion, thus the absolute value of Gibbs free energy(∆G) is 
raised and more  Fe3O4 nuclei will form in the initial period 
[42], after growth, there will be more amount of grains in 
the distribution system. From Fig. 3b–d, it can be concluded 
that the  Ms and  Fe3O4 contents are strongly relative to the 
c(Fe), which is the result of the nucleation process controlled 
by supersaturation.

3.3  The Synthesis Mechanism of PGMA@Fe3O4 
Microspheres

A pH-guided electrostatic self-assembly strategy is pro-
posed to tightly couple the PGMA–NH2 microspheres with 
positive charges and  Fe3O4 microspheres with negative 
charges. From the curves in Fig. 4a, the isoelectric point of 
PGMA–NH2 microspheres and  Fe3O4@Na3Cit nanoparticles 

are pH 9.51 and pH 6.24, respectively. This result indicates 
that within the pH range of 6.24 to 9.5, both the micro-
spheres and nanoparticles carry opposite surface charges, 
and the self-assembly process will present. The reason for 
this phenomenon is that the –NH2 groups can capture pro-
tons from the solution through lone pairs in nitrogen atoms. 
Thus, the amino groups are protonated, and microspheres 
carry an extra positive charge in the alkalescent environ-
ment [43]. Meanwhile,  Na3Cit acts as the ionic surfactant 
combined with  Fe3O4 nanoparticles and supplies extra 
negative charge by uncoordinated carboxyl groups in  Cit3−, 
therefore the isoelectric point is in an acidic atmosphere. It 
can be clearly seen from Fig. 4b that the attraction between 
–COO− mainly generates the electrostatic self-assembly of 
a group of  Fe3O4 nanoparticles and –NH3

+ group of PGMA 
microspheres [44]. Also, the isoelectric point of PGMA@
Fe3O4 microspheres is pH 8.01, which proves the self-
assembly is completed. To make the coprecipitation reaction 
adequate, and create a strong driving force for self-assembly, 
we concluded the appropriate synthesis pH range was 8–9.

To work out the optimum pH range of the electrostatic self-
assembly, the introduced ammonia volume and Fe concentra-
tion for coprecipitation were stepwise investigated within the 
pH value of 3–10. In Fig. 4c, the reaction system’s final pH 
increased as more ammonia was added. When V(NH3·H2O) 

Fig. 2  The XRD patterns (a), variation of  Fe3O4 grain size (b), remanent magnetization and coercive force (c), hysteresis loop (d) of PGMA@
Fe3O4 microspheres with different  Na3Cit amount
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is 1 mL, the final pH is only 6.30, where the alkalinity is not 
high enough to form  Fe3O4, so the conversion rate is low. 
Increasing V(NH3·H2O) to 2 mL, the final pH is 8.51, prov-
ing that the coprecipitation reaction is adequate (the suit-
able pH for coprecipitation is 8–14), also the Zeta potential 
of PGMA–NH2 and  Fe3O4@Na3Cit are precisely opposite, 
thus self-assembly occurred once the  Fe3O4 nanoparticles 
formed. Continue to increase V(NH3·H2O) to 4–6 mL, and 
the final pH will be higher than 9.0, where the zeta potential 
of PGMA–NH2 microspheres decreases sharply. Therefore, 
the electrostatic self-assembly will be restrained. In Fig. 4d, 
when the V(NH3·H2O) is fixed, the final pH will decrease as 
c(Fe) increases, on account of the hydrolysis of  Fe3+ and  Fe2+ 
producing extra  H+. However, the c(Fe) is not the higher, the 
better, because the initial coating of  Fe3O4 nanoparticles will 
gradually neutralize the positive charge and decrease the Zeta 
potential of composite microspheres, hence the self-assembly 
is not continuous.

3.4  Characterization and Properties of PGMA@
Fe3O4@SiO2–COOH Microspheres

In the above sections, we practically optimized and discussed 
the synthesis of PGMA@Fe3O4 microspheres through the 
critical size and pH-guided electrostatic assembly strategies. 
However, the PGMA@Fe3O4 microspheres tended to clump 
and precipitate, resulting in a loss of uniform dispersion. 
This characteristic renders them unsuitable for meeting the 
requirements of biological magnetic separation. Where-
upon, further modification is necessary for the submicron 
PGMA@Fe3O4 microspheres to get a long-term uniform dis-
persion. We thus practiced a silica-coating strategy to get a 
type of carboxyl functionalized microspheres.

The variation of elements and chemical bonds on the 
surface during the synthesis process of carboxyl-modified 
microspheres could be verified by EDS and XPS analysis, 
and the results indicate that  SiO2 has successfully coated 

Fig. 3  The scheme of nucleation (a), hysteresis loop (b), thermogravimetric curve (c), variation of saturated magnetization and magnetic content 
(d) of PGMA@Fe3O4 microspheres with different c(Fe)
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onto the surface of PGMA@Fe3O4 microspheres, the 
amine and carboxyl functionalization reactions also mainly 
occur at the surface of the microspheres. In EDS images 
(Fig. 5a) and elements percentage tables (Table S2), Fe 
signals prove the  Fe3O4 contents in the microspheres, Si 
signals are obviously strengthened after coated with  SiO2 
and functionalized by APTES, and intensity of Fe, N, O, Si 
signals have almost no change after carboxyl modification, 
which could certify that amidation reaction only transfers 
primary amine groups (–NH2) into secondary amine groups 
(–NH–). However, the amine groups will not fall off the 
surface of microspheres. XPS spectra (Fig. 5b) show that 
there are two peaks at 723.96 eV and 710.28 eV, which are 
ascribed to the Fe  2p1/2 and Fe  2p3/2 of  Fe3O4 constituents 
on the surface of microspheres, and indicates the existence 
of both  Fe2+ and  Fe3+ ions [45]. However, for PGMA@
Fe3O4@SiO2–NH2 and PGMA@Fe3O4@SiO2–COOH 
microspheres, the Fe peaks are severely weakened due to 
the shielding by  SiO2 on the surface. The slight displacement 
of N 1s peaks from 399.27 eV (PGMA@Fe3O4@SiO2-NH2) 
to 399.96  eV (PGMA@Fe3O4@SiO2–COOH) could be 

attributed to the conversion from prime amine to secondary 
amine groups. For O 1s peaks, the substantial displacement 
from 529.58 eV (PGMA@Fe3O4) to 531.93 eV (PGMA@
Fe3O4@SiO2–NH2) is mainly related to the decrease of lat-
tice oxygen in  Fe3O4 [46] and increase of Si–O bonds [47] 
on the surface, after amidation reaction the O 1s peak moves 
to 532.39 eV because of the influence of carboxyl groups. 
The Si 2p peaks only exist in the spectra of the microspheres 
after silica coating, further proving the distribution of  SiO2 
in PGMA@Fe3O4@SiO2–NH2 and PGMA@Fe3O4@
SiO2–COOH microspheres. XRF analysis was performed 
to determine the concentrations of Fe and Si in various 
microspheres precisely; the results (Table 1) indicate that 
the application of a  SiO2 coating will undoubtedly reduce 
the magnetic concentrations.

Following the application of a  SiO2-coated and –COOH-
modified surface, the magnetic microspheres exhibited a 
marked enhancement in their smoothness and the appear-
ance of novel functional groups designed to impede aggre-
gation. SEM images in Fig. 6a and b reveal that after  SiO2 
coating, the average size of magnetic microspheres increases 

Fig. 4  Zeta potential of PGMA–NH2 microspheres,  Fe3O4@Na3Cit nanoparticles and PGMA@Fe3O4 microspheres in different pH (a); the 
scheme of self-assembly process (b); the final pH at different V(NH3·H2O) (c) and c(Fe) (d)
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Fig. 5  a EDS surface scanning maps of PGMA@Fe3O4, PGMA@Fe3O4@SiO2–NH2, PGMA@Fe3O4@SiO2–COOH microspheres; b XPS 
spectra of PGMA@Fe3O4, PGMA@Fe3O4@SiO2–NH2, PGMA@Fe3O4@SiO2–COOH microspheres
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from 380 to 420 nm, and the surface is much smoother. 
TEM image of PGMA@Fe3O4@SiO2–COOH microspheres 
(Fig. 6b) obviously shows the light-colored  SiO2 layer on the 
surface of the microspheres, the average thickness is about 
10 nm. The superparamagnetic nature of PGMA@Fe3O4 
and PGMA@Fe3O4@SiO2–COOH microspheres is evident 
from Fig. 6c; their respective saturation magnetizations are 
23.73 and 17.73 emu/g. The  Ms of carboxyl microspheres 
is lower because the  SiO2 coating makes less magnetic con-
tent. Figure 6d indicates that after  SiO2 coating and carboxyl 

functionalized, the Si–O and Si–O–Si vibration peaks can 
be observed in turn at 465 and 1078  cm−1 [48], and the 
carboxyl characteristic peak at 1399  cm−1 is strengthened 
while stretching vibration peak of C=O bond at 1730  cm−1 
is weakened. In contrast, epoxy groups exhibit distinct vibra-
tion peaks at 845 and 910  cm−1 [25] (Fig. S1), for original 
PGMA microspheres; these two peaks vanish after EDA 
reaction, demonstrating that the ring-open reaction between 
epoxy and amino groups is complete.

After being functionalized, the microspheres obtain 
much higher stability in aqueous solutions, because of 
the raised concentration of functional groups and surface 
charge density. Figure 6e and f show that the PGMA@
Fe3O4@SiO2–COOH microspheres have higher stability 
than PGMA@Fe3O4 microspheres and can be well dispersed 
for at least 30 min. The underlying mechanism might be 
attributed to the alteration caused by the amidation reac-
tion which results in an increase in the carboxyl density of 
microspheres and restores negative charges to the surface 
for stable dispersion. The carboxyl microspheres have a 

Table 1  XRF data of Fe and Si contents in different microspheres

Microspheres Fe2O3 wt% SiO2 wt% Fe wt% Si wt%

PGMA@Fe3O4 36.1 0.124 25.249 0.058
PGMA@Fe3O4@SiO2–

NH2

9.08 9.69 6.351 4.529

PGMA@Fe3O4@SiO2–
COOH

8.89 5.36 6.218 2.505

Fig. 6  The SEM and TEM 
image (a, b), hysteresis loops 
(c), and FTIR spectrum (d) of 
PGMA@Fe3O4 and PGMA@
Fe3O4@SiO2–COOH micro-
spheres; photographs of 
PGMA@Fe3O4 and PGMA@
Fe3O4@SiO2–COOH micro-
spheres after standing, magnet 
attraction and shaking (e, f)
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relatively high magnetic response within 1.5 min, almost 
the same as PGMA@Fe3O4 microspheres. To precisely 
measure the concentration of amine and carboxyl groups 
in the microspheres, the PGMA@Fe3O4@SiO2–NH2 and 
PGMA@Fe3O4@SiO2–COOH microspheres were respec-
tively reacted with HCl and NaOH for 24 h, then a titration 
was carried out with acid–base neutralization reaction. The 
potentiometric titration curve (Fig. S3) reveals a platform 
zone characterized by minimal conductance variation, where 
the –COOH groups on the microspheres react with HCl. The 
volume of HCl in this region is 800 μL, and the prime amine 
concentration of PGMA@Fe3O4@SiO2–NH2 microspheres 
is 1.458 mmol/g. Consequently, the carboxyl concentration 
of PGMA@Fe3O4@SiO2–COOH microspheres is calculated 
to be 0.829 mmol/g. This value signifies that more than half 
of the prime amine groups have reacted with SA and con-
verted into carboxyl groups.

3.5  Bioapplication of PGMA@Fe3O4@SiO2–COOH 
Microspheres

DNA separation was performed using the PGMA@Fe3O4@
SiO2–COOH microspheres that were synthesized in this 
investigation due to their superior magnetic properties and 

high dispersion stability. The isolation process was mainly 
based on the cation bridge interaction between the carboxyl 
group in microspheres and the phosphate group in DNA 
under a high salt concentration environment [49]. As Fig. 7a 
illustrates, the study established the DNA absorption envi-
ronment through the utilization of high-concentration NaCl 
solutions, while PEG was included to enhance viscosity. 
Carboxyl microspheres and DNA samples possess negative 
charges, which result in their attraction to each other and the 
formation of cation bridges through the binding of  Na+ ions. 
Once the salt solution is removed, the structure becomes 
unstable, allowing the absorbed DNA to be released by pure 
water.

We compared the prepared microspheres with the com-
mercial products (BeaverBeads™ Mag COOH), where the 
DNA samples from Salmonella typhi, monkeypox virus, 
and epithelial cells in clinical swabs were detected. As a 
result, our microspheres show comparable or better perfor-
mance. In order to assess the efficacy of the extraction pro-
cess, we devised a program that utilized a predetermined 
combination and elution time to extract DNA from various 
samples. Subsequently, the concentration of DNA in the 
final eluent was determined via spectrophotometric means, 
with cycle threshold  (CT) serving as the standard index.  CT 

Fig. 7  a Scheme of the whole 
process of DNA isolation in cell 
samples; b agarose gel elec-
trophoresis of different DNA 
samples isolated by magnetic 
microspheres. Lane M: DNA 
molecular weight marker; 
lane 1: DNA isolated from 
Salmonella typhi by carboxyl 
microspheres in this work; lane 
2: DNA isolated from Salmo-
nella typhi by Mag COOH; 
lane 3: DNA isolated from 
monkeypox virus by carboxyl 
microspheres in this work; lane 
4: DNA isolated from monkey-
pox virus by Mag COOH; lane 
5: DNA isolated from epithelial 
cell by carboxyl microspheres in 
this work; lane 6: DNA isolated 
from epithelial cell by Mag 
COOH
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corresponded to the number of cyclic amplifications required 
to attain the detecting concentration [50]. As is shown in 
Table 2, when the microspheres synthesized in our work 
were used to detect Salmonella typhi and epithelial cell sam-
ples, the average  CT was lower than the detection using Mag 
COOH, also the DNA extraction concentration was higher, 
and in the monkeypox virus sample the average  CT was only 
slightly higher with a lower DNA extraction concentration. 
The agarose gel electrophoresis characterized the purity of 
extracted DNA, as shown in Fig. 7b Narrow DNA bands 
are observed at about 50–100 bp for Salmonella typhi and 
monkeypox virus samples, representing the high isolation 
purity. However, the DNA bands of epithelial cell samples 
isolated from two kinds of microspheres are both broad with 
a lower purity. The microspheres synthesized in our study 
have the potential to be utilized in the isolation of nucleic 
acid from bacteria, viruses, and cells, as demonstrated by 
these results. In light of recent reports of a similar nature, we 
intend to integrate our research with rare earth fluorescent 
nanoparticles in the future to develop a sensor system [51], 
furthermore, we intend to broaden the scope of detection to 
include RNA, with a specific focus on RNA detection in the 
context of influenza [52] and COVID-19 virus [52, 53]. In 
the interim, we will validate the detection selectivity of the 
carboxyl microspheres that we have synthesized in interfer-
ence conditions prior to any further modifications.

4  Conclusions

In brief, we described a category of submicron monodis-
persed PGMA@Fe3O4 core–shell microspheres that were 
produced via silica-coated surface modification, in  situ 
coprecipitation, and electrostatic self-assembly. Through 
the adsorption of  Cit3− ligands onto the crystalline surface, 
the growth of  Fe3O4 nanocrystals can be well suppressed 
and their grains can be well controlled below 10.9 nm, the 

so-called superparamagnetic critical size. This facilitates the 
attainment of remanent magnetization and coercive force 
values that approach zero. The PGMA@Fe3O4 core–shell 
microspheres are electrostatically assembled with the nega-
tively charged  Fe3O4 onto the surface of positively charged 
PGMA–NH2 microspheres. The self-assembly process 
effectively occurs in the pH range of 6.24–9.51. By progres-
sively increasing the  Fe3O4 content and applying a surface 
coating of  SiO2 and carboxyl groups, the PGMA@Fe3O4@
SiO2–COOH microspheres acquire a saturation magnetiza-
tion of up to 17.73 emu/g. These microspheres also exhibit 
a dense  SiO2 layer on the surface, a high concentration of 
carboxyl groups (0.829 mmol/g), excellent dispersion sta-
bility, and rapid magnetic responsiveness. Consequently, it 
demonstrates excellent efficacy in isolating DNA from Sal-
monella typhi, monkeypox virus, and clinical swab samples.
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