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a b s t r a c t

Core-shell magnetic polymer microspheres with mesoporous organic shells hold immense potential in

diverse applications, encompassing adsorption, separation, delivery/immobilization of guest molecules in

catalysis and controlled drug release. Herein, magnetic mesoporous melamine-formaldehyde resin mi-

crospheres (Fe3O4@SiO2@mMF) are constructed via a nanoemulsion-assisted interfacial co-assembly and

polymerization strategy, using Pluronic F127 as a template agent and soluble melamine-formaldehyde

(MF) oligomer as the precursor. The resulting microspheres possess radially oriented mesopores, super-

paramagnetic properties, and abundant N-containing active sites (nitrogen content: 15.02 wt%). The as-

synthesized Fe3O4@SiO2@mMF microspheres as ideal catalyst supports, exhibit exceptional loading capac-

ity for phosphotungstic acid (PTA). The as-formed Fe3O4@SiO2@mMF/PTA composites demonstrate not

only good catalytic performance in the esterification reaction of n-butanol and acetic acid with a high

conversion of 92% (to acetic acid) but also excellent antimicrobial performance against Staphylococcus

aureus and Escherichia coli with viabilities of 11.58% and 7.35%, respectively.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ordered mesoporous materials have attracted extensive re-

search interest in the realm of porous materials due to their

high specific surface area, ordered pore structures, uniform pore

sizes, tunable composition, and easily modifiable surface [1–4].

These materials are garnering significant attention across diverse

application fields, including catalysis [5,6], biosensing [7,8], gas

sensing [9,10], drug delivery [11–13], and energy storage [14,15].

The synthesis of mesoporous materials predominantly employs

the soft templating method [16–18], and ionic surfactants like

cetyltrimethylammonium bromide (CTAB) and non-ionic surfac-

tants like Pluronic F127 were used to act as the structure-directing

agent for generation of mesoporous materials with diverse frame-

work compositions such as silica [19–22], organic polymers [23,24],

and carbon [25–27]. To endow mesoporous materials with more

functionalities, considerable efforts have recently been made to in-

tegrate mesoporous materials with other functional nanomaterials
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such as graphene [28–30], carbon nanotubes [31,32], Au nanopar-

ticles [33,34], quantum dots [35,36] and other functional nanopar-

ticles or nanocrystals [37,38] via different synthesis methods. The

combination of magnetic nanoparticles and mesoporous materials

has garnered particular interest [39–41]. Magnetic material with

favorable magnetic responsiveness enables the recovery and ac-

curate positioning of guest objects immobilized on magnetic ma-

terials via an external magnetic field [42,43]. This property un-

derscores the strategic advantage of developing magnetically re-

sponsive mesoporous materials, which not only retains the in-

trinsic benefits of mesoporous structures but also offers unprece-

dented control over material positioning and retrievability [44–

47]. Magnetic mesoporous materials have multifunctional advan-

tages in various applications by using the synergy of porosity and

magnetism for sustainable catalysis, precision medicine, and envi-

ronmental management. However, constructing such architectures

presents significant challenges: (1) Maintaining structural integrity

during magnetic core encapsulation often compromises pore ac-

cessibility; (2) Preventing magnetic nanoparticle aggregation under

reaction conditions while preserving mesopore uniformity requires

delicate synthetic control; (3) Achieving strong interfacial interac-
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tions between magnetic cores and porous shells to prevent cat-

alytic component leaching remains non-trivial.

Most previously reported magnetic mesoporous materials are

based on core-shell structures with magnetic iron oxide (e.g., mag-

netite) core and mesoporous silica shell, and in practical applica-

tions, the pore walls of mesoporous silica shell can be modified

by silane chemistry to facilitate their applications such as loading

drug molecules [48,49], immobilization of catalysts [50,51], selec-

tive adsorption and separation [52]. Nevertheless, the tedious sur-

face functionalization processes and limited functional group cov-

erage hinder their broader applications. Recently, constructing the

mesoporous polymer shell on colloidal functional cores has been

an efficient approach to developing mesoporous microspheres with

rich functional groups or high density of active sites. For instance,

by directly coating mesoporous resin shells over Fe3O4 particles via

interface assembly and polymerization strategy, the microspheres

with superparamagnetism and abundant adsorption sites could be

fabricated for adsorption and heterogeneous catalysis [53,54]. Sim-

ilarly, using colloidal Au nanoparticles as the core and mesoporous

polydopamine as the shell, the microspheres with the photother-

mal properties and high loading capacity endow the significant po-

tential in cell tracing and targeted drug release [55]. In addition,

the synergetic integration of nanozymes cores (e.g., colloidal Cu,

precious metals) and bio-enzyme-immobilized mesoporous shells

have demonstrated enhanced cascade reaction activity for conver-

sion and antibacterial [56,57]. Despite these progresses, the con-

trollable synthesis of core-shell magnetic polymer microspheres

with tunable pore size, abundant functional groups, and well-

defined architectures remains challenging because the underlying

formation mechanism and their wide application are yet to be ex-

plored.

In this study, core-shell magnetic mesoporous melamine-

formaldehyde resin microspheres (Fe3O4@SiO2@mMF) were con-

structed through a nanoemulsion-assisted interfacial assembly and

polymerization strategy. The synthesis involves the co-assembly

of F127 and melamine-formaldehyde (MF) precursor in the pres-

ence of pre-synthesized silica-coated magnetite (Fe3O4@SiO2)

colloidal particles in a nanoemulsion solution. The obtained

Fe3O4@SiO2@mMF microspheres exhibit distinct characteristics, in-

cluding radially oriented mesopores, superparamagnetic respon-

siveness, and abundant nitrogen-containing active sites (nitro-

gen content 15.02 wt%). As smart carriers, Fe3O4@SiO2@mMF mi-

crospheres demonstrate outstanding loading capacity for mul-

tifunctional phosphotungstic acid (PTA), and the synthesized

Fe3O4@SiO2@mMF/PTA catalyst displays remarkable catalytic per-

formance in the esterification of butanol and acetic acid with a

high conversion rate (92%) and good recycling stability, while also

exhibiting excellent antibacterial activity against Staphylococcus au-

reus (S. aureus) and E. coli (E. coli) with viabilities of 11.58% and

7.35%, respectively.

The synthesis of Fe3O4@SiO2@mMF microspheres is depicted

in Fig. 1. Firstly, uniform water-dispersible Fe3O4 particles syn-

thesized via solvothermal reaction [58] were coated by a layer of

dense silica via the sol-gel method [40]. The silica shell provides

excellent biocompatibility and protection for the Fe3O4 core. Sub-

sequently, MF oligomers prepared by heating at 100 °C for 30min

under alkaline conditions were used to assemble with F127 tri-

block copolymers in an acidic aqueous solution in the presence

of colloidal Fe3O4@SiO2 microspheres and 1,3,5-trimethylbenzene

(TMB). During the synthesis, F127 and TMB co-assemble into uni-

form oil/water nano-emulsion consisting of monodispersed TMB-

swelled F127 micelles, and the hydrophilic PEO segments of F127

micelles can interact with the MF oligomers which can undergo a

further condensation to form mesostructured MF/F127/TMB com-

posites on the colloidal Fe3O4@SiO2 microspheres, thus forming

Fe3O4@SiO2@MF/F127 composite microspheres. After removing the

Fig. 1. Synthesis procedure for Fe3O4@SiO2@mMF microspheres with radially

aligned mesopore channels.

Fig. 2. (A, B) TEM and (C, D) SEM images of the as-synthesized Fe3O4@SiO2@mMF

microspheres.

template by ethanol extraction, Fe3O4@SiO2@mMF microspheres

with radial pores can finally be obtained.

The as-synthesized hydrophilic Fe3O4 particles exhibit a mean

diameter of 80nm and consist of 8.0 nm magnetic nanocrystals

according to the transmission electron microscopy (TEM) obser-

vation (Fig. S1A in Supporting information). Uniform colloidal

Fe3O4@SiO2 microspheres with a diameter of 180nm are ob-

tained by coating a dense silica layer of 50nm on magnetic par-

ticles via the sol-gel reaction (Fig. S1B in Supporting information).

On the one hand, the dense silica shell can prevent the Fe3O4

core from oxidation and corrosion. On the other hand, the sil-

ica shell with rich silanol groups provides the high-density an-

choring points, and therefore the microspheres can bind melamine

resin precursor molecules through hydrogen bonding [59]. Mean-

while, F127/TMB micelles can interact with pre-synthesized solu-

ble MF oligomers (see Experimental section in Supporting informa-

tion) through the mediation of H+ of the acidic catalyst. As a re-

sult, homogeneous MF/F127/TMB shells can deposit on the surface

of Fe3O4@SiO2 through interfacial assembly of F127/TMB micelles

and condensation (i.e., further polymerization) of MF oligomers. Af-

ter removal of F127 and TMB via ethanol extraction, highly dis-

persed Fe3O4@SiO2@mMF microspheres with a uniform diameter

of 300nm were obtained, corresponding to the porous MF shell

of 60nm (Fig. 2). They have a well-defined core-multishell struc-

ture and radially aligned pore channels. High-angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM),

coupled with energy-dispersive X-ray spectroscopy (EDX), provided

further information on the core-multishell structure and elemental

composition (Fig. S2 in Supporting information). The EDX element

mapping, presented as an overlay of Fe, Si, C, and N elements, con-

firmed the presence of distinct layers and a core-multishell con-

figuration (Figs. S2C–H). Notably, the high content of nitrogen (N)

element, with a mass fraction of 15.02% (Fig. S2I) further validated

2



J. Li, S. Liu, Y. Xie et al. Chinese Chemical Letters 37 (2026) 111433

Fig. 3. (A) The wide-angle XRD pattern and (B) magnetic hysteresis loops of Fe3O4,

Fe3O4@SiO2 and Fe3O4@SiO2@mMF microspheres. (C) N2 adsorption-desorption

isotherms and (D) pore size distribution of Fe3O4@SiO2@mMF microspheres.

the versatile interface multicomponent co-assembly and polymer-

ization synthesis method.

X-ray photoelectron spectroscopy (XPS) characterization (Fig.

S3 in Supporting information) indicates the existence of C, O, Si,

and abundant N elements, which is in good agreement with the

EDX results. The high-resolution profiles of C 1s show the dis-

tinct peaks of C=C (284.6 eV), C–O (286.3 eV), C=N (287.7 eV) and

O-C=O (288.8 eV) bonds, respectively. The high-resolution profile

of N 1s exhibits two prominent peaks at 398.3 and 399.8 eV,

which can be attributed to pyridinic N and pyrrolic N, respectively.

The wide-angle X-ray diffraction (XRD) patterns of the synthe-

sized Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2@mMF samples (Fig. 3A)

reveal broad peaks at 30.1°, 35.4°, 43.1°, 56.9° and 62.5°, which

can be indexed to magnetite (JCPDS No. 19–0629). The character-

ization of magnetic property using the magnetic property mea-

surement system (MPMS) indicates that both Fe3O4@SiO2 and

Fe3O4@SiO2@mMF microspheres have superparamagnetism (Fig.

3B and Fig. S4 in Supporting information). However, the magneti-

zation saturation values decrease from 40 emu/g for Fe3O4@SiO2

to 20 emu/g for Fe3O4@SiO2@mMF, attributed to the additional

non-magnetic coatings of silica and mMF layers. The obtained

Fe3O4@SiO2@mMF microspheres can be rapidly dispersed and con-

veniently collected within tens of seconds using a neodymium

(NdFeB) magnet (200 mT), demonstrating their excellent magnetic

responsiveness. Nitrogen adsorption-desorption of the obtained

Fe3O4@SiO2@mMF (Fig. 3C) displays a quasi-type-IV isotherm with

nitrogen capillary condensation occurring at a high relative pres-

sure (P/P0) range of 0.6–0.95 and a continuous nitrogen evapora-

tion in the P/P0 range of 0.75–0.85. The Brunauer-Emmett-Teller

(BET) surface area was calculated to be 94 m2/g, indicative of a

high surface area considering the presence of the high-density iron

oxide core. Furthermore, the pore size distribution (Fig. 3D), de-

rived from the nitrogen adsorption branch according to the Barret-

Joyner-Halenda (BJH) model, indicates a relatively uniform pore

size of 11.4 nm, and such large mesopores are particularly favorable

for loading or supporting guest objects in catalysis or separation.

The pore of about 55.0 nm probably corresponds to the interstitial

voids of the closely packed microspheres after drying.

It is noteworthy that the TMB concentration in the synthe-

sis system containing colloidal Fe3O4@SiO2, MF oligomer, and hy-

drochloric acid (HCl) catalyst, has a great influence on the forma-

Fig. 4. TEM images of Fe3O4@SiO2@mMF microspheres synthesized using different

amount of TMB: (A) 0, (B) 0.6, (C) 1.2mL.

tion of Fe3O4@SiO2@mMF microspheres. In the absence of TMB,

the colloidal Fe3O4@SiO2 were encapsulated by a dense, non-

porous resin layer after synthesis (Fig. 4A), because the F127

molecules failed to form large micellize that are capable of in-

ducing the condensation of MF oligomers in the micelles’ surface.

Upon the introduction of an appropriate amount of TMB (Figs. 4B

and C), the obtained core-shell microspheres exhibit radially di-

vergent pore structure in the shell due to the favorable interfacial

co-assembly process induced by TMB-swelled F127 micelles in the

reaction system. The introduction of TMB enables the amphiphilic

F127 to form stable F127/TMB spherical micelles in the oil-water

mixture, i.e., nanoemulsion. During the reaction, the PEO segments

of F127 in the surface of the micelles can interact with the solu-

ble MF oligomers via the mediation of H+ ions and meanwhile the

silane groups on the surface of colloidal Fe3O4@SiO2 can interact

with PEO of the F127/TMB micelles via hydrogen bond, and thus

the polymerization/condensation of MF oligomer drives the assem-

bly and formation of MF/F127/TMB composite mesostructure on

the Fe3O4@SiO2 colloids. After removing TMB and F127 via ethanol

extraction, Fe3O4@SiO2@mMF microspheres were finally obtained.

Moreover, the silica shell is also important for the formation of

well-defined Fe3O4@SiO2@mMF composite microspheres. In this

study, a similar synthesis was carried out using colloidal Fe3O4 as

the core material instead of Fe3O4@SiO2. TEM observation indicates

that no polymers were formed on the surface Fe3O4 core (Fig. S5

in Supporting information). Such a result implies the silica shell

with abundant silane groups are indispensable function in promot-

ing the directional deposition of MF oligomers and MF/F127/TMB

composite micelles.

To gain a deeper insight into the growth dynamics of mMF

shell, small amounts of the reaction solution (0.5mL) were with-

drawn at different reaction intervals during the synthesis for trans-

mission microscopy observation (Fig. S6 in Supporting informa-

tion). TEM images (Figs. S6A-C) indicate that in the initial stage of

the reaction, Fe3O4@SiO2 cores were encapsulated by a dense layer

of MF due to the rapid polymerization reaction of MF oligomers.

The thickness of the MF layer grows to around 10nm after 30min.

As the reaction further proceeded, a mesoporous structure gradu-

ally formed in the shell (Fig. S6D), indicating that MF/F127/TMB

composite micelles gradually deposited. When the reaction time

reached 120min (Fig. S6E), the mesoporous shell became more

pronounced due to the sufficient shell thickness. Due to the stress

generated by intra/intermolecular interactions and the radial diffu-

sion behavior of TMB in composite micelles, the spherical micelles

gradually evolved into one-dimensional columnar micelles. After

reaction for 180min (Fig. S6F), the thickness of mesoporous shell

remains almost unchanged, resulting in Fe3O4@SiO2@mMF/F127

microspheres with radially aligned pore channels. By adjusting the

concentration of HCl in the system, Fe3O4@SiO2@mMF/F127 micro-

spheres with spherical mesopores were also synthesized (Fig. S7 in

Supporting information).

Based on the above results, a nanoemulsion-assisted interfacial

assembly and polymerization mechanism was proposed for syn-

thesizing Fe3O4@SiO2@MF microspheres (Fig. 5). In the synthe-
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Fig. 5. Illustration of the formation mechanism for Fe3O4@SiO2@mMF microspheres.

sis solution, the interaction between the hydrophilic headgroups

of F127 and the acidic aqueous phase, along with the hydropho-

bic tails interacting with TMB, leading to the formation of uni-

form F127/TMB micelles. Next, pre-synthesized MF oligomers dis-

solved in the aqueous phase can interact with the F127/TMB mi-

celles through the mediation of H+, yielding MF/F127/TMB com-

posite micelles. Due to the hydrogen bonding interaction between

the amino groups of MF and silanol groups on the SiO2 layer,

MF/F127/TMB micelles can gradually deposit onto the surface of

the pre-synthesized Fe3O4@SiO2 microspheres as the reaction pro-

ceeded. The continuous condensation of MF oligomers increased

the strength of the resin shell via enhancing crosslinking den-

sity. Therefore, during the final step of ethanol extraction of F127

and TMB, colloidal Fe3O4@SiO2@mMF microspheres with a stable

mesoporous polymer shell can be obtained. What is more, the

mesoporous melamine-formaldehyde resin nanospheres were fur-

ther synthesized in the same system in the absence of magnetic

colloids to better illustrate the influence of magnetic silica core

on the process of assembly and polymerization of mesostructured

melamine-formaldehyde resin (Fig. S8 in Supporting information).

This nanoemulsion-assisted interfacial assembly and polymeriza-

tion method has significant potential for synthesizing a variety of

core-shell mesoporous materials with diverse polymer shells, in-

cluding amino phenolic resin and polydopamine. However, some

key factors such as the polymer precursor selection, emulsion

stability, and pore-forming mechanisms should be considered to

achieve mesoporous nanocomposites with desired properties and

structures. Further experimental exploration and optimization are

required to fully realize the potential of this method for various

applications.

In this study, by virtue of the useful superparamagnetism,

large mesopores, abundant amino functional groups, the

Fe3O4@SiO2@mMF microspheres were further used as a unique

platform for the facile and stable anchoring catalytically active

heteropoly acids (HPAs) through salt-forming reactions between

the amino groups and HPAs. HPAs, distinguished by their high

acidity and redox capability, are widely studied in various fields,

including heterogeneous catalysis [60–62], photocatalysis [63,64],

electrochemistry [65–67] and antibacterial applications. In this

study, we reported the successful immobilization of PTA, a typical

HPA, within the pore channels of Fe3O4@SiO2@MF microspheres.

Subsequently, the catalytic performance of the novel hetero-

geneous catalysts was evaluated in the esterification reaction

between butanol and acetic acid. Moreover, the antibacterial

efficacy of the supported PTA against E. coli and S. aureus was

examined.

TEM images demonstrate that Fe3O4@SiO2@mMF/PTA micro-

spheres maintain the morphology after loading PTA (Figs. S9, S10A

and B in Supporting information), and compared with the mi-

crospheres before loading PTA (Fig. 2), the pore channels became

less pronounced due to the strong interaction of PTA and the

mMF shell, confirming the stable immobilization of PTA. The el-

emental mapping (Figs. S10C-J in Supporting information) and EDX

(Fig. S10K in Supporting information) revealed the three-layered

structure of the composite microspheres and confirmed their high

loading capacity for PTA, with P and W elements accounting for

0.3 wt% and 11.4 wt%, respectively. Furthermore, the FTIR spec-

troscopy characterization (Fig. S11 in Supporting information), zeta

potential measurement (Fig. S12 in Supporting information) and

XPS analysis (Fig. S13 in Supporting information) provided addi-

tional evidence that confirmed the successful loading of PTA onto

Fe3O4@SiO2@mMF microspheres.

To assess the catalytic performance of Fe3O4@SiO2@mMF/PTA,

an esterification reaction between acetic acid and butanol was

conducted under 120 °C, with detailed product analysis con-

ducted via gas chromatography-mass spectroscopy (GC–MS) (Fig.

S14 in Supporting information). The definitive detection of acetic

acid (m/z=60, retention time (RT)=1.95min), butanol (m/z=74,

RT=2.13min), and the primary product butyl acetate (m/z=116,

RT=3.14min) confirms the successful esterification process. Tem-

poral monitoring of the reaction kinetics (Fig. S14E in Support-

ing information) reveals an initially rapid reaction rate, which

gradually decelerated owing to the inhibitory effect of accumulat-

ing butyl acetate. After reacting for 8h, the conversion of acetic

acid reached 92%, indicative of a high activity of the catalyst.

Moreover, the convenient separation and purification by a magnet

(∼2000 Gauss) facilitate the reuse of Fe3O4@SiO2@mMF/PTA cat-

alyst. As depicted in Fig. S15 (Supporting information), the con-

version rate of acetic acid remains above 88% even after 10 cy-

cles for reuse, indicating its excellent recyclability and vast po-

tential for applications in esterification and other organic transfor-

mations. TEM characterization of the recycled catalysts (Fig. S16

in Supporting information) revealed the well-remained structure

and morphology, indicating a good stability of the catalyst. The an-

tibacterial potential of Fe3O4@SiO2@mMF/PTA against both Gram-

positive bacteria S. aureus and Gram-negative bacteria E. coli was

evaluated qualitatively and quantitatively by the colony counting

method (n=4) (Fig. S17 in Supporting information). The viability

rates for S. aureus were 50.15%, 27.09%, 11.58%, and the viability

rates for E. coli were 57.41%, 29.28%, 7.35% in the PTA-1, PTA-2,

and PTA-3 groups with increasing Fe3O4@SiO2@mMF/PTA concen-

trations, respectively. These results above demonstrate a clear and

positive correlation between the Fe3O4@SiO2@mMF/PTA concen-

tration and the antibacterial efficacy. In comparison, in the PTA-

0 groups with the same concentration of Fe3O4@SiO2@mMF as

PTA-3 but without PTA, the viability rates for S. aureus and E.
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coli are only 65.89% and 76.06%, respectively, which confirm the

remarkably better antibacterial efficacy of Fe3O4@SiO2@mMF/PTA

against the both bacteria. What is more, the structure and mor-

phology of Fe3O4@SiO2@mMF/PTA microspheres remain intact af-

ter antibacterial application, which underscores the excellent sta-

bility of the PTA-loaded microspheres (Fig. S18 in Supporting infor-

mation). Such a superior performance can be attributed to the su-

perchaostropic nature of PTA, which acts as a “nanohunter” capa-

ble of arousing special effects and biological interactions with bac-

terial strains. According to the Hofmeister Series, the PTA species

with low polarity and nanoscale can facilitate cell wall protein

denaturation and unfolding, thus inducing the “salting-in” effect,

cell wall disruption, and subsequent leakage of intracellular ma-

terial [68]. The compromised cell wall allows the water-soluble

and highly redox-active PTA to penetrate the cellular compart-

ment, directly oxidizing proteins, lipids, and other bacterial sub-

stances, causing fatal damage to bacterial cells [69–72]. Addition-

ally, Fe3O4@SiO2@mMF, with its high surface area and open pores,

serves as an ideal carrier, facilitating an enhanced reaction area

and efficient PTA loading. This, in turn, accelerates the antibacte-

rial process and effectively inhibits bacterial growth, further un-

derscoring the potential of Fe3O4@SiO2@mMF/PTA as a power-

ful antibacterial agent. What is more, taking E. coli as an exam-

ple, the protein content in the broth was quantified using the

bicinchoninic acid (BCA) assay to assess the leakage of cellu-

lar contents (Fig. S19 in Supporting information). The results re-

vealed a notable elevation in protein levels within the PTA-0, PTA-

1, PTA-2, and PTA-3 treatment groups compared to the control

group, further confirming the antibacterial mechanism of the mi-

crospheres.

In conclusion, core-multishell magnetic mesoporous melamine-

formaldehyde resin microspheres (Fe3O4@SiO2@mMF) are success-

fully fabricated via a nanoemulsion-assisted interfacial co-assembly

and polymerization approach. The resulting Fe3O4@SiO2@mMF mi-

crospheres exhibit radially accessible mesopores, superparamag-

netic responsiveness, and abundant active sites. Upon PTA loading,

Fe3O4@SiO2@mMF/PTA demonstrates excellent antimicrobial per-

formance against S. aureus and E. coli (with viabilities of 11.58%

and 7.35%, respectively), alongside remarkable heterogeneous cat-

alytic activity (conversion over 90%) and recyclability in the ester-

ification of n-butanol with acetic acid. This work not only paves

a promising path for developing highly efficient and environmen-

tally friendly heterogeneous catalysts but also opens avenues for

future research exploring the versatile utility of these microspheres

in chemical transformations, biomedicine, and targeted drug deliv-

ery systems.
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