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4/SiO2/poly(2-carboxyethyl
acrylate) composite polymer particles for pH-
responsive loading and targeted release of
bioactive molecules†

Most. Nusrat Jahan,a Md. Ashraful Alam,a Md. Mahabur Rahman,ab

S. Manjura Hoque c and Hasan Ahmad *a

pH-responsive polymer microspheres undergoing reversible changes in their surface properties have been

proved useful for drug delivery to targeted sites. This paper is aimed at preparing pH-responsive polymer-

modified magnetic mesoporous SiO2 particles. First, mesoporous magnetic (Fe3O4) core-particles are

prepared using a one-pot solvothermal method. Then, magnetic Fe3O4 particles are covered with

a C]C functional mesoporous SiO2 layer before seeded emulsion polymerization of 2-carboxyethyl

acrylate (2-CEA). The composite polymer particles are named Fe3O4/SiO2/P(2-CEA). The average

diameters of the Fe3O4 core and Fe3O4/SiO2/P(2-CEA) composite polymer particles are 414 and 595 nm,

respectively. The mesoporous (pore diameter = 3.41 nm) structure of Fe3O4/SiO2/P(2-CEA) composite

polymer particles is confirmed from Brunauer–Emmett–Teller (BET) surface analysis. The synthesized

Fe3O4/SiO2/P(2-CEA) composite polymer exhibited pH-dependent changes in volume and surface

charge density due to deprotonation of the carboxyl group under alkaline pH conditions. The change in

the surface properties of Fe3O4/SiO2/P(2-CEA) composite polymer particles following pH change is

confirmed from the pH-dependent sorption of cationic methylene blue (MB) and anionic methyl orange

(MO) dye molecules. The opening of the pH-responsive P(2-CEA) gate valve at pH 10.0 allowed the

release of loaded vancomycin up to 99% after 165 min and p-acetamido phenol (p-AP) up to 46% after

225 min. Comparatively, the amount of release is lower at pH 8.0 but still suitable for drug delivery

applications. These results suggested that the mesoporous Fe3O4/SiO2 composite seed acted as

a microcapsule, while P(2-CEA) functioned as a gate valve across the porous channel. The prepared

composite polymer can therefore be useful for treating intestine/colon cancer, where the pH is

comparatively alkaline.
1. Introduction

In the current era, researchers have concentrated on developing
drug delivery systems (DDSs) that are structurally robust and
capable of transporting signicant amounts of drug molecules
to specic tissues or even within organelles without the risk of
premature release. Many drugs such as anticancer drugs are not
selective in nature. They cannot distinguish between healthy
cells and cancer-affected cells. Hence, aer oral intake, they can
aboratory of Polymer Colloids and
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23573
affect healthy cells and may also be disintegrated by stomach
acid during their passage to the intestine. To overcome these
problems, smart DDSs are needed. Porous materials with well-
dened structures have attracted signicant attention owing
to their large surface area and conned pore space available for
accommodating active drugs, which in turn increases their
ability to interact with neighboring affected cells through the
release of drugs. These porous substances also have promising
usability in adsorption, separation, catalysis, drug administra-
tion, purication, chemical sensing, energy conversion and
storage.1–9 Different types of porous materials such as SiO2,1,2

metal oxides,1,10 carbon,1,11 graphene,12 polymers,1,3 zeolite,1,13

silver,14 and gold,15 are available in the literature. Among these,
mesoporous SiO2 particles are attracting signicant interest as
drug carriers.16–18 This is owing to their interesting character-
istics, including a large surface area, well-dened pore struc-
tures with a high pore volume, adjustable particle size, and
a surface that can be easily modied (because of the abundance
© 2024 The Author(s). Published by the Royal Society of Chemistry
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of silanol groups). Additionally, these particles possess excellent
water dispersibility, chemical inertness, biocompatibility, and
a high capacity for loading drugs.19–21 DDSs have attracted
growing interest owing to their ability to regulate the rate and/or
site of drug release and their efficiency in enhancing drug effi-
cacy, mitigating hazardous side effects, promoting drug
adsorption and target site accessibility, and synchronizing the
delivery of drugs in optimal time. Stimuli-responsive polymers
play an essential role in achieving these therapeutic outcomes.
These polymers exhibit responsiveness to variations in physical
factors, such as temperature, light, ionic strength, solvents,
radiation (UV, visible), mechanical stress, high pressure, sonic
radiation, magnetic eld and electrical eld, as well as chemical
factors such as pH, glucose concentration, and redox
potential.22–25 pH- and temperature-responsive polymers have
gained attention in DDSs because they are common physio-
logical parameters in human body. The polymeric materials,
sensitive to pH, contain ionizable groups attached to their
structure. These groups can undergo protonation or deproto-
nation in response to changes in the surrounding pH and
release the drug from pH-sensitive DDSs.26,27 To expand the
potential applications of these materials, it is essential to
fabricate them with a paramagnetic feature, which would allow
for a wider range of uses, from separation to drug delivery. By
applying an external magnetic eld, it is possible to keep
magnetic particles conned to a certain organ for a specic
duration, preventing the particles from spreading throughout
the entire circulatory system. The application potential of
magnetic iron oxide particles is extensive, encompassing
diverse areas such as controlled drug delivery,28 DNA separa-
tion,29 protein purication,30 catalysis,31 hyperthermia in tumor
tissues,32 and magnetic resonance imaging (MRI).33 These
magnetic particles can be readily manipulated by the applica-
tion of an external magnetic eld during use.

The present research is devoted to the modication of
submicron-sized mesoporous magnetic Fe3O4/SiO2 composite
particles with anionic pH-responsive polymers for regulating
the off- and on-capping of void channels, and the controlled
release of encased drug molecules with changing pH value. This
would prevent the premature release of toxic drug molecules,
and thus could minimize the cell toxicity. So far, most research
studies start with the preparation of magnetic mesoporous SiO2

nanoparticles (Fe3O4/m-SiO2) consisting of a solid magnetite
core and a mesoporous SiO2 shell. For example, Zhao et al.
modied Fe3O4/m-SiO2 with hydroxyapatite nanovalves for
controlled release of the ibuprofen drug.34 Tang and associates
prepared a novel Fe3O4@m-SiO2(DOX)@HSA(Ce6) nanoplat-
form for sustained release of DOX under acidic condition.35

Here, polydopamine was used to block the mesoporous chan-
nels, and human serum albumin (HSA) was conjugated to
increase the biocompatibility and provide a vehicle for loading
chlorin e6 (Ce6). Recently, Lai et al. modied Fe3O4/m-SiO2

composite microspheres with the copolymer of carboxymethyl
chitosan (CMCS) and poly[2-(dimethylamino)ethyl methacry-
late] (PDMA) to introduce pH-responsive functionality.36

Keshavarz et al. reported modication of Fe3O4/m-SiO2 nano-
particles with pH-responsive chitosan hydrogels, and studied
© 2024 The Author(s). Published by the Royal Society of Chemistry
the pH- and temperature-responsive drug release for applica-
tions in chemotherapy and hyperthermia.37 Avedian et al.
labeled Fe3O4/m-SiO2 nanoparticles with poly(ethyleneimine)-
conjugated folic acid, and studied the release prole of anti-
cancer drugs at different pH values.38 Zhao et al. designed
Fe3O4/m-SiO2 conjugated folic acid-linked chitosan micro-
spheres as a redox and pH dual-responsive platform for mag-
netothermal therapy and chemotherapy.39 Chang et al. studied
the pH-responsive release of DOX from a dual pH- and thermo-
responsive poly(N-isopropylacrylamide-co-methacrylic acid)
(PNIPAM-co-MAA)-coated Fe3O4/m-SiO2 microsphere.40

In these above research studies, the thin mesoporous SiO2

shell around the solid magnetite nanosized core-particles
seemed to be inadequate for housing a sufficient amount of
drug molecules for magnetothermal therapy and chemotherapy
treatments of cancer affected cells. So, the present investigation
is concentrated on the preparation of sub-micrometer sized
mesoporous Fe3O4 core-particles, followed by modication with
the mesoporous SiO2 shell, and then nally with the pH-
responsive polymer valve. In a previous research study, we
prepared mesoporous Fe3O4/SiO2 composite particles and
modied them with the P(NIPAM-DMA) copolymer.41 The pH-
responsive off- and on-capping, due to the protonation of the
tertiary amine group of the PDMA moiety in the acidic envi-
ronment, triggered the release of the loaded drug molecules.
This type of microsphere was considered useful for treating
cancer, as the microenvironment inside the solid tumors is
acidic (pH 5–6.8).42 Rather than cationic DMA, a new anionic 2-
carboxyethyl acrylate (2-CEA) monomer has been used here to
modify the mesoporous Fe3O4/SiO2 composite seed particles
and the composite polymer is named as Fe3O4/SiO2/P(2-CEA).
The preparation protocol is depicted in Scheme S1.† The
deprotonation of carboxyl groups in poly(2-CEA) at the alkaline
pH range would assist in the gate opening of the porous
channel and facilitate the controlled release of loaded/encased
drug molecules from the mesoporous Fe3O4/SiO2 composite
seed, acting as a microcapsule. Thus, the anionic poly(2-CEA)
polymer would add stability to DDSs, preventing gastric degra-
dation and the denaturation of loaded drugs at acidic pH (pH 1–
3) while passing through the stomach, and subsequently release
drugs to specic locations where the pH is alkaline, such as the
upper small intestine and colon that are further inside the
gastrointestinal tract.43–45 It should be noted that the anionic 2-
CEA monomer has rarely been used in DDSs, except in formu-
lating adhesives, gel-casting agents for ceramic powder, and
sorbent materials for waste water remediation.46–49 The poly(2-
CEA) is known for possessing enhanced mechanical and
thermal properties, exibility, and better physical bonding
capacity with the metal surface.46 These properties would favor
the preparation of a stable Fe3O4/SiO2/P(2-CEA) composite
polymer latex for applications in smart DDSs. The water insol-
ubility of poly(2-CEA) and its sole use for preparing DDSs would
also help to achieve structural regularity in the polymer
microstructure with viable and reproducible application prop-
erty. In addition, the sub-micrometer size distribution and
paramagnetic property of pH-responsive polymer gated meso-
porous Fe3O4/SiO2 composite particles could be benecial for
RSC Adv., 2024, 14, 23560–23573 | 23561
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use in the release of perfumes, agrochemicals, biocatalysis,
water cleaning, photographic lms, cell separation, hyper-
thermia and MRI.41,50,51

2. Experimental
2.1. Materials

The monomer grade 2-carboxyethyl acrylate (2-CEA), purchased
from Sigma-Aldrich, USA, was puried by passing through
a basic activated alumina column. Tetraethyl orthosilicate
(TEOS), from Sigma-Aldrich Chemie GmbH, USA, was preserved
in the refrigerator and utilized for the chemical modication of
Fe3O4 core particles. Cetyltrimethyl ammonium bromide
(CTAB), a cationic template from Fluka, Biochemica, Switzer-
land, was employed to create porosity. 3-(Trimethoxysilyl)
propyl methacrylate (MPS) was obtained from Alfa Aesar, UK,
and used to introduce vinyl functionality and to initiate free
radical polymerization from the surface. The free radical water-
soluble initiator, potassium persulfate (KPS), was procured
from LOBA Chem., India, and recrystallized from distilled water
before use. Ethylene glycol from Merck, India was directly used
as a solvent and reducing agent during the preparation of Fe3O4

core particles. Methylene blue (MB) (C16H18ClN3S) and methyl
orange (MO) (C14H14N3NaO3S), procured from Matheson Cole-
man and Bell, USA, were used as cargo molecules for sorption
studies at variable pH values. Analytical grade FeCl3 was
purchased from Merck Life Science Private Limited, India. p-
Acetamido phenol (p-AP) (L Light Comp. Ltd, UK) and vanco-
mycin (Incepta Pharmaceuticals Ltd, Bangladesh) were used
without purication. NH4OH (25%), HCl, anhydrous CH3-
COONa, KOH and other chemicals were of reagent grade.
Distilled water was further deionized by passing through an ion-
exchange column, and ethanol was distilled using a Pyrex glass
distillation kit.

2.2. Synthesis of mesoporous Fe3O4 core-particles

The magnetic core-particles were synthesized by a solvothermal
process with minor revision of the procedure and recipe.41

Briey, 2.70 g of FeCl3 and 7.20 g of anhydrous CH3COONa were
dissolved in 80.0 g of ethylene glycol. The homogenous yellow
solution was put into a Teon-lined stainless-steel autoclave
and heated to 180 °C in an oven for 8 h. The autoclave was taken
out and cooled to room temperature. The obtained black-
colored suspension of magnetite particles was repeatedly
washed viamagnetic separation and decantation using ethanol,
and nally dried under vacuum.

2.3. Synthesis of mesoporous Fe3O4/SiO2 composite seed
particles

The Fe3O4/SiO2 composite seed particles were synthesized using
a sol–gel technique.41 Initially, 2.0 g of Fe3O4 core-particles and
0.02 g of CTAB powder were dispersed in 20.0 mL of ethanol
using an ultrasonic vibrator for 3 min. The resultant mixture
was transferred to a three-necked round ask and stirred
vigorously, maintaining a nitrogen atmosphere. Subsequently,
excess ethanol (135.0 mL), CTAB powder (0.80 g), and 25%
23562 | RSC Adv., 2024, 14, 23560–23573
ammonia solution (60.0 g) were introduced into the reaction
ask. The reaction ask was heated to 70 °C, 3.0 g of TEOS was
added, and the hydrolysis reaction was allowed to proceed for
8 h. The ultimate product was recovered magnetically and
washed several times with distilled water. The cleaned Fe3O4/
SiO2 composite particles collected in acetone were nally
reuxed for 24 h at 65 °C to drive off CTAB trapped within the
pores. The reuxed composite seed particles were recovered
magnetically and washed with deionized water in order to
eliminate any remaining non-magnetic components.

2.4. Incorporation of vinyl functionality on the Fe3O4/SiO2

composite seed particles

The Fe3O4/SiO2 composite seed particles were modied with
reactive C]C bonds using the MPS coupling agent. 1.20 g of
Fe3O4/SiO2 composite particles and 1.80 g of MPS were
dispersed in 100 mL of a water–ethanol mixture containing
12.5 vol% water. The suspension was taken in a three-necked
round ask, and mechanically stirred at 400 rpm for 24 h at
25 °C in an inert nitrogen atmosphere. The functionalized
Fe3O4/SiO2 composite particles were isolated by applying
a magnetic eld, and then subjected to multiple rounds of
washing with ethanol and water. Finally, the functional
composite particles were collected in distilled water.

2.5. Preparation of Fe3O4/SiO2/P(2-CEA) composite polymer
particles

Fe3O4/SiO2/P(2-CEA) composite polymer particles were synthe-
sized by seeded emulsion polymerization. Initially, 40 g of vinyl
functionalized Fe3O4/SiO2 composite seed emulsion (solid
content, 0.95 g) and 0.76 g of 2-CEA were taken in a three-
necked round glass reactor suspended in a thermostat hot
water bath and heated to 70 °C. Aer 30 min of equilibration,
anionic KPS (0.0304 g) aqueous initiator solution was intro-
duced to start polymerization. The reaction mixture was
agitated at 90 rpm for 24 h in an inert nitrogen atmosphere. The
brownish suspension was washed several times with distilled
water, and lastly collected in distilled water.

2.6. Characterizations

The change in surface functionality following chemical modi-
cation of Fe3O4 core particles was assessed using Fourier
Transform IR (FTIR) spectroscopy (PerkinElmer, FTIR-100,
USA). The sample preparation was conducted in KBr pellets.
The elemental composition of the surface was assessed using an
X-ray photoelectron spectrometer, XPS (PHI X-tool, ULVAC-PHI,
Inc. Japan) tted with monochromatic Al Ka radiation (1486.6
eV) operated at 50 W and 15 kV with an X-ray current of 20 mA.
The XPS sample was washed, dried, and xed on an indium
plate before recording the spectra. The pressure in the
measuring chamber was maintained at around 8.0 × 10−7 Pa.
The survey spectra were obtained with a step size of 0.25 eV and
a pass energy of 280.0 eV. A scanning electronmicroscope (SEM)
(JSM-6510, JEOL, Tokyo, Japan) was used for understanding the
surface morphology and size distribution of the prepared core
particles and corresponding composites. The specimens were
© 2024 The Author(s). Published by the Royal Society of Chemistry
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diluted and deposited onto a mica substrate, where they were
desiccated under vacuum conditions. Prior to SEM observation
at a voltage of 20 kV, a layer of gold was deposited onto the dried
samples to prevent sample damage. A transmission electron
microscope (TEM) (JEM-1230, JEOL, Japan) controlled at
a voltage of 100 kV was also used to understand the internal
morphology. The pore volume and average pore diameter were
determined by the Barrett–Joyner–Halenda (BJH) method, and
the specic surface area (SBET) was measured by the Brunauer–
Emmett–Teller (BET) method using the NOVA3000e (Japan)
surface area and pore size analyzer. The average hydrodynamic
diameters of the composite polymer particles were measured by
dynamic laser scattering (DLS) technique using the NICOMP
380 Particle Sizer (Santa Barbara, California, USA) at various pH
levels. Each set of measurement was repeated two times and the
mean value was reported. For such measurement, the disper-
sion was diluted with distilled water until the solid content
reached approximately 0.01%. The pH-dependent change in the
zeta potential was measured by a zeta potential-coupled particle
size analyzer (Zetasizer Nano, Malvern Instruments Limited,
UK). The powder samples were subjected to X-ray diffraction
(XRD) investigation utilizing a scanning X-ray diffractometer
(Bruker D8 Advance, Germany) that used Cu Ka radiation (l =

1.5406 Å) as its source. The XRDmeasurements were performed
using a tube voltage of 33 kV and a tube current of 45 mA.
Intensity measurements were recorded at 2q values spanning
from 10° to 80°, using a constant scanning rate of 1° min−1.
Aerwards, the obtained spectra were processed using semi-
quantitative phase analysis soware to remove noise, enhance
the data, and detect peaks. The thermal stability of the dried
samples was studied using a thermogravimetry analyzer (TGA)
(Seiko Instrument Inc. EXSTAR-6000, Japan). The samples
(∼10–12 mg) were heated at a rate of 30 °C min−1 under
a owing nitrogen environment from 30 to 800 °C, and themass
loss (%) was noted. The magnetic property was analyzed using
a vibrating sample magnetometer (VSM) from Micro Sense
(model EV9, USA). The pH was measured by a pH meter
(Mettler-Toledo GmbH, UK). The sample was dried in an electric
oven (Taisite FCO-30D, New York, USA).
2.7. Sorption of dye from aqueous solution

The sorption of MB and MO on synthesized Fe3O4/SiO2/P(2-
CEA) composite polymer particles was carried out in a batch
process from their aqueous solutions. For the measurements,
50 mL of dye aqueous solution (0.02 mg mL−1) and 10 mg of
Fe3O4/SiO2/P(2-CEA) composite polymer particles were mixed.
The pH value was then adjusted to pH 4.0 by dropping 0.1 N
HCl. Finally, the mixture was mechanically stirred at 150 rpm
for specied time intervals. At the interval of 1 min, an aliquot
of the sample was collected and particles were isolated using an
external magnet. The residual dye concentration in the super-
natant was measured by a UV-Visible spectrophotometer (UV-
1280, Shimadzu, Japan) at wavelengths of 662 nm (for MB)
and 465 nm (for MO). The amount of dye sorbed (qe) by the
Fe3O4/SiO2/P(2-CEA) composite polymer particles was calcu-
lated using the following equation:
© 2024 The Author(s). Published by the Royal Society of Chemistry
qe ¼ ðC0 � CeÞ
W

� V (1)

Here, qe is the amount of dye sorption in mg g−1 of composite
particles, C0 is the initial dye concentration (mg mL−1) prior to
sorption, and Ce is the concentration (mg mL−1) of the dye in
the supernatant. It should be noted that the calibration curves
(Fig. S1 and S2†) were constructed at different pH values to
obtain the excess dye concentration in the supernatant.

The identical procedure was repeated at pH 10.0 for the
sorption of MB and MO.
2.8. In vitro loading and release of bioactive molecules

The bioactive molecules, vancomycin and p-AP, were used as
model drugs for understanding the in vitro loading and release
behavior. The drug loading was carried out at pH 4.0, and the
release was separately carried out at pH 8.0 and 10.0. The
procedure is outlined below.

The pH value of a 12.5 mL aqueous suspension containing
50.0 mg of Fe3O4/SiO2/P(2-CEA) composite polymer particles
was adjusted to 8.1 (isoelectric point of vancomycin). Then,
10.0 mg of vancomycin, i.e., 200.0 mg g−1 of the composite
polymer was solubilized in the suspension. The mixture was
kept for 35 min at 25 °C with occasional shaking. Aer 35 min,
the pH value was adjusted to 4.0 using dil. HCl and kept for
25min at 25 °C. Aer that, the composite polymer particles were
magnetically recovered. The biomolecule concentration in the
supernatant was determined by a UV-visible spectrophotometer
at the wavelength of 280 nm. The amount of encapsulated drug
molecules was calculated by subtracting the excess vancomycin
in the supernatant from the initial amount. For this purpose,
a calibration curve (Fig. S3a†) was used. It was assumed that at
the isoelectric pH 8.1,52 vancomycin is neutral and the P(2-CEA)
polymer valve is opened due to the partial deprotonation of the
carboxyl groups. So, the absence of ionic repulsion at pH 8.1
between vancomycin and the composite particles should favor
its loading through the porous channel. Aer loading, the
polymer gate valve was subsequently closed upon reduction of
the pH to 4.0, blocking the leakage or release of encapsulated
vancomycin. The time-dependent release behavior was moni-
tored by re-dispersing the vancomycin-loaded Fe3O4/SiO2/P(2-
CEA) composite polymer particles in fresh phosphate buffer
solution (PBS) at pH 10.0. The drug release was monitored at
25 °C until a steady value was reached. In order to understand
the effect of pH on the release behavior, a similar release
experiment was performed at pH 8.0. Calibration curves used
for estimating the time-dependent release are shown in Fig. S3b
and c.†

Identical loading and release experiments of p-AP on the
Fe3O4/SiO2/P(2-CEA) composite polymer particles were carried
out using a slightly changed procedure. For p-AP loading,
50.0 mg of Fe3O4/SiO2/P(2-CEA) of the composite polymer
particles were dispersed in 12.5 mL of distilled water. An
aqueous solution of p-AP (0.1875 mg, i.e., 6.0 mg g−1 of
composite polymer) was added, and the pH value was adjusted
to 8.1 using dil. NaOH. The mixture was allowed to equilibrate
for 35 min with occasional shaking at 25 °C. It should be noted
RSC Adv., 2024, 14, 23560–23573 | 23563
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that p-AP is negatively charged at pH values above 9.5.53 Aer
that, the pH value of the Fe3O4/SiO2/P(2-CEA) composite – p-AP
mixture was reduced to 4.0, and then allowed to equilibrate for
another 25 min to encase the loaded drug molecules inside the
void space. Lastly, the p-AP loaded composite polymer particles
were magnetically recovered. The amount of p-AP loading and
subsequent time-dependent release were measured at the
wavelength of 243 nm by following the same procedure as dis-
cussed above for vancomycin. The calibration curves used for
the purpose are shown in Fig. S4.†
Fig. 1 FT-IR spectra of (a) Fe3O4 core-particles, (b) Fe3O4/SiO2

composite seed particles and (c) Fe3O4/SiO2/P(2-CEA) composite
polymer particles.
2.9. Hemocompatibility study

The hemolytic behavior of composite particles was studied
according to a slightly modied method, as reported else-
where.28 Fresh human blood (10.0 mL), collected from a healthy
donor (rst author), was immediately centrifuged at 2500 rpm
for 5 min. The residual red blood cells (RBCs) were repeatedly (3
times) washed with saline water (0.9% NaCl), and nally
collected in saline. The washed RBC suspension (10 mL) was
then mixed with variable concentrations (0.6, 0.7 and 0.8 mg
mL−1) of the respective Fe3O4/SiO2 composite seed and
composite polymer particles. The pH of the respective suspen-
sion was then adjusted to 7.4. TritonX-100 (1% aqueous solu-
tion) and physiological saline (0.9% NaCl) were used as the
positive and negative control, respectively. All samples were
incubated for 1 h at 37 °C with gentle intermittent shaking
(20 min interval). Aer incubation, both RBCs and magnetic
composite particles were separated by centrifugation
(2500 rpm, 5 min). The supernatant solutions were again
incubated for 30 min at 25 °C to oxidize the hemoglobin. Time-
dependent (60, 90 and 120 min) hemolytic activities were also
measured in the presence of 0.6 mg mL−1 of either composite
seed or polymer particles. The absorbance of each supernatant
was measured at 540 nm, and the corresponding hemolysis
percent (H%) was calculated by applying the following equation:

% hemolysis ¼ Abssample �Absnegative control

Abspositive control �Absnegative control

� 100
Fig. 2 XPS spectra of (a) Fe3O4 core-particles, (b) Fe3O4/SiO2

composite seed particles, and (c) Fe3O4/SiO2/P(2-CEA) composite
polymer particles.
3. Results and discussion
3.1. Characterization

FTIR spectra were recorded to conrm the formation of Fe3O4

particles and the step-wise modications carried out for the
preparation of the Fe3O4/SiO2/P(2-CEA) composite polymer
particles.25 Fig. 1 displays the FTIR spectra of the Fe3O4 core-
particles, Fe3O4/SiO2 composite seed and Fe3O4/SiO2/P(2-CEA)
composite polymer particles. The intense broad band appear-
ing at 3401 cm−1 in the spectrum of the Fe3O4 core-particles
(Fig. 1a) corresponds to the stretching vibration of the O–H
bonds of the hydroxyl groups derived from absorbed water or
moisture. The Fe–O stretching vibrations appear at frequencies
of 445, 626 and 1618 cm−1.25,54 The bands at 2851 and
2920 cm−1 correspond to the stretching vibrations of the C–H
groups, which originated from the adsorbed/absorbed ethylene
23564 | RSC Adv., 2024, 14, 23560–23573
glycol and residual templating agent CTAB.41 The spectral
analysis of the Fe3O4/SiO2 composite seed particles (Fig. 1b) was
conducted following a 24 h reux in acetone at a temperature of
65 °C. The absorption signals at 1100 and 790 cm−1 are
assignable to the vibrational modes of the Si–OH and Si–O–Si
groups.9,55 The strong dual signals detected within the 2858–
3000 cm−1 range are indicative of the aliphatic C–H stretching
vibrations originated from the ethyl groups of TEOS. The pres-
ence of these bands substantiates the creation of SiO2 on the
surface of the magnetite core-particles. In contrast, the spec-
trum of the Fe3O4/SiO2/P(2-CEA) composite polymer particles
shown in Fig. 1c exhibits a suppression in the intensity of the
typical signals from the SiO2 layer. In addition, there is
a distinct peak at 1725 cm−1 which corresponds to the specic
stretching of the C]O bonds derived from each ester and
carboxyl groups of the P(2-CEA) layer.9 From the results above, it
can be said that the 2-CEA polymer is graed onto the meso-
porous Fe3O4/SiO2 composite seed particles.

The surface elemental compositions were veried by XPS, as
depicted in Fig. 2. The survey spectrum of the Fe3O4 core-
particles (Fig. 2a) shows the presence of the Fe2p signal at
710.5 eV. The Fe2p signal is distinguishable into two distinct
doublets attributable to the Fe2p3/2 and Fe2p1/2 core-level
signals of ferric oxides.41,56 The spectrum of the Fe3O4/SiO2
© 2024 The Author(s). Published by the Royal Society of Chemistry
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composite seed particles (Fig. 1b) exhibits a distinct Si2p signal
in the 102–150 eV region. Following the surface coverage by the
SiO2 layer, the overall intensity of the Fe2p signal is reduced to
1.92 at% from the initial 15.44 at% in the Fe3O4 core-particles.
However, in the survey spectrum of the Fe3O4/SiO2/P(2-CEA)
composite polymer particles (Fig. 1c), the Si2p signal strength
is only scarcely reduced from 7.66 at% to 7.31 at% aer the
seeded emulsion polymerization. These ndings indicate that
the Fe3O4/SiO2 composite seed particles do not have complete
coverage by the pH-sensitive P(2-CEA), and the polymerization
might have occurred mostly within and around the mesopore
structure. As a result, the mesoporous surface structure of the
Fe3O4/SiO2/P(2-CEA) composite polymer particles is possibly
maintained. Obviously, the C1s signal intensity considerably
increases from 38 at% in the Fe3O4/SiO2 composite seed parti-
cles to 45 at% in the Fe3O4/SiO2/P(2-CEA) composite polymer
particles.

Fig. 3 shows the XRD patterns of the Fe3O4 core-particles,
Fe3O4/SiO2 composite seed particles, and Fe3O4/SiO2/P(2-CEA)
composite polymer particles. The presence of sharp peaks at
2q values of 30.10°, 35.42°, 43.05°, 53.39°, 56.94° and 62.52° in
the XRD pattern of Fe3O4 particles (Fig. 1a) indicates that iron
oxide possesses a crystalline cubic spinal structure, as discussed
in the report of JCPDS-International Centre (JCPDS le no. 19-
0629).57 The broad band averaged at about 20° in Fig. 1b is due
to the amorphous SiO2 coverage on the Fe3O4 particles.
Comparatively, in the diffraction pattern of the Fe3O4/SiO2/P(2-
CEA) composite polymer particles (Fig. 1c), the broad amor-
phous reection became relatively at, suggesting that a change
in the surface composition and polymerization probably
occurred inside the pore, as also predicted from XPS spectral
analysis. The average crystallite sizes of iron oxide in the Fe3O4

core-particles, Fe3O4/SiO2 composite seed particles, and Fe3O4/
SiO2/P(2-CEA) composite polymer particles are around 8, 12 and
7 nm, respectively. Hence, from the overall diffraction patterns,
it is conceivable that the cubic spinal structure of Fe3O4 is
maintained in the Fe3O4/SiO2/P(2-CEA) composite polymer
particles during surface modication.

The surface morphology and size distribution by SEM
images are illustrated in Fig. 4. The Fe3O4 core-particles, shown
Fig. 3 XRD spectra of the (a) Fe3O4 core-particles, (b) Fe3O4/SiO2

composite seed particles, and (c) Fe3O4/SiO2/P(2-CEA) composite
polymer particles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
in Fig. 4a, are spherical and slightly polydispersed. The surface
appears rough and heterogeneous (inset image), perhaps due to
the mesoporous structure. The average diameter and coefficient
of variation (CV) of the Fe3O4 core-particles, measured by the
ImageJ soware, are 414 nm and 35%, respectively. It should be
noted that the solvothermal process usually demonstrates
a comparatively higher polydispersity index.41 The surface
heterogeneity and spherical identity of the Fe3O4/SiO2

composite seed particles (Fig. 4b) are almost retained following
silica coverage. An increasing number of smaller particles,
possibly SiO2 particles, are rmly adhered to the surface of the
Fe3O4 core-particles. The average diameter of the composite
seed particles is increased to 574 nm, and the CV is 25%. It can
be assumed that the Fe3O4/SiO2 composite seed particles do not
contain any nonmagnetic free SiO2 particles, as the particles
were repeatedly washed via magnetic separation and decanta-
tion. Aer seeded emulsion polymerization, the surface of the
Fe3O4/SiO2/P(2-CEA) composite polymer particles (Fig. 4c)
becomes relatively smooth. The average diameter of the Fe3O4/
SiO2/P(2-CEA) composite polymer particles further increases to
596 nm. It is apparent from the image (Fig. 4c) that some sort of
bridged occulation might have proceeded during the sample
preparation for the Fe3O4/SiO2/P(2-CEA) composite polymer
particles. However, on standing, the as-prepared washed
composite polymer suspension remainedmoderately stable and
dispersed up to 1 h (Fig. S5†). The particles were sedimented on
prolonged standing, but the dispersion state was revived upon
shaking. Such distortion of shape is also possible during
observation, as the acrylate polymer is sometimes not stable
under an electron beam.58 In order to assess the mesoporous
structure and internal morphology, the high-resolution TEM
image of the Fe3O4/SiO2/P(2-CEA) composite polymer particles
was analyzed, as shown in Fig. 4d. The dense region represents
the solid parts and the lighter region represents the porous
structure. The average diameter and CV measured from TEM is
around 596 nm and 27%, and matches well with the SEM
image. The gradual increase in the average diameter and
internal morphology suggests that the mesoporous Fe3O4/SiO2/
P(2-CEA) composite polymer particles were successfully
prepared.

The presence of a mesoporous structure has been veried
through the use of Brunauer–Emmett–Teller (BET) surface
analysis. The average BJH pore diameter in the Fe3O4 core-
particles is 3.85 nm, conrming the mesoporous structure.59

Following SiO2 coverage, the average pore diameter increased to
29.73 nm, i.e., the mesoporous structure in the Fe3O4/SiO2

composite seed particles is still maintained. Importantly, aer
seeded emulsion polymerization, the mean pore diameter is
decreased to 3.41 nm in the Fe3O4/SiO2/P(2-CEA) composite
polymer particles. Polymerization of 2-CEA in and around the
pore might have reduced the pore diameter. This assumption is
in conformity with our earlier prediction from the XPS (Fig. 2)
and XRD (Fig. 3) results. The average specic surface area (SBET)
of the Fe3O4 core-particles, Fe3O4/SiO2 composite seed particles
and Fe3O4/SiO2/P(2-CEA) composite polymer particles are 19.55,
7.23 and 20.29 m2 g−1, respectively. The increase in the surface
area for the composite polymer particles is possibly associated
RSC Adv., 2024, 14, 23560–23573 | 23565
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Fig. 4 (a–c) SEM and (d) high-resolution TEM images of (a) Fe3O4 core-particles, (b) Fe3O4/SiO2 composite seed particles, and the (c and d)
Fe3O4/SiO2/P(2-CEA) composite polymer particles. The scale bar represents 1 mm scale.

Fig. 5 TGA spectra of (a) Fe3O4 core-particles, (b) Fe3O4/SiO2

composite seed particles, and (c) Fe3O4/SiO2/P(2-CEA) composite

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

0/
30

/2
02

5 
8:

27
:4

5 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
with an improvement in the colloidal stability, following the
formation of a polymer layer around the magnetic SiO2 parti-
cles. The nitrogen adsorption–desorption isotherms of the
Fe3O4 core-particles, Fe3O4/SiO2 composite seed particles, and
Fe3O4/SiO2/P(2-CEA) composite polymer particles, shown in
Fig. S6,† exhibit an identical type IV mesoporous structure for
all materials.9 The volume of nitrogen adsorption in the
respective core and composite polymer particles is close to each
other. Accordingly, they have an almost identical average
specic surface area and pore diameter. Conversely, the Fe3O4/
SiO2 composite seed particles possess the lowest adsorption
owing to the maximum average pore diameter (29.73 nm) and
the minimum specic surface area (7.23 m2 g−1). The open
hysteresis for the Fe3O4 core-particles and Fe3O4/SiO2/P(2-CEA)
composite polymer particles with desorption isotherms lying
above the adsorption isotherms are possibly attributed to the
mesoporous structures with nanopores that possibly slowed
down the adsorption kinetics.60,61 This open hysteresis
phenomenon in the Fe3O4/SiO2/P(2-CEA) composite polymer
particles can also arise from the swelling effect of the organic
P(2-CEA) polymer.

The thermal stability and inorganic content were measured
by studying the thermal decomposition of the Fe3O4 core-
particles, Fe3O4/SiO2 composite seed particles and Fe3O4/SiO2/
P(2-CEA) composite polymer particles, as shown in Fig. 5. The
TG curve of the Fe3O4 core-particles (Fig. 5a) shows two separate
mass loss regions. The initial mass reduction up to 150 °C
corresponds to the volatilization of ethanol and moisture,
absorbed during particle washing. The second notable mass
reduction in the temperature range of 215–292 °C is resulted
from the decomposition of trapped ethylene glycol.28 The
second mass loss in the Fe3O4/SiO2 composite seed particles
23566 | RSC Adv., 2024, 14, 23560–23573
(Fig. 5b) is started at a somewhat higher temperature (250 °C).
In this case, the mass loss refers to the elimination of the
organic part of TEOS and any remaining CTAB that is trapped
within the mesoporous structure.28,41 On the contrary, the
Fe3O4/SiO2/P(2-CEA) composite particles (Fig. 5c) exhibit
a distinct and sharp reduction inmass in the temperature range
of 187–468 °C. A relative study shows that the Fe3O4/SiO2/P(2-
CEA) composite particles contained approximately 27%
organic P(2-CEA).

The magnetic characteristics of the dehydrated powder
samples of the Fe3O4 core-particles, Fe3O4/SiO2, and Fe3O4/SiO2/
P(2-CEA) composite particles were examined using VSM, and
a comparative plot of the hysteresis loops is depicted in Fig. 6.
The magnetic hysteresis curve of the Fe3O4 core-particles
(Fig. 6a) reveal the saturation magnetization (Ms) as around
52.80 emu g−1. The magnetization curve's reversible nature and
polymer particles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The hysteresis loops of (a) Fe3O4 core-particles, (b) Fe3O4/SiO2

composite seed particles, and (c) Fe3O4/SiO2/P(2-CEA) composite
polymer particles. Inset: magnetic separation of Fe3O4/SiO2/P(2-CEA)
composite polymer particles.
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the almost-zero coercivity (Hc) indicate a paramagnetic charac-
teristic. The Ms value of the Fe3O4/SiO2 composite particle
(Fig. 6b) is decreased to 50.88 emu g−1, which is caused by the
inclusion of nonmagnetic SiO2.62 In contrast, the value of Ms of
the Fe3O4/SiO2/P(2-CEA) composite polymer particles (Fig. 6c)
noticeably improved to 63.42 emu g−1. In general, the formation
of a nonmagnetic layer on the magnetic particles reduces the
Ms.25 The unexpected increase in the Ms value of the composite
polymer particles is possibly related to the improvement in the
crystal structure and stability to surface oxidation.63,64 In addi-
tion to this, the improvement in stability following polymer
coating should decrease the disorder of the spins on the surface
and consequently, the magnetization is enhanced.63 The almost
classic “S”-shaped reversible magnetization curve of the Fe3O4

core-particles was preserved during chemical modication. It is
also evident (inset gure) that composite polymer particles can
be effectively isolated from the dispersion medium by an
external magnet, leaving an apparently clear supernatant.

3.2. pH-dependent phase transition of the composite
polymer particles

Fig. 7a illustrates the pH-dependent variations in the average
hydrodynamic diameter of the Fe3O4/SiO2/P(2-CEA) composite
polymer particles. The average hydrodynamic diameter exhibits
a progressive reduction as the pH increases from 2 to 10. At
Fig. 7 pH-dependent changes in the (a) average hydrodynamic diamet
particles. Inset in (a): pH-dependent stability of Fe3O4/SiO2/P(2-CEA) co

© 2024 The Author(s). Published by the Royal Society of Chemistry
lower pH value, the surface of the composite particles should be
hydrophobic because the carboxyl groups of the P(2-CEA)
segments are in the protonated (–COOH) state. Hence, poly-
mers are supposed to be all collapsed on the particles surface.
However, Fig. 7a demonstrates the opposite result, i.e., the
hydrodynamic diameter increased in the acidic pH region. It is
likely that the nonionic nature and paramagnetic property of
the Fe3O4/SiO2/P(2-CEA) composite polymer particles promoted
the partial aggregation of particles. This also produced sedi-
mentation of the composite polymer particles within 10 min, as
shown in the inset of Fig. 7a. Whereas, in the alkaline range (pH
> 7), the carboxyl groups are deprotonated (–COO−) increasingly
more with the increase of the pH value. The ionization of the
carboxyl groups resulted in repulsion among the polymer
chains lying in and around the mesoporous channels, and the
opening of the gate valve. The opening of the anionic polymer
gate valve, which functioned as a hairy structure, favored
repulsion among like-charged magnetic composite polymer
particles, and ultimately stabilized the suspension. This
improved stability might have contributed to the reduction in
the hydrodynamic diameter at the higher pH region. The digital
image shown in the inset of Fig. 7a also conrmed the
improvement in stability with increasing pH value.

The pH-dependent changes in the zeta potential shown in
Fig. 7b further conrms the protonation and deprotonation of
the composite polymer particles. Undoubtedly, as the pH of the
diluted composite suspension increases from 2 to 10, the zeta
potential values exhibit a gradual increase in negativity due to
the ionization of the carboxyl groups of P(2-CEA). Hence, the
composite polymer particles became kinetically and electro-
statically stable in the higher pH region.

3.3. Sorption of methylene blue (MB) and methyl orange
(MO) dyes

The time-dependent sorption behavior of cationic MB and
anionic MO was investigated on the Fe3O4/SiO2/P(2-CEA)
composite polymer particles at pH values of 4.0 and 10.0,
respectively. This sorption experiment was carried out to
conrm the variation in the surface property of composite
polymer particles with changing pH values. In the following
section, the term ‘sorption’ is used as the composite polymer
particles are mesoporous in nature. Fig. 8a shows that the
amount of sorption of cationic MB is lower at pH 4.0 than that at
er and (b) zeta potential of Fe3O4/SiO2/P(2-CEA) composite polymer
mposite polymer particles.

RSC Adv., 2024, 14, 23560–23573 | 23567
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Fig. 8 Sorption behavior of (a) cationic MB and (b) anionic MO dyemolecules on Fe3O4/SiO2/P(2-CEA) composite polymer particles. Conditions:
temperature, 25 °C; dye, 0.02 mg mL−1; composite polymer particles, 10 mg; and total volume, 50 mL.
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pH 10.0. It is obvious that the composite polymer particles are
negatively charged at pH 10.0 due to deprotonation of the
carboxyl groups of the P(2-CEA) unit. This increases the amount
of sorption of cationic MB on the anionic Fe3O4/SiO2/P(2-CEA)
composite polymer particles through electrostatic attraction.
The electrostatic attraction also accelerated the sorption
process and nearly reached almost saturation within 5 min.
Whereas, at pH 4.0, such attractive force is absent as the
composite polymer particles become neutral. The sorption at
pH 4.0 is therefore attributed to only hydrophobic interactions
between the composite polymer particles and cationic MB. In
contrast, the anionic MO shows the opposite sorption behavior,
as illustrated in Fig. 8b. The amount of sorption at pH 10.0 of
the anionic MO is expectedly lower than that at pH 4.0. The
electrostatic repulsion between the negatively charged particles
and anionic MO reduces the amount of sorption at pH 10.0. A
comparative sorption behavior shows that the sorption amount
of MO is slightly decreased aer reaching the maximum value.
Mechanical stress from intermittent shaking possibly results in
a partial release of the surface-adsorbed MO with increased
time, as this dye molecule has relatively lower molecular weight
and is also comparatively less hydrophobic. Nonetheless, the
above sorption behavior of the cationic MB and anionic MO
conrms the pH-responsive surface properties of the Fe3O4/
SiO2/P(2-CEA) composite polymer particles.
3.4. Loading and release behavior of active molecules

Mesoporous magnetic pH-responsive Fe3O4/SiO2/P(2-CEA)
composite polymer particles can be useful for the controlled
delivery of active drug molecules. Mesoporous magnetic silica
particles with 2-CEA polymer on the surface are of great interest
because the structure of P(2-CEA) in aqueous solution is pH-
dependent. At higher pH (pH $ 8), almost all carboxyl groups
are deprotonated in aqueous solution and the 2-CEA polymer
chains are highly swellable due to the ionic repulsion that open
the mesoporous channels for drug loading (Fig. S7†). On the
other hand, at pH # 4, the swelling ability of the P(2-CEA)
chains decreases due to protonation of the carboxyl groups.
Thus, the polymer chains collapse around the mesoporous
channels and block the pores. The polymer chain can thus act
as a valve that can regulate the encapsulation and release of
drug molecules loaded inside the porous channels.
23568 | RSC Adv., 2024, 14, 23560–23573
In order to prove the pH-stimuli regulated loading and
release of drug molecules from the Fe3O4/SiO2/P(2-CEA)
composite polymer particles, vancomycin and p-AP have been
selected as two model drugs. The drug loading pH conditions
were carefully chosen to ensure the neutrality of the drug
molecules during loading and swelling, i.e., opening of the 2-
CEA polymer gate valve, followed by deswelling, i.e., closing of
the gate valve. Fig. 9a shows the amount of vancomycin
encapsulated at pH 4.0, and their subsequent gradual release at
pH 8.0 and 10.0 with time. A considerable amount of vanco-
mycin (106.19 mg g−1 of composite) is loaded at pH 4.0 inside
the mesoporous channel of the composite polymer particles.
This loaded vancomycin is equivalent to approximately 5.3 mg
of added 10 mg during the loading experiment. Hence, the
loading efficiency is around 53%. The gradual release observed
for vancomycin at pH 10.0 from the drug-loaded Fe3O4/SiO2/P(2-
CEA) composite polymer particles in fresh PBS is fairly rapid.
About 94% of loaded vancomycin is released within 45 min, and
nearly all (99%) encapsulated drug molecules are released aer
165 min. Comparatively, the release is slow at pH 8.0, but still
reached 87% aer 225 min, which is satisfactory for drug
delivery application. The pH-dependent uptake and release of p-
AP shown in Fig. 9b demonstrates that the amount of loading in
the Fe3O4/SiO2/P(2-CEA) composite polymer particles is 5.0 mg
g−1 of the composite particles at pH 4.0. Hence, about 83% of
the added drug (6.0 mg g−1) is loaded in the composite polymer
particles. Relative to vancomycin (1449.3 g mol−1), the molec-
ular weight of p-AP (151.163 g mol−1) is low and is more
hydrophobic. This property may have enhanced the loading and
encapsulation of p-AP at pH 4.0. The drug release at pH 10.0 is
fairly rapid again, releasing around 40% of the loaded drug
molecules within 45 min. With increasing time, the release
increased to around 46% aer 225 min. At pH 8.0, the release of
p-AP is comparatively low, but still reached 37% aer 225 min.
As a direct proof of the above results, the drug release proles of
vancomycin and p-AP are illustrated in Fig. S8.† In each case,
the increase in the absorption maximum with the release time
suggests that the amount of release increases. Therefore, the
above experiments conrmed that the mesoporous magnetic
Fe3O4/SiO2/P(2-CEA) composite polymer particles can be
applied as a pH-stimuli responsive drug carrier for targeted
drug release to specic locations where the pH is favorably
alkaline.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Encapsulation at pH 4.0 and subsequent time-dependent release at pH 8.0 and 10.0 of (a) vancomycin and (b) p-AP from the Fe3O4/SiO2/
P(2-CEA) composite polymer particles. Inset shows the percentage of release against time.
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In order to clarify the loading of the drug in the composite
polymer particles at pH 4.0, a comparative plot of the FTIR
spectra of vancomycin, Fe3O4/SiO2/P(2-CEA) composite polymer
particles and vancomycin-loaded composite polymer is evalu-
ated as an example. The characteristic absorption signals of
vancomycin (Fig. S9a†) belonging to the C]O stretching of the
amide I band, C]C of the aromatic ring, and phenolic –OH
groups appear at 1652, 1502 and 1230 cm−1, respectively.65 The
spectrum of the vancomycin-loaded Fe3O4/SiO2/P(2-CEA)
composite polymer particles (Fig. S9c†) matches well with
both vancomycin (Fig. S9a†) and the unloaded composite
polymer particles (Fig. S9b†). The weak absorption signal of
vancomycin in the drug-loaded composite polymer particles is
expected as most drug molecules are localized within the
porous channel and covered with the P(2-CEA) gate valve.
3.5. Hemolysis study

The hemocompatibility test is of great signicance for bioma-
terials to determine blood compatibility. The hemolytic
behavior in the presence of different amounts of the respective
Fe3O4/SiO2 composite seed and Fe3O4/SiO2/P(2-CEA) composite
polymer particles is shown in Fig. 10A. Independent of the
Fig. 10 (A) Hemolysis percentages in the presence of different concentr
P(2-CEA) composite polymer particles. Conditions: pH, 7.4; temperature
with incubation time for (a) Fe3O4/SiO2 composite seed particles and
particles, 0.6 mg mL−1; pH, 7.4 and temperature, 37 °C.

© 2024 The Author(s). Published by the Royal Society of Chemistry
composite particle nature, the hemolysis (%) increased with the
increase in the particle concentration. The composite polymer
particles at 0.7 mg mL−1 of the particle concentration exhibited
4.9% hemolysis, below the <5% permissible lime.66 It is also
observed that the hemocompatibility of the composite polymer
particles is slightly inferior to that of the Fe3O4/SiO2 composite
seed particles. The presence of the hydrophobic ethyl acrylate
moiety and partial ionization of the carboxyl groups at pH 7.4
are possibly accounted for the reduced hemocompatibility of
the Fe3O4/SiO2/P(2-CEA) composite polymer particles. Whatever
the ndings, it is evident that the prepared composite polymer
particles are hemocompatible up to 0.7 mg mL−1.

The time-dependent hemolysis percentages in the presence
of the Fe3O4/SiO2/P(2-CEA) composite polymer particles at
a particle concentration of 0.6mgmL−1 (Fig. 10B) indicated that
the hemolysis degree initially increased, and then became
almost steady beyond 90 min. Despite the increase, the hemo-
lysis degree remained below the permissible limit of 5% aer
120 min. The Fe3O4/SiO2 composite seed particles followed the
same hemolysis pattern, but the hemocompatibility is slightly
higher.

The digital photographs of the supernatants of RBCs aer
incubation with saline water (negative control), composite seed
ations of (a) Fe3O4/SiO2 composite seed particles and (b) Fe3O4/SiO2/
, 37 °C; and incubation time, 1 h. (B) Change in hemolysis percentage
(b) Fe3O4/SiO2/P(2-CEA) composite polymer particles. Conditions:
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particles, composite polymer particles and Triton X-100 (posi-
tive control) are also evaluated and displayed in Fig. S10.† The
colors of the supernatants from the negative control experi-
ment, Fe3O4/SiO2 composite seed and Fe3O4/SiO2/P(2-CEA)
composite polymer particles are very light and nearly trans-
parent, indicating the presence of either a negligible amount or
no oxyhemoglobin. On the other hand, in the positive control
experiment, the color is red due to the formation of the red
colored oxyhemoglobin following interaction of RBCs with non-
ionic Triton X-100.28 Although the hemocompatibility of the
Fe3O4/SiO2/P(2-CEA) composite polymer particles decreased
with increasing concentration, they are still hemocompatible at
lower concentrations, i.e., 0.6–0.7 mg mL−1 (estimated from the
bar diagram) and can be used for intravenous applications.

4. Conclusions

This investigation is aimed at preparing pH-responsive meso-
porous magnetic Fe3O4/SiO2/P(2-CEA) composite polymer
particles for drug delivery to specic locations of comparatively
alkaline pH, such as the intestine/colon. A new least popular
carboxy functional 2-CEA monomer is used for this purpose. It
is believed that the presence of the P(2-CEA) polymer in and
around the pore would act as a polymer valve for regulating the
controlled release of toxic drugmolecules loaded inside the void
spaces via opening at the alkaline pH values. The magnetic
property would help to drive the drug-loaded particles to
specic locations/organs for specic times. First, sub-
micrometer-sized mesoporous Fe3O4 core-particles are
prepared by solvothermal method. The Fe3O4 core-particles are
modied with the mesoporous SiO2 layer to enhance the
biocompatibility, as well as the drug loading capacity. To facil-
itate the seeded polymerization of 2-CEA from the surface, vinyl
groups are introduced on the Fe3O4/SiO2 composite seed
particles. BET surface analysis conrmed that the Fe3O4/SiO2/
P(2-CEA) composite polymer particles had a mesoporous
structure with an average pore diameter of 3.41 nm. The
composition analysis by FTIR, XPS, and XRD suggested that the
composite particles are modied with a thin layer of P(2-CEA),
lying mostly within and around the pore. The crystalline cubic
spinal structure of iron oxide and its average crystallite size are
almost retained during the stepwise preparation. The Fe3O4/
SiO2/P(2-CEA) composite polymer particles displayed a high
saturation magnetization value (63.42 emu g−1) with a classic
‘S’-shaped magnetization curve, which is typical for a strong
paramagnetic property. The pH-dependent change in the
hydrodynamic diameter, zeta-potential and sorption behavior
of the cationic and anionic dye molecules conrmed the pH-
sensitive surface property of the composite polymer. The in
vitro loading and release experiment of two drug molecules,
vancomycin and p-AP, showed 99% and 46.0% release at pH
10.0. Even at pH 8.0, the amount of release reached 87% and
37% for vancomycin and p-AP, respectively. The hemolysis
study revealed that composite polymer particles are favorably
hemocompatible up to a concentration of 0.7 mg mL−1. Hence,
it can be concluded that the Fe3O4/SiO2/P(2-CEA) composite
polymer particles can be used as a microcapsule for loading and
23570 | RSC Adv., 2024, 14, 23560–23573
the safe release of toxic drug molecules for treating intestine
and colon cancer, minimizing the release and degradation of
drugs while passing through the stomach.
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