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Abstract: Hybrid nanogels that are both thermosensitive
and superparamagnetic, and have good biocompatibility
are expected to have applications in the biomedical field.
In this article, a linearly thermosensitive magnetic microgel
was prepared by a radical copolymerization reaction in
aqueous dispersion. In this reaction, poly(ethylene glycol)
diacrylate was used as a crosslinker, polyvinylpyrrolidone
was used as a stabilizer, and 2-methoxyethyl acrylate, poly
(ethylene glycol)methyl ether acrylate, and 2-(methacryloy-
loxy)ethyl acetoacetate were used as copolymer monomers.
The thermosensitive magnetic microgel displays a linear
volume phase transition in water upon heating over a
wide range of temperatures. Transmission electron micro-
scopy, scanning electron microscopy, and dynamic light
scattering were used to characterize the morphology and
dimensions of the thermosensitive magnetic microgel. This
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material is expected to be used in magnetically targeted
drug delivery systems that require linear drug release.
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1 Introduction

Polymer-based platforms have the ability to encapsulate
large amounts of chemotherapeutic drugs and deliver
them to a specific site (tumor) and are therefore being
widely investigated as drug delivery systems for the treat-
ment of cancer (1). Of these, microgels have become the
most studied polymeric platforms over the past few years.
Microgels are soft and malleable materials with slightly
cross-linked particles in the colloidal size region that, in
addition to exhibiting various properties of hydrogels and
microspheres, have high porosity and a clearly defined
morphology (2). Smart colloidal microgels, a class of intel-
ligent responsive polymers, can adjust their dimensions in
response to external stimuli, including ionic strength, pres-
sure, light, pH, and temperature (3,4). In addition to the
typical properties of bulk hydrogels, such as biocompat-
ibility, deformability, and softness, they exhibit the col-
loidal stability of microparticles and a high surface area
to volume ratio (5). Microgels are capable of crystallizing at
high concentrations, respond rapidly to environmental sti-
muli and have unique interface properties (6).

The potential applications of microgels depend on
their chemical/physical properties, dimensions, and poly-
dispersity. Thus, the selected synthesis method must be
able to generate microgels with the desired properties.
Precipitation polymerization (or dispersion polymeriza-
tion) by free radicals is the most commonly used method
for the preparation of monodisperse, thermostable micro-
gels in an aqueous medium. A key factor determining
microgel homogeneity is the reversible phase separation
behavior of thermotropic polymers, and the temperature
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at which this occurs is often referred to as the lower critical
solution temperature (LCST). The most widely studied ther-
mostable polymer in this area is poly(N-isopropylacryla-
mide) (PNIPAM). PNIPAM has an LCST in aqueous solution
of ~32°C and a sudden phase transition from coil to globule
as it passes through the LCST (7,8). In this process, the
phase transition manifests itself in terms of the volumetric
phase transition temperature. Polymers with similar prop-
erties include poly(N-isopropyl methacrylamide) and poly
(N,N-diethylacrylamide) (9,10). However, such polymers
suffer from disadvantages such as low biocompatibility
and toxicity of the monomers, which can limit the use of
such microgels in the field of biological or pharmaceutical
carriers (11). Recently, a polymer with short oligo(ethylene
glycol) (OEG) side chains has emerged as a potential repla-
cement for PNIPAM as an ideal biomedical polymer (12).
OEG (meth)acrylate copolymers have been widely and
intensively researched for their special properties, such
as excellent biocompatibility, adjustable LCST, and antifou-
lant properties (13).

However, microgels prepared by the copolymerization
of two or more monomers still have limitations in terms of
single functionality and limited applications. To overcome
these drawbacks, a proposed approach is the development
of hybrid microgels. These hybrid microgels aim to combine
the properties of electronic, magnetic, optical, or colloidal
stability and responsiveness by incorporating inorganic
nanoparticles (14). Recent reports from various research
groups have indicated that by focusing on and locally
heating polymeric magnetic nanoparticle (MNP) nanocar-
riers at the specific site of drug release, MNPs can effectively
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deliver their cargo without requiring macroscopic heating
(15). The internal structure of dual-stimulus microgels com-
posed of methacrylic acid, di(ethylene glycol) methyl ether
methacrylate (MEO,MA), and OEG methyl ether methacry-
late (OEGMA) monomers was investigated by Billon’s group
(16). The study focused on analyzing the impact of different
cross-linkers on the internal structure of the microgel and
its transition from swelling to collapse. Recent work has
investigated the optical and solvative response of functional
hybrid gold nanoparticles and poly(2-(2-methoxyethoxy)
ethylmethacrylate) P(MEO,MA) nanoparticles of variable
shell thickness (17). To our knowledge, there is little litera-
ture on organic-inorganic nanodevices based on OEGMA
monomeric encapsulation of MNPs in nanoscale materials
with good biocompatibility and thermotropic stretchability.

In this study, we synthesized magnetically responsive
and linearly thermoresponsive microgels using 2-methox-
yethyl acrylate (MEA), poly(ethylene glycol)methyl ether
acrylate (PEGA), and 2-(methacryloyloxy)ethyl acetoacetate
(AAEM) as copolymer monomers. These microgels were
loaded with y-Fe,03; superparamagnetic nanoparticles at
different mass ratios ranging from 0.1 to 5 wt%. To prevent
the agglomeration of y-Fe,03; during the reaction process,
we tested various surfactants as stabilizers for the poly-
merization system. We found that polyvinylpyrrolidone
(PVP) was the most effective stabilizer compared to the
macromolecular chain transfer agent poly(V,N-dimethyla-
crylamide) and sodium dodecyl sulfate. A schematic represen-
tation of the process used to prepare the linear thermosensitive
microgel and its temperature-dependent changes is illustrated
in Scheme 1.
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H Aqueous Dispersion Radical
Copolymerization Reaction

"Thermos-Sensitivity
Magnetic Microgel

Aqueous Dispersion Radical
Copolymerization Reaction
Thermos- Resgonsws

Scheme 1: Schematic representation of the synthesis and thermoresponsiveness of the linear thermosensitive magnetic microgel.
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2 Materials and methods

2.1 Materials

MNPs (5 mg-mL™" in H,0) of y-Fe,0; with an average par-
ticle size of 10 nm and PVP (M, = 24,000) were purchased
from Aladdin Chemical Reagent Co. Ltd. PEGA (Adamas-
beta, average M, ~480), Al,0; (Adamas-beta, 99%, y phase,
20 nm), MEA (Adamas-beta, 298%), 2-(methacryloyloxy) ethyl
acetoacetate (AAEM, Adamas-beta, 94%), N,N-dimethylforma-
mide (DMF, Adamas-beta, 299.8%), ethanol (EtOH, Adamas-
life, 299.5%), and potassium persulfate (KPS, Adamas-beta,
>99.5) were purchased from Shanghai Titan Co., Ltd. Poly
(ethylene glycol)diacrylate (PEGDA, M,, = 258) was purchased
from Sigma-Aldrich. All other chemicals were of analytical
grade. All monomers were passed through a neutral alu-
minum(m) oxide column to remove the inhibitor before use.
KPS was recrystallized twice in deionized water prior to use.

2.2 Synthesis of P(MEA-co-PEGA-co-AAEM)
magnetic microgels

Radical copolymerization of y-Fe,03, MEA, PEGA, and AAEM
in different molar ratios was carried out in aqueous disper-
sion (water) at 70°C for P(MEA-co-PEGA-co-AAEM) magnetic
microgel synthesis. Herein, KPS was used as an initiator,
PEGDA as a crosslinker, and PVP as a stabilizer. Typical steps
in the preparation process are described below. In a
20 mL reactor, MEA (139.3mg, 1.07 mmol), PEGA (96.3 mg,
0.20 mmol), AAEM (14.3mg, 0.07 mmol), PEGDA (7.5 mg,
0.03 mmol), and PVP (50 mg, 2.08 umol) were dissolved
in 5mL of distilled water. Then, 89.3 uL of aqueous
y-Fe,05 (1.4mgmL™") was added, and the mixture was
stirred for 30 min using a Rotamax 120 shaker. The solu-
tion was degassed with nitrogen at room temperature for
30 min prior to immersion in a preheated oil bath at 70°C.
Next 100 pL of an aerated aqueous solution containing
1.875mg of KPS was injected into the reaction mixture
using a microsyringe. The aqueous dispersion was allowed
to undergo radical copolymerization for 6 h under nitrogen
protection with stirring at high speed. Subsequently, it
was cooled to room temperature. Then, 0.05% w/v solutions
were used for dynamic light scattering (DLS), and the
crude products were dialyzed in water for three days using
a Millipore dialysis system (cellulose membrane, MWCO
100000) for transmission electron microscopy (TEM) and
scanning electron microscopy (SEM).
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2.3 Polymerization kinetics of aqueous
dispersion polymerization of P(MEA-co-
PEGA-co-AAEM) magnetic microgels

Periodic aliquots of P(MEA-co-PEGA-co-AAEM) magnetic
microgels were studied by aqueous dispersion copolymeriza-
tion at 10% w/v solids at full conversion. In a 20 mL reactor,
MEA (278.6 mg, 2.14 mmol), PEGA (192.6 mg, 0.40 mmol),
AAEM (28.6 mg, 0.14 mmol), PEGDA (15.0 mg, 0.06 mmol),
PVP (100 mg, 4.16 umol), and 0.05 mL DMF were dissolved in
5mL of distilled water. Then, 178.6 uL y-Fe,03 (14 mgmL™)
aqueous was added and the mixture was stirred for 30 min
using a Rotamax 120 shaker. Then, 100 yL of the mixture was
removed from the system and labelled as the 0h sample.
Before immersion in a preheated oil bath at 70°C, the solution
was degassed with nitrogen at room temperature for 30 min.
Next 0.1 mL of a vented aqueous solution containing 3.75 mg
of KPS was injected to the reaction mixture through a micro-
syringe. At 5, 10, 15, 30, 45, 60, 90, 120, 150, and 180 min, 100 pL
of the reaction solution was withdrawn under nitrogen using
a 100 pL microsyringe and placed in a 1mL centrifuge tube
together with the 0 h sample, and 500 pL of D,0 was added to
each sample to measure the '"H NMR spectrum.

3 Results and discussion

3.1 Synthesis of the microgels

In this communication, temperature-sensitive microgels
were prepared at 70°C by radical dispersion copolymeriza-
tion using MEA, PEGA, and AAEM as terpolymer mono-
mers, PVP as a stabilizer, KPS as an initiator, and PEGDA as
a crosslinker. Stable milky-white dispersions were obtained
in all cases. The higher water solubility of MEA may explain
the relatively high solid content (5% w/v) obtained compared
to those of other precipitation polymerization microgel sys-
tems. To monitor the time required to achieve high monomer
conversion in the free-radical dispersion polymerization reac-
tion for the preparation of microgels, aliquots were taken
from the reaction mixture at regular intervals for nuclear
magnetic resonance hydrogen spectroscopy (‘H NMR), and
full conversion was achieved at 5% w/v. From the 'H NMR
spectra, it can be seen that the signals from the double bonds
between the chemical shifts 5.5 and 6.5 decrease as the con-
version rate increases. After 15min, the polymer rapidly
became transparent, and after 3 h, the monomer conversion
was 99% (Figure 1).
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Figure 1: Dispersion polymerization kinetics results of microgels at 5% w/v and 70°C: double bond peak signals vs polymerization time in "H NMR

spectra (a) and monomer conversion vs polymerization time (b).

To study the size distribution of the synthesized micro-
gels, DLS measurements were performed. As shown in
Figure 2, a narrow polydispersity index (PDI) with a unim-
odal peak was observed for the hydrodynamic diameter
(Dyp) of the microgels, indicating a uniform size.

It was therefore possible to monitor the effect of cross-
link density on the final gel size. The higher the cross-linking
density was, the larger the particles of the microgels.

It is well known that the encapsulation of superpara-
magnetic y-Fe,03 requires a large microgel particle size, so
itis necessary to investigate the effect of y-Fe,05 content on
the Dy, and PDI of microgels (18). The effect of the y-Fe,05
content on the Dy and PDI of the microgel solution was
studied in detail by fixing the molar ratio of the three
monomers at MEA:PEGA:AAEM = 160:30:1 and keeping
the total mass ratio of other components constant relative
to the monomers, as shown in Table 1 and Figure S1. As

— 0.5% PEGDA
— 2%PEGDA
— 8% PEGDA

Intensity

300 600 900 1200 1500 1800
Size (nm)

Figure 2: Size distribution of P(MEA-co-PEGA-co-AAEM) microgels (25°C)
synthesized with different nominal amounts of cross-linking agent.
Concentration: 0.01% w/v in water.

seen from Table 1 and Figure S1, the microgel system
was stable when the mass of y-Fe,03 was 0.5wt% of the
total monomer mass, the number-average diameter of the
prepared microgel was large, and the PDI was narrow.
Therefore, 0.5wt% is the optimum concentration for this
system. Subsequently, we studied in detail the effects of the
molar ratios of the monomers MEA, PEGA, and AAEM, the
amount of the cross-linking agent PEGDA, the amount of
the stabilizer PVP, and the amount of the initiator KPS on
the stability of the magnetic microgel system and on the Dy,
and PDI of the microgels (see Tables S1-S4 for details). The
optimal experimental conditions were investigated as fol-
lows: the mass ratios of y-Fe,03, PEGDA, PVP, and KPS to
monomer were 0.5%, 3%, 20%, and 0.75%, respectively, and
the MEA:PEGA:AAEM molar ratio was 160:30:10, with a
monomer concentration of 5% w/v, reaction temperature
of 70°C, and reaction time of 4 h.

Table 1: Effect of the amount of y-Fe, 03 on the Dy, and PDI of magnetic P
(MEA-co-PEGA-co-AAEM) microgels obtained by dispersion
polymerization®

Entry y- PEGDA (%) PVP (%) KPS (%) D,/nm PDI
Fe,03
(%)
1 0.1 3 20 0.75 395.1 0.033
2 0.5 3 20 0.75 401.7 0.043
3 1 3 20 0.75 360.1 0.057
4 2 3 20 0.75 381.6  0.144
5 5 3 20 0.75 396.1 0.146

aSynthetic condition: temperature is 70°C, monomer concentration is 5%
w/v, the volume of final mixture is 5 mL. D,,, number-average diameters,
PDI, polydispersity index. All the molar ratios of MEA:PEGA:AAEM =
160:30:10, all the percentages are relative to the mass of the monomer.
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Figure 3: DLS curves of magnetic P(MEA-co-PEGA-co-AAEM) microgels with different upon heating (0.05% w/v in water) (a), magnetic behavior of

nanogels in the presence of a permanent magnet (b).

3.2 Thermosensitivity of the P(MEA-co-PEGA-
co-AAEM) microgels

The thermosensitive volumetric phase transitions of P
(MEA-co-PEGA-co-AAEM) microgels prepared under the
optimal synthesis ratio conditions for DLS testing are
shown in Figure 3a. Interestingly, the obtained microgels
show a linear decrease in particle size with heating until a
plateau is reached. This linear thermal sensitivity can be
observed across a wide temperature range of 10-50°C. As
the temperature continues to increase, the particle size of

the microgels tends to remain more or less constant. Our
method for synthesizing linearly thermosensitive micro-
gels is more convenient and suitable for large-scale pro-
duction than previous methods. In contrast to approaches
in the literature, the linear P(MEA-co-PEGA-co-AAEM) ter-
polymer undergoes a rapid LCST transition in aqueous
solution (19). Without the use of a permanent magnetic
field, the magnetic P(MEA-co-PEGA-co-AAEM) microgels
are well dispersed in water. As shown in Figure 3b, the
microgels can be collected using permanent magnets. In
the presence of a permanent magnetic field, the magnetic

025 BN DA B
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Figure 4: Representative TEM (a) and SEM (b) images of the magnetic P(MEA-co-PEGA-co-AAEM) microgels.
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P(MEA-co-PEGA-co-AAEM) moves and forms particles on
the wall of the container near the magnet. The magnetic
microgels can also be purified using this technique.

3.3 TEM and SEM studies of the magnetic P
(MEA-co-PEGA-co-AAEM) microgels

The TEM image of the y-Fe,03/P(MEA-co-PEGA-co-AAEM)
hybrid microgels is shown in Figure 4a. This image con-
firms the good distribution of y-Fe,0; in the microgels,
which also agrees with the DLS polydispersity results,
that is, the uniform particle size distribution. In the TEM
image, the contrast of the microgels is quite low (average
diameter: 220 nm), which is an indication of their soft
nature. To further observe the internal structure of the
magnetic microgels, we subjected them to SEM analysis
(average diameter: 182 nm, Figure 4b), which showed that
the obtained microgels were homogeneously distributed
microbeads with a uniform size distribution, which again
confirmed the accuracy of the DLS results.

4 Conclusion

In this work, P(MEA-co-PEGA-co-AAEM) microgels were
prepared using radical precipitation polymerization. The
diameter of the resulting microgels decreased in a linear
fashion upon heating. Through a thorough study, we
obtained the optimal synthetic conditions for preparing
such microgels: the mass ratios of y-Fe,03, PEGDA, PVP,
and KPS to the monomer were 0.5%, 3%, 20%, and 0.75%,
and the MEA:PEGA:AAEM molar ratio was 160:30:10, with a
monomer concentration of 5% w/v, a reaction temperature
of 70°C, and a reaction time of 4h. Using the P(MEA-co-
PEGA-co-AAEM) microgel as a template, y-Fe,0O5 could be
uniformly encapsulated by in situ polymerization, and the
microgel could be separated and purified by a permanent
magnet. Our expectation is that this microgel based on mag-
netic MEA-co-PEGA-co-AAEM and exhibiting a linear volume
phase transition can be easily prepared on a large scale,
overcome the discontinuous thermal transition defects of
most microgel systems studied thus far, and be applied in
the preparation of functional materials and targeted drug
delivery.
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