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Abstract
Background: Multi-functional embolic microspheres for treating stage B hepatocellar carcinoma often
require complex synthesis processes and harsh conditions. But the traditional embolic agents (e.g.
polyvinyl alcohol and iodized oil) often cause unexpected embolism and have potential risks of
damaging the human body. The aim of this research was to use a photo-click method to prepare
multifunctional microspheres with magnetocaloric effect and MR/CT/DSA imaging function used in the
transcatheter arterial embolization.

Methods: Fe3O4@polydiallyl isophthalate (Fe3O4@PDAIP) magnetic microspheres were synthesized by
one-pot photopolymerization without hindered by degradative chain transfer. The in vitro and in vivo anti-
tumor effects were characterized with hepatoma cell experiments and tumor-bearing mouse model. The
DSA and CT in vitro were utilized to evaluate imaging ability of Fe3O4@PDAIP. The safe was tested via
histopathological examination and serum detection.

Result: The results showed that Fe3O4@PDAIP magnetic microspheres had ablation effect on tumor cells

and had imaging effect through MR/CT/DSA scanning. The microspheres was heated to 42-48 oC by
magnetocaloric effect in alternating magnetic �eld, which signi�cantly decreased the activity of mouse
liver cancer cells in vitro. In vivo, it can inhibit the growth of tumor after magnetothermal therapy without
obvious toxicity.

Conclusion: Fe3O4@PDAIP magnetic microspheres can be potentially applied to the locoregional and
precise interventional treatment of liver tumors.

1. Background
Liver cancer has been recognized as one of the leading causes of mortality worldwide for decades.
However traditional chemotherapies often were accompanied by irreversible damage for normal tissue
due to its lack of selectivity for tumor tissue alone. Thus, transcatheter arterial embolization (TAE)
including transcatheter arterial chemoembolization (TACE) [1–3] is a superior method in treatment of
tumors, which use microspheres often be loaded with drugs [4–6], radioactive material such as Y90[7–9].
Besides, Cu, Gd, Au and others are heated being exposed to near-infrared laser apply to photothermal
therapy [10–13]. But the harsh synthetic conditions of radioactive microspheres [14, 15] and the physical
constrains of near infrared light penetration through tissue (< 1cm)[16] make the clinical performance
unsatisfactory.

Magnetothermal therapy utilizes deeper penetration capability of magnetic �eld to activate magnetic
response materials and generate hyperthermia to ablate tumors under the high-frequency alternating
magnetic �eld (AMF) [17]. Thus, the treatment is localized to target spot, so the patient's body is
subjected only to a small, focused �eld, minimizing the possibility of side effects. At present, the most
widely reported magnetic microspheres are all most core/shell structure [18–20]: with a high molecular
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polymer as the core, e.g. polyvinylbenzene, the nano-magnetic material is adsorbed by electrostatic
adsorption and other forces, and then �xed by encapsulation[21]. But this layer-by-layer assembled
structure often requires multi-step reaction that takes a long time to react or/and need a high
temperature. Luckily, photopolymerization of allyl monomers proceeds without hindered by the well-
known degradative chain transfer (DCT) under [3 + 2] photoinduced radical-mediated cyclization [22, 23],
and then it has been found that stable and uniform microspheres can be formed by suspension
polymerization for arterial embolization, which have been reported in our laboratory[24]. Therefore, we
speculate that magnetic microspheres can be prepared by one-step reaction of allyl monomers to avoid
the tedious synthesis steps like the multilayer microsphere. However, conventional allyl hydrophobic
monomers cannot well disperse magnetic nanomaterials in microspheres. Thus, monomers used in
magnetic microspheres often require [25]. But modi�ed diallyl isophthalate monomers enable magnetic
nanoparticles to be encapsulated in polymers by cation-π or polar interaction [26–28]. The interaction
occurs when Fe in the edge of inorganic substance react with matrix of isophthalate. Besides, photoclick
preparation occurs at room temperature and will not cause the magnetic material to lose its magnetism
due to excessive temperature. Thus, we successfully synthesized Fe3O4@PDAIP magnetic microspheres
based on design. Our aim is that magnetocaloric effect can be used in thermotherapy of tumors, and has
embolization function, which can be applied to treat cancer synergistically. Moreover, Fe3O4@PDAIP
magnetic microspheres were capable of being visualized on digital subtraction angiography (DSA),
computerized tomography (CT), or magnetic resonance imaging (MRI) examinations. This can be used to
track treatment progress.

2. Materials And Methods

2.1 Materials
2-Hydroxy-2-methyl-1-phenyl-1-propanone (HMPP) was purchased from Aladdin Reagent Co., Ltd.
(Shanghai, China). Dially isophthalate (DAIP) and nano-Fe3O4 were purchased from Macleans
Biochemical Technology Co., Ltd. (Shanghai, Chian). Polyvinyl pyrrolidone (PVP) was purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). H22 mouse hepatoma cells were supplied by Wuhan
University (Hubei, China). Pen-strep solution, phosphate buffered saline (PBS Gibco™), dulbecco’s
Modi�ed Eagle Medium (DMEM Gibco™) and fetal bovine serum (FBS, Gibco™) were purchased from
Thermo Fisher Scienti�c Biological Chemical Products Co. Ltd. (Beijing, China). Live & dead cell
viability/cytotoxicity assay kit, i.e. calcein acridine orange (AO) and propidium iodide (PI), were obtained
from Bestbio (Shanghai, China). Cell counting kit-8 (CCK-8) was obtained from Glpbio Technology
(California, USA). SPF female Kunming mice (4 weeks old, 16 ~ 20g) were purchased from Guangdong
Medical Experimental Animal Center (Guangdong, China). Sodium pentobarbital was purchased from
Sigma, USA.

2.2 Synthesis of Fe3O4@PDAIP Magnetic Microsphere
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The magnetic microspheres were synthesized on the basis of the work previously reported by Zhao[24].
5wt% (0.1g) of PVP was added to 80mL H2O under mechanical stirring at 600 revolutions per minute.
15wt% (0.3g) HMPP was mixed uniformly with 2g DAIP by ultrasonic treatment for 5 minutes. Then 4wt%
nano-Fe3O4 (0.08g) was added and maintaining ultrasonic treatment for 4 minutes, the hydrophobic
magnetic �uid with good dispersion was obtained. The magnetic �uid was slowly added to the above
solution subsequently to form a water-oil mixture, the mixture was irradiated with an industrial middle-
pressure mercury lamp (light intensity: 42mW/cm2; wavelength: 365nm) for 60 minutes under stirring,
�nally yielded the nano-Fe3O4 modi�ed polydiallyl isophthalate magnetic microspheres (Fe3O4@PDAIP).
The microspheres were washed with distilled water, transferred to a dialysis bag. Then they were dialyzed
for 48 hours and freeze-dried for 24 hours. Polydially isophthalate (PDAIP) microspheres were
synthesized following the same method just without nano-Fe3O4. The route was shown in scheme 1.

2.3 Characterization of Fe3O4@PDAIP Microsphere

2.3.1 Morphological characterization
The morphology of Fe3O4@PDAIP magnetic microspheres was observed with a �uorescence microscope
(Eclipse Ni-U, Nikon, Japan). The average size of the magnetic microspheres was determined using image
software. At least 300 microspheres were counted and used to make a microsphere size distribution map.
Elemental analysis of Fe3O4@PDAIP magnetic microspheres was carried out on a scanning electron
microscope energy dispersive spectrometer (SEM/EDS, Phenom-ProX, Phenom-World, Holland).

2.3.2 Magnetic test
The vibrating sample magnetometer (VSM, LakeShore 7404) was used to test the hysteresis loop and the
ampli�cation of the low magnetic �eld area to determine the coercivity and remanence. The test setups
were fast scanning (25 ~ 30Oe/s) with 30.44mg Fe3O4@PDAIP at 30 oC, the magnetic �eld range is ± 1T,
and the scanning points are 500 points.

2.3.3 Infrared spectra (IR) analysis and thermal analysis
Fe3O4, PDAIP microspheres and Fe3O4@PDAIP magnetic microspheres was mixed with dry potassium
bromide separately and determined by infrared spectroscopy (Nicolet 6700, Thermo Fisher Scienti�c, US)
in the wave number scanning range of 4000-400cm− 1. Synchronous thermal analyzer (STA 449 F5
Jupiter, Netzsch, Germany) was used for thermal analysis under 50–800 oC (heating rate 20 oC/min),
20mL·min− 1 N2 atmosphere. 25mg sample is used to obtain thermogravimetric (TG) curve.

2.3.4 Study on Fe3O4@PDAIP magnetic microsphere
stability.
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Immerse 10/20/30mg of microspheres in 1mL of H2O, PBS, and DMEM solutions, respectively, and
observe their heating performance and particle size after 1, 2, and 7 days.

2.4 In vitro test

2.4.1 Heating performance of Fe3O4@PDAIP magnetic
microspheres with or without cells
The high-frequency heating machine (Guangdong Taiguan Power Technology Co., Ltd. 15kW) was used
for the heating test. The 350mm petri dishes were loaded with 10/20/30mg of Fe3O4@PDAIP magnetic
microspheres respectively. Three parallel experiments were set in each group. The empty dish was used
as a blank control, and turn on machine for 180s.

Add 1mL of H22 cells (4 ~ 5 × 105mL−1) to a 350mm petri dish with the same dose of the microspheres
above, and set up a control group (microspheres-free). The heating operation is the same as previous.
The temperature is measured by thermal infrared imager (Testo 871, Testo SE & Co. KGaA, Germany).

2.4.2. Tumor cell survival with Fe3O4@PDAIP magnetic
microspheres in AMF and cytotoxicity test.
H22 cells were cultured in 350mm petri dish (DMEM with 10% FBS and 1% pen-strep solution, 37 oC, 5%

CO2) for 24 hours, and the cell density was 4 ~ 5 × 105mL−1. 1mL microspheres with a concentration of

10/20/30mg·mL− 1 were added respectively, and cultured for 24 hours continuously, then in the AMF for
180s. The microspheres were separated with magnets, and the cells were transferred into a 96-well plate
with 100µL per well. After 24 hours, cells were incubated with 10µL of CCK-8 in medium for 2 hours in the
dark at 37 oC. Blank group is pure media and control group is media incubated without magnetocaloric
substance, the same below.

The cytotoxicity test, soaking 10/20/30 mg of microspheres in 1mL PBS for 3 days, the microspheres
were separated to obtain the extract of the microspheres. The cells (100µL per well) were cultured to the
same concentration by the above method and transferred to 96-well plates. After 24 and 48 hours, cells
were incubated with 10µL of CCK-8 in medium for 2 hours in the dark at 37oC, respectively. Six parallel
experiments were set up for all groups in the above experiments. The optical densities (OD) were
measured by microplate reader (Epoch, BioTek, US) at wavelength 450nm. Relative cell viability [29] was
calculated using the following formula:

Relativecellviability(%) =
ODexperiment − ODblank

ODcontrol − ODblank
× 100%(1)

2.4.3. Fluorescent staining of live & dead cell
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According to the above scheme, the cells were cultured to 4 ~ 5 × 105mL−1 in 350mm petri dish, and the
magnetic magnetocaloric treatment was carried out by the same method. Finally, the microspheres and
cell �uid were separated by magnets. The dye solution was con�gured according to the instructions of
the commercial AO/PI kit. The above cells were washed twice with PBS, mixed evenly with 500mL
staining solution and incubated at 4oC for 20 minutes in dark, then wash the cells with PBS [30, 31]. The
staining was observed at 525nm (living cells, green) and 600nm (dead cells, red) wavelengths
respectively by �uorescence microscope.

2.4.3. In vitro MRI/DSA/CT of Fe3O4@PDAIP magnetic
microspheres
The agar solution with a concentration of 1% was transferred to a six-well plate while it was hot.
10/20/30mg of magnetic microspheres were added to the three wells and mixed evenly with agar [32],
and the other three as blank controls. The MR imaging study was conducted using a MR imaging system
(Philips). In �eld strength 3T, using T1 weighted imaging.

The DSA an CT visualization experiment was divided into four groups: Fe3O4; Fe3O4(4wt%)@PDAIP
microspheres; Fe3O4(2wt%)@PDAIP microspheres and Fe3O4(0wt%)@PDAIP microspheres. Each group
weighed 0.25g, 0.5g, 0.75g, respectively, into a 5mL EP tube, added 1mL of deionized water, and took
images using a DSA machine (Siemens) at 52kV, 3mAs, DFOV 27.3cm × 27.3cm. The CT images are
obtained by CT scanning (Philips) with 120kV, 150mAs and SW 1mm.

2.5 In vivo test

2.5.1 H22 tumor-bearing mouse model
H22 cells were grown to a density of 1 × 107mL−1 in 1000mm medium using the above method. The
tumor cells were injected in 12 mice subcutaneously at the junction of the chest and the right limb with a
dose of 0.3mL. Put it in the environment of 25oC and 70% humidity for 48 hours and measure the length
and width of the tumor. At the same time, the body weight of mice was recorded every two days.

2.5.2 Inhibitory effect of Fe3O4@PDAIP magnetic
microspheres on tumor growth
1 mL of microspheres with a concentration of 10/20/30mg/mL was injected into the tumor site in
multiple doses (about 0.3mL per injection) and 1mL PBS was injected as the control group. After 24
hours, the 3 mice/group was exposed to 180s in AMF and treated every 24 hours for a total of three
times. The length and width of the tumor were measured every 2 days for a total of 14 days. The volumes
of tumor were calculated according to the following formula [33]:

Tumorvolume mm3 = 0.52 × length × width2(2)( )
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The mice containing microspheres and the PBS control group were placed in the MRI as mentioned
above, and angiographic ability of magnetic microspheres was observed.

2.5.3 Detection of liver and kidney function
At the 14th day, the mice were anesthetized by an abdominal subcutaneous injection of 3wt%
pentobarbital sodium at 0.05mL. After the mice were completely anesthetized, the eyeballs of the mice
were removed and the blood was taken, centrifuged, and the supernatant was collected. The parameters
are set as follows: centrifugal temperature 4 oC, 5000 revolutions per minute for 20 minutes. Serum
indicators include alanine aminotransferase (ALT) and aspartate aminotransferase (AST) as liver
function signals, blood urea nitrogen (BUN) and creatinine (CREA) as renal function signals.

2.5.5 Histopathological examinations
Tumor and heart, liver, spleen, lung and kidney were collected after dissection and �xed in 10% formalin
solution, then processed and embedded in para�n, and �nally sliced by microtome. The pathologic organ
changes were investigated using hematoxylin and eosin (H&E) staining [34]. Assess the degree of tumor
cell necrosis and the in�ammatory response of various organs.

3. Result

3.1 Morphological characterization
Under the �uorescence microscope, the particle size distribution of the microspheres was randomly
selected to observe and calculate the size distribution of the microspheres, as shownin Fig. 1a. The
particle size distribution is 20–145µm with average particle size 74µm. It shows a positive skew
distribution, indicating that the magnetic microspheres have a wide particle size distribution. After
photopolymerization, magnetic microspheres of different sizes can be further separated by classi�cation
and screening, which can occlude blood vessels of different calibers and �ows to meet the needs of
vascular embolization in different parts.

3.2 Spectral and thermal analysis
The TG curves of nano-Fe3O4, PDAIP microspheres and Fe3O4@PDAIP magnetic microspheres were

measured. Figure 1b shows that nano-ferric oxide can remain stable without mass loss from 50 to 800oC.
The microspheres loaded with or without nano-ferric oxide began to decompose at about 400oC, but the
�nal residual mass of the magnetic microspheres indicated that the samples was loaded with 10wt% of
ferric oxide higher the reactant ratio 4wt%. The �uctuation in loading might be attributed to the inevitable
aggregation of magnetic nano-Fe3O4, or unreactive monomers lost.

The IR spectra of nano-Fe3O4, PDAIP and Fe3O4@PDAIP magnetic microspheres are shown in Fig. 1c. It

shows that the peak of Fe3O4 at 586cm− 1 and the increase in absorbance of Fe3O4@PDAIP magnetic

microsphere around 580cm− 1 is attributed to the Fe-O bond[35], which indicates that Fe3O4 was
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successfully doped in Fe3O4@PDAIP magnetic microspheres. Peak 1729cm− 1 is related to the C = O
stretching vibration of the ester bond. It can be seen that the magnetic microspheres were successfully
synthesized from DAIP monomer.

3.3 SEM-EDS analysis
The SEM images of the microsphere are shown in Fig. 1d. Spectral scan in a randomly selected area of
microspheres in the Fig. 1e was used for elemental analysis. The results shown in Fig. 1f indicated the
presence of three elements, carbon, oxygen, iron, in the microspheres, in line with the expected
composition.

3.4 Magnetic test
The magnetic microspheres in the water are randomly dispersed in the water without or with a magnetic
�eld (Fig. 2a), and under the action of magnetic �eld, they obviously accumulated in the direction of the
magnetic �eld. VSM magnetic strength curve (Fig. 2b) showed that Fe3O4 did not lose magnetism after
photopolymerization, which suggested that the Fe3O4@PDAIP had favorable magnetic response.

3.5 Thermal effect of Fe3O4@PDAIP magnetic
microspheres and MRI/CT/DSA imaging
The temperature records of microsphere under AMF are shown in Fig. 3a (without cells) and 3b (with
cells). The thermal effect caused by coil is excluded by the control group (gray line). The temperature can
reach about 45 ~ 52oC and 44 ~ 48oC, respectively as the dose of microspheres increases from 10 to
30mg. In clinic, when tissues are heated to 41oC, heat shock proteins can be upregulated as the defensive
mechanisms for cells against thermal damage; whereas the irreversible cell necrosis occurs when the
tissue temperature exceeds 42oC. Moreover, cells death can occur rapidly owing to the vessel thrombosis
and ischaemia at 46 ~ 52oC [16]. Figure 3c show typical thermal infrared images of the temperature rise
of Fe3O4@PDAIP in vitro and in vivo. It can be seen that the microspheres in the coil were obviously
warmed up due to the magnetocaloric effect, and the tumor site in mice showed the similar result.

The MRI capabilities of magnetic microspheres in vitro and in vivo were presented in Fig. 3d. Compared
with the MRI image of pure agar, the signal of microspheres in agar has changed obviously, and the
distribution of the microsphere could be seen clearly. Similarly, the MRI images of the injected
microspheres in mice also changed signi�cantly compared with the control group, and the shadow area
increased with the increase of microsphere dose. The DSA (left) and CT (right) images were showed in
Fig. 4. It can be seen that the microspheres and deionized water cannot be clearly distinguished at 0wt%
Fe3O4 content, but when the Fe3O4 content increased to 2wt% or 4wt%, the obvious boundary between the
microspheres and water was found. Compared with the image of iron without microspheres embedded,
the capability imaging of DSA is only related to the iron concentration. CT images indicate that the
visualization ability of Fe3O4@PDAIP microspheres in CT scanning is parity with Fe3O4. These results
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suggest that the Fe3O4@PDAIP magnetic microspheres have good capabilities on heating and MRI/CT
enhanced imaging, and simultaneously have enormous potential in DSA imaging.

3.6 Fe3O4@PDAIP magnetic microspheres stability
experiment
The stability of the microspheres immersed in different media (H2O, PBS, DMEM) for 1, 2 and 7 days was
investigated. As shown in Fig. 5a, the microspheres still had similar heating performance as Fig. 3a and
3b, they can even reach more than 40oC at a low concentration. A signi�cant correlation of the
temperature and concentration was found. In Fig. 5b, the particle size distribution was measured by the
previous method. The particle size distribution was 25 ~ 180µm (1 day), 40 ~ 200 µm (2 days), 35 ~ 180
µm (7 days) respectively. The average particle size was respectively 95.19µm (1 days), 101.95µm (2
days), 91.89 µm (7 days). Slight differences in particle size distribution and average were due to random
sampling. These data indicate that the microspheres can still maintain their performance and
morphology for a long time in different media without decomposition. This seems to be bene�cial to a
long-term embolization, and can greatly reduce the frequency of medication used by patients.

3.7 Cytotoxicity of Fe3O4@PDAIP magnetic microspheres
The CCK-8 assay (Fig. 6a) quantitatively showed that there was a slight negative in�uence on cell growth
compared to the control group when the cells were co-cultured with Fe3O4@PDAIP extract of different
concentrations for 1, 2 days, respectively. However, cell viabilities in these experimental groups were still
above 80%. According to the toxicity grading guide, the Fe3O4@PDAIP cell toxicity was included in Grade
I, representing relative growth rate between 75% and 99% during the culture process [36].

3.8 Inhibitory effect on tumor cells in vitro and in vivo.
After the cells containing different concentrations of microspheres were placed in AMF for 180s, the
relative cell viabilities were determined by the CCK-8 assay. The results are shown in Fig. 6b. At a low
concentration (10mg/mL), the tumor cells still maintained about 70% relative cell viability after
experiencing the thermal effect of microspheres. When the concentration increased to a medium
concentration (20mg/mL) and a high concentration (30mg/mL), the cell viability decreased signi�cantly,
only 50% compared with the control group. In addition, these cells were continuously observed. In the
absence of microspheres or in a low concentration, the cell sap turned yellow within 24 hours, while cell
sap of the middle and high concentration remained purplish red like the culture medium for 14 days or
more. It implies that the metabolism of tumor cells has been affected by the thermal effect of middle and
high concentration microspheres. Tumor size and body weight within 14 days are recorded in Fig. 6c and
6d. Similar results were obtained with the in vitro experiments. Tumor size was maintained or decreased
over 14 days, in stark contrast to the control and low-concentration groups. The result of �uorescent
staining of live & dead cell is shown in Fig. 6e. The higher the concentration of microspheres, the greater
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the proportion of cancer cells apoptosis. The results of H&E staining (Fig. 6f) also showed that in the high
concentration group, a large part of the H22 cells (blue-purple) were replaced by connective tissue (pink),
con�rming the obvious necrosis of tumor cells. Subcutaneous solid tumors in mice were collected after
14 days, as shown in Fig. 6g. The three parallel experiments show that microspheres of medium and high
concentrations can signi�cantly inhibit tumor growth in vivo. Besides, there is no noticeable change on
the body weight of the mice (Fig. 6d). It is suggested that the Fe3O4@PDAIP magnetic microspheres have
no visible damage to the body.

3.9 Histopathological examination and serum detection.
After 14 days, the heart, liver, spleen, lung and kidney of the experimental mice were collected and stained
with H&E to make histopathological sections. These pictures are listed in Fig. 7a. The shape of
cardiomyocytes is normal; the distribution of cells around the central hepatic vein was radial, and there
was no obvious in�ammatory cell in�ltration; in spleen, there was no signi�cant expansion of white pulp
and no lymphocyte �lling; in lung, with many cavity areas, there is no obvious congestion in the
pulmonary vessels; and no obvious pathological changes in renal corpuscles and renal tubules. This
means that all tumor-bearing mice showed no signi�cant in�ammation or lesions and their various
organs functions are basically normal. Figure 7b showed the serum test results of liver and kidney
function after 14 days. The normal ranges of the liver function indexes ALT and AST are 10.06 ~ 
96.47U/L and 36.31 ~ 235.48U/L respectively. The normal indexes BUN and CREA of kidney are 10.81 ~ 
34.74mg/dL and 10.91 ~ 85.09µmol/L[37, 38]. The results showed that the liver and kidney functions
were within the normal range, indicating Fe3O4@PDAIP magnetic microspheres have good
biocompatibility. Combining with the result of histological observation, it shows Fe3O4@PDAIP magnetic
microspheres have equivalence or non-inferiority tumor ablation effect.

4. Discussion
In the past, blank microspheres only used for embolized blood vessels, but their clinical effects were not
satisfactory, which often led to tumor recurrence and metastasis. Now more studies are focused on multi-
functional microspheres. Microspheres containing nanomaterials can ablate tumors under many
conditions (such as near-infrared thermogenesis, magnetocaloric effect or radioactivity). In general,
magnetic nanomaterials need to be wrapped by hydrophilic inorganic substances to form the core of the
microsphere, and the core-shell structure microsphere is formed by wrapping the polymer shell on the
periphery through a series of reactions. However, using hydrophobic materials such as diallyl
isophthalate to wrap magnetic nanoparticles has always been very challenging.

In this report, we propose a simple yet powerful method to synthesize polymeric magnetic microspheres.
By the cation-π interaction, the benzene ring in the hydrophobic monomer DAIP reacts with Fe3O4 to form
a hydrophobic magnetic �uid. One-step synthesis of embolized/magnetocaloric/imaging multifunctional
microspheres can be realized by photopolymerization. This method is very rapid, which greatly reduces
the synthesis time of microspheres. The inert allyl monomer in the thermal polymerization is activated by
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irradiation now, and the reaction is very complete, which makes the puri�cation of the microsphere
simpler.

To verify the effect of the microspheres, we carried out a series of characterization compiling with in vitro
and in vivo experiments. In the AMF, the temperature of the microsphere can reach 42–48℃, which can
obviously inhibit the growth of tumor cells. In addition, we also studied the stability of the microspheres.
In different kinds of solutions during the experiment, the particle size and heating performance of the
microspheres remained the same, suggesting that the microspheres could be permanently embolized in
vivo for a long time, and multiple-step operations could be avoided. Its imaging ability allows doctors and
patients to monitor the position of microspheres and the progress of treatment during postoperative
reexamination. This kind of magnetic microsphere with no obvious toxicity is valuable because it
provides a direct and powerful one-step method to synthesize microspheres. It is an imaginable
microsphere that can effectively inhibit tumor growth. However, this kind of microsphere also has its
limitations, permanent embolization may cause hypoxia in the microenvironment, which is one of the
causes of tumorigenesis. Another disadvantage is the uneven distribution of iron nanoparticles in the
microspheres, which may lead to different heating effects. This will be proved in a further investigation. In
a word, this method provides a reliable way to solve the problem that inorganic nano-magnetic materials
cannot be well dispersed in hydrophobic monomers and have to rely on adsorption to form core-shell
structure, which is generally requires stringent reaction conditions.

5. Conclusion
Based on the multi-allyl ether monomer, one-step photopolymerization was applied to produce
Fe3O4@PDAIP magnetic microspheres successfully. Fe3O4@PDAIP magnetic microspheres not only
achieve the different particle distribution clinically required for vessel obstruction, but also possess
prominent heating and MRI enhanced signal ability with enough stability for a long-term embolization. All
outstanding characteristics make Fe3O4@PDAIP magnetic microspheres an excellent candidate for tumor
interventional therapy.
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2-Hydroxy-2-methyl-1-phenyl-1-propanone
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Polyvinyl pyrrolidone
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Phosphate buffered saline
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DMEM
Dulbecco’s Modi�ed Eagle Medium
FBS
Fetal bovine serum
IR
Infrared spectra
TG
Thermogravimetric
OD
optical densities
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scanning electron microscopy
EDS
Energy Dispersive Spectrometer
CCK-8
cell counting kit-8
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Figure 1

Morphological characterization, spectral analysis and elemental analysis of magnetic microsphere. (a)
Particle size distribution of microsphere; (b) TG curve of thermal analysis; (c) Infrared spectroscopy curve;
(d) Overview of microspheres at low magni�cation in SEM; (e) Enlarged view of the box-selected part in d
part; (f) Full-range elemental analysis of e part; (g) The corresponding elemental mapping images (C, O
and Fe) of Fe3O4@PDAIP magnetic microspheres in g part.
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Figure 2

Magnetic test of Fe3O4@PDAIP magnetic microspheres. (a) Microspheres without and with a magnet; (b)
Magnetic response intensity of microspheres (30.44mg).
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Figure 3

Heating and MRI imaging of Fe3O4@PDAIP magnetic microspheres in vitro and in vivo. (a) Temperature
changes of different doses of microspheres in AMF without cells; (b) Temperature changes of different
doses of microspheres in AMF with cells; (c) Temperature rising process of microspheres in AMF (The
30mg/mL microspheres are located in the center of coil). (d) MRI imaging ability of microspheres (The
upper is the mixture of microspheres and agar, and the lower is the control group: pure agar without
microspheres).
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Figure 4

DSA and CT imaging of Fe3O4@PDAIP.
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Figure 5

Stability of Fe3O4@PDAIP magnetic microspheres after soaking in H2O, PBS and DMEM for 1, 2 and 7
days, respectively. (a) Heating performance (b) Particle size distribution.



Page 22/23

Figure 6

Anti-tumor experiment of different concentrations Fe3O4@PDAIP magnetic microspheres in vitro and in
vivo. (a) The relative cell viability within 1 or 2 days in different concentrations of microspheres. (b)
Relative cell viability in AMF for 180s. (c) Relative tumor volume after treatment in AMF within 14 days.
(d) Body weight record of mice within 14 days. (e) Fluorescent staining of live (green) and dead (red) cell.
(f) H&E staining of tumor tissue with Fe3O4@PDAIP microspheres. (g) The size of solid tumor on the 14th
day after treatment.
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Figure 7

Histopathological examination and serum detection. (a) Histopathological sections of heart, liver, spleen,
lung and kidney after treatment with different concentrations of microspheres; (b) Serum test results
including ALT and AST as indicators of liver function, while BUN and CREA as indicators of renal
function.
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