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In recent years, magnetic-liquid nanosystems (MNLs) have been of inter-
est to biomedical applications. The Fe;O,/PLA-PEG MLNs with Fe O,
magnetic nanoparticles’ core coated by PLA-PEG copolymer are used
based on their nontoxicity, biocompatibility, and ability to increase heat
based on the alternating external magnetic field. The Fe;0,/PLA-PEG
MLNs of poly(lactide)-polyethylene glycol (PLA-PEG) with PLA:PEG
(3:1, w/w) component ratio were fabricated by ring-opening polymeriza-
tion of lactide for preparation. In particular, the sample in vitro investi-
gation achieved a high induction heating effect that indicates the applica-
bility of the Fe;O,/PLA-PEG MLNs incorporated magnetic induction hy-
perthermia (MIH) treatment. From this work, we believe that Fe;O,/PLA—-
PEG MLNs exhibit great potential properties for biomedical applications.

B ocranni poku marueTrHi pigki Hanocucremu (MPHc) mpencraBiaoTs inTe-
pec nasa O6iomemmunmx 3acrocyBanb. MPHc Fe;0,/I1JIa—IIET" 3 marHeTHUM
aapom HaHouacTuHOK Fe;O,, moxkputuM comosrimepoM moJi(JIakTHZI)—
nonietTuneHraikonsb (IIJIa—IIET), BUKOPUCTOBYIOTHCA 3aBAAKU iXHI HETOK-
CHUYHOCTi, GiocymicHOCTi Ta 3maTHOCTI 30iJbINIYBATH TEIJIO HAa OCHOBI 3MiH-
HOro 3oBHimHBOrO Mar"erHoro nois. MPHc Fe;O,/IIJIa-IIET 3i cmiBBig-
HommeHHAM KommoHeHTiB I1JIa:ITET (3:1, 3a Barow) Oysu omep:KaHi MIIAXOM
KinbieBoi moaimepusariii JakTuny aad JikKiB. 30Kpema, DOCTiIKeHHs 3pas-
Ka y mpo0ipIiii JoCArIo BUCOKOrO iHAYKI[IAHOTO HArpiBaJbHOrO e(eKxTy, Io
BKa3ye Ha s3actocoBHicTh MPHc Fe;0,/IIJIa—IIET, mio BKJIIOYAIOTEH JiKyBaH-
HA MaTHeTHO-iHAyKIiifiHoIo rimeprepmieto (MIT). 3 miel poboTu Mu BBasKae-
Mo, mo MPHc Fe;0,/I1JIa—IIET' 1eMOHCTDPYIOTH BEJIUKi MOTEHIiiiHI BiacTu-
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BOCTi Ay1s1 6ioMeIUUYHKNX 3aCTOCYBaHb.
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1. INTRODUCTION

In recent years, magnetic nanoparticles have been studied with wide
applications in the biomedical field, including detection, imaging,
and therapeutic treatment, magnetic resonance imaging (MRI) con-
trast enhancement [1-5], as well as cancer hyperthermia [3]. How-
ever, the nanoparticles will be unstable and easily clumped or ag-
glomerated, reducing dispersibility and biocompatibility, leading to
them being easily eliminated [4—6]. Therefore, the surface function-
alization of magnetic nanoparticles is necessary to improve the dis-
persion and some biochemical characteristics [7]. Typically, organic
materials are used for functionalization purposes, and polymeric
micelles themselves are considered multifunction materials for drug
delivery and diagnostic imaging [1]. The copolymer of hydrophilic
and hydrophobic self-assembly separate chains forms a nanostruc-
ture that can produce supramolecular core—shell structures (10-100
nm) dispersed in water to form magnetic-liquid nanosystems
(MLNs). The hydrophobic core of the micelles can carry hydrophobic
agents, while the hydrophobic shell stabilizes the nanoparticles in
water [8].

Among the MLNs recently studied, Fe;O, nanoparticles incorpo-
rated in the polymer micelle have been reported as a potential can-
didate [9, 10]. It demonstrated the ability to improve the biocom-
patibility and extent the blood circulation time [11]. Typically, the
Fe;O0, nanoparticles incorporated in the polymer micelle were syn-
thesized by microemulsion, sol-gel, hydrothermal, thermal decom-
position method, etc. [12—-15].

On the other hand, magnetic nanoparticles need to be coated to
increase biocompatibility, reduce toxicity and increase blood circu-
lation [3]. The local killing ability of magnetic nanoparticles based
on alternating external magnetic fields has been studied and applied
in thermotherapy to kill cancer cells and tumours due to its ease of
implementation, low cost, and reduced complication [18]. Recent
studies have shown that magnetic nanoparticles are considered an
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effective, versatile tool and have great applicability in the biomedi-
cal field, including the ability to kill cancer cells by thermotherapy
[10].

In this work, we synthesized the MLNs consisting of Fe;O, nano-
particles by the coprecipitation method [16]. Fe;O, nanoparticles
coated by a copolymer of co(lactide)—polyethylene glycol (PLA-PEG)
and then dispersed in water to form Fe;0,/PLA-PEG MLNs. In
which, PEG was used as a hydrophilic shell and PGA as a hydro-
phobic core. The balance between hydrophobic core—hydrophilic
shell in water creates the spontaneous formation of nanoparticles
[6, 17]. The Fe;O, nanoparticles before and after coating PLA-PEG
copolymer is compared. Thereby research the effect of PLA-PEG
copolymer coating on the saturation of Fe;O, nanoparticles. On the
other hand, in vivo investigations to kill cancer cells by MIH effect
were also performed.

The structure and characteristics of the system were investigated
by FE-SEM (field emission scanning electron microscopy), TEM
(transmission electron microscopy), and (XRD) x-ray diffraction.
The copolymer coverage of the nanoparticles is displayed through
FTIR (Fourier transform infrared spectroscopy) measurement re-
sults. The mass contributions of the components were analysed by
the TGA (thermal gravity analysis) measurement. The heating effi-
ciency of the functionalized nanoparticles was demonstrated
through MIH (magnetic induction hyperthermia) study.

2. MATERIAL AND METHODS

2.1. Synthesis, Characterization, and Structure of Magnetic Nano-
particles

Monolactide acid (LA), polyethylene glycol-2000 (PEG 2000), tin (II)
2-ethylhexanoate purchased from Sigma (St. Louis, MO, USA); and
FeCl;, FeCl, ,H,0, NH,OH, toluene, diclomethan (DCM, C,H,Cl,),
methanol (CH;O0H), ethanol (C,H;OH) purchased from Merck (Ger-
many). The water was used in the experiment is double distilled wa-
ter.

PLA-PEG copolymer with PLA:PEG ratio at 3:1 (by weight) was
prepared using ring-opening polymerization, in which the reaction
occurred between lactic monomer and polyethylene glycol (PEG) in
the presence of tin (II) 2-ethylhexanoate catalyst [19]. The PLA-
PEG copolymer was dissolved in DCM (1 mg/ml) and stirred for 24
hours. Then, H,O was added to form the liquid mixture, stirring to
disperse this mixture for 24 hours. Finally, the PLA-PEG copoly-
mer dispersed in H,0 (1 mg/ml) was obtained from the evacuation
of DCM solvent.
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The coprecipitation method [20] was used to synthesis Fe;O, na-
noparticles according to the following equation:

2Fe*" + Fe*' + SOH — Fe;0, + 4H,0.

The surface of Fe;O, nanoparticles was functionalized by PLA-
PEG copolymer into water. The amount of Fe;O, nanoparticles dis-
persed in water was first determined, then slowly dropped into
PLA-PEG copolymer solution and stirred for 24 hours to obtain
Fe;0,/PLA-PEG nanoparticles.

XRD (Empyrean, PANalytical, Netherland) was used to deter-
mine the crystal structure of nanoparticles, FE-SEM (JEOL JSM-
4600F, US) and TEM (JEOL, JEM-1010) microscopes were used for
size and size distribution characterization. The dynamic light scat-
tering (DLS) measurements (Zetasizer-Nano ZS, Malvern, UK) was
adopted to estimate the Fe;0,/PLA-PEG nanoparticle hydrodynamic
diameter. The chemical bonds were observed by FTIR spectroscopy
(Shimadzu FT-IR Prestige-21, Japan); meanwhile, the mass contri-
bution of PLA-PEG was identified by Thermal Gravity Analysis
(TGA, Shimadzu DTG-60H, Japan). Hysteresis loops at room tem-
perature up to 11 kOe and M—-T curves were measured by a home-
made vibrating sample magnetometer (VSM).

2.2. Preparation for Magnetic Inductive Heating (MIH)

Experiments to determine the MIH effect of the Fe,O0,/PLA-PEG
MLNs were carried out on two pieces of equipment to measure spe-
cific absorption rate (SAR):

SAR =Cl(m1/mcs)a—T, (1)
ot
where C, is the liquid heat capacity (4.186 J/(g-°C) for water), m,
and m,, are correspondingly masses of liquid and MLNs; 0T /0t—the
initial rate of temperature increase.

Low-field equipment based on an RDO generator of 5 kW was
used to measure the heating curves of Fe,0,/PLA-PEG MLNSs in the
field amplitude smaller than 100 Oe and frequency below 250 kHz,
and this system was used for the controlled drug release experi-
ment. The second MIH equipment used in an Ambrell Easyheat LI
3542 system of 4.2 kW generator provided field at 310 kHz with
field amplitudes varying from 200 to 800 Oe.

Samples of Fe;O,/PLA-PEG MLNs with concentrations of 1 and 3
mg/ml were measured for temperature change with distilled water
used as the sole suspension solvent.
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2.3. In vivo Cancer Cells’ Treatment

In this experiment, a magnetic field of 60 Oe, frequency of 310
kHz, the concentration of Fe,0,/PLA-PEG MLNs 2 mg/ml was used
to heat treatment to kill cancer cells.

In an in vitro cultured cancer cell model, 5-10° Sarcoma 180 cells
were inoculated with Fe;O,/PLA-PEG MLNs (2 mg/ml). After heat
treatment for 60 minutes with an alternating external magnetic
field of 70 Oe, frequency 178 kHz, the cell samples were stained
with blue trypan to determine the percentage of dead cells.

3. RESULT AND DISCUSSION
3.1. Fabrication and Characterization

The diagram in Fig. 1 describes the coating process of the PLA-
PEG micelle around the Fe;O, nanoparticle core, forming a
Fe;0,/PLA-PEG core—shell structure system with hydrophobic
properties.

The XRD diagram (Fig. 2) shows that six peaks of both Fe;O, and
Fe;0,/PLA-PEG samples (Fig. 2) are clearly defined. The character-
istic diffraction peaks of the spinel structure: (200), (311), (400),
(422), (511), and (400) [16] on the XRD diagram were independent.
This result suggests that the formation of Fe;0,/PLA-PEG compo-
sitional nanoparticles does not affect the Fe;O, crystal structure,
which can lead to the conservation of the magnetic properties of the
system. It will be discussed in the next section.

The average size of the core nanocrystal, d., estimated from XRD
profile via Scherrer formula (Eq. (2)) [21] was around 15 nm, which
is consistent with results shown in TEM images (Fig. 3).

Solvent
evaporatin

Fig. 1. Schematic illustration of fabrication route of Fe;O,/PLA-PEG
nanocarriers.
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Fig. 2. XRD diagrams of Fe;O, and Fe;0,/PLA-PEG.

Fig. 3. SEM and TEM images of nanoparticles: Fe;O, (a, b), Fe;O0,/PLA-
PEG (c, d).

kA
BcosO,

(2)
where D is average crystal diameter; k=~ 0.9 is a constant value re-
lated to shape particle; A is electromagnetic radiation wavelength;
0 is Bragg diffraction angle; B is the line broadening at the full-
width-half-maximum intensity (FWHM) subtracted the instrumen-
tal line broadening, in radians.

TEM images of Fe;O,, Fe;0,/PLA-PEG samples are displayed in
Fig. 3 showing that each spherical nanoparticle has a single core.
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The functionalized Fe;0,/PLA-PEG nanoparticles are fairly uni-
form with an average diameter of ca. 20 nm (Fig. 3, d) and larger
than that of the Fe;O, nanoparticles (ca. 15 nm as shown in
Fig. 3, b). Figure 3, d clearly points out that the functionalized
Fe;0,/PLA-PEG nanoparticles have core—shell structures. For such
a core—shell formation, it is assumed that the Fe;O, nanoparticles
attract PLA component to form a strong binding on the core parti-
cle surface after penetrated the centre of PLA-PEG nanoparticles
(of ca. 50 nm in size [16]) so that the outmost size of the copolymer
particles become reduced to ca. 20 nm.

3.2. FTIR Spectra

The FTIR spectra of the Fe;O, and Fe;O,/PLA-PEG nanoparticles
are shown in Fig. 4. The shift was found from the peak at 632 cm™
of the Fe;O, nanoparticles spectrum (by the stretching of Fe-O
bond) to the peak at 628 cm™ in the Fe;0,/PLA-PEG spectrum. It
demonstrates that the PLA-PEG coating has contributed to Fe;O,
particles. Moreover, the appearance of peak 1348 cm™ on the FTIR
spectrum of Fe;O,/PLA-PEG nanoparticles also indicates the copol-
ymer coating on the ferromagnetic nanoparticles [22].

3.3. Effect of PLA—PEG to Saturation Magnetization of
Fe;0,/PLA—PEG Nanoparticles

In this section, the saturation magnetization M, of Fe;O0,/PLA-PEG
nanoparticles was examined in the different Fe;O, nanoparticles
concentration (from 1 mg/ml to 5 mg/ml), while the concentration
of copolymer PLA-PEG remained unchanged (0.3 mg/ml).

Figure 5 shows the magnetic hysteresis curve of Fe;O, nanoparti-
cles, coated by various PLA-PEG mass ratios and measured at room
temperature. The saturation magnetization values M, were meas-
ured and the nonmagnetic polymer mass M,"" were calculated based
on the nominal percentage and presented in Table 1.

The increase of saturation magnetization is observed with the in-
crease of Fe;O, composition (from sample No. 1 to sample No. 5). It
is primarily due to the functionalization of the coated samples. A
significant increase (up to 10%) of magnetization is evidenced. In
other words, our experiment indicated that the coating with an ap-
propriately biodegradable polymer (PLA-PEG) might somehow re-
store the magnetization reduction of the core Fe;O, nanoparticles
that was resulted during nanoparticle synthesis in general and their
coprecipitation synthesis [23].

On the other hand, the highest saturation magnetization accom-
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Fig. 4. FTIR spectra of nanoparticles Fe;0,, Fe;0,/PLA-PEG.
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Fig. 5. Magnetic hysteresis curves of Fe;O, nanoparticles functionalized by
PLA-PEG of various concentrations.

panying the highest stability in the No. 3 sample suggests that dis-
persion stability could be a crucial cause for high magnetization
restoration.

The nanoparticle sample of Fe;0, and Fe;0,/PLA-PEG were ana-
lysed by TGA (diagrams are shown in Fig. 6) to estimate the mass
contribution of nonmagnetic coating materials PLA-PGE in the ex-
perimental samples.

Table 2 summarizes the TGA-determined mass percentage m®
along with the nominal mass m™™ for the coated samples. The data
indicate that the mass percentages determined experimentally by
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TABLE 1. Saturation magnetization M, and M,”" of Fe;0, and Fe;0,/PLA—
PEG.

Sample Fe,0,, m(;onllpl?ze—nlitE G, mg Fe,O,, % | M,, emu/g [M,”", emu/g
Fe 0, 1 0 100 64.4 64.4
No.1 1 0.3 79.6 53 68.9
No.2 2 0.3 87 59.2 68.1
No.3 3 0.3 90.9 64.5 71
No.4 4 0.3 93 64.2 69
No.5 5 0.3 94.4 65.1 68.9

TABLE 2. Compare the mass percent of PLA-PEG experimentally deter-
mined TGA with the nominal value.

Samole Component m o e
N Fe,0,, mg |PLA-PEG, mg| = ¥
Fe,0, Fe,0, 0 100 0 0
No.3 3 0.3 90.9 91 13.5
No.5 5 0.3 94.34 5.66 5.667
100+ 4 Weight loss — 2.17% (0.16 mg)
TGA ~ IR
:\o 80r B0
%' 60 Weight loss — 13.59% (0.98 mg) 16 ‘E\
- 315.5 °C :;
- 15 -
E” 20 g
é Olbra s
20t . . . il Iy
0 200 400 600 200

Temperature, °C

Fig. 6. TGA and DTA diagrams of Fe;0,@PLA—-PEG.

TGA are consistent with those used in a nominal composition. This
observation is consistent with that reported by Y. Piceiro-Redondo
et al. [23].

The Fe;0,/PLA-PEG nanoparticles exhibit higher dispersion sta-
bility than Fe;0,. This result is significant in opening up many new
applications for Fe;O, nanoparticles in biomedical fields such as hy-
perthermia treatment, magnetic resonance imaging (MRI), and
studying the effects of physical mechanisms on their magnetization
saturation.
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3.4. MIH Studies

As introduced, the heating efficiency of the functionalized nanopar-
ticles, Fe;0,/PLA-PEG, after dispersing in water at concentrations
of 1 and 8 mg/ml, was studied using MIH methods. The tempera-
tures vs. time curves were recorded for different AC fields.

The heating curves measured with AC field amplitude varying
from 200 to 800 Oe and at a constant frequency of 310 kHz are de-
picted in Fig. 7. As can be seen in this figure, the heating rate also
increases with increasing field amplitude, and the final temperature
of the medium rises to 42°C after 5 min and maybe rises to 55—-60°C
after 15 min magnetic inductive heating at a frequency of 310 kHz
and AC fields of 800 Oe for the Fe;0,/PLA-PEG (approximately).

This result clearly shows that the therapeutic window for hyper-
thermia therapy, 40-45°C, can be easily reached within a few
minutes by modifying the AC field amplitude during the treatment.

Another way, the heating efficiency or SAR for the Fe;O0,/PLA-
PEG sample with two different concentrations of 1 and 3 mg/ml
were have calculated to get a better insight into the hyperthermia
effect of the Fe;O0,/PLA-PEG nanoparticles.

As can be observed, the SAR values obtained for the Fe;O,/PLA-
PEG sample is achieved high efficiency of induction heating, espe-
cially at 1 mg/ml, reaching a maximum value of 228 W/g. This
SAR value is comparable to what has been reported in the literature
[24—26]. When the concentration increase to 3 mg/ml, the SAR in-
creases not too high and reaches only about 174 W/g. This deterio-
ration of the SAR can be related to particle aggregation with in-
creasing concentration of MNPs, which tends to restrict the heating
efficiency of the Fe;O,/PLA-PEG nanoparticles [23, 27].

Therefore, as can be seen from these results, the heating efficien-

800 Oe

40} Fe,0,@PLA-PEG 1 mg/ml

600 Oe
35t

30F

T, °C

200 Oe
25+

200630 "T00 150 200 250 300

Time, s

Fig. 7. Heating curves were taken at a frequency of 310 kHz and AC fields
of 200, 400, 600, and 800 Oe for Fe;0,/PLA-PEG specimens of 1 mg/ml
concentration.
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TABLE 3. Comparison saturation magnetization of Fe;O, nanoparticles
measured before and after subtraction of PLA-PEG coating mass.

Sample M samples ug Msasrme’ emu/g| Msnom, emu/g | Msex, emu/g
Fe,0, 10.5 64.4 64.4 64.4
No.3 13.8 64.5 71 74.5

TABLE 4. SAR of Fe;0,/PLA-PEG samples measured at 310 kHz, and 1
mg/ml.

H’ Oe I mHzO’ g I msample’ g | SAR’ W/g
200 1.00 0.001 94
400 1.00 0.001 152
600 1.00 0.001 202
800 1.00 0.001 228

250F =é ﬁgﬁ % Fe,0,@PLA-PEG

200¢

1501

100¢

SAR, W/g

S50

=)

0 200 300 400 500 600 700 800 900
i, Oe

Fig. 8. SAR values for the Fe;0,/PLA-PEG nanoparticles, with 1 and 3
mg/ml, were obtained at different field amplitudes, 200—-800 Oe and 310
kHz.

cy of Fe;O,/PLA-PEG is still remarkable even at the 38 mg/ml con-
centration, and they can be effectively used for hyperthermia
treatment.

3.5. Kill Cancer Cells by MIH Using Fe;0,/PLA-PEG MLNS

Some previous research results [26] showed that using an alternat-
ing external magnetic field to heat the magnetic nanoparticles local-
ly can damage and directly kill cancer cells. The thermotherapy
method using Fe;0,/PLA-PEG MLNs shows that it can kill cancer
cells, typically Sarcoma 180 cells.

In this experiment, we chose the Fe;0,/PLA-PEG MLNs with the
concentration of 2 mg/ml, the magnetic field of 70 Oe, the frequen-
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cy of 178 kHz to ensure that the temperature is in the thermother-
apy region 42-52°C, and the Sarcoma 180 cancer cell line were used
in this experiment. The results are presented in Table 5 and Fig. 9.

Research results show that Fe;O,/PLA-PEG nanoparticles have
the ability to kill cancer cells based on local heating ability on al-
ternating external magnetic fields.

The results of Table 5 show that cells continued to die when
stopping the use of thermotherapy. At 60 minutes after stopping
treatment, dead cells (green cells) achieve 61.4%.

On the other hand, the results in Table 5 and Fig. 9 show that,
after the end of heating, Fe;0,/PLA-PEG nanoparticles are still ca-
pable of affecting and killing cells. Fe;O, nanoparticles coated with
PLA-PEG copolymer will help increase blood circulation, increase
biocompatibility.

The saturation magnetic of core Fe;O, nanoparticles tend to in-
crease due to the impact of the nonmagnetic PLA-PEG shell on the
surface of Fe;O, nanoparticles.

These results open the possibility of applying Fe;O,/PLA-PEG
MLNs to kill cancer cells and tumours by thermotherapy and in the
biomedical field.

TABLE 5. Cell killing results by MIH (70 Oe, 178 kHz) using Fe;0,/PLA-
PEG MLNs (2 mg/ml) with time of treatment of 45 min and 60 min.

Percentage of dead cells at time points
after the end of the thermotherapy (%)

Sample experiment |18.0 30.9 36.141.350.0
Control 6.0 7.4 8.3 8.7 9.8
Sample experiment [23.1 37.8 50.756.361.4
Control 6.9 7.5 7.0 7.3 8.6

0" | 10" | 20" | 30" | 60’

Times of thermotherapy (45')

Times of thermotherapy (60')

100 pm 100 um

a b

Fig. 9. Sarcoma cells 180 at times: 0 min (a) and 60 min (b).
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4. CONCLUSION

This study successfully synthesized Fe;O, nanoparticles and func-
tionalized them by PLA-PEG to form single-core Fe;O0,/PLA-PEG
core—shell nanoparticles. Besides, the coating layer helped improve
the magnetic properties of the magnetic nanoparticles, including
the higher saturation magnetization and lost power. The saturation
magnetization of Fe;O, nanoparticles after being functionalized is
higher than that of uncoated Fe;O, nanoparticles. Fe;O,/PLA-PEG
MLNs have the ability to increase local heat based on alternating
external magnetic fields, applied in thermotherapy to kill cancer
cells and tumours. These results suggest the enormous potential of
the Fe;0,/PLA-PEG MLNs in biomedical fields, especially in cancer
treatment.

REFERENCES

1. L. Zhang, H. Xue, C. Gao, L. Carr, J. Wang, B. Chu, and J. Shaoyi, Bio-
mat., 31, Iss. 25: 6582 (2010);
https://doi.org/10.1016/j.biomaterials.2010.05.018

2. K. Kluchova, R. Zboril, J. Tucek, M. Pecova, L. Zajoncova, I. Safarik et al.,
Biomat., 30, Iss. 15: 2855 (2009);
https://doi.org/10.1016/j.biomaterials.2009.02.023

3. A. J. Giustini, A. A. Petryk, S. M. Cassim, F. A. Tate, I. Baker, and
P. J. Hoopes, Nano Life, 1, No. 01n02: 17 (2010);
https://dx.doi.org/10.1142% 2FS1793984410000067

4. T. Reza and S. Negar, Int. J. Biol. Macromol., 120, Pt B: 2313 (2018);
https://doi.org/10.1016/j.ijbiomac.2018.08.168

5. Y. Lu, E. Zhang, J. Yang, and Z. Cao, Nano Res., 11, No. 10: 4985 (2018);
https://dx.doi.org/10.1007% 2Fs12274-018-2152-3

6. S. Kim, Y. Shi, J. Y. Kim, K. Park, and J. X. Cheng, Expert. Opin. Drug
Deliv., 7, No. 1: 49 (2010); https://doi.org/10.1517/17425240903380446

7. M. D. Shultz, J. U. Reveles, S. N. Khanna, and E. E. Carpenter, J. Am.
Chem. Soc., 129, No. 7: 2482 (2007); https://doi.org/10.1021/ja0651963

8. V. P. Torchilin et al., Adv. Drug Deliv., 54, No. 2: 235 (2002);
https://doi.org/10.1016/s0169-409x(02)00019-4

9. T. Prabhakaran and J. Hemalatha, Mat. Chem. Phys., 137, No. 3: 781
(2013); https://doi.org/10.1016/j.matchemphys.2012.09.064

10. Z. Bakhtiary, A. A. Saei, M. J. Hajipour, M. Raoufi, O. Vermesh, and
M. Mahmoudi, Nanomed.: Nanotech., Biol. Med., 12, No. 2: 287 (2016);
https://doi.org/10.1016/j.nano0.2015.10.019

11. V. P. Torchilin et al., Adv. Drug Deliv. Rev., 58, No. 14: 1532 (2006);
https://doi.org/10.1016/j.addr.2006.09.009

12. A. L. Oppegard, F. J. Darnell, and H. C. Miller, J. Appl. Phys., 32, Iss. 3:
S184 (1961); https://doi.org/10.1063/1.2000393

13. B. L. Cushing, L. Vladimir, V. L. Kolesnichenko, and C. J. O’Connor, Chem.
Rev., 104, No. 9: 3893 (2004); https://doi.org/10.1021/cr030027b


https://doi.org/10.1016/j.biomaterials.2010.05.018
https://doi.org/10.1016/j.biomaterials.2009.02.023
https://dx.doi.org/10.1142%2FS1793984410000067
https://doi.org/10.1016/j.ijbiomac.2018.08.168
https://dx.doi.org/10.1007%2Fs12274-018-2152-3
https://doi.org/10.1517/17425240903380446
https://doi.org/10.1021/ja0651963
https://doi.org/10.1016/s0169-409x(02)00019-4
https://doi.org/10.1016/s0169-409x(02)00019-4
https://doi.org/10.1016/s0169-409x(02)00019-4
https://doi.org/10.1016/j.nano.2015.10.019
https://doi.org/10.1016/j.addr.2006.09.009
https://doi.org/10.1063/1.2000393
https://doi.org/10.1021/cr030027b

590

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Quoc Thong PHAN, Chi Thang NGUYEN, and Huu Nguyen LUU

D. Zhao, X. Wu, H. Guan, and E. Han, J. Sup. Flu., 42, Iss. 2: 226 (2007);
http://dx.doi.org/10.1016% 2Fj.supflu.2007.03.004

J. Park, J. Joo, S. G. Kwon, Y. Jang, and T. Hyeon, Ang. Chem. Int. Edi.,
46, No. 25: 4630 (2007); https://doi.org/10.1002/anie.200603148

S. Laurent, D. Forge, M. Port, A. Roch, C. Robic, L. V. Elst, and

R. N. Muller, Chem. Rev., 108, No. 6: 2064 (2008);
https://doi.org/10.1021/cr068445e

D. Attwood, C. Booth, S. G. Yeates, C. Chaibundit, and N. M. P. S. Ricardo,
Int. J. Pharm., 345, Nos. 1-2: 35 (2007);
https://doi.org/10.1016/j.ijpharm.2007.07.039

M. Salloum, R. H. Ma, D. Weeks, and L. Zhu, Int. J. Hyp., 24, No. 4: 337
(2008); https://doi.org/10.1080/02656730801907937

Q. T. Phan, M. H. Le, T. T. H. Le, T. H. H. Tran, P. N. Xuan, and

P. T. Ha, Int. J. Pharm., 506, Nos. 1-2: 32 (2016);
https://doi.org/10.1016/j.ijpharm.2016.05.003

T. Shen, R. Weissleder, M. Papisov, A. Bogdanov, and T. J. Brady, Magn.
Reson. Med., 29, No. 5: 559 (1993); https://doi.org/10.1002/mrm.1910290504
F. A. S. da Silva, E. E. G. Rojas, and M. F. de Campos, Mat. Sci. Engin.,
820, Spec. Iss.: 373 (2015);

https://doi.org/10.4028 /www.scientific.net/MSF.820.373

I. Hilger and W. A. Kaiser, Biol. Med., 7, No. 9: 1443 (2012);
https://doi.org/10.2217/nnm.12.112

Y. Piceiro-Redondo et al., Nanoscale Res. Lett., 6, No. 1: 383 (2011);
https://doi.org/10.1186,/1556-276x-6-383

A. E. Deatsch and B. A. Evans, J. Magn. Magn. Mater., 354: 163 (2014);
https://ui.adsabs.harvard.edu/link gateway/2014JMMM..354..163D/doi:10.
1016/j.jmmm.2013.11.006

M. A. Gonzalez-Fernandez, T. E. Torres et al., J. Solid State Chem., 182:
2779 (2009); http://dx.doi.org/10.1016/j.jssc.2009.07.047

H. Parmar, I. S. Smolkova, N. E. Kazantseva, V. Babayan, P. Smolka,

R. Moucka et al., Procedia Eng., 102: 527 (2015);
http://dx.doi.org/10.1016/j.proeng.2015.01.205

E. Lima Jr., E. de Biasi, M. V. Mansilla, M. E. Saleta, M. Granada,

H. E. Troiani et al., J. Phys. D: Appl. Phys., 46: 045002 (2013);
https://doi.org/10.1088,/0022-3727/46,/4/045002


http://dx.doi.org/10.1016%2Fj.supflu.2007.03.004
https://doi.org/10.1002/anie.200603148
https://doi.org/10.1021/cr068445e
https://doi.org/10.1016/j.ijpharm.2007.07.039
https://doi.org/10.1080/02656730801907937
https://doi.org/10.1016/j.ijpharm.2016.05.003
https://doi.org/10.1002/mrm.1910290504
https://doi.org/10.4028/www.scientific.net/MSF.820.373
https://doi.org/10.2217/nnm.12.112
https://doi.org/10.1186/1556-276x-6-383
https://ui.adsabs.harvard.edu/link_gateway/2014JMMM..354..163D/doi:10.1016/j.jmmm.2013.11.006
https://ui.adsabs.harvard.edu/link_gateway/2014JMMM..354..163D/doi:10.1016/j.jmmm.2013.11.006
http://localhost/var/www/apps/conversion/tmp/scratch_8/dx.doi.org/10.1016/j.jssc.2009.07.047
http://dx.doi.org/10.1016/j.proeng.2015.01.205
https://doi.org/10.1088/0022-3727/46/4/045002

