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Synthesis of magneto-plasmonic hybrid material for cancer hyperthermia
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ABSTRACT

Magnetic nanoparticle CoFe,Os-based hyperthermia is a promising non-invasive approach
for cancer therapy. However, CoFe;O4 nanoparticles (NPs) have a low heat transfer efficiency,
which limits their practical clinical applications. Hence, it is necessary to investigate the higher-
performance magnetic NPs-based hybrid nanostructures to enhance their magnetic
hyperthermia efficiency. This work presents a facile in situ approach for synthesizing cobalt
ferrite (CoFe,Oy) silver (Ag) hybrid NPs as optical-magnetic hyperthermia heat mediators. The
prepared cobalt ferrite silver hybrid NPs exhibit a higher heat generation than that of individual
Ag or CoFe;04 NPs under simultaneous exposure to an alternating current magnetic field and
laser source. The obtained results confirm that the hybridization of CoFe,O4 and Ag NPs could
significantly enhance the hyperthermia efficiency of the prepared NPs. Therefore, the CoFe;Os-
Ag hybrid NPs are considered as potential candidates for a high-performance hyperthermia
mediator based on a simple and effective synthesis approach.
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1. INTRODUCTION

Magnetic-optical nanomaterials are attracting much attention in biomedical research. The
simultaneous activation of magnetic and optical properties allows magneto-optical composite
nanomaterials to be used in cancer thermotherapy, imaging, and drug transmission [1]. The
principle of thermotherapy in treating cancer is based on the heat-generating ability of the
nanoparticles under the impact of external induced sources, such as magnetic field, laser, and
infrared irradiation [2]. The localized temperature in the cancerous tumor area aims to reach the
range of 42-46 °C to maximize effectiveness in killing cancer cells and avoid the influence on
healthy cells.

Magnetic nanomaterials such as metal oxides (manganite) or ferrite (MFe.O., M = Fe, Co,
Zn, Mn) are full of interest for biomedical applications due to their high biological compatibility,
less toxic, chemically stable, and simple fabrication method [3]. However, such individual
materials have a relatively low saturation magnetization. So it requires a high particle
concentration for achieving a sufficient temperature to treat cancer cells. A high amount of metal
particles is toxic to healthy cells, this causes limitations in using heated particles for cancer
therapy applications. To overcome this problem, several approaches have been proposed to
fabricate a hybrid material that has magnetic nanoparticles in the size region, reaching the
highest loss power value, hard-magnetic two-phase combination [4, 5]. This hybrid material has
a high value of saturation magnetization and high magnetic resistance. It exhibits an excellent
conversion efficiency of a magnetic particle to a heated particle. Therefore, even hybrid
nanoparticles at low concentrations (ie. within biomedical limits) are enough to induce sufficient
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heat to kill cancer cells. Another approach is to increase the intensity and frequency of the
stimulating magnetic field; However, this approach is uneconomical and it produces various
undesirable side effects while the body is exposed to high magnetic fields for long periods.

Noble metallic silver (Ag) NPs have been recognized as a potential anti-cancer or
antibacterial agent and extensively studied in biomedical applications [6]. Recently, several
recent studies have reported that Ag NPs combined with FesOs NPs enhanced hyperthermia
efficiency [7, 8]. However, Fe3O4 NPs generate heat which transmits a concise range and induces
highly focused heating [9]. Hence the sensitivity of Ag NPs to FesO4 NPs-mediated hyperthermia
may be limited by the separation of FesOsand Ag NPs.

A judicious approach is to create a hybrid material of magnetic-optical components to
overcome the disadvantages of using each material (magnetic or optical) separately, which
allows a simultaneous combination of both magnetic heat generation and photo-induction heat
generation. When optical and magnetic properties are integrated into a hybrid material, they
exhibit not only some inherent advantages of each component but also novel physical properties
created by the interactions between the two materials. Epinosa et al. combined both optical and
magnetic effects to heat iron nanoparticles of FesO4 cubes and obtained SLP values of samples
up to 5000 Wig, 2-15 times more than that of inducing by using magnetic fields only [7].
Abdulla-Al-Mamum et al. investigated the ability to kill cancer cells (ie. Hela cell) by using
FesO.@Au hybrid NPs with a core/shell structure. The obtained results proved that by
simultaneously stimulating (i.e magnetic field and the laser) of Fe;O.@Au particles with a
concentration of 100 pg/mL, 100% of cancer cells were destroyed after only 5 minutes. The
killing efficiency of cancer cells was two times higher when compared with using the magnetic
field alone for heating [8].

One of the significant concerns to applying the magnetic particles in the biomedical field is
their agglomeration in biological environments due to Van der Waals forces, high surface
energy, and attractive magnetic forces existing among the particles. To prevent this
agglomeration issue, the coating of nanoparticles with various agents serves as a solution that not
only improved the stability of particles but also adds more specific functionality to prepared
materials. Stabilization improved by the coating layer was achieved by an increase of surface
charge (electrostatic forces) and by steric repulsion. Generally, it is more challenging to ensure
the stability of water-based suspensions than suspensions in non-polar media, and so much lower
contents of magnetic nanoparticles can be suspended. Usually, electrostatic repulsive forces
between the nanoparticles related to a high electric surface charge are used to provide long-term
stability. The surface charge is controlled simply by changing the pH value of the suspension [5, 7]
or by the absorption of various polar molecules on the nanoparticles’ surfaces. Adding surfactant
simultaneously induces steric repulsive forces. Typically, the surfactant molecules are water-
soluble and have more than one functional group; with at least one functional group they attach
themselves to the nanoparticle surface, while the other functional groups ensure the hydrophilic
nature of the nanoparticles. Different polar molecules have been used in water-based magnetic
fluid, including amino acid [10], peptides [11], and also citric acid (CA). CA has three carboxyl
groups and one hydroxyl group which assisted the chemical absorption into the magnetic
nanoparticles by forming a carboxylate complex with the surface metal ions. In brief, CA has
been considered as a good candidate to stabilize the colloidal cobalt ferrite silver NPs [12].

This work aims to optimize conditions for synthesizing CoFe;O4-Ag hybrid materials with
high-performance hyperthermia and improved stability in the aqueous medium. The cobalt ferrite
silver hybrid NPs with core-satellite structures exhibits a higher heat generation than the
individual Ag or CoFe.O4 NPs with the combined exposure to an alternating current magnetic
field and laser source. The hybridization of CoFe;O. and Ag NPs shows a significant
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enhancement of the hyperthermia efficiency of CoFe2O4 NPs. It allows for diverse applications
in multidiscipline fields.

2. MATERIALS AND METHODS

2.1. Chemicals and synthesis of materials

The chemicals used to synthesize samples such as Citric acid monohydrate (CsHsO7.H20, >
99.5%); Silver (I) nitrate (AgNOs, > 99.5%); Acid nitric (HNOs, > 65%); Sodium hydroxide
(NaOH, > 98%); Absolute ethanol (CoHsOH, > 95%) are commercial products which were
purchased from Xilong Scientific Co., Ltd.

2.2. Experiment preparation
2.2.1. Cobalt ferrite (CoFe,O4) nanoparticles

Cobalt ferrite (CoFe;O4) nanoparticles were prepared by our colleague at Institute of
Materials Science (IMS — VAST) from high purity chemicals purchased from Merck (Germany)
including FeCls.6H,0 (99.99%), CoCl,.6H20 (99.99%), and solid NaOH (99.99%); HCI.
Solvents such as acetone and alcohol were purchased from Xilong Scientific Co., Ltd with 98.9%
cleanliness.

The sample synthesis process is shown in figure 1 as follows: initially, FeCl; and CoCl; salts
were mixed in a hydrochloric acid solution. A 2 ml of Co?* solution was stirred vigorously with 4
ml of Fe®* 1 M using a magnetic bar for 30 minutes. After that, the above mixture was added to
60 ml of NaOH 1M solution. The pH of the solution was then adjusted to pH = 11. All the
solutions were put into an autoclave with a capacity of 80 ml. The autoclave was placed in the
oven and heated from room temperature to 180 °C. After 2 hours, the autoclave was cooled to
room temperature, and the product was separated from the solution and washed with distilled
water and acetone. Finally, CoFe,O, nanoparticles were obtained.

Stirring at .
650 rpm 180°C, 2h
Solution of Fe?* and Co** NaOH Mixture Autoclave Incubation

Cool down until room The mixture contained | Washing The mixture contained

temperature precipitates and solutes H,0 precipitates and H,O (pH~7)

|Washing

l acetone

Dry
Wet CoFe,0, NPs CoFe,O, NPs
80°C, 5h

Figure 1. The process of synthesizing CoFe,O4 nanoparticles.

2.2.2. Chemicals to synthesize the hybrid CoFe;O4 — Ag NPs

Dispersion of MPs in distilled water by citric acid (Citric acid - coating on MPs):

Citrate-coated CoFe,O4 magnetic particles were prepared according to the procedure reported
elsewhere [12]. Briefly, 10 mg of CoFe»O4 nanoparticles were dispersed in 50 ml of the aqueous
solution of citric acid 0.07 M. The mixture is stirred at 700 rpm and 60 °C. After 90 min,
allowing for the adsorption of the citric acid, the mixture was cooled down to room temperature.
The nanoparticles were then suspended simply by adjusting the pH value of the mixture to 11.
The pH of the mixture was adjusted by using the solutions of NaOH and HNOs.
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2.2.3. Synthesis of the hybrid nanoparticles CoFe;04 — Ag
Figure 2 shows the process of synthesizing CoFe,O4 — Ag.

Stirring at ,
700 rpm, 60°C NaCH 0.5 M AgNO; in H,O
Mixture of CoFe,0, Citrate-coated Cllt.;?telﬁoiiegiﬁzfeizr?;{hgs
and Citric Acid CoFe,0, NPs sodiu ¢ 2
pH~11
Stirring 700 rpm,
100°C, 30 mins
UV-Vis, SEM,
XRD, EDX, Laser- Citrate-coated Washing Citre-lt;e—c.aaated.C()FeZO,1 - AgNPs
Magnetic induced CoFe,0, - AgNPs Trisodium Citrate, NaOH, Ag
heating in H,0, pH~7 H0 NPs in H,0, pH~11
characteristic

Figure 2. The process of synthesizing CoFe;04 — Ag.

The mixture prepared above was heated up to the boiling temperature. When the mixture was
boiled, a certain amount of silver nitrate was added to the mixture. The reaction was carried out
in dark. After vigorous stirring of the mixture for 30 minutes to ensure silver ions reacted
completely with citrate ions, the mixture was cooled down to room temperature. Finally, the
prepared CoFe;Os-Ag NPs were obtained and washed thoroughly several times with distilled
water under an external magnetic field applied until the remaining solution was clear.

Two different samples of hybrid NPs were synthesized by changing the weight ratio of silver
nitrate and CoFe,O4 NPs (1:2 and 1:5). The amount of CoFe2O4 NPs was fixed to 10 mg. Table 1
describes the synthesis conditions of the hybrid NPs.

Table 1. Conditions of the preparation of the hybrid NPs.

sample | ¥ | € | pn |[CAI| A0 | [CoFe:Od | dRS";‘;EgQ Stirring
ml | °C mM mM mg/ml minutes rpm
T1 50 | 100 | 10.94 7 1 0.2 1:2 30 700
T2 50 | 100 | 11.02 7 0.4 0.2 1:5 30 700

Note: w — The weight ratio of Ag and CoFe;04; V — The volume of the mixture; t — The
temperature of the reaction.

Ag NPs were synthesized in a similar procedure to CoFe;O, — Ag NPs however CoFe,O4 was
absent in the reaction. The free Ag nanoparticles were washed similarly to the CoFe;O4 - Ag
NPs, but during the washing process, a centrifuge was used to collect the seeds instead.

2.3. Characterization techniques
2.3.1. UV-Vis

UV-Vis molecular absorption spectroscopy (Ultra Violet - Visible) is used to study the
interaction of a material with the illuminated light to examine the optical properties of a material.
As a result, the effective excitation wavelength can be determined for each material. Since the
optical properties of the solution containing the ferromagnetic - noble metal hybrid nanoparticles
(Ag, Au) depend on the shape, size, and concentration of the material, the UV-Vis molecules
absorption spectroscopy method can be used to determine the above properties.

UV-Vis spectra were recorded on the Shimadzu UV-1280 spectrometer (Japan) at the
Advanced Materials and Applications Laboratory (AMA Lab) -USTH.
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2.3.2. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was used to characterize surface morphologies. SEM
measurements and analyses were performed on scanning electron microscopy equipment
HITACHI S-4800 at IMS - VAST. The highest magnification can reach 800,000 times; the
resolution can reach 2 nm at a voltage of 1 kV.

2.3.3. Laser-magnetic induced heating characterization

Fluid

AC Magnetic field Laser

Power

I

Inducton coil

g

Sensor Computer

PT 100

| ]
Figure 3. Laser-magnetic induced heating experiment setup.

This experiment designed illustrated in figure 3:

Magnetic field alternating system: Model UHF-20A, the capacity of 20 kW. The frequency
varies in the range of 100 + 500 kHz and the magnetic field strength is 45 + 400 Oe generated by
the induction coil (7 turns; inner diameters of 3 cm, 4 cm, 5 cm, and 6 cm; coil length of 11.5
cm). A laser system with a wavelength of 532 nm and power of 0 -2.5 W/cm? has been used as a
stimulating source.

The prepared sample is dispersed in water and insulated from the outside by a glass bottle
with a vacuum of 10-3 + 10-4 Torr. The sample temperature was measured after activating the
magnetic field and the laser source by a PT100 sensor with an accuracy of 0.5 °C in the range
from 0 °C to 250 °C and connected to a computer to record data.

3. RESULTS AND DISCUSSION

3.1. Stabilization of CoFe;O. NPs in an aqueous medium by citric acid

Figure 4 shows the effectiveness of citrate coating on CoFe2O. NPs, in which the citrate-
coated CoFe,O4 NPs are

Figure 4. CoFe;O4 NPs dispersed in an aqueous medium (a) without
and (b) with citrate-coating after 5 minutes separating magnetically.
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As can be seen in figure 4, after separating magnetically, the uncoated CoFe.Os NPs
agglomerated to the bottom of the cup, and the solution remained was then transparent
appearance. In contrast, the rate of agglomeration observed in a solution of the coated CoFe,04
NPs decreased obviously. Consequently, the remained solution is brown, which indicates the
presence of citrate-coated CoFe.Os NPs decreases the agglomeration of nanoparticles. The
mechanism of the stabilization of CoFe,O4 NPs by citric acid is due to chemisorb to the iron oxide
nanoparticle by forming a carboxylate group with the Fe—~OH molecules present on the NPs
surface, leaving one or two carboxyl groups negatively charged. The repulsive force between the
coated NPs enhances the stability of the particles in water [13, 14]. It can be concluded that citric
acid stabilized the CoFe,O4 NPs for a desirable dispersion in an aqueous medium.

3.2. UV-Vis spectra

The optical properties of cobalt ferrite silver hybrid NPs were characterized using UV-Vis
absorption spectra shown in Fig. 5 and Fig. 6
= Baseline - Distilled water
—— CoFe,0, NPs
The mixture after reaction
Seperated CoFe,O,-Ag NPs

The remain solution
= Ag-CA NPs

1.28 [408,1.2111)

(408.5, 1.0214)

(406.5, 0.984)

Abs

(402, 0.1344)

300 460 560 SIIJO T(I)U 860
Wavelength (nm)

Figure 5. UV-Vis spectra of the aqueous solution of Ag, CoFe;04, and Ag - CoFe,04 NPs.

In Fig. 5, Ag NPs and CoFe,O4-Ag hybrid NPS samples show intense peaks located at 407
nm and 408 nm, respectively, which were attributed to the absorbed peak of Ag NPs due to the
localized surface plasmon resonance (LSPR) phenomena. The LSPR peak of the mixture after
the reaction implies that Ag NPs have been successfully formed by the reduction of Ag*to AgPin
the presence of citrate ions. Besides, after magnetically separating, the obtained NPs and the
remained solution also have peaks at 408 and 402 nm, respectively. These peaks are similar to
the ones observed in the initial mixture but with lower intensity. It proves that Ag NPs have
partly deposited on the surface of the CoFe,O4 NPs while the remained NPs stay freely in the
mixture.

To prove that the Ag NPs decorate to the CoFe2O4 NPs in the final product, the washing
process of the sample T1 is examined by the UV-Vis method. The result was shown in figure 6.
In each washing time, the mixture is magnetically separated into two parts: the part of solution
contains free-AgNPs (Fig. 6a) and the separated CoFe,0s-Ag particles (Fig. 6b). The maximum
absorbance wavelength of the remaining NPs tended to be red-shifted compared to that of the
previous one, which is due to the local dielectric effect according to classical Mie theory [15].
Similar redshifts have also been reported before [15].

Furthermore, the LSPR wavelengths of the rest part solutions are around 408 nm, and the
intensity of the peaks decreased after each washing, which implies that the free Ag NPs have
been rinsed away from the hybrid NPs. At the 6" cycle of washing, the LSPR peak disappears,
which means most of the free Ag NPs are removed, and the hybrid NPs are clean. At this stage,
there are only Ag NPs attached to the CoFe;O4 NPs.
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Figure 6. UV-Vis spectra of solution contains free- AgNPs (&) and magnetically separated
CoFe;04-Ag nanoparticles (b) after the washing process.

T2 - 6" washing
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Figure 7. UV-Vis spectra of the hybrid NPs of different ratios w after washing.

In figure 7, the LSPR peaks locate at the same wavelength of 460 nm, which indicates the
presence of Ag NPs in both samples. Furthermore, the LSPR peak of T1 gives a higher intensity
than that of T2 (0.34662 and 0.28622, respectively), due to the amount of Ag NPs generated in
T1 was higher than the one in T2. It demonstrated that the weight ratio of Ag and CoFe;04
influences the formation of Ag NPs on the CoFe,O4 NPs.

3.3. SEM and EDX results

The SEM images of CoFe,O. NPs and the prepared CoFe,O4-Ag NPs are presented in figure
8, and their average diameters are estimated to be 30 — 50 nm and 10 — 15 nm, respectively. The
darker particles are CoFe;O4, while the brighter small particles are AgNPs because it is well-
known that Ag NPs have higher conductivity than CoFe;O. NPs.

Figure 8 indicates that compare to the CoFe,Os NPs (Fig. 8a), Ag NPs were successfully
aggregated on the CoFe2O. NPs surface by the reduction of Ag* ions by citrate anions (Fig. 8b
and Fig. 8c). It is obvious that many small Ag NPs were decorated on the CoFe,O4 NPs surface.
However, the size of AgNPs is not homogeneous, the existence of a large AgNPs can be still
observed. It can be explained that the generation of Ag seeds is speedy and strongly influence by
the weight ratio of Ag and CoFe,O.. When the amount of AgNOs added is a ratio of 1:2, [17] the
quantity of silver particles is sufficient for generating AgNPs with uniform sizes (Fig.8b).
However, when amount of added Ag increased (weight ratio of Ag/CoFe,0s is 1:5), some larger
AgNPs were formed on the surface (Fig. 8c). It can be concluded that the amount of Ag NPs
attached with CoFe,O4 NPs increased when increasing the weight ratio of Ag and CoFe;Oa.
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Figure 8. SEM images of (a) CoFe,04 NPs and (b) CoFe,04-Ag hybrid NPs at 1:2 (sample T1)
and (c) 1:5 (sample T2) weight ratios of Ag and CoFe;Oy, respectively.

The presence of Ag was confirmed with the EDX analysis of the samples T1 and T2, as
illustrated in figure 9. While the CoFe.O4 NPs consisted of Co, Fe, and O elements, the hybrid
Ag — CoFe;04 NPs, which consisted of not only Co, Fe, and O but also Ag was observed.
Besides the above elements, the result indicated the presence of Si, Na, and In which are the
components of the ITO substrate. Moreover, the signal of Na was detected in the sample T1,
which can be explained that Na was not entirely removed in the washing process.

0 1 2 3 4 5
ull Scale 535 cts Cursor: 15.603 keV (0 cts) ull Scale 387 cts Cursor: 17.826 keV (0 cts) ull Scale 535 cts Cursor: 15.603 keV (0 cts)

Figure 9. EDX image of (a) CoFe,O4 NPs, (b) T1 and (c) T2.
3.5. Laser-magnetically induced heating characteristics of CoFe;0O4-Ag hybrid NPs

Figure 10 exhibits the induced heating characteristics of CoFe,0s-Ag hybrid NPs with w =
1:5. When applying a single source ACMF or laser, the temperature of the sample raised
approximately 33 °C after 200 sec laser treatment and quickly reached the saturated temperature
of 35 °C and 37 °C within 430 sec, respectively. It showed that the optical hyperthermia
generated more heat than the magnetic hyperthermia but took much more time to reach a
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saturated temperature. Furthermore, when laser and ACMF are applied simultaneously, the
temperature increased dramatically. Specifically, in this case, within 200 s, the temperature
increased around 36% and 30% compared to individual magnetic and laser-induced heating
respectively. It demonstrated that the combination of the two stimulated sources induces heat
faster compared to individual hyperthermia (optical or magnetic). These obtained results are in
good agreement with the findings reported on Fe;04 @ Au [18], and Fe;Os @ Ag [19].

44 4

—a—0.14 W/cm?
42 1 —e— 100 Qe
—=— 100 Oe + 0.14 W/cm?

B
o
1

Temperature (°C)

0 100 200 300 400 500 600 700 800
Time (s)

Figure 10. Temperature-time curves of aqueous solutions of CoFe,04-Ag with a concentration of
1 mg/mL; red — only laser applied, black — only ACMF applied, and blue — laser-ACMF applied.

4. CONCLUSIONS

In this work, the hybrid cobalt ferrite silver NPs were successfully synthesized by the
chemical approach. The prepared hybrid NPs have a high density and the average sizes vary
from 10 to 50 nm in diameter. Significantly, by introducing Ag NPs to the core of magnetic NPs
of CoFe;Os4, the hyperthermia efficiency of CoFe,O4s/AgNPs was greatly enhanced when
applying laser source and AMFC simultaneously compared to an individual stimulation, which
can be attributed to the combination of magnetically induced heating of CoFe;O4 and heat-
assisting of Ag NPs. Therefore, the prepared hybrid NPs have great potential for the application
of cancer hyperthermia.

Acknowledgment: This work was funded by Vietnam Academy of Science and Technology (VAST)
under grant number DL0000.06/20-22.
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TOM TAT
Téng hop hé vat liéu lai quang — tir dinh huéng cho ing dung nhiét tri ung thw

Cdc hat nano tir tinh sinh nhiét dwa trén nén vit liéu CoFe204la vit liéu tiem nang cho
hiedmg tiép cdn d‘zéu tri ung thu khong xam lan. T uy vdy, cac hat nano tir tinh CoFe2O4
thuwong cho hiéu Suat truyén nhiét thap, da han che nhiéu trong phdt trién cdc ung dung y
sinh trong thuc té. Do do, viéc nghién ciru phat trién cdc hé vat liéu lai trén nén vt liéu fr
cho hiéu sudt truyén nhiét cao hon la can thiét. Nghién ciu nay tdp trung phat trién
phirong phdp don gian dé tong hop truc tiép hé vit liéu lai quang tiv coban ferrit
(CoFe;04) va hat nano bac (AgNPs), cho cdc iing dung yéu cau hiéu sudt sinh va truyén
nhiét cao. Nghién ciru chi ra rang, vdt liéu lai quang-tir da tong hop cho hiéu sudt sinh
nhiét lon hon so vdi cdc vt liéu don 1é (hat nano bac) va hat nano tir CoFe;O4 khi cling
dwoc kich thich dwéi mét diéu kién la tir trwong xoay chiéu hay laze. Két qua thu dwoc
chung minh rcfng viéc lai hoa giita hat nano tir va hat nano bac da cho hiéu sudt sinh nhiét
vueot troi. Vi vdy, hé vat liéu téng hop CoFe)Q4- la vt liéu tiem nang cho linh vic y sinh,
diéu tri ung thwe bang phwong phdp khéng xam lan.

Tir khoa: Coban ferit; Hat nano bac; Vat liéu lai hoa; Hiéu (g sinh nhiét; Hat nano tir tinh; Nhiét tri ung thu.

Tap chi Nghién citu KH&CN qudn su, S6 81, 8 - 2022 137



