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In recent years, the application of nanomaterials to biological and biomedicine areas has attracted

intensive interest. One of the hot topics is the nanomaterial mediated radiofrequency (RF)

hyperthermia or ablation, i.e., using RF fields/waves to heat tumor tissues treated with nanomaterials

to destroy cancerous cells while minimizing the side-heating effect. However, there are currently

many contradictive results reported concerning the heating effect of nanomaterials under a RF field.

This paper provided a comprehensive review to nanomaterial mediated RF ablation from both

experimental and theoretical aspects. Three heating mechanisms were discussed, i.e., laser heating,

magnetic field heating, and electric field heating in RF spectrum, with the focus on the last one. The

results showed that while diluted pure metallic nanoparticles could be heated significantly by a laser

through the surface plasmon resonance, they cannot be easily heated by a RF electric field. Further

studies are proposed focusing on nanoparticle structure and morphology, electromagnetic frequency

and localized heating effect to pave the way for future development. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4915002]
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I. INTRODUCTION

The scale of nanomaterials is in the range of 1–100 nm,

which is physically on the edge of quantum mechanics

regime and biologically of the size of cellular compo-

nents.1–3 Nanomaterials have many unique characteristics,

for example, quantum size effect, size dependent properties,

large surface-to-volume ratio, good biocompatibility, and

easy surface functionalization with targeting biomolecules.

In consequence, nanomaterials have been extensively

investigated for various applications in biological and bio-

medicine areas, such as biosensing/bioimaging,4–6 drug-

delivery,7–9 and nanomaterial mediated cancer diagnose and

treatment.10–12 For instance, metal nanoparticles have been

intensively studied for the application in bioimaging, due to

that the scattering effect can be significantly enhanced by

several orders of magnitude compared to conventional

dyes.13,14 Moreover, a number of nanomaterials can be easily

tailored by attaching biological groups/ligands, facilitating

targeting specific cells, or delivering drugs.15,16

One of the applications is the nanomaterial mediated

cancer treatment, which has been investigated world-wide.

Generally speaking, the process of cancer treatment involv-

ing nanomaterials includes at least the following steps: (1)

preparation of nanomaterials and/or loading drugs; (2) sur-

face functionalization with targeting biological molecules

(e.g., proteins and peptides); (3) injection and delivery of

loaded nanomaterials; and (4) cancer treatment by releasing

loaded drug or heating of nanomaterials via an external

source. The method of using RF field as the heating source
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to kill cancer cells is usually referred to as the RF ablation

(RFA) or RF hyperthermia method. For RFA, it aims to

deliver RF energy to the tumor sites to produce significant

regional temperature rise (i.e., >42 �C), leading to irreversi-

ble thermal damage to cancer cells.17,18

Conventional RFA or RF hyperthermia involves a probe

or antenna inserting into tumor to deliver RF energy,19–21

which is invasive and difficult for deep-in-body organs. The

difficulties include (1) low RF delivery efficiency due to the

large absorption by tissues and (2) large side effect due to

the heating of health cells especially under a high electric

field. It is possible to address these issues in the RFA tech-

nique by the aid of loaded nanomaterials. It is envisaged that

nanomaterials could absorb electromagnetic (EM) energy

much more significantly than their bulk counterparts, i.e.,

with higher specific absorption rates (SAR). Subsequently,

tissues incubated with nanomaterials shall exhibit faster tem-

perature rise than those without. In consequence, it is possi-

ble to significantly increase the temperature of nanomaterial

incubated cancerous tissues at a safe EM field level, while

limiting the detrimental effect to normal tissues.

To reach such a goal, a number of laboratory studies

have been conducted using various nanomaterials (gold

nanoparticles, carbon nanotubes, cobalt nanoparticles, etc.)

at different EM frequencies (200 kHz, 13.56 MHz,

2.45 GHz, infrared (IR), etc.).22–32 An apparent preclinical

success is the photothermal hyperthermia, where tissues

treated with nanomaterials are illuminated with IR or UV-

visible lasers. The success is, however, constrained by the

fact that IR or UV-visible lasers have limited penetration

depth to tissues, usually on the order of several centimeters

that is not suitable for deep-in-body tumors. In contrast,

lower frequency EM, RF, for example, can penetrate into tis-

sues much deeper. Therefore, nanomaterial mediated RF

hyperthermia is proposed and investigated for potential can-

cer treatment. Currently, two methods have already been

identified, electric heating and magnetic field heating. The

heating mechanisms of the two methods differ from each

other. Electric field heating of bulk material originates from

the dielectric or Ohmic loss,33,34 while magnetic field heat-

ing is due to the hysteresis phenomenon or relaxation prop-

erty that relates to the imaginary part of permeability.35,36

For magnetic field heating, nanomaterials of suitable mag-

netic properties are required.

Unfortunately, many controversies have been reported

especially regarding the heating mechanism in the RF range,

and the technology is still at its infancy. Experiments

conducted in different research groups showed rather contra-

dictive results. While some studies demonstrated that nano-

materials can be heated significantly,22–26 showing much

higher SARs, others suggested that the abnormal high heat-

ing effect was originated from the ionic impurities rather

than the nanomaterials.27,28 There are still strong debates if

nanomaterials can be heated by a RF/microwave field, and if

so what are the mechanisms. Different to the IR/visible light

laser heating, which is due to the surface plasmon resonance

(SPR) phenomenon, the mechanism of electric field heating

of nanomaterials in the RF/microwave range is still not fully

understood. To shed some light on this problem, this paper

conducted an overview of the electromagnetic heating of

nanomaterials in order to promote in-depth discussions and

pave the way for its future applications. Particularly, the

heating mechanisms were discussed in detail, including laser

heating, magnetic, and electric field heating, with a focus on

the last one. In addition, a few possibilities of enhancing the

heating effect were proposed for future studies. Furthermore,

during the discussion, some key aspects were compared and

discussed such as the EM frequency and material properties.

It shall be noted that although laser is not in the RF range, it

is no harm to include it here for the purpose of comparison

and clarification of the heating mechanism in the RF range.

The biological aspects of nanomaterials were not covered in

this work and interested readers are directed to relevant

review papers such as Refs. 37–39.

This paper is organized as follows: Sec. II gives a brief

introduction to the process of nanomaterial mediated RFA;

Sec. III discusses briefly the heating mechanisms of laser;

and Sec. IV is concentrated on the electric field heating, with

a critical analysis on the reported theoretical and experimen-

tal work.

II. NANOMATERIAL AIDED RF THERMAL THERAPY

The basic process of nanomaterial aided RFA or RF

hyperthermia is illustrated in Fig. 1. First, suitable nanopar-

ticles are surface functionalized with targeting biomolecules

and injected into the circulation system. Once the loaded

nanoparticles reach the cancer cells or accumulate in the sur-

rounding areas, EM fields/waves are applied. Heat generated

due to the absorption of EM energy diffuses from heated

nanoparticles to cancer tissues, leading to rapid regional tem-

perature rise that causes irreversible damage to cancer cells.

The key factor of such a method depends on how much

EM energy that the nanoparticles can absorb and dissipate to

the cells. Various EM frequencies have been utilized for ma-

terial heating, such as IR/visible light and RF/microwave. Of

these frequencies, three methods can be broadly categorized:

electric field heating, magnetic heating, and laser heating

(NIR, IR, visible, and ultra-violet lasers). The representative

examples of EM fields/waves are summarized in Table I.

FIG. 1. Schematic view of RF hyperthermia: Nanoparticles are loaded with

targeting biomolecules and heated by EM fields/waves, causing damage to

cancer cells.

011103-2 Liu et al. Appl. Phys. Rev. 2, 011103 (2015)
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TABLE I. Representative experimental studies of EM fields/waves heating of nanomaterials for cancer treatment. Three methods are included in this table: electric field heating, magnetic heating, and laser heating.

Methods Reference Frequency Materialsa Concentration Apparatus Observations

Electric field 25 13.56 MHz CNT 5–500 mg/l Kanzius system CNT heating rate 0.8 K/s at 600 W; DI-water heating rate 0.2 K/s

22 13.56 MHz GNP 1.1–67 lmol/l Kanzius system 67 lm/l GNP suspension heating rate 0.9 K/s at 600 W

23 13.56 MHz GNP 13 nmol/l Kanzius system Heating rate �0.3 K/s at 100 W; DI-water �0.025 K/s at 100 W

40 13.56 MHz GNP … Kanzius system Exposure of cells to a noninvasive RF field produced nearly 100% cyto-

toxicity in cells treated with the cetuximab-conjugated gold nanoparticles,

but significantly lower levels of cytotoxicity in the two control groups

24 13.56 MHz GNP 1.4–36 ppm Kanzius system 1.4 ppm GNP had 35 K increase in 2 min; DI-water had 2 K increase in

2 min, 600 W

41 10 MHz–50 GHz GNP … Resonating chamber under

mild magnetic stirring

Peptide-gold nanoparticles selectively attached to b-amyloid protein (Ab)

amyloidogenic aggregates were irradiated with microwave

42 13.56 MHz GNP 100 nmol/l Kanzius system Panc-1 cells demonstrated increased apoptosis with decreased viability

after treatment with cetuximab-conjugated AnNPs and RF field exposure

43 13.56 MHz GNP 100 nmol/l Kanzius system In vitro study, Panc-1 had a viability of 46%, while Cama-1 cell had a

viability of 92% after 200 RF heating for 2 min

44 13.56 MHz GNP 25–100 lg/ml Kanzius system In vitro study, Panc-1 had a viability of 39.4%, while Cama-1 cell had a

viability of 93.7% after 200 RF heating for 4 min

45 13.56 MHz GNP 100 mcg/ml Kanzius system Cells treated with C225-AuNP accumulated 6.07 times higher intracellular

thermal dose than the untreated controls over initial 4 min of RF exposure

46 13.56 MHz GNP 250–2000 mg/l Kanzius system Heating rate for 5 nm GNPs 0.45 K/s. Only GNPs smaller than 10 nm can

be heated

27 13.56 MHz GNP 0.006 wt. % Kanzius system Heating is due to supernatant, not due to GNPs. Size of GNPs: 50 nm

26 13.56 MHz GNP 25–55 lg/ml Cascaded multi-level

resonating system

0.4–2 K/s heating rate for GNPs; GNP mediated RF heating can enhance

cell killing

28 13.56 MHz GNP 1.1–67 lmol/l Waveguide Heating is due to ions, not due to GNPs. Size of GNPs: 5–20 nm

30 2.45 GHz GNP 13.2–26.4 lg/ml Microwave generator GNP incubated samples produced 2.5 �C higher temperature rise compared

to control group

31 2.45 GHz GNP 50 lg/ml Microwave oven Application of gold nanoparticles can enhance the lethal effect of low

power microwave in a very short exposure time (5 s).

47 0.35 MHz PtNP GNP 0–10 ppm Insulating current system Both PtNP and GNP can be heated, PtNPs generate 50% higher heat than

GNPs

48 3 GHz GNP … … The increased fluorescence for the gold nanoparticle-conjugated nanoma-

chines is not due to bulk heating of the solution, but is caused by the

presence of the gold nanoparticles and their interaction with the RF field

Magnetic Field 29 200 kHz GNP 0.13–1.6 ppm Magnetic coil Heating rate 0.002 K/s for 1.6 ppm

49 600–800 kHz Magnetite and

gold nanoparticles

4 wt. % Magnetic coil Local temperature measurement in the vicinity of electromagnetically

heated magnetite and gold nanoparticles

50 191–385 kHz FeCo-Au 11 mg/ml … The heating rate is particle size an frequency dependent

51 260/357 kHz Fe3O4 … Magnetic nanoparticles can be applied to cancer treatment in combination

with biological molecules

52 357 kHz Fe 10 pg Fe/cell … Radio frequency treatment required higher loading (>10 pg Fe/cell) and

longer duration (30 min) when compared to laser to accomplish cell

destruction (50% viability at 10 pg Fe/cell)

53 100 kHz Ferrite NP 1 wt. % … The SAR for our ac magnetic field presents a clear dependence on the

diameter of the nanoparticles, with a maximum SAR¼ 48 W/g for 15 nm
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TABLE I. (Continued.)

Methods Reference Frequency Materialsa Concentration Apparatus Observations

54 … Au102(pMBA)44 100 lM … Magnetic heating shows temperature rise, while 13.56 MHz heating does

not show any observable heating effect

55 40 MHz 8 nm Fe-doped GNP 14 mg/ml (3.7 lM) … 100 A/m, SAR:1.84 W/g, temperature increase by 20� in 300 s

56 … 2–25 nm Fe3O4

Fe3O4-PEG

Fe3O4-OA

2–20 mg in 5 ml Magnetic coil Temperature increased by 30� within 10 min

57 400 kHz Magnetite 21 mg/299 mm3 … SAR data of different magnetite particle types ranged from 3 to 211 W/g

58 195–266 kHz CoFe2O4 20 mg/ml Magnetic coil CoFe2O4 nanoparticles show reasonable heating effect in magnetic field

59 287 kHz Fe3O4-liposome 0.03 mg/ml Magnetic coil SAR up to 100 W/g at RF field strength (Hf) of 105 kA/m/s

Laser 60 820 nm Gold-silica nanoshell … NIR laser Average tumor heating in nanoshell-treated tissue can be up to 60 K

61 835 nm Au@pNIPAM … Laser The size range and the tendency to shrink upon increasing the laser power

in the optical trap or by increasing the temperature

62 355, 400 nm GNP 1.6 mM Laser Highest efficiency for bubble formation will be expected as long as the

laser pulse remains around nanosecond limit

63 532 nm GNP … Laser Focal heating of Au-NP injected into a subcutaneous infected wound is ef-

ficacious and safe, and bypasses the need for antibiotics

64 532 nm GNP … Visible light laser The temperature of single particle (40 and 100 nm) can reach 200 K within

50 ns after the illumination of a laser of 18 mJ/cm2

65 655 nm GNP 150 lM Visible light laser 0.5 W laser heating. Aggregated particles show more temperature rise than

dispersed particles

66 808 nm Gold nanoshell,

Gold nanorods

… NIR laser The nanoshells generated more heat, per nanoparticle, than nanorods. The

gold nanorods had higher photothermal efficiency than the gold nanoshells

67 495–710 nm, 1064 nm GNP … IR laser The surface temperature elevation of nanoparticles can reach 200 K under

0.8 W laser illumination

aGNP stands for gold nanoparticle, CNT is short for carbon nanotube, PtNP is Platium nanoparticles. All materials are at the nanoscale.
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The three heating methods in Table I are illustrated

schematically in Fig. 2. Laser heating is realized through

directing laser beam to tumor where nanoparticles are incu-

bated. Magnetic fields are usually generated by magnetic

coils of several turns and uniform magnetic field is achieved

in the central part of the coil, where the samples are placed.

Electric field can be generated between two electrodes via an

alternative current (AC) source. In general, nearly uniform

field can be produced between two parallel plates and sam-

ples are normally placed in between.

The heating mechanisms of the three methods are differ-

ent from each other. The absorption of laser light is usually

caused by the SPR, which can be explained by the Mie’s

theory. The magnetic heating of nanoparticles of magnetic

properties is well established, either due to the hysteresis

loss or the relaxation process. We will focus on the electric

heating of nanoparticles under a RF field, as discussed in

depth in Secs. III and IV.

III. PHOTOTHERMAL ABLATION

The heating effects of nanoparticles in the IR to visible

light range can be largely explained by the SPR phenom-

enon, which is the collective oscillation of electrons in a

solid stimulated by an incident light. Normally, this phenom-

enon occurs when the periphery of particles is comparable to

the wavelength of light. The scattering and absorption of

light by small particles can be quantified by the Mie’s

theory,18–20 in terms of their extinction, scattering, and

absorption efficiencies, Qext, Qsca, and Qabs. For homogene-

ous spheres, they are expressed as

Qext ¼
2

x2

X1
n¼1

2nþ 1ð ÞRe an þ bnð Þ; (1)

Qsca ¼
2

x2

X1
n¼1

2nþ 1ð Þ ja2
nj þ jb2

nj
� �

; (2)

Qabs ¼ Qext � Qsca; (3)

an ¼
mwn mxð Þw0n xð Þ � wn xð Þw0n mxð Þ
mwn mxð Þn0n xð Þ � nn xð Þw0n mxð Þ

; (4)

bn ¼
wn mxð Þw0n xð Þ � mwn xð Þw0n mxð Þ
wn mxð Þn0n xð Þ � mnn xð Þw0n mxð Þ

; (5)

where m is the ratio of refractive index of the sphere ns to

that of the surrounding medium nm, x is the size parameter

given as 2pnmR=k, and wn and nn are the Riccati-Bessel

functions. The Mie’s theory is in essence a solution to the

Maxwell’s equations. The SPR, denoted by a wavelength

kmax, describes where the extinction efficiency peaks. By

applying the Mie’s theory, the heating of nanoparticles using

lasers can be reasonably explained. Since the particle is

much smaller than the wavelength, quasi-static approxima-

tion can be employed, leading to the Rayleigh approxima-

tion. The scattering and absorption coefficients can therefore

be simplified to

Qsca ¼
8

3
x4

����m
2 � 1

m2 þ 2

����
2

; (6)

Qabs ¼ 4x Im
m2 � 1

m2 þ 2

� �
: (7)

In consequence, the SPR wavelength can be largely esti-

mated through Eqs. (6) and (7) as the refractive index is

wavelength dependent.

Quite a few theoretical investigation has been inten-

sively conducted (Refs. 68 and 69), as schematically shown

in Fig. 3. When an ultrafast laser pulse illuminates on the

nanoparticles, free electrons absorb the energy of photons,

leading to an increase in kinetic energy. At this stage, these

electrons are in a state of non-equilibrium distribution of

energy. The equilibrium distribution is achieved through

electron–electron relaxation at the order of 10–100 fs. Later
FIG. 2. Illustration of the three major heating methods: (a) Laser heating,

(b) magnetic field heating, and (c) electric field heating.

011103-5 Liu et al. Appl. Phys. Rev. 2, 011103 (2015)
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on, electron-phonon coupling takes effect and increases the

particle temperature, which happens approximately between

100 fs and 10 ps. Following the particle temperature

increase, energy exchange between the particle and its sur-

rounding medium begins to take place through phonon–pho-

non coupling, which is on the order of 1 ps–1 ns and

eventually causes temperature rise in surrounding medium.

Experimentally, there are a number of pre-clinical

examples that have manifested the potential power of nano-

particles mediated photothermal ablation. For instance,

Hirsch60 successfully demonstrated gold-silica nanoshells

mediated photothermal therapy using an 820 nm NIR. It was

found that human breast carcinoma cells incubated with

nanoshells in vitro had undergone photothermally induced

morbidity on exposure to NIR light, while cells without

nanoshells displayed no loss in the viability after the NIR

illumination. Many groups have also conducted in vitro trials

utilizing gold-silica nanoshells, showing promising therapeu-

tic efficacy.61–67

Though in theory laser heating is well established,70,71

the nature of low penetration depth of laser light limits its

wide applications. Hirsch investigated the temperature

change of NIR-irradiated tumors with and without nanoshells

at depths of 2.5, 3.75, 5.0, and 7.3 mm beneath the apical tis-

sue surface (see Fig. 5 in Ref. 60). It clearly showed that the

heating rate decreased significantly with the increase of the

depth. Particularly, when nanoshells were incubated at a

depth of 7.3 mm, there was no observable increase in the

heating rate compared with the control group. Optical fiber

might be introduced during an operation to circumvent the

tissue absorption issue, such a scheme, however, is still of an

invasive nature.72

IV. ELECTRIC FIELD HEATING

A. Classical theory of electric heating

Magnetic field is another method to heat nanomaterial

for cancer treatment. Magnetic heating of nanoparticles was

investigated as early as 1970s with a focus on magnetic

nanoparticles. The operating frequency of magnetic heating

normally lies in the range of several kilohertz to several

megahertz. Alternating magnetic fields can be easily gener-

ated in such a frequency range. Moreover, magnetic fields in

such frequency range are more penetrable into human body.

For practical applications, magnetic particles are generally

dispersed into water, which is often referred to as magnetic

nanofluids. The heating properties and mechanisms of mag-

netic nanofluids have been intensively investi-

gated.29,49–59,73,74 The heating of magnetic nanofluids are

originated from several reasons: (1) hysteresis loss; (2) N�eel

relaxation; (3) Brownian relaxation; (4) eddy current loss;

and (5) ferromagnetic resonance. The details of these mecha-

nisms are not discussed here since many review papers are

available, such as Ref. 73.

Comparing to the former two methods, the most contro-

versial heating phenomenon of nanomaterials is the electric

field heating. The pathway of electric field heating of nano-

particles has been reviewed in details by Collins et al.75 A

simple chronology diagram of the representative investiga-

tions in recent years is organized in Fig. 4.

In 2007, the Kanzius machine (i.e., a RF device operat-

ing at 13.56 MHz) was reported to be able to heat carbon

nanotube,25 and which could be utilized for cancer treatment.

Later on, a few in vitro investigations showed great potential

of this method.22,23 In 2009, size-dependent RF heating of

GNPS was studied,24 which however was proved incorrect

later on as most of the heating was due to the impurities in

the dispersion. Theoretically, Hanson and Patch76 investi-

gated the RF heating of nanoparticles, and showed that by

the classical theory, it was lossy dielectric particles that

could be heated maximally at a very low conductivity (see

Fig. 3 in Ref. 76). In 2010, there were several papers pub-

lished based on the Kanzius system.41–44 In spite of the suc-

cess of the Kanzius system, the controversy began in 2011,

when an experimental work based on the Kanzius system27

and a theoretical work77 were published. Li reported that the

heating was not due to GNPs, but due to the ionic heating

originated from the impurities inside the fluid.27 Hanson sys-

tematically investigated the heating mechanisms but con-

cluded that none of them supported the electric heating of

FIG. 3. The process of laser heating

process of nanoparticles and tissues

where NP stands for nanoparticles.
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GNPs.77 Pearce and Cook also concluded from their numeri-

cal model that GNPs could not be heated by a RF electric

field.79 It has to be mentioned that, when one mentions mag-

netic heating, it does not necessarily mean there is no electric

heating, and vice versa. It essentially means that magnetic

heating or electric heating dominates the phenomenon. In

2012, Liu28 reported an experimental work showing similar

results as reported in Ref. 27. Particularly, Hanson77 and

Sassaroli78 considered a number of mechanisms and came to

the conclusion that naked GNPs cannot be heated by a RF

electric field. Later on, Corr46 proved that citrate-capped

GNPs can be heated through the electrophoretic effect. In

2013, San reported that electric current can be used to heat

GNPs and PtNPs.47 In 2014, Liu reported that aggregated

GNPs cannot be heated by the 13.56 MHz RF electric field.65

In addition to 13.56 MHz, other frequencies are also

investigated, for instance, 2.45 GHz.30,31 However, micro-

wave is not a very good option due to water-rich contents in

human body. Water is a very good medium to absorb micro-

wave energy, the principle of which is widely used in micro-

wave cooking. Therefore, operating in this frequency range

may cause an uncontrollable temperature rise.

There were many in vitro studies demonstrating the clin-

ical effect of GNP incubation and RF radiation.41–44

Statistically, the combined treatment could kill up to 90%

cancer cell. However, it is in an urgent need to clarify if the

cell death was caused by the hyperthermia effect or not.

Through the classical theories, electric heating of mate-

rial can be largely classified into two groups, i.e., dielectric

heating and Joule heating. If the conductivity is a real num-

ber, then the gradient of the average energy flux density can

be derived as
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(9)

The imaginary part of Eq. (8) is the stored energy in electric

and magnetic fields, while the real part is the dissipated

energy of the studied medium. It can be seen that dielectric

heating originates from the imperfection of dielectric media,

while Joule heating from Ohmic loss is due to the conductive

current. This is what the classical electromagnetic theory indi-

cates. But the classical theory may not be able to explain the

recently reported experimental results, as explained below.

B. Theoretical models and their limitations

As mentioned in Secs. II and III, a few work showed

that nanoparticles (such as GNPs and CNTs) can greatly

FIG. 4. A simple chronology diagram

of electric field heating of GNPs for

hyperthermia treatment.

011103-7 Liu et al. Appl. Phys. Rev. 2, 011103 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  129.11.23.120 On: Fri, 29 Apr 2016

14:58:20



increase their SARs by using the Kanzius machine.22,23,25 It

was argued that nanoparticles absorb electromagnetic

energy, which causes temperature increase of the fluid due to

the heat diffusion. Such work has promoted much debate on

whether GNPs can be heated by electric field and by what

mechanisms they are heated. Many theoretical models have

been investigated, as summarized in Table II.

1. The Joule model

One of the models is the Joule heating model,24 which

treats GNPs as conductors having constant cross sections

I2R ¼ rðxÞ � ½a � d � jE
*

j2�; (10)

where rðxÞ is the Drude model conductivity, a is the cross-

sectional area of the GNP, d is the diameter, and jE
*

j is the

field strength in nanoparticles. The heating rate, in conse-

quence can be written as

dT

dt
¼ N � r xð Þ � a � d � jE

*

j2

v � Cw
; (11)

where N is the number of GNPs, v is the volume of the dis-

persion, and Cw is the specific heat capacity of water. The

authors of Refs. 22 and 23 used this model to obtain the heat-

ing rate of the dispersion of 100 nm diameter GNPs of

1.9 �C/s, which was in fair agreement with the measurement

2.8 �C/s. However, it has to be pointed out that the electric

field should be the one in GNPs rather that in water. The

authors obviously calculated the heating rate using the field

strength in the host water, jE
*

j ¼ 200 V/m. The field strength

in a metallic particle, however, is several orders of magni-

tude smaller than that in the host water. Furthermore, the fac-

tor Nad=v in (16) is 1.5 times the volume fraction. Since the

volume fractions were the same for all GNP dispersions, the

heating rate should not show any size-dependent behavior

according to this model. However, the experiment suggested

the other way. Therefore, the Joule heating model could not

explain the results successfully.

Moreover, the temperature rise of DI-water was

observed as 5 �C in Ref. 24, which was several orders of

magnitude higher than the theoretical prediction

dT ¼ r xð Þ � jE
*

j2

2q � Cw
t; (12)

where q is the density of water and t is the heating time. As

the theoretical value of the conductivity of water at

13.56 MHz is of the order of 10�4 S/m,82 the water tempera-

ture rise in 2 min should be at the order of 10�4 �C, which

was hardly noticeable in the experiments. To be consistent

with the measured water rise of 5 �C, the field strength should

be much higher than the given value of jE
*

j ¼ 200 V/m.

Indeed, the field strength was later on measured by the same

group,46 showing that the electric field in Ref. 24 was incor-

rectly estimated.

As it stands now, the Joule heating model has been dis-

carded by the researchers in this area.76 But it is the first

work try to explain the phenomenon.

2. Classical and quantum effects

The first representative theoretical work of RF heating

of nanoparticles was Hanson’s analysis,76 where the role of

the conductivity was investigated for different shapes. The

theoretical work, starting from the classical EM theory, pre-

dicted that the optimal conductivity for RF heating could be

very low. Several particle shapes have been investigated,

such as rod, sphere, and coated sphere, as shown in Fig. 5.

In Hanson’s model,76 the presence of nanoparticles

reshapes the field distribution. Particularly important is that

the dielectric constant of the material under the investigation

plays a key role in determining the field distribution in nano-

particles. It is worth to emphasize that the field strength in

the particles is critically different from the applied EM field.

Hanson’s model was accurate in reflecting this and consider-

ing the influence of particle shapes and dielectric properties,

which were in agreement with the boundary conditions of

the electric field. This model in essence predicted the heating

effects from the classical EM theory.

Later on in another work,77 Hanson systematically ana-

lyzed several mechanisms, including both classical and

quantum effects, and concluded that none of these absorption

mechanisms, nor any combination of them, could increase

temperatures at the rates reported in Refs. 22 and 23. In Ref.

77, the influence of nonlocal electronic surface effects (elec-

tron spillout and surface roughness) were considered based

on the classical Mie theory through the modification of the

effective dielectric permittivity. It showed that non-

interacting spherical metal nanoparticles could not be re-

sponsible for the heating observed in Refs. 22 and 23.

Furthermore, the absorption of the host medium was studied,

showing that in all cases involving metal nanoparticles, the

absorption and subsequent heating were due to the absorbing

host medium, irrespective the presence of spherical nanopar-

ticles. The observation was supported by two independent

experiments.27,28 However, needle-like objects such as car-

bon nanotubes or elongated ellipsoidal particles maintained a

TABLE II. A summary of electric heating mechanisms.

Reference Mechanisms/models investigated or proposed

76 Relative small conductivity causes optimum

electromagnetic heating

77 Classical Mie theory; coated nanoparticles; nonlocal

electron surface effects; phonon effect; aggregation effects

24 Joule heating model

27 Ionic contribution; magnetic heating

28 Ionic contribution; dielectric heating

78 Dielectric relaxation; electrophoretic effect;

ionic contribution; aggregation effects

26 Circuit model

46 Electrophoretic effect; dielectric model

65 Aggregation effect

79 Dipole and polarization; clustering effect; collision model

80 Dielectric heating

81 Geometrical effects
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strong radial near-field in the vicinity of the tube ends (e.g.,

lightning-rod effect), which could significantly enhance

absorption in a conductive host. Such predictions agreed

with the experimental study in Ref. 80, which showed that

when carbon nanotubes were mixed with tissue mimicking

materials, the relative permittivity and the loss factor were

increased. The experiments at microwave range showed that

the heating rates of carbon nanotubes treated tissue increased

by nearly 50% at a concentration of 0.22 wt. %. The signifi-

cance of Ref. 77 is that it predicted what mechanisms were

not and what mechanism were possible to cause EM heating.

3. Electrophoretical model

Another theoretical work by Sassaroli78 is also of consid-

erable interest. Several possible mechanisms have been dis-

cussed in this paper, including the long-wave approximation

(Mie theory), the relaxation effects in gold colloidal, dielectric

loss by weak electrolyte solution, electrophoretic phenom-

enon, and so on. Mie theory indicated that the attenuation was

dominated by the absorption of the medium with a much

smaller effect due to the particles. The analysis from the

Maxwell-Wagner theory also reached a similar conclusion,

i.e., the dielectric losses were mainly due to the absorption in

the medium especially in the low MHz range. The electric

double layer affected the conductivity of the particle, but its

effect in increasing the absorption in the suspension seems to

be rather modest. However, the electrophoretic movement of

charged nanoparticles was identified as a key factor for the

increased absorption observed at RF, as analyzed below.

If charged particles were exposed to an electric field

E ¼ E0ejxt; (13)

the movement of the particle can be described in the first

approximation by the equation

m
dv

dt
þ bv ¼ qE; (14)

where m is the mass, v is the velocity, q is the particle

charge, b is the friction constant b ¼ 6plf a, and lf is the

viscosity coefficient of the host medium. If v ¼ v0ejxt, the

equation can be written as

v0 ¼
qE0

b
1

1þ jxs
; (15)

s ¼ m

b
; (16)

the electrophoretic current density is given by

J ¼ Nqv0ejxt; (17)

where N is the number of particles per unit volume.

Generally

J ¼ �rf lowE; (18)

�rf low ¼ �r0f low þ j�r00f low ¼
Nq2

b
1

1þ jxs
; (19)

�ef low ¼ �e0f low � j�e00f low ¼
�r

jxe0

; (20)

�e0f low ¼ �
Nq2

be0

s

1þ xsð Þ2

�e00f low ¼
Nq2

bxe0

1

1þ xsð Þ2
:

8>>><
>>>:

(21)

Therefore, the effect of electrophoresis can be mathemati-

cally incorporated into the effective dielectric permittivity.

Based on this model, it was found that the eletrophoretic

movement (see Fig. 9 in Ref. 78) affected significantly the

dielectric loss for high particle concentrations, suggesting

that the eletrophoretic movement was an important factor for

concentrated dispersions. Following this line, Corr et al.46

investigated the electrophoretic heating of citrate-capped

gold nanoparticles and suggested that the heating can be

modeled using the electrophoretic oscillation of charged

FIG. 5. Heating of nanoparticles sus-

pended in a liquid medium under EM:

(a) various shapes of nanoparticles and

(b) filed distribution of a sphere parti-

cle placed in a uniform external field.
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gold nanoparticles in response to a time-varying electric

field

EM ¼
1

30
l2

0rR5x2H2
0: (22)

For the case of a 50-nm GNP exposed to 13.56 MHz, 25 W

RF power (H0¼ 1 A/m), the amount of heat generation was

calculated to be of 10�28 W order. The work of Kruse could

be also caused by the electrophoretic effect.26

4. The aggregation effect

Many authors have mentioned the effect of aggrega-

tion77–79 and evidences have shown that aggregated nanopar-

ticles could increase the absorption of IR wave.83,84 The

possible reasons may be due to the electrical field enhance-

ment between adjacent particles.85 However, the enhanced

absorption in IR range does not suggest that the same would

happen in the RF range. Indeed, Liu has conducted a com-

prehensive study on the effect of aggregation on the heating

rate at 13.56 MHz, which showed that the particle

aggregation did increase the heating rate in the visible light

region but had no significant effect in the RF range.65

One possible reason for the low heating effect at the RF

range is that the size of aggregated particles are still too

smaller comparing to the operating wavelength to cause any

significant heating. But for laser heating, the aggregation

would increase particle size and enhance the field effect,

resulting higher heating rates.

5. The ionic contribution

Ionic contribution is another possible factor affecting the

heating of nanofluids. The presence of ions increases the effec-

tive conductivity of a nanofluid, which may contribute to the

heating significantly. However, the contribution from the con-

ductivity is very complicated. Liu et al. suggested the possible

modification of field distribution due to the change of bound-

ary condition and dielectric properties.86 Experimentally, Liu

et al. showed that the measured results could be explained by

Hanson’s model.28,86 In addition, the sample holder could also

modify boundary condition that attenuated the field strength.81

Considering that the presence of ions modifies both the con-

ductivity and the dielectric properties, the contribution of ionic

heating has to be carefully treated. Different to nanoparticles,

the effect of ions heating is through the modification of effec-

tive properties of the dispersion.

Indeed as revealed by Li et al.27 and Liu et al.28 inde-

pendently, the supernatant sample dominated the heating

effects. In Ref. 27, GNPs were centrifugally separated from

the original sample and re-diluted to DI water, as shown in

Fig. 6. It was found that these re-diluted samples could not

be heated significantly. In contrast, the supernatant solution

could be heated as fast as the original sample.

Liu also compared the measurement between impurified

and purified samples, as shown in Fig. 7.28,87 It was found

that impurified sample can be heated with limited tempera-

ture rise, less than 1 centigrade, but the purified samples

could not produce any observable heating within the accu-

racy of the measurement. The dielectric property measure-

ment indicated that the effective conductivity of impurified

samples was significantly higher than purified ones. To prove

that the heating was due to the increase in effective conduc-

tivity, sodium chloride solution of the same effective con-

ductivity was prepared and heated, which showed a similar

temperature rise as the impurified GNP dispersions.

FIG. 6. The process of separation of GNPs from the original sample. Drawn

from the description of Ref. 27.

FIG. 7. The process of purification.

Drawn from the description of Ref. 87.
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To eliminate the difference caused by the heating

instruments. A separate experiment was conducted using

the Kanzius machine in cooperation with the MD cancer

center in Huston Texas, USA (see details in Section 3.4 in

Ref. 87). It was demonstrated that purified nanoparticle dis-

persions produced very limited heat, in sharp contrast to

impurified samples. Such a comparison clearly showed that

the ionic contribution was much more pronounced than

GNPs. Since the same samples were used in both transmis-

sion line wave guide and the Kanzius machine, and similar

results were produced from both systems, it can be safely

drawn that naked GNPs cannot be heated significantly by

the electric field.

It has been argued that the interaction between ions and

NPs could be significant.75 The argument was the heating

effects reported in Ref. 54. To validate such a point, one can

assume that the heating of nanofluids containing ions is ori-

ginated from three parts, the ions (Pi), the nanoparticles

(Pnp), and the interaction between the ions and nanoparticles

(Pi�np), as below

P ¼ Pi þ Pnp þ Pi�np: (23)

If the interaction between the ions and nanoparticles contrib-

uted considerably to the RF heating, then Pi�np shall be com-

parable or even larger than Pi and Pnp. Unfortunately, such a

phenomenon has not be observed in the literature.27,28,87 The

purified GNP dispersions did not show any heating, while

impurified GNP dispersions and the supernatant fluid showed

almost the same heating rates. Moreover, it is noted that in

Ref. 54, the nanoparticles were actually super-paramagnetic

nanoparticles, and that the heating method was mainly due

to the magnetic heating. Consequently, it is difficult to judge

how much heating effect was produced by GNPs. In addi-

tion, ionic solution could also be heated by magnetic field

through the eddy current, which was demonstrated in Fig. 4

of Ref. 54. Seeing from the results (Fig. 4 of Ref. 54), the

temperature rise of the mixture solution of 1 mM NaCl and

100 lM Au102(pMBA)44 came from many sources. The role

of the interaction between the ions and nanoparticles

appeared not significant. Though further rigorous experi-

ments were still needed to confirm such an observation, it is

clear that the electric field heating was not responsible for

the heating reported in Ref. 54.

C. Limitations of the current heating models

It is clear that most of the mechanisms proposed so

far were basically based on the classical theories such as

Mie theory, Joule heating, dielectric loss, electrophoretic

loss, and even quantum effects, but none of them could

rectify the controversies between the experiments and

predictions.

For laser heating (IR, visible-light region, etc.), the

heating effect could be very prominent as the wavelength

is comparable to the periphery of nanoparticles. The Mie

theory can be employed successfully to explain the dissi-

pation of EM energy. For magnetic heating, the nanopar-

ticles are normally ferromagnetic or ferrimagnetic and the

heating mechanisms have been in large identified. The

current controversies of electric field heating are likely

multifolds, caused by both not-well controlled experi-

ments and insufficient understanding on the heating

mechanisms.

Actually, it is difficult to judge which experiment was

conducted with sufficient accuracy. For instance, in Refs. 23

and 24, two key factors need to be clearly clarified: one is

the field strength and the other is the impurities of the sam-

ple. Similarly, Li27 and Liu28 did not consider the effect of

charged particles on the heating process. In consequence,

their experiments could not exclude the possibility of heating

effects due to charged particles. Although Corr46 considered

charge influence, the accurate charge information on the par-

ticles was missing, and the electric field strength character-

isation was also questionable. Generally, the power density

is linearly proportional to the square of the electric field

strength, but the result (Fig. 7 in Ref. 46) showed a linear de-

pendence. In Collin’s review,75 it was suggested that the par-

ticle size shall play an important role, and particles smaller

than 10 nm would manifest a high heating effect.

Unfortunately, there is still no systematic experiment to

investigate the particle size effect free of impurities. It is

noted that different instruments were utilized, which needs

to be calibrated carefully to quantify the field strength in the

sample. Up to now, the field strength produced in the

Kanzius system still needs to be rigorously measured to

quantitatively describe the heating effect.

As to the theoretical consideration, the Mie theory is

ideally for spherical particles, but has difficulties in model-

ing roughed particles, particles of different shapes and the

aggregation effect. For the electrophoretic model, it has diffi-

culties in explaining the effect of low particle concentration,

which was the case for most published studies, and the accu-

rate knowledge of the viscosity under high particle concen-

tration, especially for irregular-shaped particles, still present

a challenge.

Clearly there are large discrepancies on the effect of

nanoparticle under a RF field. As many in vitro studies al-

ready demonstrated that GNPs-incubated cells brought sig-

nificant cell damage under RF radiation, while the control

groups did not, one question has to be answered: what are

the effects that caused such a phenomenon? Heating effect

or anything else? If it was due to the heating, as analyzed

above, why existing theory could not provide a satisfactory

answer? Such a question was raised recently in a review

work published in Science, Are Gold Clusters in RF Fields
Hot or Not?88 A few possibilities are explored below.

D. Possibilities to increase the electric field heating
rate

It is worth mentioning here Hanson’s work that there are

a few optimal parameters to achieve the maximal heating

rate.76

For instance, multilayered nanoparticles may possibly

give one extra freedom for controlling the heating property,

see Fig. 8. For a single-layered particle, the field distribution

inside the particle can be written as
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(24)

The electric field inside nanoparticles is uniformly distributed

and dependent on the dielectric property. In multi-layered

nanoparticles, however each layer owns different permittiv-

ities with varying size. Through changing the permittivity and

the size of each layer, one has another freedom to optimize

the heating effect. For instance, Hanson showed that the

absorption cross section of coated nanoparticles was larger

than those of bare nanoparticle (see Figs. 3 and 4 in Ref. 76).

As most of nanoparticles are coated with ligand or other

layers of medical, chemical, or biological functionalities, they

shall behave more like multi-layered particles. In addition,

the shape of nanoparticle makes significant difference to the

heating effects. Nanoparticles with large aspect ratios are

more likely to be heated, supported by both theoretical

study77 and experimental observation.80,89 Charged particles

are still a viable way if the uptake of nanoparticles can take

place, and electrophoretic phenomena can be expected in the

cytoplasm. It appears possible to engineer nanoparticles with

different layered-structures, morphologies, and charges that

could achieve a good heating effect under a RF field.

From the electromagnetic aspect, it is understood that the

EM frequency is also a dimension to explore to maximize the

heating. Clearly the response of a medium to electromagnetic

waves/fields varies significantly with the operating frequency,

where electrons or dipoles follow the cyclic variation of an

alternating field. As the dielectric properties are frequency-

dependent, a systematic study on the frequency effect is much

needed. Normally, the dielectric property can be modelled as

er xð Þ ¼ e0r � je00r ¼ erinf þ
er0 � erinf

1þ jxs
� jr0

xe0

; (25)

where

e0r ¼ erinf þ
er0 � erinf

1þ xsð Þ2

e00r ¼
er0 � erinfð Þxs

1þ xsð Þ2
þ r0

xe0

r xð Þ ¼
er0 � erinfð Þx2e0s

1þ xsð Þ2
þ r0;

8>>>>>>><
>>>>>>>:

(26)

r0 is the ionic conductivity (or DC conductivity), er0
is the

static permittivity, erinf is the optical permittivity, s is the

relaxation time, and x is the angular frequency. The temper-

ature rise of a medium can be calculated using

DT ¼ r xð Þ � jE
*

j2 � t
2q � C ; (27)

where jE
*

j is the electric field strength in the medium, t is the

heating time, q is the local density of the medium, and C is

the specific heat capacity. As an example, the conductivity-

dependent temperature rise of NaCl solution at different

frequencies is illustrated in Fig. 9. Configuration of this ex-

perimental was described in Fig. 14 of Ref. 86. It clearly

shows that the peak temperature rise increases with the

increase of EM frequency. The optimized ionic conductivity

is also shifted to high values. However, caution is needed on

the possible reduction in the penetration depth at high EM

frequencies.

From the biological consideration, it shall differentiate

possible differences between the macroscopic effect and the

local effect. Here, the macroscopic effect is referred to be

the increase of global temperature in a sample, and the local

effect refers to the temperature field surrounding heated

nanoparticles, which is effective at the cell level. From a

macroscopic view, the heating effect has to be high enough

to increase the bulk temperature of the fluid to be detected

by temperature sensors. It is possible that the temperature in

the vicinity of the GNPs is high enough to damage the mem-

brane of cancer cells, though the bulk temperature rise is still

negligible. For instance, for a single cell, the energy needed

to increase from a normal human body temperature to 42 �C
is approximately 6:0� 10�13 J, assuming the diameter of a

cell is 20 lm. Suppose each cancer cell has 10 nanoparticles

attached on the membrane. Then, each particle only needs to

FIG. 8. Examples of multilayered nanoparticles. FIG. 9. Conductivity dependent temperature rise.
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produce 6:0� 10�14 J in a duration of 10–30 min. Based on

the energy dissipation of a single particle

DE ¼ r xð Þ � jE
*

j2 � t
2

� 4p
3

d3; (28)

with a few usual assumptions of r ¼ 1 S/m, jE
*

j ¼ 400 V/m,

t ¼ 30 min, d ¼ 20 nm, it gives DE 
 1� 10�14 J, which is

on the same order of 6:0� 10�14 J. In addition, it is known

that nanoparticles have a tendency to accumulate around the

cells due to the targeting, exhibiting an anisotropic distribu-

tion. The local nanoparticle concentration therefore is much

higher than the bulk value. As the temperature increase is

nearly proportional to the nanoparticle concentration, it is

highly likely that strong localized heating can be produced at

the cell level. Still using the same example before, if 10 times

more nanoparticles were accumulated on the membrane or

into the cell, sufficient heating could be produced to raise

the temperature above 42 �C. Clearly, accurate determination

of local temperature and local nanoparticle concentration

is essential to advance our understanding on the RF-

nanoparticle heating, which however deserves further study.

In addition, since magnetic particle may involve mag-

netic hysteresis to cause EM energy dissipation. There may

have certain materials with electrical hysteresis properties

that can increase the electric field heating rate. Reported

results of such material can be found in Refs. 90–92. As elec-

tric fields are more likely to be focused on a small area,

excellent electrical hysteresis property may be suitable for

electric field heating. Finally, the synergic effect from differ-

ent mechanisms shall be noted, which may produce more

heating than the individual element.

V. CONCLUSION

This review paper presented an overview on three meth-

ods of electromagnetic heating of nanomaterials: laser heat-

ing, magnetic field heating, and electric field heating at RF

spectrum, with the focus on the last one. It is shown that the

mechanisms of IR and magnetic heating are well understood,

while the electric field heating is still of great controversy.

The controversies consist of three aspects: (1) Can nanoma-

terials be heated or not by RF; (2) by what mechanisms that

nanomaterials can dissipate electromagnetic energy; and (3)

is the cell death caused by the hyperthermia effect?

From the analysis, it can be concluded that electric field

at 13.56 MHz along cannot produce significant heating effect

on naked dilute gold nanoparticles. Considering many

in vitro studies, which demonstrated that GNPs-incubated

cancer cells were liable to RF radiation, it is still difficult to

judge if the biological effect was caused by hyperthermia.

Further, more comprehensive experiments from both biolog-

ical and physical disciplinaries are needed to clarify such a

puzzle. There may exist strong localized heating due to the

concentration of nanoparticles around the targeting cells,

which may be responsible for cell killing. In addition, the

influence of particle materials and morphology on RF heat-

ing is still unclear, there shall exists optimized nanoparticles

suitable for RF hyperthermia applications.

A few areas are proposed for further investigation to

advance our understanding on effective RF heating, namely,

(i) nanoparticle structure and properties, (ii) EM frequency,

and (iii) localized heating effect.
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