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Abstract: Targeted therapy is a method owing to its limited side effect profile, particularly in 

cancer treatment. Magnetic hyperthermia, which is induced by nanoparticles (NPs) conjugated 

with targeting agents, can be useful in combination with chemo- or radiotherapy. In this paper, 

we constructed dextran-coated ferric oxide NPs conjugated with specific anti-human epidermal 

growth factor receptor (HER2) aptamer and used them to induce magnetic hyperthermia in cul-

tured cells. The specificity of the tagged NPs was determined by studying their effect relative to 

that of non-tagged NPs against two cell lines: human adenocarcinoma SK-BR3, overexpressing 

the HER2 receptor; and U-87 MG, a human glioblastoma epithelial cell line, not expressing 

HER2. In order to confirm the interaction of the tagged NPs with the cells we used, fluorescence 

microscopy and fluorescence-activated cell sorting analysis were performed. All of these experi-

ments showed that the aptamer-tagged NPs were highly specific toward the HER2-expressing 

cells. In addition, a ninetyfold lower dose of the tagged NPs relative to that of the non-tagged 

NPs was needed to achieve ∼50% cell killing by hyperthermia of the SK-BR3 cell line, while 

for the U-87 MG cells the viability level was close to 100%. These results show that targeted 

NPs can be applied at substantially lower doses than non-targeted ones to achieve similar effects 

of hyperthermia, which should greatly limit the side effects of treatment.
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Introduction
During the last 2 decades, nanotechnology has entered new areas of application, 

including biotechnology and pharmacology. The diversity of nanoparticles (NPs) has 

allowed for the development of innovative technologies in drug formulation, targeted 

therapy, drug delivery, and diagnostics. Nanomaterials such as nanorods, nanospheres, 

or NPs display unique physical, optical, and chemical properties1–3 which, in combina-

tion with their large surface-to-volume ratio, make them useful for cancer diagnosis 

and treatment. Numerous approaches to manufacture functional nanomaterials for 

anticancer therapy have been proposed and using nanoparticles as vehicles which 

carry both a targeting component and a specific drug one can improve the delivery of 

diverse agents into cells and tissues.4

Magnetic NPs attract strong interest due to their associated hyperthermic effects and 

their ease of conjugation with biological components. A unique physical phenomenon 

called superparamagnetism causes an increase of their temperature when subjected to 

an alternating magnetic field.5 The effect offers novel approaches to cancer treatment. 

For example, the therapy evaluated by Jordan et al6,7 relies on the injection of NPs 

directly into solid tumors, which are then selectively heated by an externally applied 
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magnetic field. The rise of temperature induces the cancer 

cells to undergo apoptosis or necrosis and makes the tumor 

more vulnerable to radio- or chemotherapy. While hyper-

thermia alone is often not sufficient when treating cancer, it 

greatly improves other conventional modalities like radio-, 

chemo-, or immunotherapy.8–10

Modern anticancer therapies are based on the targeted 

delivery of active substances into the tumor cells, which 

reduces harmful effects in healthy tissues, allowing specific 

tumor destruction. Recently, aptamers are becoming an 

increasingly popular class of targeting agents, and they offer 

an interesting alternative to antibodies. These oligonucle-

otides are capable of forming three-dimensional structures 

and interact strongly and selectively with macromolecular 

targets. The use of aptamers as targeting agents has several 

advantages. Compared to antibodies, aptamers are much 

more stable across a broad range of pH values, organic 

solvents, and temperatures. Aptamers are easily modified 

by fluorophores, NPs, toxic agents, and so on, without 

decreasing their binding capabilities.11,12 These features 

make aptamers suitable for many diagnostic and therapeutic 

applications. Conjugated with gold NPs (AuNPs),13 they act 

as sensitive diagnostic agents mainly in fast colorimetric 

assays. A combination of aptamers and magnetic NPs can 

be used for the detection of small molecules and proteins.14 

Cao et al15 demonstrated the use of liposomes conjugated 

with an aptamer for the effective delivery of cisplatin to 

cancer cells.

In the present work, we designed multifunctional mag-

netic NPs conjugated with a specific anti-human epidermal 

growth factor receptor (HER)2 aptamer and used them 

for targeted hyperthermia. Our results show that targeted 

hyperthermia is more effective in killing cancer cells than 

non-targeted magnetic NPs.

Materials and methods
Synthesis of dextran-coated  
magnetic nanoparticles
We used carboxylated dextran to obtain high-density func-

tionalized groups of magnetic NPs. Ten gram of dextran (S10; 

Pharmacia, Stockholm, Sweden) was dissolved in 100 mL of 

1 M bromoacetic acid in 2 M sodium hydroxide, and it was 

mixed overnight at room temperature (RT).16 The solution 

was then dialyzed against Milli-Q water (EMD Millipore, 

Billerica, MA, USA) and used for nanoparticle synthesis.

The preparation of magnetic NPs coated with carboxy-

lated dextran was performed according to Hradil et al.17 The 

aqueous solution of carboxylated dextran was mixed with 

1.51 g of FeCl
3
 ⋅ 6H

2
O and 0.64 g of FeCl

2
 ⋅ 4H

2
O. Twenty 

microliters of 7.5% NH
4
OH solution was added, causing 

black precipitate formation during 30 minutes of incubation at 

60°C. The precipitate was washed several times with Milli-Q 

water until the pH was close to neutral.

The size distribution of NPs was evaluated by dynamic 

light scattering (DynaPro NanoStar™; Wyatt Technol-

ogy, Santa Barbara, CA, USA) and transmission electron 

microscopy (TEM) (FEI Tecnai™ G2 20 X-TWIN; FEI, 

Hillsboro, OR, USA). The crystal structure was examined 

by X-ray diffraction (XRD) using a D8 ADVANCE powder 

diffractometer with Cu Kα radiation and a Vantec detector 

(Bruker Optik GmbH, Ettlingen, Germany).

The superparamagnetic properties of NPs were measured 

by superconducting quantum interference device (SQUID) 

analysis (Quantum Design, Inc, San Diego, CA, USA) and 

confirmed by the rise of the temperature under the magnetic 

field analysis.

Conjugation reaction of anti-Her2 
aptamer with dextran-coated 
nanoparticles
Modified anti-HER2 aptamer with 5′ thiol group attached 

(molecular weight =14,360.1 Da) was purchased from 

Aptamer Sciences Inc (Pohang, South Korea) (#SH-1194-35). 

The aptamer contained benzyl, napthyl, or tryphtophyl 

nucleosides, which were incorporated to increase affinity 

(Kd [dissociation constant] of 13 nM toward the extracellu-

lar domain of HER2) and serum half-life (∼70 hours versus 

3 hours for unmodified deoxyribonucleic acid [DNA] aptam-

ers). The aptamer was dissolved in systematic evolution of 

ligands by exponential enrichment (SELEX) buffer (40 mM 

of 2-[4-{2-hydroxyethyl}piperazin-1-yl] [HEPES], pH 7.5; 

100 mM of NaCl; 5 mM of KCl; and 5 mM of MgCl
2
) to the 

final concentration of 1 µg/µL.

In order to obtain NPs coupled with a fluorescent probe, 

which could be suitable for a flow cytometry analysis, conjuga-

tion of the aptamer to the NPs was carried out in two steps. First, 

the NPs were dispersed in 50 mM of 2-(N-morpholino)ethane-

sulfonic acid buffer (pH 5.5), and the carboxylic groups were 

activated with carbodiimide 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide (EDC) and sulfo–N-hydroxysulfosucciniide 

(NHS) (Thermo Fisher Scientific, Waltham, MA, USA) and 

then modified with the heterobifunctional linker 3-(2-pyridyl-

dithio)propionyl hydrazide (PDPH) (Thermo Fisher Scientific) 

and 6-aminofluorescein (AF) (Sigma-Aldrich, St Louis, MO, 

USA). Two milligrams of EDC and sulfo-NHS was added to 

1 mL of NP solution (1 mg/mL). Concurrently, PDPH and AF 
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were added to a final concentration of 2.2 mM (PDPH) and 

0.44 mM (AF), respectively. After 2 hours of incubation at RT, 

the reaction was washed three times with SELEX buffer and 

the material reduced with 1 mM tris(2-carboxyethyl)phosphine 

(Thermo Fisher Scientific), followed by triple washes. In the 

interim, the solution of aptamer (0.5 mL 1.4 µM in Systematic 

Evolution of Ligands by Exponential Enrichment (SELEX) buf-

fer; pH 7.5) was boiled for 5 minutes, cooled to RT, and added to 

the prepared NP solution. The mixture was incubated overnight 

at RT followed by triple washing with SELEX buffer.

Hereafter, we will use the abbreviation, NPAF (nanoparticle–

aptamer–fluorescein) to denote the dextran-coated, aptamer-

bound, AF-labeled magnetic NPs obtained as above. In the case 

of the hyperthermia experiment, the NPs without fluorescent 

probe were synthesized according to the same procedure.

The presence of the aptamer molecules on the surface of 

the NPs was confirmed and quantified by a fluorescence assay 

with the Quant-iT™ OliGreen® ssDNA Reagent and Kit (Life 

Technologies, Carlsbad, CA, USA), which is suitable for the 

quantitative measurement of single-stranded DNA.

cell cultures
The experiments were performed on a human adenocarcinoma 

SK-BR3 cell line. The cells were maintained in McCoy’s 5A 

medium supplemented with 10% fetal bovine serum, 3 mM 

of L-glutamine, and antibiotics McCoy’s 5A medium supple-

mented with 10% fetal bovine serum, 3 mM of L-glutamine, 

and antibiotics (Cytogen GmbH, Sinn, Germany). As a control 

for all of the experiments, the human glioblastoma epithelial 

cell line U-87 MG was used. The U-87 MG cells were main-

tained in minimum essential medium supplemented with 10% 

fetal bovine serum, 4 mM L-glutamine, and antibiotics.

Flow cytometry measurement
The specificity of NPs coated with the anti-HER2 aptamer 

was investigated by fluorescence activated cell sorting 

(FACS) (FACSCalibur™; BD Biosciences, San Jose, CA, 

USA). Cells were seeded onto a Petri dish in complete 

medium and grown to 80% confluence. NPs modified with 

the anti-HER2 aptamer and AF (NPAF) were added to each 

plate and incubated for 15 minutes at 37°C, 5% CO
2
. Before 

the measurements were conducted, the samples were washed 

three times with phosphate buffered saline (PBS), followed by 

trypsinization and one more washing with PBS (pH =7.5).

Fluorescence imaging measurement
To confirm the interactions of the targeted NPs, we also per-

formed a fluorescence microscopy experiment (Observer Z1; 

Carl Zeiss Meditec AG, Jena, Germany). We used the AF-labeled 

aptamer–NP conjugates (NPAF). For the control, we prepared the 

aptamer modified with AF and herceptin conjugated with fluo-

rescein isothiocyanate (FITC) herceptin conjugated with FITC 

(HF). The U-87 MG cell line was used as a negative control.

SK-BR3 and U-87 MG cells were cultured on glass cov-

erslips in full medium to 80% confluence. Cells were washed 

with PBS and fixed with 4% paraformaldehyde (15 minutes at 

RT) followed by triple washes with PBS buffer and blocking 

with 5% bovine serum albumin in PBS for 15 minutes at RT. 

Appropriate compounds (NPs conjugated with AF or NPAF; 

aptamer conjugated with AF; or herceptin conjugated with 

FITC or HF) were incubated with cells at 37°C for 15 min-

utes. Finally, the coverslips were washed three times with PBS 

buffer and mounted in VECTASHIELD® Hard Set Mounting 

Medium with 4′,6-diamidino-2-phenylindole (DAPI) (Vector 

Laboratories, Inc, Burlingame, CA, USA). The slides were 

visualized under the fluorescence microscope.

Hyperthermia caused by targeted  
and non-targeted nanoparticles
SK-BR3 and U-87 MG cells were grown on Petri plates 

to 80% confluence in full medium. On each cell line, two 

groups of experiments were performed to check the effects 

of ordinary non-targeted iron oxide NPs and targeted NPs. In 

the first group, four variants were run: the sample with NPs 

and the magnetic field (CN+); the control samples with NPs 

without the magnetic field (CN–); the magnetic field without 

NPs (C+); and control cells without NPs or the magnetic field 

(C-). Dextran-coated iron oxide colloid solution (1 mL) was 

added to the CN+ and CN- plates to a final concentration of 

1 mg/mL. After 30 minutes of incubation at 37°C, 5% CO
2
 

cells were washed with medium to remove unbound NPs. The 

magnetic field (300A, 280 kHz; Easyheat; Ambrell, Scotts-

ville, NY, USA) was applied to the CN+ and C+ plates twice 

for 30 minutes at 30-minute intervals. The viability of cells 

was evaluated after overnight incubation at 37°C, 5% CO
2
 by 

the Trypan blue (Life Technologies) staining method.

In the second group, six variants were run. All of them are 

described in Table 1. SK-BR3 and U-87 MG cell lines were 

treated with aptamer-modified NPs at a final concentration of 

11 µg/mL. The control samples were treated with NPs without 

aptamer molecules and with a free, unconjugated anti-HER2 

aptamer (0.1 µg/mL). The magnetic field (300 A, 280 kHz) 

was applied twice for 30 minutes at a 30-minute interval. After 

overnight incubation at 37°C, 5% CO
2
, the viability of the 

cells was evaluated by the Trypan blue staining method. The 

statistical analysis was performed using Student’s t-test.
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Table 1 Summary of experimental variants in targeted 
hyperthermia

Abbreviation Cell treatment

cNa+ Aptamer-modified nanoparticles and a magnetic field

cNa- Aptamer-modified nanoparticles without a magnetic 
field

cN+ Dextran-coated nanoparticles and a magnetic field

cN- Dextran-coated nanoparticles without a magnetic field

ca+ Aptamer and a magnetic field

ca- Aptamer without a magnetic field

c+ Magnetic field

c- control cells
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Figure 1 Dynamic light scattering of dextran-coated magnetic nanoparticles. 
Notes: Dynamic light scattering measured in H2O Milli-Q (EMD Millipore, Billerica, MA, USA) at 25°c.

Results
Synthesis and characterization  
of nanoparticles
We prepared magnetic NPs coated with dextran since this 

natural polymer is biocompatible and bears functional groups 

that are easy to modify. The size and monodispersity of the 

NPs were determined by dynamic light scattering  (Figure 1). 

NPs were dispersed in Milli-Q water at a concentration of 

0.01 mg/mL, and the experiment was performed at 25°C. The 

average hydrodynamic diameter of the NPs was slightly below 

70 nm, and the solution did not show any aggregates.

Figure 2 shows the TEM image (Figure 2A) and the XRD 

pattern (Figure 2B) of iron oxide NPs. The TEM analysis 

showed uniform distribution of the NPs, and their diameter 

was about 10 nm. The XRD patterns (Figure 2B) revealed 

peaks that were characteristic of ϒ-Fe
2
O

3
.

The superparamagnetic properties of iron oxide NPs were 

displayed by SQUID analysis, which was performed at RT 

(Figure S1). Magnetization of the sample is almost temperature-

independent, and its values rise fast with field increases.

In order to confirm the ability to increase the tempera-

ture under the magnetic field, the temperature of the water 

solution with different concentrations of magnetic NPs 

was measured. The results showed that the higher the NP 

concentration, the faster the temperature increases, which 

is a consequence of the superparamagnetic properties of the 

NPs (Figure S2).

Conjugation of nanoparticles  
with aptamer anti-Her2
The anti-HER2 aptamer is a commercially available molecule 

that is modified with a thiol group. The aptamer was conjugated 

with dextran-coated NPs through a commercially available 

linker (PDPH) to introduce the proper functional group onto the 

NP surface. The same linker was also used to incorporate a fluo-

rescent probe for use in the NP–cell interaction analysis. After 

the conjugation, the NPs were sonicated for 30 minutes just 

before the analysis or further experiments were conducted.

The final concentration of the aptamer, measured by 

the Quant-iT™ OliGreen® ssDNA Reagent and Kit, was 

5 µg/mL.

Interaction of aptamer-conjugated 
nanoparticles with HER2-overexpressing 
cells
The specificity of the aptamer-modified NPs was analyzed 

by FACS analysis and fluorescence microscopy using 

 aptamer-conjugated NPs that were modified with AF. The 
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Figure 2 Transmission electron microscopy image and X-ray diffraction analysis of iron oxide nanoparticles coated with dextran.
Notes: (A) Transmission electron microscopy image and (B) X-ray diffraction analysis of iron oxide nanoparticles coated with dextran. The white bar corresponds to 10 nm.

U-87 MG cell line was used as a negative control, and HF 

was used as a positive control.

The FACS histograms show that NPAF could be effi-

ciently bound by the HER2-expressing SK-BR3 cells 

 (Figure 3A), while the HER2-negative U-87 MG cells were 

not (Figure 3B). This result showed that the NPs were indeed 

modified with a properly-folded and active aptamer that 

provided specific functionality.

The fluorescence imaging experiment confirmed a spe-

cific interaction between the aptamer-modified NPs with 

cancer cells that overexpress HER2 receptors (Figure 4). 

In the case of the SK-BR3 cell line, we observed a strong 

green fluorescence of cells treated with the targeted NPs 

conjugated with AF, which is in clear contrast to the U-87 

MG cells.
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Figure 3 Cell specificity of nanoparticles tagged with an anti-HER2 aptamer.
Notes: (A) SK-BR3 and (B) U-87 MG cell lines were incubated with nanoparticles conjugated with an anti-HER2 aptamer and fluorescein isothiocyanate, and they were then 
subjected to fluorescence-activated cell sorting analysis. The grey area corresponds to cells without nanoparticles.
Abbreviation: HER2, human epidermal growth factor receptor 2.

Hyperthermia
To show that the aptamer-modified NPs can selectively 

destroy HER2-expressing cells, we used the SK-BR3 cell line 

overexpressing high levels of the HER2 receptor, and U-87 

MG cells as a control. First, we performed the hyperthermia 

experiment using dextran-coated NPs without a targeting 

agent. We optimized the concentration of the NPs, as well 

as their exposure time to the magnetic field and the magnetic 

field frequency.

In order to eliminate the possible effects of both the mag-

netic field and the NPs on the cells, the appropriate controls 

were run. The sample marked as CN– was treated with the 

NPs but without the magnetic field, the sample identified as 

C+ underwent the magnetic field but without the NPs, and the 

C– sample included the cells that were not subject to either 
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Figure 4 Cell type-specific targeting of anti-HER2 aptamer-tagged nanoparticles.
Notes: SK-BR3 (top three rows) and U-87 MG (bottom three rows) cells were incubated with AF (top), HF (middle), or NPAF (bottom), as examined by fluorescence 
microscopy. Columns on the left show DAPI staining of nuclei, phalloidin staining of actin, fluorescein signal, and a merged picture. The white bar corresponds to 50 µm.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; AF, fluorescein-labeled anti-HER2 aptamer; HF, herceptin; NPAF, nanoparticle–aptamer–fluorescein; HER2, human 
epidermal growth factor receptor 2.

the magnetic field or to the NPs. After the hyperthermia 

experiment, the cells treated with NPs together with magnetic 

field (CN+) were compared with all controls.

The results showed that a high concentration of particles 

(1 mg/mL) was required for the efficient diminution of cell 

viability. With the optimized parameters of the magnetic field 

(300 A, 280 kHz), up to 50% of cells could be destroyed 

(Figure 5). The viability of all the controls (CN–, C+, and 

C–) fluctuated around 100%, meaning that neither the mag-

netic field nor the NPs (separately) were detrimental to the 

cells. The results were similar for both the SK-BR3 and U-87 

MG cell lines. The experiment conducted with non-targeted 

NPs showed that a relatively high concentration of NPs was 

required to achieve an ∼50% reduction of the cell viability.

We expected that in using cell-specific targeting of the 

NPs by means of a receptor-directed aptamer, we could 
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Figure 5 Hyperthermia induced by nanoparticles coated with dextran, without the 
targeting agent, performed on the SK-BR3 cell line and the U-87 MG cell line.
Notes: (A) SK-BR3 cell line; (B) U-87 MG cell line. The concentration of 
nanoparticles was 1 mg/mL.
Abbreviations: cN+, cells treated with nanoparticles and a magnetic field; CN-, 
cells with nanoparticles without a magnetic field; C+, cells exposed to a magnetic 
field without nanoparticles; C-, control cells subjected to neither the nanoparticles 
nor the magnetic field.

achieve greater efficiency in the hyperthermia procedure 

since the NPs should be concentrated at the cell surface. 

Experiments similar to those described in the Materi-

als and methods section were conducted with anti-HER2 

aptamer-tagged NPs. As shown in Figure 6, the dose of the 

aptamer-tagged NPs required to produce an ∼60% decrease 

of the viability of the SK-BR3 cells was only ∼11 µg/mL, 

which is 90-fold less than the dose of non-targeted NPs, 

other parameters of the experiment being exactly the same. 

Moreover, the effect was specific to the HER2-overexpressing 

SK-BR3 cells, since the U-87 MG cells were hardly affected 

at that dose of targeted NPs (Figure 6). Appropriate controls 

showed that the death of SK-BR3 cells was indeed caused 

by the hyperthermic effect, as no other combination of treat-

ments affected their viability.

Discussion
Recently, magnetic NPs have become a multifunctional tool 

used in medical practice to increase the sensitivity of diagnos-

tics by enhancing the signal in magnetic resonance imaging, 

and they are also used to develop new therapeutic  strategies 

that employ the phenomenon of hyperthermia or targeted 
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Figure 6 Hyperthermia induced by aptamer-tagged nanoparticles performed on the 
SK-BR3 cell line (top) and U-87 MG cell line (bottom).
Notes: (A) SK-BR3 cell line; (B) U-87 MG cell line. The concentration of 
nanoparticles was 11 µg/mL. *Statistically significant difference between the CNA+ 
and c- samples, P,0.05.
Abbreviations: cNa+, cells treated with aptamer-modified nanoparticles and a 
magnetic field; CNA-, cells treated with aptamer modified nanoparticles without a 
magnetic field; CN+, cells treated with nanoparticles and a magnetic field; CN-, cells 
with nanoparticles without a magnetic field; CA+, cells treated with aptamer and a 
magnetic field; CA-, cells treated with aptamer without a magnetic field; C+, cells 
exposed to a magnetic field without nanoparticles; C-, control cells subjected to 
neither nanoparticles nor to a magnetic field.

drug delivery. Local hyperthermia, supported by magnetic 

NPs conjugated with targeting agents, assists chemo- or 

radiotherapy. Magnetic hyperthermia decreases the required 

dose of chemotherapeutics, reducing the side effects of che-

motherapy;18 in this way, this approach is particularly efficient 

in cancers that are resistant to chemotherapeutics.19

Aptamers are becoming valuable molecular tools in 

diagnostics and therapeutics, and they are used as biocon-

jugates in combination with drugs and nanomaterials in 

biosensors,20 bioseparation, targeted drug delivery,21 and 

cancer treatment.22,23

In this paper, we used dextran-coated ferric oxide NPs 

tagged with an aptamer directed against a cell surface 

receptor to show the ability of such a system to selectively 

recognize receptor-presenting cells. In conjunction with 

superparamagnetic properties, the construct was designed 

to improve the specificity of the hyperthermic effect. The 

HER2 receptor is frequently overexpressed in breast cancer 

and it is one of the most popular targets in cancer therapies. 
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According to our knowledge, this is the first study of an 

HER2-specific aptamer combined with magnetic NPs for 

application in targeted hyperthermia.

Hadjipanayis et al24 constructed NPs that were modi-

fied with an anti-epidermal growth factor receptor (EGFR) 

antibody, and the authors showed their applicability in glio-

blastoma treatment. Magnetic resonance imaging showed that 

NPs accumulated in tumor tissue, which indicated that they 

could be used for specific drug delivery and hyperthermia.

Hyperthermia provided by AuNPs was evaluated by 

Raoof et al.25 The particles were conjugated with an antibody 

against EGFR via an Au–S interaction. The bioconjugate was 

internalized by EGFR-overexpressing cells, which were then 

subjected to radiofrequency. The AuNPs exhibited the hyper-

thermic effect under the radio frequency field and caused 

cell death. A specific linker forming the Au–S bond had to 

be used to conjugate the antibody with the AuNPs.

Specific linkers are commonly used for the conjugation 

of proteins with other molecules or particles. Disadvantages 

of that method are connected with the yield of the reaction 

and the possibility of the linkers binding to undesired func-

tional groups. Nonspecific modifications covering the active 

sites are possible reasons for the decreased activity. No such 

problems exist when synthetic aptamers are used.

In this paper, we showed that aptamer-modified super-

paramagnetic NPs are functional and selective. They were 

effective in the hyperthermic killing of cancer cells that 

overexpressed an appropriate receptor at a dosage that was 

approximately 100-fold lower when compared to that of 

non-targeted NPs. The possibility of using a low concentra-

tion of the NPs is highly desirable in light of the side effects 

associated with treatment.

Magnetic NPs administered intravenously are cleared 

from the bloodstream by the reticuloendothelial system. 

For the magnetic contrast agents administered in clinical 

use (ferumoxtran-10; Feridex IV®, Berlex, Inc, Wayne, NJ, 

USA), the time of clearance varies from 1 hour to 36 hours, 

and it depends mainly on the size and type of the coating 

agent. The elimination of magnetic fluid is carried out by 

the liver, spleen, and bone marrow. Moreover, metabolism 

efficiency varies as a function of the injected dose and the 

biodistribution,26 so a lower effective concentration is likely 

to cause milder side effects.

At the tissue level, the immature tumor vasculature is 

porous and leaky, so untargeted NPs are rapidly flushed away; 

therefore, the process of heating is not efficient. Targeted 

NPs bound to receptors on the surface of cancer cells offer 

high effective local concentrations.27,28

To summarize, targeted NPs combined with hyper-

thermia efficiently cause cell death in vitro. Application of 

such NPs in therapy may decrease the side effects caused by 

the indiscriminate killing of nontumor cells, as well as any 

damage to the liver, spleen, or bone marrow.
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Figure S1 Superconducting quantum interference device magnetometry measurement of magnetization of the iron oxide nanoparticles.
Notes: (A) Temperature dependence of sample magnetization. (B) Half of the hysteresis loop.
Abbreviations: M, magnetization; H, magnetic field; K, Kelvin; kOe, kilo Oersted.
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Figure S2 The rise of the temperature of magnetic nanoparticles coated with dextran and subject to a magnetic field (300 A, 280 kHz).
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