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ABSTRACT 
 
We have developed systems which utilize 

electromagnetic irradiation and magnetic nanoparticles 
loaded with therapeutic agents, guided towards the tumour 
site and preferentially attached to the tumour to destroy it. 
The cancer cells are killed by the combined action of the 
drugs and a mild hyperthermia in the area around the 
tumour site using externally applied electromagnetic 
irradiation as well as an increase in the number of free 
radicals generated in the area of the tumour. Our clinical 
trials have demonstrated significant effects in the reduction 
of the tumour size and a 50% to 300% increase in the 
survival rates (on average) of patients with breast, lung, 
endometrial, colorectal, malignant melanoma, etc. The 
unique aspects of our platform technology are (i) synthesis 
of nanoparticles with high magnetization, (ii) showing less 
tendency to agglomerate, and (iii) generation of highly non-
homogeneous electromagnetic fields to irradiate the region 
around the tumours. 
Keywords: electromagnetic irradiation, targeted drug 
delivery, magnetic nanoparticles, hyperthermia. 
 

1 INTRODUCTION 
 
Cancer remains the second leading cause of deaths 

worldwide and in the U.S. alone every year there are over 
1.5 million new diagnoses. Often the conventional therapies 
needed to annihilate all tumour cells have high systemic 
toxicity effects and there are also difficult targets where 
direct therapy is not viable. Technologies that would allow 
targeted destruction of tumours by localising the delivery of 
therapeutic agents to the tumour region are very promising 
to assist in the battle against cancer. 

Cavendish NanoTherapeutics Ltd (CNT) is a spin off 
the University of Cambridge and is developing systems 
which utilise magnetic nanoparticles loaded with 
therapeutic agents, directed and guided towards the tumour 
site and preferentially attached to the tumour to destroy it. 
The cancer cells are killed by the combined action of the 

drugs and a local temperature increase in the area around 
the tumour site using externally applied electromagnetic 
irradiation – mild hyperthermia, as well as an increase in 
the free radicals in the area around the solid tunours. The 
aim is to avoid most side effects since the nanoparticles 
target specifically the tumour area and leave most of the 
surrounding tissues unaffected, therefore higher doses of 
the drug reach the target area even if lower overall doses 
are administered. 

CNT’s technology is platform and can be disruptive 
with wide applicability to numerous types of cancer. Our 
preliminary clinical trials and pilot studies have 
demonstrated significant effects in the reduction of the size 
of a tumour and an impressive 50% to 300%  increase in 
the survival rates (on average) of patients with breast, lung, 
endometrial, colorectal, oral cavity and bladder cancers, 
malignant melanoma, soft tissue sarcoma and trophoblastic 
cancer. A patented first generation system, MagThermTM, 
for induction of mild hyperthermia by electromagnetic 
irradiation has already been tested in clinical trials 
involving numerous patients and is being commercialised. 
The range of tumours that can be selectively and locally 
attacked, demonstrates the wide applicability of our 
technology. 

 
2 RESULTS AND DISCUSSION 

 
Our technology utilises magnetic nanoparticles with 

chemotherapeutic drugs bound to their surface 
(nanocomplexes), focused by a strong external magnetic 
field to the tumour region. The nanoparticles containing 
iron oxide are injected into solid tumours in a procedure 
similar to a biopsy. The patient is then placed in a system 
which generates an alternating magnetic field. Due to this 
high frequency magnetic field, the nanoparticles begin to 
oscillate and heat is produced directly within the tumour 
tissue. Depending on the temperature reached and the 
length of treatment, the tumour cells are either directly 
destroyed or become sensitized resulting in more efficient 
chemotherapy or radiation treatment that follows. This 
leads to higher doses of the chemotherapeutic agent in the 
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region of the malignancy, even if the overall dose is 
reduced. We have developed and patented a method for 
synthesising the nanocomplexes, comprising magnetic 
nanoparticles and drug molecules, using a magneto-
mechano-chemical reactor. 

The basis for our project is that the combined mechano-
chemical activation and electromagnetic irradiation during 
the synthesis of the nanoparticles complexes in a mechano-
magneto-chemical reactor, will increase the therapeutic 
activity of the nanocomplexes. The electromagnetic 
irradiation of the tumour following the injection of the 
nanocomplexes, increases tumour blood flow therefore the 
oxygenation of tumour cells also increases. 

Numerous studies in the last years focused on the 
utilisation of complex nanoparticles comprising iron oxide 
(magnetite) Fe3O4 and anticancer drugs adsorbed on their 
surface, such as anthracycline row antibiotic doxorubicin 
(DR), in cancer treatment [1-5]. The complex nanoparticles 
can be manipulated and controlled and guided by external 
magnetic fields and in addition, their antitumor activity can 
be initiated or enahnced by radiofrequency induced 
hyperthermia. Various methods for synthesing the complex 
nanoparticles have been studied such as, oxidization, 
chemisorption on their surface, directed modification of 
surface, thermolysis, mechano-chemical activation and 
others. It is also known that modifying their surface layer 
will change their magnetic properties with respect to their 
nucleus, and the interaction between them results in 
significant changes in the physical and chemical properties 
of the nanoparticles. 

Mechano-magneto-chemical technology is a new 
method for the synthesis of complex nanoparticles; the 
method is based on the combination and integration of two 
known methods: mechano-chemical synthesis and synthesis 
of enzymes in a micro-reactor with magnetic elements. The 
principle of the mechano-chemical synthesis is based on the 
fragmentation and formation of an ensemble of 
paramagnetic centers, such as free radicals in the complex 
nanoparticle structure.  

When magnetite nanoparticles are used in the synthesis 
of MCNs under the influence of external magnetic 
irradiation, strong local magnetic fields near the particle-
components and other nanocomposites will appear. Based 
on the fact that DR is diamagnetic, it can be assumed that 
lyophilized powder DR, which is part of the nanocomplex 
with Fe3O4 and KCl, shows an increased degree of spin 
polarization of the drug under the influence of a magnetic 
field, i.e. enhanced electron transfer can take place under 
magnetic field excitation. It is anticipated that such changes 
in physico-chemical parameters will lead to better targeted 
drug delivery and increased antitumor activity of drugs at a 
lower temperature gradient (the result of local 
hyperthermia), making the treatment more easily tolerated 
by the patient and avoiding side effects. 

Several reports exist in the literature of hyperthermia 
based cancer treatment and a handfull of companies have 
been active on this field. Although still very far from being 

adopted widely in clinical practice, hyperthermia has been 
found to increase the efficacy of standard cancer treaments 
such as chemotherapy or radiotherpay. Traditionally, 
hyperthermia refers to raising the temperature of the area 
around a tumour by several degrees C. Electric 
hyperthermia has been studied as well as hyperthermia by 
high frequency irradiation (similar to microwave effect), at 
several hundernd MHz. In addition, numerous studies 
particularly in the last few years have been carried out into 
how magnetically induced hyperthermia can be effective. In 
these studies, magnetic nanoparticles are injected into the 
tumour and heat is produced on a local level, when the 
particles are irradiated with low frequency magnetic fields 
(a few hundernd kHz) [1, 3].  

However, in most of the cases, the temperature 
produced is quite high and this can lead to side effects, such 
as local burns and more serious problems and/or the 
treatment can not be tollerated by the patient. In addition, 
heat shock proteins can be produced by the body, as a 
natural defence mechanism. These can inhibit further 
treatment and may even lower the efficacy of the standard 
cancer treament. Our approach, as mentioned above, is to 
induce mild hyperthermia, i.e, to raise the temperature of 
the region around a tumour by no more than 2-3 degrees C. 
Therefore, almost all side effects are avoided, no heat shock 
proteins are produced and the patient can easily tolerate the 
treatment. Moreover, as the data that are presented here 
domonstrate, the efficacy of standard treatment 
(chemotherapy or radiotherapy) which is always given in 
conjunction with our approach, increases substantially. 

 
2.1 Synthesis of the Nanocomplexes 

The nanoparticles Fe3O4 with KCl (International Center 
for Electron Beam Technologies of EO Paton Electric 
Welding Institute, Ukraine) with diameters in the range 20–
40 nm and doxorubicin (DR) (Pfizer, Italy) were processed 
in our high-precision mechano-magneto-reactor (NCI, 
Ukraine). Mechano-chemical activation (MCA) or 
mechano-magneto-chemical activation (MMCA) of the 
individual nanoparticles (without DR) in the reactor without 
and with magnetic field respectively, was performed.  
Mechano-chemical synthesis (MCS) or mechano-magneto-
chemical synthesis (MMCS) of the complex nanoparticles 
(MCN) with the drug DR was also performed without and 
with magnetic field respectively. A photograph of the 
mechano-magnetic reactor is shown in figure 1. The 
samples, Fe3O4, KCl and DR were placed in the 
diamagnetic chamber. Mechanical processing was 
performed by vertical vibrations of the chamber  and 
simultaneously, electromagnetic irradiation was applied. 
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Figure 1: Our specially modified and patented magneto-

mechano-chemical reactor for synthesising and activiating 
the magnetic nanocomplexes. 

 
2.2 Characterisation and Analysis of 
Nanocomplexes 

The elemental composition (chemical composition) of 
the nanocomplex was examined by a scanning electron 
microscope “JEOL JSM-6490LV” (Jeol, Japan) using an 
energy dispersive spectrometer “Inca Energy 450” 
manufactured by “Oxford Instruments Ltd.” The magnetic 
properties were studied by magnetometery using a 
"Vibrating Magnetometer 7404 VSM" ("Lake Shore 
Cryotronics", Inc., USA) with magnetic fields up to 13 кOe. 
The magnetometer's sensitivity is 10-7 emu, and that 
allowed measurements of magnetic moment of samples 
weighing milligrams to be performed. The mass was 
determined by an electronic microbalance AB135-S/FACT 
with auto-identification (“Mettler Toledo”, Switzerland) 
which has a sensitivity of 10-5 g. 

In order to measure the g-factor and the concentration of 
paramagnetic centres in the samples, Electron paramagnetic 
resonance (EPR) spectra were recorded with the 
spectrometer RЕ1307 at liquid nitrogen temperatures 
(77 K) in a cylinder resonator with the mode H011, with 
frequency 9.15 GHz. 

 
2.3 Discussion 

 
In Fe3O4 with KCl, iron was up to 70% of weight 

composition on average. In the nanocomplex that contained 
DR in addition to Fe3O4 and KCl, iron content decreased to 
14.5% on average. Weight composition of oxygen varied 
from 24.05 to 76.65%. MCA and MMCA treatment 
resulted in decreased saturation magnetic moment ms of the 
samples without DR, while the complex nanoparticles 
exhibit increased saturation moment when synthesised 
under mechano-chemical (MCS) and mechano-magneto-
chemical conditions (MMCS), i.e. with doxorubicin. 
Therefore, the influence of the electromagnetic irradiation 
on the  saturation magnetic moment has the opposite effect 

for the two types of samples;  a suppressing effect for Fe3O4 
+ KCl and an enhancing effect for Fe3O4 + KCl + DR. 

EPR measurements and g-factor measurements (not 
shown here) suggest that the concentration of paramagnetic 
centers correlates with the observed saturation magnetic 
moment. The effect of MCA and MMCA on 
nanocomposites without DR resulted in decreased 
concentration of paramagnetic centers, while the synthesis 
of nanocomposites in the conditions of MCS and MMCS 
resulted in increased concentration of paramagnetic centers. 
Similar trends are observed for the magnetic moment, an 
inhibiting action of electromagnetic irradiation on Fe3O4 + 
KCl nanoparticles is observed and an increase of 
paramagnetic centers concentration for Fe3O4 + KCl + DR 
nanoparticles, therefore we conclude that DR changes the 
magnetic properties of the nanocomplexes. During MMCS 
the g-factor increases up to 2.64 for the nanocomplexes.  

Our data demonstrate that the demagnetization of the 
nanoparticles leads to less coagulation and an increase of 
the drug adsorption during tumour treatment [6]. An 
analysis of the magnetic measurements shows that MCA 
and MMCA reduced the saturation magnetic moment of the 
nanocomplex without DR samples (partial 
demagnetization). On the contrary, the magnetization of the 
samples Fe3O4 + KCl with DR following MCS and MMCS 
increases. Changes in the concentration of paramagnetic 
centers shows a similar trend to the changes of the 
saturation magnetic moment of the samples. 

 
3. RESULTS FROM CLINICAL 

TRIALS AND PILOT TRIALS 

 
In our previous experimental studies, we demonstrated 

that the increase of paramagnetic centers (free radicals) 
concentration in the nanocomplexes, increases cytotoxic 
action of the drug in a tumor under external non-
homogeneous electromagnetic fields. Following the 
injection of magneto-mechano-chemically synthesised 
(MMCS) nanocomplexes, the survival rate of animals with 
Guerin carcinoma was 25% higher compared to the 
treatment with conventional doxorubicin [6]. Figure 2 
shows data from trials on animals injected with magnetic 
nanoparticles synthesised under the various conditions 
described above. The highest survival rate is shown for the 
animals which were injected with the MMCS nanoparticles 
and subjected to external non-homogeneous 
electromagnetic irradiation. The conventional DR dose was 
1.5 mg/kg and the nanoparticles+KCL dose was 3 mg/kg. 
Treatment was performed three times with the drug with or 
without electromagnetic irradiation from the 3rd day after 
the tumour transplantation and every second day. A 
constant magnet with H = 1990 A/m was used to help 
localise the nanocomplexes within the tumour. Non-
homogeneous electromagnetic irradiation at a frequency of 
40 MHz with an output power of 100 W was applied with 
our prototype apparatus MagthermTM for 15 mins. 
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Figure 2: Survival rate of mice in which Guerin 
carcinoma was transplanted. Control: no treatment; MCA: 

mechano-chemical activated doxorubicin only; DR: 
standard officinal doxorubicin; DR+EI: as DR with 

electromagnetic irradiation of the region around the tumour; 
MMCS: magneto-mechano-chemically synthesised 

nanocomplexes; MCS+EI: mechano-chemically synthesised 
nanocomplexes and electromagnetic irradiation; 

MMCS+EI: magneto-mechano-chemically synthesised 
nanocomplexes administered together with electromagnetic 
irradiation of the region around the tumour produced by our 

system MagThermTM – this is the group of animals that 
shows the highest survival rates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Survival rates of patients with Lung cancer 
IIIA stage, after surgery, standard chemotherapy and 

chemotherapy in conjunction with hyperthermia induced by 
our system MagThermTM. 

 
Figure 3 shows data from clinical trials involving 62 

patients that demonstrate a tripling in the survival rates of 
patients with advanced lung cancer (stage IIIA). The 5-year 
survival rate is less than 20% for patients treated with 
surgery or standard chemotherapy. However, for the group 
of patients treated with the same standard chemotherapy in 
conjunction with hyperthermia induced by our 
MagThermTM system, the survival rate increases to more 
than 55%. We have also carried out clinical trials with 
breast cancer patients and with patients with melanoma. 

They all demonstrate a significant increase in the survival 
rates, when the region around the tumours is irradiated with 
electromagnetic irradiation generated by our MagThermTM 
system, always in conjunction with standard chemotherapy 
that is given to the patients. 

In conclusion, we have developed a method that can be 
used as a complementary method in conjunction with 
standard chemotherapy and/or radiotherapy to aid the 
eradication of cancer tumours in a targeted manner. Our 
method is based on irradiating the area around a solid 
tumour with electromagnetic irradiation. In addition 
nanocomplexes can be injected into the tumour. The 
nanocomplexes comprise magnetic nanoparticles and 
standard anti-cancer drug molecules (such as doxorubicin 
or cisplatin) synthesised in a patented method using a 
magneto-mechano-chemical reactor. Clinical trials with 
numerous patients treated with our MagThermTM system 
have demonstrated impressive results and we are now 
commercialising the first generation system, MagThermTM 
that induces mild hyperthermia by electromagnetic 
irradiation without the use of the nanocomplexes. In the 
future, the use of nanocomplexes in human patients could 
enhance the targeting ability of our approach. 
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