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Abstracts
Studies demonstrating the successful and safe application of magnetic hyperthermia in large animals are scarce. A thera-
peutic approach for advanced cancer comprising multicore encapsulated iron oxide (IO) Sarah Nanoparticles (SaNPs), that 
uniquely self-regulate their temperature, was developed thus overcoming the safety challenges of hyperthermia. SaNPs are 
intravenously injected and accumulate in tumor tissue, leading to selective heating upon exposure to an external alternating 
magnetic field (AMF). A series of studies were conducted in healthy swine to assess SaNPs’ safety, alone or combined with 
AMF application. Administration of single high (up to 22 mg IO/kg) or low (3.6 mg IO/kg) SaNP doses had no adverse 
effects, including no infusion reactions. Vital signs remained stable with no significant clinical pathology changes, and 
no treatment-associated toxicities. Biodistribution analysis indicated that SaNPs predominantly accumulate in the lungs 
and clear in a dose- and time-dependent manner. In minipigs that received a single SaNP no-observed-adverse-effect-level 
(NOAEL)-based dose (3.6 mg IO/kg) with AMF, the average percentage remaining in vital organs after 90 days was 13.7%. 
No noticeable clinical signs were noted during the 87 to 92-day observation period following irradiation, and no inflamma-
tion, necrosis, nor thermal damage were found in the histopathology evaluation. In another minipig, ~ 90 days after three 
recurrent high doses (14 mg IO/kg), without AMF, almost half of the injected SaNPs were cleared with no residual detri-
mental effects. We demonstrate that the approach is safe and well tolerated in swine, opening potential avenues as a novel 
therapeutic modality for cancer patients.

Keywords  Alternating magnetic field (AMF) · Biodistribution · Complement · Hyperthermia · Magnetic nanoparticles · 
Safety

Introduction

Cancer is a major public health problem worldwide and 
is the second leading cause of death in the United States. 
The greatest number of deaths are from cancers of the lung, 
prostate, and colorectum in men and the lung, breast, and 

colorectum in women (Siegel et al. 2021). Based on projec-
tions, cancer deaths will continue to rise with an estimated 
11.4 million people dying from cancer in 2030.

The most commonly used treatment modalities for can-
cer include combinations of surgery, radiation therapy, and 
chemotherapy that are often associated with the occurrence 
of adverse effects and long-term sequelae ranging from dis-
comfort-inducing nausea and vomiting to potentially fatal 
ones such as bone marrow suppression and other immune-
related side effects (Nurgali et al. 2018). Novel methods 
that would minimize side effects while selectively treating 
cancer, particularly in advanced cases, are needed to aid and 
enhance standard therapies.

Sarah Nanotechnology is a medical device that com-
prises Sarah Nanoparticles (SaNPs) and an electromagnetic 
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induction system (EIS). The Sarah Nanotechnology 
approach, named after a patient who succumbed to lung 
cancer, is aimed primarily for the treatment of stage IV 
metastatic solid tumors. SaNPs are multicore nanoparticles 
containing polyethylene glycol (PEG) 20,000-encapsulated 
iron oxide (IO) clusters, with an average size of 135 ± 25 nm 
and zeta potential values of (5)-( – 30) mV with an average 
of -(9.7) ± 1.2 mV at neutral pH (Kraus et al. 2021). SaNPs 
will be intravenously (IV) administered to the patient to 
preferentially accumulate within tumors via the enhanced 
permeability and retention (EPR) effect that depends on both 
the increased leakiness of tumor blood vessels, and the fact 
that solid tumors lack functional lymphatic drainage, thereby 
limiting the removal of extravasated nanoparticles from the 
target site, and leading to prolonged retention within the 
tumor (Baetke et al. 2015).

Following delivery and accumulation of SaNPs in the 
malignant tissue, the patient will undergo regional non-
ionizing alternating magnetic field (AMF) application 
with the EIS at a field strength of ~ 8 kA/m and frequency 
of 290  kHz ± 10%. The SaNPs absorb the electromag-
netic energy and convert it to thermal energy, reaching a 
pre-determined temperature of 50 ± 3 °C, thereby heating 
the malignant cells and causing hyperthermic cell death at 
sub-ablative temperatures. To avoid the safety challenges of 
standard hyperthermia, SaNPs were designed to contain a 
phase change material (PCM), leading to a unique and inher-
ent ability to regulate their own temperature, thus preventing 
the occurrence of thermal ablation. The synthesis and char-
acterization of SaNPs are detailed elsewhere (Cohen-Erner 
et al. 2021).

The PCM has a high energy storage capacity (latent 
heat), and can absorb, store or release large latent heat 
over a defined temperature range while the phase change 
occurs from solid to liquid and vice versa (Sharma et al. 
2009). During the phase transition, its capability of absorb-
ing, retaining, and releasing latent heat energy, enables the 
SaNPs’ storage of heat energy and thermal control, thereby 
preventing overheating of healthy tissue, as opposed to other 
magnetic IO-based nanoparticles with low control over the 
heat generation, which limits their therapeutic use to direct 
administration to target tumor areas and localized heating, 
or exposure to higher frequency magnetic fields for effective 
heating (Gneveckow et al. 2004). Magnetic nanoparticles 
used so far are composed of magnetite (Fe3O4) and maghe-
mite (γ-Fe2O3) IOs, due to their low toxicity and their known 
metabolic pathways. A magnetic ferrofluid MFL AS, named 
NanoTherm®, developed by MagForce Nanotechnologies 
AG, Berlin, Germany has been applied in clinical studies 
and consists of a core of superparamagnetic IO nanoparti-
cles dispersed in water, coated by an aminosilane type shell, 
with a diameter of about 15 nm (Thiesen and Jordan 2008). 
The ferrofluid reacts to the magnetic fields generated by an 

applicator MFH®300F, developed by the same company, 
operating at a variable field strength of 0–18 kA/m and fre-
quency of 100 kHz. NanoTherm® therapy has been success-
fully applied for the focal treatment of tumors, particularly in 
patients with glioblastoma multiforme and locally recurrent 
prostate cancer (Maier-Hauff et al. 2007; Johannsen et al. 
2010). An additional preparation (RCL-01) containing 
multicore dextran-coated magnetic IO nanoparticles with 
a mean particle diameter of 149 nm, has been developed by 
Resonant Circuits Limited (RCL), London, UK for their use 
in magnetic field hyperthermia (Tansi et al. 2021). These 
nanoparticles are directly injected into the tumor followed 
by AMF application to enhance the therapeutic effect of the 
standard of care and are currently under clinical testing in 
patients with locally advanced pancreatic cancer that has 
not metastasized, as part of the European Commission sup-
ported NoCanTher consortium (https://​www.​nocan​ther-​proje​
ct-​eu).

For their therapeutic effect, SaNPs accumulate in the 
tumors. However, accumulation in healthy organs is an 
important risk consideration. Our previous in vivo studies 
conducted in healthy mice and using a metastatic murine 
cancer model have shown that SaNPs are safe, biocompat-
ible, and effective when combined with AMF application 
(Kraus et al. 2021). However, the determination of bio-
compatibility, biodistribution, and clearance of SaNPs in a 
larger animal model is essential prior to clinical application 
to further validate their safety alone and in combination with 
AMF exposure.

Before initiating human clinical trials, preclinical safety 
data are needed to ensure the safety of initial clinical doses, 
the proposed dose escalation, and the duration of clinical 
dosing in both healthy volunteers and patients. Translation 
of magnetic hyperthermia to clinical applications has been 
limited due to the lack of preclinical data on large animals. 
The relevant animal model of choice should be sensitive 
enough to unveil all potential toxicities in healthy volun-
teers and targeted patients. Thus, the selected animal model 
for preclinical toxicology studies should: (i) have normal 
health status with a low background incidence of pathologi-
cal lesions and background diseases; (ii) be amenable to 
experimental settings; (iii) not be too sensitive to experimen-
tal stress; and (iv) be relevant with respect to potential drug-
induced adverse effects in humans, including clinical signs 
of toxicity, clinical pathology, and histopathology (Dixit and 
Boelsterli 2007).

The use of minipigs as a nonrodent species and as an 
alternative to dogs and primates is becoming an established 
model for regulatory toxicity studies designed to assess 
the safety of new compounds. Moreover, minipigs are the 
animal model of choice for assessment of drug absorption, 
tolerance, and systemic toxicity following systemic expo-
sures. Swine are one of the major animal species used in 

https://www.nocanther-project-eu
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translational research and preclinical toxicology sharing 
similar anatomic and physiologic characteristics to those of 
human beings, particularly in relation to thermo-physiology, 
such as comparable thermal mass, surface area, water loss 
through skin, metabolic energy per unit surface area, cardiac 
output, thermoregulatory mechanisms, and electromagnetic 
and thermal properties (Swindle et al. 2012), making them 
clinically relevant and a suitable model for the evaluation of 
Sarah Nanotechnology, compared with other large animal 
species. It also provides a highly sensitive and reproduc-
ible animal model of complement activation-related pseu-
doallergy (CARPA) induced by a wide range of nanomedi-
cines. The uniqueness of the porcine CARPA model lies in 
the close similarities of symptoms to the human CARPA 
reactions. Several terms are used to describe the CARPA 
immune reaction, which is acute yet reversible: infusion 
reaction, anaphylactic/anaphylactoid reaction, or by the 
name of non-immune allergy. Its symptoms include car-
diopulmonary, hemodynamic, clinical pathology, and skin 
changes that occur within minutes to hours after IV injection 
of reactogenic nanoparticles. Skin changes are infrequent 
and variable, arising only in very strong reactions. In some 
rare cases, CARPA may be life-threatening and even lethal 
(Urbanics et al. 2015).

The aim of this work was to examine the effects of SaNPs 
following injection at various doses, either high or low, in 
the absence or presence of AMF exposure (e.g., full treat-
ment), on potential toxicity and determine their biodistribu-
tion and clearance patterns in healthy minipigs as part of 
the preclinical development process and safety assessment 
of Sarah Nanotechnology.

Materials and methods

Preparation of nanoparticles, dosing, 
and administration

SaNPs were prepared using the emulsification solvent evapo-
ration method as previously described (Cohen-Erner et al. 
2021). Briefly, this preparation method consists in emulsify-
ing an organic phase containing hydrophobic components in 
an aqueous solution containing Pluronic (PEO − PPO − PEO 
block copolymer) activated by p-nitrophenyl chloroformate 
(p-NPC) in dichloromethane, and amine-functionalized 
6-arm-branched PEG (Mw = 20 kDa), followed by solvent 
evaporation and ultrasonication to form an oil-in-water 
emulsion. Once the residual dichloromethane was evapo-
rated, the SaNP nanoclusters encapsulating IO nanoparti-
cles, PCM, and PEG were formed. The resultant dispersion 
was thoroughly washed with water and filtered.

For the in vivo studies, sterile SaNPs were used, sup-
plied as a dispersion in water for injection (WFI, B|BRAUN 

Melsungen AG, Germany) and administered to the animals 
diluted in 5% glucose, used as vehicle, via an IV infusion 
into the saphenous vein under control of an infusion pump. 
Before dilution the SaNPs were sonicated for 6 min in a 
water bath sonicator at room temperature. An infusion of 
saline (0.9% sodium chloride), 15–20 mL/kg was adminis-
tered over ~ 30 min prior to SaNP administration and imme-
diately after completion to keep the animals hydrated.

The dose volumes in the initial studies were determined 
according to the animals’ weight on the day of treatment 
(10 mL/kg). These doses were relatively high (up to 22 mg 
IO/kg) and were later on adjusted based on the no-observed-
adverse-effect-level (NOAEL) approach that has been 
employed to identify the highest dose which results in no 
observed adverse effects (Silva et al. 2021), in accordance 
to the FDA guideline for the estimation of the maximal safe 
starting dose in initial clinical trials for therapeutics in adult 
healthy volunteers (US FDA 2005). The NOAEL is the high-
est dose tested in an animal species that does not produce 
adverse effects and corresponds to a clinical SaNP dose, 
extrapolated from pigs to the human equivalent dose (HED) 
(US FDA 2005). The first clinical dose to be administered 
to humans will start at 10% of the 100% HED, after apply-
ing the safety factor of 10, according to the FDA guidance.

The initial doses with larger volumes were gradually 
infused. Approximately 10% of the total volume was first 
administered over 15 min, followed by 15 min of obser-
vation. The remaining dose volume was administered as 2 
approximately equal infusions over approximately 1 h each. 
NOAEL-based doses with smaller volumes were adminis-
tered as a single infusion at a constant rate of 3 mL/kg/h.

Animal studies

All studies were reviewed and approved by an Institutional 
Animal Care and Use Committee (IACUC), followed offi-
cially approved procedures for the care and use of animal 
subjects, and all protocols met the requirements of the local 
ethical committees of Charles River Laboratories Inc. (OH, 
USA), under ethical approval numbers CRL-162340-41-42, 
and Shamir Medical Center (Zerifin, Israel), under ethical 
approval numbers 14-2019, 35-2019, 25-2020, and 33-2020. 
All animals were routinely monitored and inspected by a 
certified veterinarian at the breeding farm, in addition to 
routine inspections for the purpose of vaccinations and pre-
ventive treatments prior to the studies. All animals were also 
inspected on arrival at the testing facility to verify that they 
were fit for the study.

A series of experiments were conducted in either Sin-
clair (Noam Ben Meir, Yokneam, Israel) or Göttingen 
(Marshall BioResources, North Rose, NY, USA) mini-
pigs, all at the same age of ~ 12 weeks old with a range 
weight of 9–12 kg and 7–9 kg, respectively. The studies 
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included the evaluation of sub-acute systemic toxicity and 
biodistribution of increasing single SaNP doses of 60% 
(6 mL/kg, 12.6 mg IO/kg) and 80% (8 mL/kg, 15 mg IO/
kg) of the maximum dose of 100% (10 mL/kg, 22 mg 
IO/kg), without or with AMF exposure, and a follow up 
period of ~ 30 days. Each dose was tested in one animal. 
The sub-chronic systemic toxicity and biodistribution of 
repeated SaNP doses of 100% each (14 mg IO/kg), with-
out AMF, were evaluated in one Sinclair minipig that 
received three IV infusions at an interval of one month 
between each dosing session with a follow up period of 
93 days.

A pre-study examining the acute systemic toxicity 
and biodistribution in one Sinclair minipig treated with 
a 156% single NOAEL-based SaNP dose (3.6 mg IO/kg) 
followed by AMF application with the EIS was conducted 
before testing the long-term effects of the NOAEL-based 
SaNP dose in fully treated animals. The selected SaNP 
dose of 156% represents the maximum dose that a patient 
would receive in a clinical trial when calculating dose 
accumulation from repeated dosing, and mimics 3 con-
secutive doses in human. This animal was followed up 
for 8 days.

Finally, sub-chronic safety and toxicity were assessed 
in a study that was carried out in compliance with OECD 
principles of Good Laboratory Practice (GLP) (Shamir 
Medical Center, Israel), and comprised of eight Sinclair 
minipigs (4 males and 4 females) that received a single 
156% NOAEL-based dose of SaNP of 3.6 mg IO/kg fol-
lowed by AMF irradiation at a field strength of 15 mT 
(12 kA/m) and frequency of 290 kHz ± 10%, compared to 
control animals (3 males and 3 females) injected with a 5% 
glucose solution (B|BRAUN Melsungen AG, Germany). 
The animals were followed up for 87–92 days. All ani-
mals were observed daily throughout the acclimation and 
study courses as detailed below, were fed a commercial 
swine diet twice a day, and water was provided ad libi-
tum. Animals were fasted overnight prior to sedation and 
anesthesia. The infusion of the animals tested at Charles 
River Laboratories (USA) was performed while the ani-
mals were fully awake and restrained whereas those tested 
at Shamir Medical Center (Israel) were dosed under seda-
tion as follows.

For AMF exposure, all animals were sedated with an 
intramuscular injection of xylazine (2 mg/kg) and keta-
mine (20 mg/kg). Anesthesia was maintained with inhaled 
1–3% isoflurane with supplemental O2. Antibiotic prophy-
laxis was administered using cefazoline (30 mg/kg). Fol-
lowing experimental procedures, animals were euthanized 
with a lethal IV injection of potassium chloride solution 
(B|BRAUN Melsungen AG, Germany), according to the 
animal facility procedures, and organs were harvested for 
further analysis.

AMF exposure

AMF application was conducted using an EIS comprising 
of 3 main adjunct devices: an electromagnetic induction 
coil, a radiofrequency (RF) generator, and a chiller that uti-
lizes a closed loop circulating-water system maintained at 
15 °C in the coil. Two different preclinical swine systems 
were used: EIS v.1 model operating at 14 kW (~ 40 kA/m), 
225 kHz ± 10% with coil dimensions of 20 × 7 cm (internal 
diameter x length), manufactured by Braze Solutions LLC, 
OH, USA, and EIS v.2 model operating at 15 mT (12 kA/m), 
290 kHz ± 10% with a larger coil of 20 × 20 cm, manufac-
tured by Ultraflex Technologies, Sofia, Bulgaria.

Studies in the field of hyperthermia have shown that AMF 
generating systems produce induced electric field within 
the treated subject. All animal tissues have some degree of 
electrical conductivity due to their high-water and electro-
lytes’ content. The induced electric field which is generated 
in the tissue creates eddy currents. The eddy currents run-
ning through the resistive tissue result in undesired heating 
of normal tissues and must be minimized. The magnitude 
of the eddy currents depends, in part, on the AMF source, 
frequency and amplitude, and the size of the tissue exposed 
to the field. One index for measuring AMF exposure dose is 
the tissue-specific absorption rate (SAR), which is defined 
as the absorbed electric power per mass in units of W/kg 
tissue (Nadobny et al. 2015). During AMF exposure, the 
body surface temperature of the animals was continuously 
monitored using infrared fiber optic temperature sensors 
(Optocon, CA, USA). Following anesthetization, the sen-
sors were placed at different positions on the animals’ skin, 
each animal was then wrapped with a circulating-water cool-
ing blanket system (Polar, OH, USA), to prevent body tem-
perature rise during AMF exposure, as such that the area of 
exposure was completely covered to allow a continuous flow 
of cold water around it. The animal was then placed in the 
center of the coil and AMF application commenced 4–8 h 
post SaNP administration. The AMF body areas of exposure 
included two different target areas, the thorax or abdomen, 
in the animals irradiated using EIS v.1 whereas the area of 
exposure in the animals irradiated using EIS v.2 included a 
larger area surrounding both the thorax and abdomen. AMF 
exposure was conducted intermittently for 30 min of three 
10 min intervals with ~ 5 min break between each interval.

Safety endpoints and monitoring of clinical 
parameters

Morbidity and mortality checks were performed daily. 
Observations of general clinical signs and symptoms for 
all animals were conducted before and after treatment, and 
once a week thereafter. Body weight was measured during 
acclimation, on the day of treatment, twice a week thereafter, 
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and prior to termination. Food consumption (binary) was 
determined based on food completion follow up (normal 
eating, i.e., food completion/abnormal eating and incomple-
tion of the food) and recorded for all animals daily, from the 
time of treatment and thereafter. Electrocardiography (ECG) 
and qualitative assessments for waveform abnormalities 
were performed in animals that received full treatment ses-
sions before treatment, post injection and after AMF expo-
sure. ECG measurements were collected on unconscious 
animals with a 12-lead standard (Schiller, AT-101 model). 
ECG leads were placed at the standard Einthoven positions. 
Evaluations were performed by a veterinarian.

To measure clinical and hemodynamic parameters, arte-
rial blood pressure, heart rate, oxygen saturation (SpO2), 
end-tidal carbon dioxide (Et)CO2, and core body tempera-
ture were monitored. Arterial blood pressure was measured 
by placement of a catheter into the femoral artery. The jugu-
lar vein was canulated for blood sampling, and the saphen-
ous vein for the administration of SaNP and to maintain 
a slow and constant drop infusion of either SaNP or 5% 
glucose (for control animals).

Blood, urine and coagulation analyses

Blood samples for hematology and clinical chemistry were 
collected in blood collection tubes (Greiner Bio-One GmbH, 
Austria) and handled for all animals in all studies at vari-
ous time points including, baseline (before SaNP admin-
istration), post procedure (either SaNP administration or 
AMF exposure) and on days 2, 3, 4, 7, 14, and 30 (termi-
nation day). For the longer studies, time points included 
30 ± 7 days, 60 ± 7 days, and 90 ± 7 days. Blood analyses 
were conducted by the American Medical Laboratories 
(AML), Ltd., Herzelia, Israel or by Charles River Labo-
ratories Inc. (OH, USA). Collected blood was spun down 
to separate serum and samples were stored at 4 °C until 
analysis. The following clinical chemistry parameters were 
evaluated: alkaline phosphatase, total bilirubin, alanine ami-
notransferase (ALT), aspartate transaminase (AST), gamma-
glutamyl transferase, lactate dehydrogenase (LDH), blood 
urea nitrogen (BUN), creatinine, creatine phosphokinase 
(CPK), total protein, albumin, amylase, globulin, albumin/
globulin ratio, glucose, total cholesterol, triglycerides, 
sodium, potassium, chloride, calcium, and phosphorus. 
Hematology parameters included: white blood cells (WBC), 
red blood cells (RBC), hemoglobin, hematocrit, mean cor-
puscular hemoglobin (MCH), mean corpuscular volume 
(MCV), mean platelet volume (MPV), red cell distribution 
width (RDW), polymorphonuclear cells, lymphocytes, and 
platelets counts. Urine analysis and coagulation were evalu-
ated only in the studies in which animals received full treat-
ment sessions with NOAEL-based SaNP doses. Urinalysis 
included the following: bilirubin, glucose, ketones, pH, 

protein, specific gravity, RBC, WBC, nitrites, and qualitative 
urobilinogen. Coagulation parameters included prothrombin 
time (PT) and partial prothrombin time (PTT). Samples were 
collected in sodium citrate tubes. Shortly after mixing with 
anticoagulant, the samples were centrifuged (10 min, 3,000 
RPM, 4 °C), the plasma was separated and kept at 4 °C until 
analyses.

Necropsy, gross pathology and histopathology

All animals were subjected to a gross necropsy, at termi-
nation, which included examination of the external surface 
of the body, orifices, the cranial, thoracic and abdominal 
cavities and their contents. Macroscopic findings of all gross 
lesions in organs were documented. During necropsy, organs 
(brain, bone and bone marrow, heart, kidneys, liver, mesen-
teric and sub-mandibular lymph nodes, and spleen), tissues 
and gross lesions were harvested, wet weighed, and placed 
in fixative. For the study assessing sub-chronic safety and 
toxicity conducted under GLP, a full list of collected organs 
was included as suggested by the international standard for 
the biological evaluation of medical devices (ISO 10993:11).

Histological slides were prepared by Patho-Lab Diagnos-
tics Ltd., Ness-Ziona, Israel or by Charles River Laborato-
ries Inc. (OH, USA). For the GLP study, the slides were 
prepared by Alizée Pathology LLC. (MD, USA). Tissues 
harvested for microscopic examination were fixed in 10% 
neutral buffered formalin (NBF) for at least 24 h. Tissues 
were trimmed, according to tissue sampling guides for por-
cine biomedical models (Albl et al. 2016), embedded in par-
affin, sectioned at 5–6 μm, and stained with hematoxylin and 
eosin (H&E). For the detection of IO nanoparticles, selected 
tissues were stained with Prussian blue (Frank et al. 2007). 
Stained slides were examined with an Olympus BX-51 
microscope (Olympus, Melville, NY, USA). The evalua-
tion was done in a blinded manner, i.e., without knowing 
the treatment in each group. Any histopathological findings 
were recorded, described and scored by a board-certified 
study Pathologist, using a semi-quantitative scoring system 
of five grades (0–4), taking into consideration the severity 
of the changes (0 = No lesion, 1 = Minimal change, 2 = Mild 
change, 3 = Moderate change, 4 = Marked change) (Schafer 
et al. 2018).

Particle electron paramagnetic resonance

SaNP content in tissues was measured using the particle 
electron paramagnetic resonance (pEPR) method which is 
based on electron paramagnetic resonance, enabling the 
direct quantitation of superparamagnetic IO nanoparticles 
and offering the advantage that there is no need of sample 
preparation, thereby eliminating manipulation errors and 
resulting in a higher quality sample set (Gobbo et al. 2015). 
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The pEPR method, unlike inductively coupled plasma mass 
spectrometry (ICP-MS) that provides a measure of total 
sample iron, relies on its ability to distinguish between 
endogenous (e.g., natural iron molecules present in biologi-
cal environments) and exogenous iron sources, showing 
greater selectivity for exogenous magnetic nanoparticles.

For biodistribution evaluation animals were subjected 
to organ harvesting at their respective scheduled termina-
tion. Organ collection included the following: brain, heart, 
kidneys, liver, lungs, lymph nodes, spleen, all weighed wet 
as soon as possible following their dissection and individu-
ally fixed in pre-labeled tubes containing 10% NBF. All 
fixed organs were cut into several representative sections 
using disposable equipment, to avoid cross-contamination. 
Each section was individually placed in a pre-weighed tube, 
containing the organ section, and weighed again. The bio-
analysis of the samples was performed by Pepric (Leuven, 
Belgium). To generate a calibration curve, known SaNP 
dilutions were prepared and measured by pEPR to estab-
lish the method’s sensitivity and limit of detection (LoD) 
for each set of samples. Then, all samples were measured 
and a magnetic signal per volume (μL) was generated for 
each tube. The signal was then normalized in accordance to 
the tissue weight in each tube and calculated for each organ 
sample to obtain the SaNP volume in the whole organ. SaNP 
percentage in organs was calculated.

Statistical analysis

All statistical analyses were performed using Graph Pad 
Prism software (GraphPad Software, La Jolla, CA, USA). 
Data were analyzed using Student’s unpaired t-test or one-
way analysis of variance (ANOVA), and p-values equal or 
less than 0.05 were considered statistically significant.

Results

Effect of increasing SaNP doses without AMF 
exposure

In our initial studies, administration of increasing doses of 
60% (6 mL/kg, 12.6 mg IO/kg), 80% (8 mL/kg, 15 mg IO/
kg), or 100% (10 mL/kg, 22 mg IO/kg) of SaNPs alone with-
out subjection to AMF were first tested in 3 male Sinclair 
minipigs (Shamir Medical Center, Israel). All animals were 
followed up for 28–30 days post injection. Prior to SaNP 
infusion, the animals were sedated and anesthetized followed 
by endotracheal intubation and catheterization of the femo-
ral artery to measure blood pressure. The introduction of 
SaNPs and drawing of blood samples were performed via 
venous catheters. Due to the large volumes of these initial 
doses, SaNPs were gradually infused. About 10% of the total 

dose was first introduced followed by two subsequent infu-
sions of the remaining dose volume. The blood pressure, 
heart rate, respiratory parameters of SpO2 and EtCO2, and 
body temperature were carefully and continuously recorded 
before, during and after the entire procedure. All clinical 
parameters were stable throughout SaNP administration and 
skin alterations were not observed. Venous thromboembo-
lism (VTE) occurs when a blood clot, or thrombi, forms 
in a deep vein. Signs of VTE or blocking of blood vessels 
were not observed during any of the IV SaNP injections 
conducted in the animals. No mortality occurred throughout 
the observation periods, all animals gained weight and food 
consumption was normal.

Blood samples for hematology and clinical chemistry 
were collected and analyzed throughout the studies at dif-
ferent time points: baseline, 0, 4, 7 h, and on 2, 3, 4, 7, 14, 
28, and 30 days after SaNP injection. Clinical pathology 
parameters remained mostly unaffected and within normal 
physiologic levels. The main observations are presented in 
Fig. 1 and included a transient increase at 4 and 7 h post 
injection in the levels of AST, and alkaline phosphatase, 
eventually returning to within baseline levels 2–4 days after 
treatment (Fig. 1A–B). The rise in liver enzymes is likely 
due to the uptake and subsequent clearance of SaNPs from 
the liver (Feng et al. 2018). CPK levels were elevated in all 
animals at 4 and 7 h after the injection and returned to base-
line 2–7 days after treatment (Fig. 1C). Fluctuations within 
normal range in the levels of BUN and creatinine (Fig. 1D) 
were observed throughout the follow up periods, indicative 
of normal kidney function. Changes were observed in the 
LDH levels which increased marginally after the injection, 
before once again decreasing thereafter (Fig. 1E), without 
signs of hemolysis or hematocrit changes. LDH catalyzes the 
conversion of lactate to pyruvate and is not tissue-specific. 
Therefore, elevated total LDH values may be considered a 
rather nonspecific finding (Klein et al. 2020).

Most hematology parameters were within reference 
ranges. An exception in the WBC counts was noted in one 
pig assigned to the 60% dose (6 mL/kg, 12.6 mg IO/kg) 
injected group, which decreased on the day of treatment 
and increased one week after, while in animals treated with 
higher doses, elevation in WBC counts was noted at 4 h post 
injection which gradually decreased thereafter (Fig. 1F). The 
increase in WBC counts was accompanied by a marginal rise 
in neutrophil counts at 4 and 7 h after the dosing compared 
to baseline which returned to normal after 4 days (data not 
shown). Hematological changes of reactogenic nanoparticles 
in CARPA typically include initial leukopenia followed by 
protracted leukocytosis and thrombocytopenia: among these 
the leukopenic effect is the most frequent (Urbanics et al. 
2015). Only a single injected pig (60% dose) exhibited low 
WBC counts, probably reflecting variations between animals 
and not associated with an infusion reaction.
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Histopathology analysis of the brain, bone and bone mar-
row, heart, kidneys, liver, lungs, mesenteric and sub-mandib-
ular lymph nodes, and spleen revealed no treatment-related 
toxicity in all animals as no abnormalities were observed 
upon examination of these organs with the exemption of 
IO-containing nanoparticles that were identified by Prussian 
blue staining, showing minimal multifocal positive stained 
macrophages in the lungs without any inflammation. The 
pigmented Prussian blue positive granules suggest the pres-
ence of SaNP remnants. No such Prussian blue positive 
granules were noted in any of the other organs examined. 
Concerning thromboembolism risk, no evidence of throm-
bosis was observed in the brain, heart, kidneys, liver, and 
lungs, examined by histopathology. Representative images 
of the lungs are shown in Fig. 2.

Effect of single preclinical SaNP doses followed 
by AMF exposure

The safety of SaNP administration alone set the stage for the 
next step, examination of the potential toxicity of a single 
treatment using increasing SaNP doses followed by subjec-
tion of different target areas to AMF application. The study 
included two Göttingen male minipigs that were IV infused 
with either 60% (12.6 mg IO/kg) or 100% SaNP doses 
(22 mg IO/kg) (Charles River Laboratories Inc., OH, USA). 

There were no notable clinical signs during the adminis-
tration period. Approximately 8 h after the animals were 
anesthetized and the infusion process was initiated, the AMF 
was applied to the animals using the EIS v.1 (~ 40 kA/m, 
225 kHz ± 10%). Prior to AMF activation, the body surface 
temperature probes were placed on the animals. The approx-
imate locations of the probes are illustrated in Fig. 3A. The 
probes were centered under the RF coil of the EIS on the 
target areas: the thorax in the animal IV injected with a 60% 
SaNP dose, or the abdomen in the animal IV injected with 
a 100% dose (Fig. 3B–C). The animals were then wrapped 
with the cooling blanket system and irradiated in a dorsal 
position for approximately 15 min, followed by a 5 min 
break, and then exposure was continued for another ~ 15 min 
for a total exposure time of 30 min.

There were no abnormal clinical signs related to the AMF 
exposure noted at the end of the exposure period in any of 
the animals, which included stable heart rate, blood pres-
sure and respiration parameters. The animals gained weight 
during the course of the study, there were no intervals of 
reduced food consumption, and they survived to scheduled 
euthanasia on day 32.

Changes in hematology parameters were noted in both 
animals following infusion and prior to AMF exposure, 
including increased neutrophils and decreased lymphocytes, 
monocytes, eosinophils, basophils, RBCs, hemoglobin, and 

Fig. 1   Main changes in clinical pathology parameters of animals 
injected with SaNP doses of 60% (12.6 mg IO/kg), 80% (15 mg IO/
kg), and 100% (22 mg IO/kg) over observation periods of ~ 30 days. 
A AST (U/L). B Alkaline phosphatase (U/L). C CPK (U/L). D Serum 

creatinine (mg/dL). E LDH (U/L). F WBC (103/μL) levels. AST 
aspartate transaminase, CPK creatine phosphokinase, IO iron oxide, 
LDH lactate dehydrogenase, WBC white blood cells, U units
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hematocrit (Fig. 3E). All values were outside of the 95% 
spread using the historical Charles River Laboratories con-
trol data set; however, these changes were transient, gener-
ally resolving by day 3 and may have been associated with 
stress. Stress leukogram is characterized by neutrophilia, 
an increase in neutrophils, and lymphopenia, a decrease in 
lymphocytes. Altered levels of circulating leukocytes often 
reflect a physiologic response to a rise in endogenous glu-
cocorticoid concentrations, such as cortisol, that may occur 
after a stressful event (Tvedten and Raskin 2012).

In healthy humans, a normal neutrophil to lymphocyte 
ratio (NLR) is roughly 0.78–3.58 (Forget et al. 2017). NLR 
serves as a parameter to assess the inflammatory status of 
a subject and has been proven useful in the stratification of 
mortality in cardiac events.

In pigs, NLR is considered a reliable stress indicator 
and has been used to assess physiological stress in com-
mercial growing pigs with values varying with age (Stull 

et al. 1999). Thus, the mean NLR values in healthy animals 
at 84 and 112 days of age was found to be ~ 0.8 and similar 
to humans. On day 1 post injection the NLR was maximal 
at 7.9, indicative of mild physiological stress. At all other 
times, the NLR was 1.7 or less, suggesting a lack of physi-
ological stress. Although values remained within normal 
range, a notable increase in CPK levels was reported fol-
lowing the infusion and before AMF exposure on day 1. 
CPK values continued to increase through day 3, above the 
normal range; however, these changes were transient and 
resolved after one week (Fig. 3D).

There were no significant gross findings observed in any 
of the animals. The only microscopic change was a minimal 
amount of pigment in the lung alveolar macrophages with 
no associated inflammation or tissue response. This finding 
was also noted in the previous experiment and was consist-
ent with presence of IO derived from the SaNPs by Prussian 
blue staining.

Fig. 2   Photomicrographs of the lungs of SaNP-infused animals. A 
Lungs section from a pig treated with a single SaNP dose of 80% 
(15 mg IO/kg) demonstrating multifocal, minimal presence of brown-
ish granules (green arrows) within the interalveolar septa (× 60, H&E 
staining). B Prussian blue positive stained granules (blue arrows), 
suggesting presence of IO (× 40). C Lungs section from pig treated 

with a single SaNP dose of 100% (22 mg IO/kg). Green arrows show 
multifocal, minimal brownish granules within the interalveolar septa 
(× 40, H&E staining). D Prussian blue positive stained granules 
(× 40). Images were captured using the Augmentiqs system software 
(Siegel et al. 2021). H&E hematoxylin and eosin, IO iron oxide



2455Archives of Toxicology (2022) 96:2447–2464	

1 3

Effect of repeated SaNP doses without AMF 
exposure

The purpose of this experiment was to evaluate the sub-
chronic systemic toxicity of repeated SaNP doses of 100% 
each (14 mg IO/kg), without operating the EIS, in one male 
Sinclair minipig that received 3 IV infusions at an interval 
of one month between each dosing session (Shamir Medical 
Center, Israel). The animal was followed up for 93 days to 
assess any potential safety issues.

Body weight gain and food consumption were normal 
throughout the observation period. Clinical parameters 
recorded during each dosing section showed no signifi-
cant changes in blood pressure, heart rate, SpO2, EtCO2, 

body temperature and all values were stable. No signifi-
cant clinical pathology changes were observed, besides 
the following minor findings that included, elevated levels 
of serum creatinine after each dosing session compared 
to baseline but within normal range, increasing levels of 
CPK at 7 h after each injection, that returned to normal 
thereafter, and increasing levels of alkaline phosphatase 
throughout the study that returned to normal by the end of 
the study. Other enzymes commonly used as biochemical 
liver markers such as AST, ALT, and bilirubin remained 
within normal physiologic levels with some minor fluc-
tuations, supporting normal liver function. WBC counts 
were elevated at baseline, before SaNP administration, 
and decreased within normal ranges throughout the study. 

Fig. 3   Sarah Nanotechnology treatment of Göttingen minipigs 
exposed to AMF application (EIS v.1, 14 kW, 225 kHz ± 10%) of dif-
ferent target areas following administration of increasing SaNP doses. 
A Approximate locations of temperature sensors. B Thoracic area of 
exposure inside of RF coil (20 × 7  cm) in animal infused with 60% 
dose (12.6  mg IO/kg). C Abdominal area of exposure inside of RF 
coil in animal infused with 100% dose (22 mg IO/kg). Each animal 

was irradiated for a total exposure time of 30 min at two intervals of 
approximately 15 min each. D Main changes in hematology param-
eters throughout the observation period. E Changes in CPK values 
(U/L). AMF alternating magnetic field, CPK creatine phosphokinase, 
EIS electromagnetic induction system, IO iron oxide, RF radiofre-
quency, U units
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Neutrophils behaved similarly with elevated percentages 
at baseline, and decreasing at day 3 after the first injection. 
Levels increased at 7 h after each injection and decreased 
thereafter, within normal ranges, possibly due to neutro-
phil accumulation around the blood collection cannula. 
However, no significant nor detectable accumulation 
around this site was observed microscopically. Further-
more, no evidence of systemic inflammation was observed 
in any of the organs (liver, lungs, kidneys, brain, and heart) 
examined by histopathology.

Potential toxicity was also assessed by gross pathol-
ogy and microscopic examinations of selected organs; 
brain, spinal cord (cervical, thoracic, lumbar), heart, liver 
with gallbladder, spleen, lungs, kidneys, bone (femur and 
sternum) with bone marrow, mandibular and mesenteric 
lymph nodes, stomach (pyloric, cardiac, fundus), and eyes 
with optic nerve. The histopathological evaluation demon-
strated treatment-related changes in the spleen, liver, and 
lungs, consisting of minimal (grade 1) presence of pigment 
within macrophages in these organs. The pigment was con-
firmed to be positive for Prussian blue stain, consistent 
with the presence of IO, derived from the SaNPs. Pig-
ment accumulation was not associated with any inflamma-
tory reaction and was therefore not considered as adverse. 
The cannulated veins were also examined and no signs 
of inflammation were observed. Representative images of 
sections taken from the spleen, liver, and lungs are shown 
in Fig. 4.

Biodistribution

Biodistribution was determined in selected organs using 
pEPR analysis. Representative sections from the following 
organs were measured: liver (left and middle lobes), spleen, 
lungs (left and right lobes), brain, heart (left ventricular 
wall, right ventricular wall, interventricular septum, and left 
atrium), kidneys (left and right), and representative lymph 
nodes (sub-mandibular, mesenteric). All results were nor-
malized per tissue weight and the individual findings for 
each organ were expressed as percentage of residual SaNP 
left in the tissues after the corresponding observation period 
for each of the animals.

The percentage of total residual SaNP left in the lungs 
was the highest in all animals compared to other organs, fol-
lowed by the liver and spleen. There was no residual SaNP 
or negligible amounts left in the brain, heart, kidneys, and 
lymph nodes. Therefore, the lungs, liver and spleen were 
considered to reflect the main accumulation sites in the body. 
The biodistribution of SaNPs in these organs is shown in 
Fig. 5A. The total percentage of SaNPs that accumulated 
in the organs of pigs infused with the higher SaNP doses 
(12.6–22 mg IO/kg), with or without AMF, is shown in 
Fig. 5B. The results demonstrated that there was a dose-
dependent accumulation and clearance. Clearance of SaNPs 
from pigs that received 60%, 80%, and 100% doses (12.6, 
15 and 22 mg IO/kg), without AMF, was 84.6%, 45.4%, and 
38.7%, respectively, after 30 days. For the pigs that received 

Fig. 4   Photomicrographs of the spleen, liver, and lungs of an animal 
infused with 3 repeated SaNP doses of 100% each (14 mg IO/kg). A 
Spleen section (H&E staining). B Liver section (H&E staining). C 
Lungs section (H&E staining). Green arrows denote pigment accu-
mulation in these organs. D Spleen section (Prussian blue staining). E 

Liver section (Prussian blue staining). F Lungs section (Prussian blue 
staining). Green arrows denote Prussian blue positive stained pig-
ment. Images were captured using the Augmentiqs system software 
(Siegel et al. 2021). H&E hematoxylin and eosin, IO iron oxide
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60% and 100% (12.6, 22 mg IO/kg) doses followed by AMF 
application, SaNP clearance was 74.9% and 58.6%, respec-
tively, after 30 days.

Of note, representative urine and feces samples from 
these animals were collected on day 3 and 30 after SaNP 
administration to determine the relative excretion of SaNPs 
through urine and feces. The results were comparative only 
and showed that while the magnetic signal per volume, 
determined by the pEPR method, in the urine was close to 
zero or negligible for both time points, the amount detected 
in the feces was fivefold higher and decreased with time, 
suggesting that the SaNPs are mainly eliminated through 
the feces and not the urine (data not shown).

In the animal that received 3 repeated doses, the total 
SaNP percentage left in vital organs was 52% which cor-
responds to 48% SaNP that was cleared from the animal’s 
body after 93 days, showing that the total SaNP percent-
age left in the vital organs was compatible to the clear-
ance in all animals regardless of AMF exposure. From the 

sub-chronic 90-day study in animals that received a full 
treatment (SaNP + AMF), two representative animals were 
evaluated for SaNP biodistribution: one male and one female 
that received a NOAEL-based dose containing 3.6 mg IO/
kg. The analysis of IO content was performed in the liver, 
lungs, and spleen from these animals, representing the main 
accumulation sites and thus providing a close estimation of 
the total amount of residual IO found and cleared from the 
animals’ body after ~ 90 days.

The results showed that the lungs had the highest per-
centage of residual SaNP, followed by the liver and spleen, 
in line with our previous data. The percentage of SaNP 
found in the lungs was 8.2 ± 2.2% and 7.0 ± 5.4%, in the 
liver was 4.7 ± 0.06% and 3.6 ± 0.02%, and in the spleen 
was 1.5 ± 1.5% and 2 ± 0.31%, in the male and female pig, 
respectively. The average total percentage of SaNPs left 
in these organs at 90 days was 13.7% and similar in both 
animals, indicating that about 86.3% of the infused SaNPs 
were cleared from the body after 90 days. The percentage of 
residual SaNPs left in vital organs of animals followed up 
for either 8, 30, and 90 days is shown in Fig. 6.

Acute toxicity evaluation of a NOAEL‑based SaNP 
dose followed by AMF exposure

Before proceeding into examination of the potential toxicity 
of the full treatment in animals infused with NOAEL-based 
doses, acute toxicity was evaluated in one animal injected 
with a single NOAEL-based dose containing 3.32 mg IO/
kg followed by AMF application using the EIS v.2 [15 mT 

Fig. 5   SaNP accumulation and clearance. A Percentage of SaNPs 
accumulated in lungs, liver, and spleen of animals infused with either 
single (60, 80, 100%) or repeated SaNP doses (100%) with (w) or 
without (w/o) AMF application. B Percentage of total SaNP accu-
mulation and clearance. The animals injected with a single dose were 
followed up for 30  days, whereas the animal that received repeated 
doses was observed for 93  days. Biodistribution was determined by 
pEPR. AMF lternating magnetic field, pEPR particle electron para-
magnetic resonance

Fig. 6   Percentage of residual SaNPs left in the lungs, liver, and 
spleen of animals infused with a single NOAEL-based SaNP dose 
followed by AMF application. The animals injected with various 
SaNP doses of 3.32 mg IO/kg, 2.6 mg IO/kg, and 3.6 mg IO/kg were 
followed up for either 8, 30, or 90 days, respectively. Biodistribution 
was determined by pEPR. AMF alternating magnetic field, IO iron 
oxide, NOAEL no-observed-adverse-effect level, pEPR particle elec-
tron paramagnetic resonance



2458	 Archives of Toxicology (2022) 96:2447–2464

1 3

(12 kA/m), 290 kHz ± 10%]. The dose was calculated as 
described in the Methods section and represents the maxi-
mum dose that a patient would receive in a clinical trial 
when considering dose accumulation from recurrent dosing, 
and mimics 3 consecutive doses in human, based on the pre-
vious biodistribution studies. The fully treated animal was 
followed up for 8 days to assess any potential safety issues 
and evaluate the biodistribution of SaNPs.

Clinical parameters recorded during the infusion showed 
no significant changes in SpO2, EtCO2, and rectal tempera-
ture values. An ECG was conducted before and after treat-
ment showing a T wave inversion in all ECG leads, except of 
aVR and aVL (unipolar limb leads), not associated with any 
adverse outcome. No significant clinical pathology changes 
were observed, beside the following findings that included 
elevated levels of alkaline phosphatase after AMF applica-
tion that returned to normal on day 8, increased CPK levels 
following irradiation that remained elevated on day 3 before 
decreasing once again and returning to normal levels, below 
the baseline, on day 8. In addition, low yet stable values of 
serum creatinine were observed. A rise in the percentage of 
neutrophils, above normal range, accompanied by a minor 
rise in the WBC count, were noted on the termination day 
which may have occurred as a result of stress. Since all other 
immune cell levels were normal and stable, and the NLR 
value was 2.9 and normal, this finding was not considered 
to be of clinical significance.

Histopathology evaluation revealed minor changes con-
sisting of minimal presence of pigmented granules, related 
to the IO-containing SaNPs, within the interstitial and lin-
ing alveolar cells in the lungs, and in red pulp macrophages 
of the spleen that were not associated with any inflamma-
tory reaction. Pigment accumulation within Kupffer cells 
was found in the liver, associated with minimal (i.e., single 
cell) hepatocytic necrosis, and minimal presence of neutro-
phils within the sinusoids (grade 1). As the morphological 
changes in the liver were of minimal severity, and alkaline 
phosphatase levels returned to baseline on day 8, they were 
not considered as adverse according to the criteria of the 
Society of Toxicologic Pathology (STP) (Kerlin et al. 2016; 
Palazzi et al. 2016).

The biodistribution analysis showed that after 8 days the 
percentage of SaNP was the highest in the lungs (45% ± 0.4), 
followed by the liver (3% ± 0.07), while the percentage of 
residual SaNPs left in all other organs was under 1%. For 
example, the concentration in the heart was 0.4% ± 0.02 
and in the brain was 0.3% ± 0.005. Negligible amounts 
were observed in the kidneys (0.2% ± 0.1) and the spleen 
(0.12% ± 0.001). The amounts in the sub-mandibular lymph 
node were under the detection threshold (LoD) of the pEPR 
method and therefore deemed to be 0%. The total percentage 
of SaNPs found in the pig’s organs was 51.3%. Thus, about 
49% of the SaNPs were cleared from the body after 8 days, 

suggesting that half of the SaNPs were cleared during the 
first week after infusion (Fig. 6).

Based on the results of the observed safety parameters 
in this animal, including clinical signs, gross pathology, 
blood analyses, histopathology, and biodistribution the 
optimal setup conditions for AMF exposure, using EIS v.2 
(290 kHz ± 10%), were set to exposure for a total of 30 min 
of intermittent irradiation (3 intervals of 10 min each with 
5 min rest between each interval) at a field strength of 15 
mT (12 kA/m).

Sub‑chronic systemic toxicity evaluation 
of a NOAEL‑based SaNP dose and AMF exposure

The full treatment conditions previously established were 
further validated and assessed for their safety, in a larger 
group of healthy animals comprising of 4 male and 4 
female Sinclair minipigs compared to a control group of 
3 males and 3 females infused with vehicle alone (5% glu-
cose solution). The treated animals received a single 156% 
NOAEL-based dose of SaNP (3.6 mg IO/kg), mimicking 
3 consecutive doses in human (to be given once a month 
for 3 months), followed by AMF exposure with the EIS 
v.2 [15 mT (12 kA/m), 290 kHz ± 10%] applied at 4 h post 
the start of infusion, which was between 40 and 58 min, 
depending on the animals’ weight and SaNP concentration 
(between the range of 1.0–2.5 mg/mL). The target area of 
exposure included the thorax and abdomen. The temperature 
sensors were placed on the body surface, each animal was 
wrapped with the cooling blanket system, in which ~ 15 °C 
water was circulating, and the irradiation began when the 
initial mean core temperature of the male and female ani-
mals was ~ 34 °C and ~ 33 °C, respectively. Illustrations of a 
wrapped animal and its positioning inside the coil are shown 
in Fig. 7A–B. Rectal temperature was measured before AMF 
exposure, during the breaks and after AMF application. All 
animals were followed up for 87–92 days and survived to 
scheduled euthanasia except for one male pig assigned to 
the treatment group, that was humanely euthanized on day 
72 due to illness, confirmed by the study Pathologist to be 
caused by spontaneous bronchopneumonia and not consid-
ered as related to treatment, based on the gross and micro-
scopic findings noted in this single case which are character-
istically seen sporadically in untreated pigs. In addition, the 
lungs’ findings were consistent with spontaneous infectious 
bronchopneumonia which are frequently recorded in pigs 
and present in this species (Rinke 1997), in particular, the 
morphological changes were consistent with Mycoplasma 
hyopneumoniae infection (Redondo et al. 2009). However, 
no samples from this animal were submitted to bacteriologi-
cal examination.

Similar to the previous experiments, no infusion reactions 
were observed during SaNP administration and all clinical 
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parameters were stable and normal. All animals showed a 
healthy appearance and normal activity without lethargy 
or apathy after treatment and during the follow up period. 
Body weight gain was normal with no differences in food 
consumption between the treated and control groups. Clini-
cal pathology changes included an increase in WBC counts 
above normal reference range, accompanied by increases 
in neutrophil levels within normal range, in the treatment 
group immediately after AMF application, probably related 

to stress leukogram as a result of the SaNP injection or a 
combination of the injection and the AMF. Changes were 
transient and levels returned to normal reference range 
from day 2. An increase in BUN levels in both groups was 
noted on day 2 compared to baseline results. An increase in 
blood glucose levels was observed in the two groups imme-
diately after infusion (5% glucose or SaNP) and on day 2, 
attributed to the presence of glucose in both the vehicle 
and SaNP preparation. Elevated levels of ALT, AST and 

Fig. 7   Sarah Nanotechnology treatment of Sinclair minipigs exposed 
to AMF application (EIS v.2, 15 mT, 290  kHz ± 10%) following 
administration of a single NOAEL-based SaNP dose (3.6  mg IO/
kg). A Animal wrapped with the cooling blanket system. B Animal 
positioned inside the coil (20 × 20 cm) on a dorsal position. C Ani-

mals’ heart rate (bpm) at the start and end of AMF exposure. D Ani-
mals’ weight, upper body circumference, and changes in mean core 
and skin temperatures at the start and end of AMF exposure. AMF 
alternating magnetic field, bpm beats per minute, EIS electromagnetic 
induction system, NOAEL no observed adverse effect level
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alkaline phosphatase were found in the two groups on day 
2 (ALT levels remained high in both groups until day 60). 
Such an increase is possible when liver enzymes are released 
into the bloodstream following liver damage. However, no 
signs of liver damage, which may explain the changes in 
the enzymes, were observed at necropsy and by the histo-
pathology analyses. Increased CPK levels were noted after 
AMF application in the treatment group and on day 2 in both 
groups. Levels were back to normal ranges during the follow 
up period and increased again on termination day. Clinical 
pathology, even though some values were higher or lower 
than the reference values, revealed no adverse effects. This 
assessment is strengthened due to the fact that similar devi-
ations from normal ranges were observed in the control 
group’s animals as well.

To assess the potential risk of eddy currents’ heating in 
larger tissues, the temperature of the AMF exposed ani-
mals was tightly monitored. A rise in body surface and 
core temperatures is an indication of increased SAR due 
to eddy currents, and therefore it is important to keep them 
under control during AMF application to limit the SAR. 
To minimize the side effects of AMF on normal tissue, the 
irradiated area of the human body should be limited to a 
field-frequency product meeting the biological upper limit 
criterion of Hf < 5 × 106 kA/(m s) (Hergt and Dutz 2007), 
where H denotes the magnetic strength of the applied 
AMF and f is the frequency. Previous studies in which we 
aimed to demonstrate the scalability of AMF exposure and 
evaluate the total power heat that is applied on the thorax 
and abdomen of a larger animal of 45 kg weight, irradi-
ated at a field strength of 10 mT (8 kA/m) at 300 kHz, as 
intended in the clinical setting but without SaNP admin-
istration, indicated that the frequency to field strength 
product was 2.4 × 106 kA/(m s) (8 kA/m at 300 kHz), 
which was 48% lower than the biological limit (Cohen-
Erner et al. 2021). In the current study, all treated animals, 
exposed to a higher field strength of 15 mT (12 kA/m) had 
a similar average weight of 9.8 kg and the frequency to 
field strength product was 3.48 × 106 kA/(m s) (12 kA/m at 
290 kHz), which was still lower than the defined biologi-
cal limit. The upper body circumference of females and 
males was 47.63 ± 1.70 cm and 46.63 ± 1.80 cm, respec-
tively. Since all treated animals had relatively similar body 
dimensions, particularly those of the target irradiated area, 
it was assumed that the temperature changes well repre-
sented eddy currents. The mean skin temperature of the 
male animals was 22.16 °C at the start of AMF applica-
tion and 25.58 °C at the end, resulting in a temperature 
rise of 3.4 ± 1.19 °C. The mean skin temperature of the 
female animals was 21.43 °C at the start and 25.95 °C 
at the end of AMF exposure, with a temperature rise of 
4.52 ± 1.94 °C, slightly higher than the males. All val-
ues including initial mean core temperatures at the start 

and end of the procedure are summarized in Fig. 7D and 
were 32.55 ± 0.79 °C (start) and 31.28 ± 0.64 °C (end) in 
the female and 34.45 ± 0.38 °C (start) and 32.28 ± 093 °C 
(end) in the male minipigs. Notably, the cooling of the 
animals, by the cooling system, was effective in keeping 
the outer surface (skin) temperature under control.

Examining the effect of AMF application on the heart 
rate of the animals, the results demonstrated that the heart 
rate remained relatively stable in female animals (89.75 bpm 
at start and 88.50 bpm at the end of the exposure) whereas 
the heart rate in the male animals slightly increased from 
98.50 bpm at start to 106.50 bpm at the end of the exposure 
(Fig. 7C). There were no considerable changes in the heart 
rates throughout the entire procedure, probably reflecting 
normal thermoregulatory mechanisms. No abnormal find-
ings were found in the control group animals' ECGs. An 
inverted T wave was observed post AMF exposure in a sin-
gle lead, in the treatment group animals' ECG (all males 
and half of the females). Myocardial ischemia is a common 
cause of inverted T waves, but are less specific than ST seg-
ment depression. In general, an inverted T wave in a single 
lead in one anatomic segment (i.e., inferior, lateral, or ante-
rior) is unlikely to represent acute pathology. In addition, no 
signs of cardiac damage, which may explain the changes, 
were observed at necropsy and by the histopathology analy-
ses and therefore, the inverted T waves observed were of no 
clinical concern.

The histology and pathology examinations showed no 
toxic, gross or microscopic treatment-related changes in 
any of the organs examined which included a full organ list 
as suggested by the international standard for the biological 
evaluation of medical devices (ISO 10993:11). In particular, 
no lesions related to thermal damage were noted in these 
organs. Studies have shown that nanoparticles are able to 
cross biological barriers, including those that protect repro-
ductive tissues, and exert toxic effects on organs of the repro-
ductive system. In particular, nanoparticles can pass through 
the blood–testis barrier, placental barrier, and epithelial bar-
rier, and then accumulate in reproductive organs, thereby 
inducing organ dysfunction and various adverse effects 
(Wang et al. 2018). The following reproductive organs were 
subjected to macroscopic and microscopic evaluation, the 
prostate, seminal vesicle, testis and epididymis in male ani-
mals and the ovaries, vagina and uterus (including cervix 
and oviducts) in females. Our results demonstrated no toxic-
ity nor pigment accumulation in any of the examined organs.

In all animals from the treated group, minor accumula-
tion of brownish pigment granules was noted within the 
reticuloendothelial cells located systemically (i.e., liver, 
lungs, lymph nodes, and spleen) consistent with the previ-
ous experiments. The presence of these pigment granules 
was not associated with any tissue adverse reaction, neither 
inflammation or necrosis.
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Discussion

This work compiles a series of experiments aimed to 
assess the biocompatibility and biodistribution of a novel 
therapeutic approach based on IO nanoparticles and AMF 
exposure. Our results show that treatment of healthy ani-
mals with Sarah Nanotechnology system for safety assess-
ments was well tolerated in two swine models in vivo, both 
Göttingen and Sinclair minipigs.

Systemic administration of SaNPs at various dose lev-
els, either initial higher doses or lower NOAEL-based, 
single or repeated doses, with or without AMF application, 
showed no hemodynamic nor cardiopulmonary alterations 
in any of the treated animals, as suggested by the clinical 
and histopathology observations, supporting the absence 
of cardiovascular distress or infusion reactions, which is 
critically relevant for safety. A transient but significant 
rise in the pulmonary arterial pressure is known to be the 
most prominent and reproducible measure of CARPA in 
the porcine model, in response to reactogenic nanoparti-
cles. Therefore, pulmonary hypertension is usually quanti-
fied as the primary endpoint of hypersensitivity reactions 
(Szebeni et al. 2018). This symptom is most likely due 
to the presence of pulmonary intravascular macrophages 
(PIMs) in the lungs of pigs which can respond to activa-
tion by secretion of vasoactive mediators (Urbanics et al. 
2015). It should be noted that PIMs are found in several 
species including pigs, sheep, cattle, horses and cats but 
not in humans. Although macrophages may accumulate 
in the intravascular space of the human lung, the underly-
ing mechanism and conditions of PIM cell colonization in 
this case remain unknown, and it has been suggested that 
a low percentage of healthy subjects may also host PIM 
cells in their lungs (Csukás et al. 2015). In consideration 
that the majority of SaNPs accumulate in the lungs fol-
lowing infusion, and although pulmonary arterial pressure 
was not measured, all hemodynamic parameters measured 
(i.e., arterial blood pressure, heart rate, oxygen saturation 
(SpO2), end-tidal carbon dioxide (Et)CO2, and core body 
temperature) throughout the IV administration were stable, 
indicating that no infusion adverse reactions occurred.

It has been proposed that many hypersensitivity reac-
tions to nanoparticles involve complement activation. 
Depending on their physicochemical properties such as 
size, morphology and surface patterns, nanoparticles may 
activate the complement system through the classical, lec-
tin, or alternative pathways (Moghimi and Simberg 2017). 
In general, nanoparticles induce greater complement acti-
vation as their size increase and are also more likely to be 
internalized by phagocytic cells, due to enhanced opsoni-
zation by complement proteins. Moreover, nanoparticles 
between 40 and 250 nm in size have been shown to induce 

a potent activation of the complement system through the 
classical pathway (La-Beck et al. 2021). To examine the 
ability of SaNPs (135 ± 25 nm) to trigger complement acti-
vation, a quantitative assay measuring the levels of the 
terminal complement complex SC5b-9 was performed in 
normal human serum, in compliance to GLP regulations, 
and in sera from lung cancer patients. The results of these 
studies (data not shown) demonstrated that there was no 
SaNP-induced complement activation in human samples. 
Therefore, SaNPs are considered as a ‘non-activator of the 
complement system’ (Ekdahl et al. 2018) further support-
ing the data obtained in our swine studies consistent with 
the absence of CARPA reactions.

Studies in animal models have described the preferential 
accumulation of IO nanoparticles in the liver and spleen 
with few reports also showing the presence of a smaller frac-
tion of the injected IONPs in the lungs (Jain et al. 2008), due 
to opsonization and subsequent sequestration by the mono-
nuclear phagocyte system (MPS). IO nanoparticles are taken 
up by the MPS because of their high macrophage content 
and high level of vascularization and permeability (Arami 
et al. 2015). Our results demonstrate a dose-dependent accu-
mulation of SaNPs mainly in the lungs, followed by the liver 
and spleen in swine. Accumulation in these organs was con-
firmed by extensive histopathology analyses and Prussian 
blue staining at various time points, showing localization in 
lung alveolar macrophages, Kupffer cells in the liver, and in 
splenic red pulp macrophages, without any associated tox-
icity. The unique lung structure, its large surface area, thin 
epithelium layer and rich blood supply ensure fast SaNP 
delivery. In addition, the large accumulation in the lungs 
might be attributed to the presence of PIMs and uptake of 
SaNPs by these cells, which are abundantly found in the 
lungs of pigs (Csukás et al. 2015). PIM cells possess several 
characteristics that include, ability to adhere to the capillary 
walls via intercellular adhesion plaques, which secure their 
stable and lasting direct exposure to the bloodstream, and a 
ruffled surface that ensures efficient binding and phagocy-
tosis of nanoparticles. PIMs are resident cells in the pulmo-
nary capillaries and represent a part of the MPS in the lungs, 
similar to Kupffer cells in the liver, whose primary function 
is the clearance of deleterious agents from the blood, such 
as bacteria, viruses or nanoparticles that are recognized as 
foreign materials. Similar biodistribution patterns and dose-
dependent accumulation of magnetic nanoparticles in the 
lungs have been reported in an acute study in pigs, with a 
final timepoint of 5 h (Edge et al. 2016).

The development of rapidly cleared nanoparticles is an 
important consideration for biomedical applications and 
the translation into clinical trials. We hereby demonstrate 
a time-dependent clearance of almost 90% of the infused 
SaNPs in swine after 90 days. As suggested by our data, 
SaNPs are mostly eliminated through the feces.
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Histopathological examination of lungs, liver, and spleen 
samples did not show abnormal changes nor caused long-
term changes in enzyme levels suggesting normal organ 
function. The transient increase in enzymatic activities such 
as AST, alkaline phosphatase, and CPK in serum of animals 
upon nanoparticle infusion, at 4 or 8 h post injection, and 
during the initial days after the injection has been suggested 
to be a general response of the body and partly the effect of 
the anesthetic procedure, or saline administration (Thomp-
son et al. 2002; Jain et al. 2008).

Hyperthermia is a promising approach for the application 
of magnetic nanoparticles for cancer treatment. However, 
eddy currents are a direct consequence of the applied AMF 
used to activate the nanoparticles in the tumor and have been 
shown to limit treatment efficacy in clinical trials. For exam-
ple, feasibility studies in 22 patients with non-resectable 
solid tumors treated by thermotherapy using local implan-
tation of a magnetic fluid (MFL AS) consisting of aminosi-
lane coated superparamagnetic IO nanoparticles with a core 
diameter of 15 nm and IO concentration of 112 mg/mL, in 
combination with radio- and/or chemotherapy, have shown 
a slight average elevation by 0.5 °C in body temperatures, 
an increase in heart rate (average rise of 10 beats/min), and a 
minor rise of blood pressure in a few patients. Some patients 
reported local discomfort with tolerance mainly limited by 
pain in skin folds or at bone surfaces in the pelvic region. 
In two patients small but superficial burns occurred, resolv-
ing under conservative measures and a treatment break of 
1–2 weeks (Wust et al. 2006).

An additional prospective phase I study investigating 
the feasibility of thermotherapy using a similar magnetic 
fluid consisting of a dispersion of biocompatible magnetic 
IO nanoparticles, in patients with locally recurrent prostate 
cancer showed that the median rectal temperature in patients 
exposed to constant magnetic field strengths between 4 and 5 
kA/m (equivalent to 5.0–6.3 mT) was 39.8 °C (38.2–43.4 °C) 
(Johannsen et al. 2010). Although this study examined local 
treatment with thermo-ablative temperatures of up to 55 °C 
in the prostate, no systemic toxicity was observed. In a study 
examining the efficacy and safety of the Kanzius non-inva-
sive RF hyperthermia system in swine, which operates at a 
high-power RF of 13.56 MHz, the animals were exposed to 
repeated RF treatments to the liver. The results indicated 
negligible treatment-associated toxicities. However, treat-
ment was limited due to fat overheating, measured with fiber 
optic probes placed into the dermis and subcutaneous tissue 
overlying the liver (Ho et al. 2017).

Our results in animals exposed to a field strength of 15 
mT (12 kA/m) at 290 kHz ± 10% showed low mean core 
temperatures of ~ 33 °C and ~ 31 °C, in male and female 
animals respectively, following intermittent AMF applica-
tion, with an overall temperature decrease from the ini-
tial core temperature before irradiation. In addition, an 

increase in heart rate (average rise of 8 beats/min) was 
observed in male animals only with no blood pressure 
changes. The cooling blanket system was effective at con-
trolling the skin and core temperatures and no overheating 
nor skin burns or thermal damage were observed in any of 
the organs and/or tissues examined. These results suggest 
that proper temperature monitoring during AMF exposure 
can effectively be used as a safety measure. Of note, the 
optimal irradiation conditions used in our in vivo studies 
were set to intermittent AMF exposure at 3 intervals of 
10 min and are the basis for planned exposure times to be 
used in the clinical setting. Magnetic hyperthermia using 
pulse heating has been reported to reduce morbidity due 
to eddy currents’ heating in animals (Ivkov et al. 2005). 
Moreover, a recent study in mice using pulse sequencing of 
high-field/low-field sequences, generated by a preclinical 
system operating at 1.048 ± 0.01 MHz and a magnetic field 
strength between 4.4 to 8.3 kA/m (equivalent to 5.6–10.5 
mT), in a pancreatic cancer model was more effective than 
a continuous mode in inhibiting tumor growth (Tansi et al. 
2021). Although eddy currents are negligible in small ani-
mal models, this particular study recommended perform-
ing at least two hyperthermia sessions to ensure a maximal 
impact on tumor reduction.

Conclusions

The biodistribution of SaNPs plays a key role in defining 
their therapeutic efficacy and toxicity which are largely 
dependent on their physicochemical properties. SaNPs’ 
accumulation was observed primarily in the lungs, liver, and 
spleen with no associated toxicities, when injected alone or 
following AMF exposure.

Our results indicate that Sarah Nanotechnology treatment 
was well tolerated in healthy swine without any adverse 
effects, including infusion reactions, and can therefore 
potentially be used for safe clinical application. In addition, 
no abnormalities were noted in the serum biochemical pro-
files from any of the animals tested, and no pathological 
lesions were noted on either gross or microscopic examina-
tion of tissues. These tests as well as the successful dosing 
of swine models, at various dose levels, lead to confidence 
that SaNPs are biocompatible.

SaNP administration followed by AMF exposure pro-
duced no detectable toxicity nor tissue injuries, and there 
was no evidence of any abnormalities or overheating. Our 
results demonstrate that with proper thermal monitoring, 
the treatment can be safely applied to pigs. Further thermal 
modeling is required to predict thermal behavior in humans, 
overcome potential high SAR issues, and improve patient 
treatment planning and therapeutic response.
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