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Table S1. A general description of the most popular methods used for the synthesis of MNPs. 

Technique  General Description Ref 

Physical 

Pulsed laser ablation 

A metal precursor bulk material is submerged in a liquid solvent. 

Then, a high energy laser is focused onto the metal causing its 

ablation which produces a plasma plume at high temperature 

and pressure composed of target and solvent. They then react 

and initiate nucleation and nanoparticle growth forming a colloid 

of nanoparticles 

[1–4] 

 

Laser-induced pyrolysis 

A laser is used to heat a gaseous mixture of organometallic 

precursors. This causes the molecular decomposition of the metal 

reagents into vapor. The vaporized components initiate 

nucleation and growth to form nanoparticles 

[2,3,5,6] 

Spray pyrolysis 

A solution of metal salts and a reducing agent is sprayed into a 

reactor. The solvent then evaporates, the metal precipitates and 

suffers annealing due to high temperature (thermolysis) and 

eventually forming the nanoparticles 

[5,7–9] 

Power ball milling 

The metal bulk material is placed inside a high-energy mill 

alongside balls made from strong alloys. The mill is then rotated 

with intense speed and the balls grind the power into nanosized 

particles through collision between the balls or between the balls 

and the inner walls of the mill. 

Two approaches exist, dry milling and wet milling, the latter 

including a solution with surfactants which help reduce particle 

size 

[10–12] 

Electron beam lithography 

An electron beam is emitted against a film composed of metallic 

material submerged in a solvent. This causes the metal to heat up 

and evaporate and produce the nanoparticles 

[2] 

Chemical 

Co-precipitation 

Aqueous solutions containing different metal salts (ex: Fe2+/Fe3+) 

are co-precipitated by adding a base, preferably under heat and 

anaerobic conditions forming the nanoparticles 

[3,13–

16] 



Hydrothermal 

A mixture of iron salts is dissolved in an aqueous solution which 

is placed inside a reactor or autoclave. 

The temperature and pressure are raised which promotes 

hydrolysis and oxidation of the iron salts to form the particle 

crystals  

[9,16–

19] 

Microemulsion Generally, two identical water in oil (w/o) microemulsions are 

prepared, although some studies have used o/w microemulsions 

successfully. The first microemulsion contains the metal salts and 

the second one contains a precipitating agent, both present in the 

aqueous phase. The two microemulsions are then carefully mixed 

allowing the iron salts to react with the precipitating agent. The 

dispersed aqueous phase acts as a nano/microreactor creating a 

confined environment for nucleation and controlled growth of 

the particles. The water microdroplets will experience a cycle of 

continuous collision, coalescence and breaking, which allows for 

the chemical reactions to occur between the reagents and form 

the precipitated nanoparticles 

[14,17–

21] 

Sonochemical Involves the exposure of organoiron precursors to intense 

ultrasound waves. This induces acoustic cavitation, which is the 

generation, growth and collapse of bubbles in a liquid. The iron 

precursors form a shell around the bubble and once it implodes 

the shell collapses into the bubble center, creating the 

nanoparticle 

[9,13,19

,22] 

Thermal Decomposition Iron organometallic precursors are thermally decomposed 

(around 300 to 350ºC) within high boiling point organic solvents 

to form iron oxide crystals. Surfactants are commonly used as 

capping agents to stabilize the crystals and improve particle size 

control 

[13,17,1

9] 

Electrochemical 

Decomposition 

Two electrodes connected through a battery are then submerged 

in an electrolyte solution made of iron ions. The anode, which 

contains iron metal, is oxidized from metal to iron cation species 

which are dissolved in the solution and afterwards reduced back 

to metal by the cathode, forming the particles 

[19,23] 

Sol-gel Iron alkoxides are dissolved in an aqueous solvent. 

Iron alkoxides react with water, acids or bases and suffer 

hydroxylation to form iron oxide nanoparticles. This process 

forms a sol (a colloid made from very small particles). 

The sol then undergoes condensation and forms a gel. 

The gel undertakes a drying step to evaporate the solvent and the 

iron oxide nanoparticles are obtained 

[9,17,18

] 

Polyol Method Metal salts are added to a polyol solvent (from a simple ethylene 

glycol to various molecular sizes of PEG). The polyols function 

both as a stabilizing agent and a reducing agent, as well as 

prevent particle aggregation. As heat is applied the polyols suffer 

oxidation into various ketone and aldehyde species which then 

induce the reduction of the dissolved iron ions into IONPs 

[1,9,24] 



Biological  
The plant phytochemicals and the microbial enzymes have 

reducing and biomineralization properties often used to reduce 

metal salts into nanoparticles 

[13,18,2

5–27] 

 

 

 

 

 

 

 

 

 

 

Table S2. Most commonly used methods for the synthesis of MNPs, their advantages and disadvantages. 

Technique  Advantages Disadvantages Observations Ref 

Physical 

Pulsed laser 

ablation 

Simple, fast and cost-

effective  

Synthesis of monodisperse 

(uniform size and shape) 

particles  

Eco-friendly since the 

method does not require 

use of chemicals 

Difficulty in controlling  

particle size 

Particle clustering 

Top-down approach 

Important Factors: laser 

intensity, wavelength and 

diameter 

[1–3] 

 

Laser-induced 

pyrolysis 

Controlled particle size 

Narrow size distribution  

Easy to scale-up 

High production rate  

Good for producing well 

dispersed small sized 

particles 

Complex process 

Relatively expensive  

Bottom-up approach 

Important Factors: vapor 

pressure and vaporization 

temperature of the precursors  

[2,3,5,

28] 

Spray pyrolysis 

Controlled particle size 

and shape  

Production of small sized 

particles  

Particles tend to form 

aggregates  

Expensive equipment  

Interferences can be caused 

by oxygen and other 

reactive species present in 

the reactor  

Bottom-up approach 

vapor pressure and 

vaporization temperature of 

the precursors 

 

[16,28

] 

Power ball 

milling 

Good reproducibility of 

particle size  

Time-consuming  

Low efficiency 

Difficult to control particle 

size distribution  

Top-down approach 

Important Factors: milling 

time and speed 

[2,4,10

–12] 



Small and crystalline 

nanoparticles can be 

obtained 

Simple and low cost 

Easy to scale-up  

Particles tend to form 

aggregates (although it is 

essentially exclusive to dry 

milling) 

Electron beam 

lithography 

Well-controlled 

interparticle spacing  

Production of small sized 

particles  

High production rate  

Requires expensive and 

highly complex machines  

Difficulty in in large scale 

production  

Top-down approach 

Considered more effective 

than photolithography 

[2,9,29

]  

Chemical 

Co-precipitation 

Simple, convenient and 

effective  

Cost-effective and high 

yielding 

Very reproducible 

Easy to scale-up  

Inappropriate for the 

synthesis of high untainted, 

precise stoichiometric phase  

Low degree of crystallinity  

Relatively large 

polydispersity  

To obtain a narrow size 

distribution, some reaction 

parameters must be strictly 

assured Particles tend to 

aggregate due to their small 

size  

Bottom-up approach  

Most commonly used method 

Important Factors: ratio of 

salts, pH and ionic strength of 

the solution  

[3,9,13

–

15,18,

19,28] 

  

Hydrothermal 

Controlled particle size 

and shape  

Uniform size distribution  

Low cost  

Relatively easy to scale-up 

Highly crystalline 

nanoparticles  

Monodisperse particles 

can be obtained with 

shorter reaction times 

The high temperature and 

pressure improve the 

nucleation rate and speed 

up the growth of new 

particles, resulting in the 

formation of small sized 

particle  

Requires high pressure and 

reaction temperature  

Most of the times 

polydisperse samples are 

obtained  

Difficult to obtain quality 

nanocrystals smaller than 10 

nm with hydrophilic surface 

properties  

Slow reaction kinetics 

independent from the 

temperature applied 

(although microwave 

heating has been proven to 

assist in increasing the 

crystallization kinetics  

Bottom-up approach  

Important Factors: 

temperature, pressure, 

concentration of precursors 

and reaction time  

[3,9,13

,14,18,

19] 

Microemulsion The use of simple 

equipment  

Controlled particle size, 

shape and composition 

 Produces small sized 

particles with uniform 

properties  

The particle’s properties are 

negatively affected by the 

residual surfactants present  

The limited reaction 

temperature results in low 

yields and IONPs with low 

crystallinity  

Difficult to scale-up  

Bottom-up approach 

Important Factors: choice of 

precipitating agent, surfactant 

concentration and water-to-

surfactant ratio 

[3,9,13

,14,16,

17,20,

28] 



Can be used in simple 

conditions (near ambient 

temperature and pressure) 

Sonochemical Narrow particle size 

distribution 

This method provides 

monodisperse 

nanoparticles with a 

variety of shapes under 

ambient conditions  

Does not require high bulk 

temperatures or long 

reaction times  

If the goal is to produce 

amorphous nanoparticles, 

the sonochemical method 

offers better particle shape 

control than most other 

methods 

Quick and low cost 

compared to other 

methods  

Simple, low cost and eco-

friendly  

Mechanism is not well 

understood 

Because of the high cooling 

rate of cavitation, it is 

difficult to produce 

crystallized particles. 

Therefore, the obtained 

amorphous particles need to 

be further processed by 

heat-treatment after they 

have been synthesized  

Low efficiency 

Bottom-up approach 

Important Factors: sonication 

time and power, choice of 

capping agent and precursor 

concentration 

[3,9,16

,19,22,

28,30] 

Thermal 

Decomposition 

Lower working 

temperature 

Use of simple equipment 

Control over the particle 

size 

Hydrophilic particles are 

created which facilitates 

functionalization  

Difficult to scale-up 

Since the reaction occurs at 

room temperature the 

particles tend to show poor 

crystallinity  

Bottom-up approach 

Important Factors: current 

density and distance between 

electrodes 

[19,23

] 

Electrochemical 

Decomposition 

Controlled particle size 

and internal composition  

Good mixing uniformity 

High reaction uniformity  

Low synthesis temperature 

Low cost 

High production rate  

High permeability 

Weak bonding 

Low wear resistance  

Needs post-treatment step 

to purify the particles from 

by-product contaminants  

Limited efficiency 

High cost 

Bottom-up approach 

Important Factors: 

temperature, pH, the chosen 

solvent and the used 

concentration of salt 

precursors 

 

[3,9,16

,18,19,

28] 

Sol-gel Controlled particle size  

Narrow size distribution 

Good particle crystallinity 

Good dispersibility 

Uses toxic non 

environmentally friendly 

reagents, such as 

chloroform, hexane and iron 

pentacarbonyl  

Laborious purification steps  

The resulting nanoparticles 

are hydrophobic, so in order 

Bottom-up approach 

Important Factors: reaction 

time, the reaction temperature 

and the precursor-to-

surfactant ratio 

[3,13,1

7–

19,28] 

 



to obtain water-soluble and 

biocompatible particles an 

additional surface 

modification step is required 

Requires high temperatures 

High cost 

Time-consuming (long 

reaction time) 

Polyol Method Controlled particle shape 

and size 

Uniform particle size 

Easy to scale-up  

Synthesis of crystalline 

nanoparticles due to the 

application of heat 

Synthesis of metallic NPs 

coated in polyols granting 

them greater resistance 

against hydrolysis and 

oxidation 

Limited efficiency and high 

cost  

Requires high temperatures 

Time-consuming  

Bottom-up approach 

Important Factors: molecular 

weight of the chosen polyol, 

precursor concentration and 

reaction temperature 

[3,9,13

,14,28] 

Biological  

Use of eco-friendly, non-

toxic solvents  

High biocompatibility  

Cost effective and can be 

employed under ambient 

conditions  

Mechanism is not well 

understood 

Only certain plants can be 

used in the synthesis of 

nanoparticles 

Plants produce low 

quantities of secreted 

enzymes which leads to a 

decreased rate of synthesis 

Very time-consuming due to 

long periods of time needed 

for culturing 

microorganisms 

Poor control over size, shape 

and crystallinity 

Difficulty in producing 

monodispersed suspensions 

Bottom-up approach 

Important Factors: pH, pO2, 

pCO2, redox potential and 

temperature  

 

[2,13,1

4,16,1

8,25,2

8] 

 

 

 

 

 

 

 



Table S3. Some representative examples of IONPs in clinical trials or approved for clinical use. 

Active Substance Trade Name Short Name Surface Coating Clinical Situation Applications Ref 

Ferumoxtran 
Combidex®(USA) 

Sinerem® (EU) 
AMI-227 Dextran 

Ongoing clinical 

trials 

Lymph node imaging 

Cell labelling 

Blood pool agent 

CNS imaging 

[19,31

–36] 

 

Ferucarbotran/ 

Ferrixican 

Resovist®  

(USA and EU) 

Cliavist® (France) 

SHU-555A Carboxydextran 

Approved for 

clinical use 

Withdrawn from the 

market since 2009 

(USA and EU) due 

to lack of users 

Available only in 

certain countries (ex: 

Japan) 

Liver imaging 

Cell labelling 

 

[19,31

–

33,35–

37] 

Supravist™ SHU-555C Carboxydextran Under clinical trials 
MRI angiography 

Cell labelling 

[31,34

] 

Ferumoxide 
Feridex® (USA) 

Endorem™ (EU) 
AMI-25 Dextran 

Approved for 

clinical use 

Withdrawn from the 

market since 2008 

due to lack of users 

Liver imaging 

Cell labelling 

[19,31

,32,34

–

36,38] 

Ferumoxytol 
Feraheme® (USA) 

Rienso® (EU) 
Code 7228 

Carboxymethyld

extran 

Approved for 

clinical use 

Withdrawn from the 

EU market since 

2015 due to lack of 

users 

Treatment of IDA in 

patients with CKD 

MRI angiography 

Lymph node imaging 

Primary tumor imaging 

Multiple Sclerosis 

[19,31

,33,36,

37,39–

41] 

Feruglose Clariscan™ NC100150 PEGylated starch 
Ongoing clinical 

trials 
MRI angiography 

[19,31

,36,42,

43] 

Ferumoxsil 
Lumirem® (USA) 

GastroMARK® (EU) 
AMI-121 Siloxane 

Approved for 

clinical use 

Withdrawn from the 

market due to lack 

of users 

Oral GI imaging 

Liver imaging 

[19,31

–

33,35,

36] 

Ferristene Abdoscan® - 
Sulfonated 

poly(styrene-

Approved for 

clinical use 

Oral GI imaging 

 

[19,31

,35,36,

44] 



divinylbenzene) 

copolymer 

Unavailable on the 

market due to lack 

of users 

- - VSOP-C184 Citrate 
Ongoing clinical 

trials 
MRI angiography 

[33,45

–47] 

- Sienna+® - Carboxydextran Approved in the EU 
Lymph node imaging in 

breast cancer 

[33,48

] 

 

Table S4. Examples of commercially available IONPs used in magnetic separation. 

Company Products Applications Reference 

Stemcell 

EasySep® 

CS 1 www.stemcell.com RoboSep® 

SteamSep® 

Chemicell 

Simag NAS 2, PP 3 

www.chemicell.com 
fluidMAG CS 

geneMAG NAS 

mHPA NAS, PP 

Dexter LifeSep® NAS, CS www.dextermag.com 

Ocean NanoTech 

SuperMag Beads 

NAS, PP, CS 
www.oceannanotech.co

m 
MonoMag Beads 

PureBind Beads 

TurboBeads TurboBeads NAS www.turbobeads.com 

SEPMAG  Sepmag® NAS, PP, CS www.sepmag.eu 

Merck 

Estapor® NAS, PP, CS 
www.merckmillipore.co

m 
PureProteome™ PP 

MagPrep® NAS, CS 

Miltenyi Biotec 

CliniMACS® 
CS 

www.miltenyibiotec.co

m 

autoMACS® 

MultiMACS™ NAS, PP, CS 

Invitrogen 

MagniSort™ 
CS 

www.thermofisher.com

/invitrogen 

DynaMag™ 

Melon™ PP 

Pierce™ 
NAS 

GeneCatcher™ 

Cube Biotech PureCube PP www.cube-biotech.com 
1 Cell Separation 
2 Nucleic Acid Separation 
3 Protein Purification 
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