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Abstract 

The research in nanomedicine is focusing considerable attention on smart 

nanoparticles thanks to their multifunctional properties which gather their use in 

several fields like imaging, therapy or a combination of the two, i.e. theranostics. 

Among the various nanomaterials, zinc oxide nanoparticles (ZnO NPs) present 

physical and chemical properties which could fulfill the requirements for an 

efficient nanotheranostic system, like antimicrobial, photocatalytic, 

semiconducting and piezoelectric properties. However, pure ZnO NPs also suffer 

from poor stability in biological media and consequent possible cytotoxic effects. 

This important limitation to their use could be overcome by doping, i.e. the 

inclusion of a new element inside the ZnO crystalline structure. Depending on the 

doping element, the already interesting properties of ZnO NPs could be further 

enhanced or new properties introduced. For example, the safety of the NPs could 

be improved, as well as its piezoelectric properties, while novel magnetic 

responsiveness can be induced. 

The aim of the PhD thesis here presented is to explore the potentialities of 

newly synthetized iron doped ZnO NPs (Fe:ZnO NPs) in the field of nanomedicine 

to treat pancreatic cancer. Iron doping, in particular, was chosen as it can lead to 

magnetic responsiveness and enhanced safety to the ZnO NPs. Fe:ZnO NPs were 

synthetized by means of a simple, fast and cheap wet chemical method that lead to 

nano-sized spherical particles. The NPs surface was functionalized during the 

synthesis with a capping agent, oleic acid, aimed at increasing the colloidal stability. 
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A further amino-propyl functionalization was performed after NPs formation to 

provide functional groups exploited for dye labelling, useful in cell cultures. Then, 

a complete physical and chemical characterization of the Fe:ZnO NPs was fulfilled, 

and the Fe:ZnO NPs were compared to pure ZnO NPs. The doping was confirmed 

through X-ray diffraction, electron microscopy, energy dispersive spectroscopy and 

X-ray photoemission spectroscopy, while the success of the two functionalizations 

was verified by Fourier-transform infrared spectroscopy. Finally, the colloidal 

stability and surface charge were established through Dynamic Light Scattering and 

Z-potential measurements, respectively. The novel features gathered by doping 

were also investigated. The optical behavior of the NPs was analyzed, searching for 

new energy states that could suggest interesting applications for medical imaging. 

From the therapeutic standpoint, the electromechanical response of Fe:ZnO NPs 

was studied and compared to ZnO NPs, finding an enhanced response for the doped 

NPs. However, the most interesting result was found in terms of magnetic 

responsiveness. In this sense, Fe:ZnO NPs acquire, thanks to doping, a considerably 

enhanced magnetic responsiveness that could be efficiently used in magnetic 

resonance imaging. 

To have a first proof-of-concept application of the fabricated nanoparticles, 

Fe:ZnO NPs were tested on a pancreatic adenocarcinoma cell line as a 

sonosensitizing agent. The idea leading the research was to couple Fe:ZnO NPs 

with shock waves, i.e. high pressure waves, that can be remotely provided to cancer 

cells to kill them once they have internalized Fe:ZnO NPs. In this view, a safe dose 

of Fe:ZnO NPs is administered to cells and a harmless dose of shock waves is 

provided to the cancerous tissue. The damages to the diseased tissues are obtained 

only when the two treatments are combined, providing a strong control on the cell 

death and reducing, in turn, the risks of collateral effects. To perform this task, the 

cytotoxicity of the NPs on cancer cells was evaluated and compared to the toxicity 

of the same particles on non-cancerous cells. Then, the Fe:ZnO NPs internalization 
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was measured and analyzed with fluorescence microscopy and cytofluorimetry to 

determine the best treatment conditions. With these optimized parameters, Fe:ZnO 

NPs and shock waves were administered together to the cells, finding an enhanced 

toxicity only when the two treatments are combined and proving the efficacy of the 

nanotheranostic agent. Finally, the cell death mechanism was analyzed through 

fluorescence microscopy analyses and kinetics cell death analyses to provide 

further insight on the whole system, in view of further tests in vivo.  

The results presented in this PhD thesis consider the fabrication of a 

multifunctional Fe:ZnO NPs based system from its design up to its application in 

vitro. The main goal is to prove the effectiveness of this nanoplatform in a proof-

of-concept application and to open to the exploitation of the system as a 

nanotheranostic device in several fields of the fight against cancer. The final results 

suggest the use of the nanoconstruct in further tests in vivo, before the hopeful 

application of them in clinical tests.  
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Chapter 1 

Introduction to doped ZnO 
nanoparticles in biomedicine 

Part of this chapter has been taken from the open-access publication 
“Carofiglio, M.; Barui, S.; Cauda, V.; Laurenti, M. Doped Zinc Oxide 
Nanoparticles: Synthesis, Characterization and Potential Use in Nanomedicine. 
Appl. Sci. 2020, 10, 5194”1. 

1.1 Introduction 

Nanomedicine is an emerging branch of science dealing with the use of smart 
materials for medical applications. Some practical examples include new 
generation functional materials for physical therapy (hyperthermia, photodynamics 
and sonodynamics) and advanced drug delivery systems, but also for tissue 
engineering, contrast agents and in vivo imaging.  

The integration of smart materials with nanomedicine is challenging as it poses 
a severe limitation about the corresponding size, which must be comparable to that 
characterizing most of the biological systems. For this purpose, nanomaterials are 
the most promising candidates to meet such requirements as the average size lies at 
the nanometer scale. Moreover, the medical technologies resulting from the use of 
nanomaterials benefit from this reduced size, as they are considered to be less 
invasive and possibly implantable in the body. Another advantage is that the 
physical–chemical properties of nanomaterials can be easily tuned with various 
methods so that unprecedented functionalities with respect to the bare material can 
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be provided. In this sense, nanomaterials for nanomedicine are conceived as smart, 
i.e., materials designed for the exploitation of specific functions, even remotely 
controlled and activated by an external stimulus2. This specific function can thus be 
exploited after the injection of the nanomaterial in the human body and only once 
the site of interest has been reached.  

Among nanomedicine applications, the efficacy of nanoparticles-based drug 
delivery systems has been largely demonstrated3,4. With respect to the standard 
methods, the use of nanoparticles with a high surface area as drug carriers has 
highly improved the encapsulation efficiency of drugs and a more targeted delivery 
of the drug to the site of interest is foreseen. Moreover, drug delivery systems based 
on the use of nanoparticles also show improved pharmacokinetics and 
biodistribution of the drug3. Complex delivery mechanisms have been developed to 
achieve the controlled release of the drug, including pH-triggered release systems5 
or are driven by an external activation with light/mechanical stimulation 6,7. In some 
cases, nanoparticles have been also investigated as nanoantibiotics due to their 
promising antimicrobial activity8 and high potential in fighting antibiotic 
resistance9. More recently, nanoparticles started to be studied on their own as new 
generation nanodrugs for anticancer therapy10. Actually, the conventional 
treatments based on chemotherapy show several limitations: for example, the lack 
of selectivity and solubility of the chemotherapeutic agents, which induced 
undesirable side effects11. On the other side, the successful treatment of cancer cells 
by using nanoparticles can benefit from the following aspects: (i) the high surface 
area to volume ratio and (ii) the rich surface chemistry, both of which allow the 
anchoring of specific functional groups and make the functionalized nanoparticles 
more selective toward selected tumor cells12,13; (iii) the reduced size (5–100 nm), 
allowing their preferential accumulation at tumor sites that lack an effective 
lymphatic drainage system14–17; (iv) a spontaneous biodegradation into non-toxic 
reaction products, thus avoiding the accumulation of toxic elements in the body 
once the therapeutic action has been completed18,19.  

Nanoparticles with improved functionalities have been developed for in vivo 
imaging as well20. The reduction of the particle size down to the nanometer scale 
results in quantum confinement effects such as size-tunable light emission 
properties (quantum dots, QDs). In this sense, nanoparticles can be used as contrast 
agents with improved imaging properties. For example, fluorescent nanoparticles 
based on semiconducting QDs, or polymeric or metallic nanoparticles have been 
developed to achieve higher contrast imaging than using standard molecular 
fluorophores21,22. Magnetic nanoparticles have also been combined with the 
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magnetic resonance imaging (MRI) technique and used as contrast agents for tumor 
visualization23. Metallic nanoparticles have been successfully tested as contrast 
agents for optical or X-ray imaging and allowed for the detection of atherosclerotic 
plaques, intravascular thrombus, or fibrotic tissue24. 

More recently, theranostic nanoparticles have captured considerable attention 
as well25. Theranostics deals with the development of multifunctional platforms 
able to perform diagnostics and therapy at the same time, also with the aid of 
nanoparticles and nanotechnologies (nanotheranostics). Some materials are 
characterized by the coexistence of specific physical and chemical properties, such 
as the optical, magnetic or catalytic properties, so that both the imaging and 
therapeutic effects are combined together within the same nanoparticles. Within 
this scenario, it is thus possible to prepare nanosized materials able to be injected 
in the human body, reach the specific target organ and release the therapeutic agent, 
but also be directly monitored and visualized in the target site. As an example, Au 
nanoparticles (NPs) have been demonstrated to serve as extremely versatile 
theranostic nanovectors since they act as an imaging probe and as the therapeutic 
agent for hyperthermia at the same time26–28. Another successful approach involves 
the use of magnetic nanoparticles (MNPs)29–31 or the combination of MNPs (acting 
as contrast agents) with mesoporous silica nanoparticles with high surface areas to 
maximize the drug loading efficiency of the overall theranostic system and allow 
for a stimuli-responsive release of the therapeutic payload32,33. Other techniques 
currently being investigated involve photothermal, photodynamic or sonodynamic 
therapy in combination with other imaging tools such as optical imaging, magnetic 
resonance imaging and ultrasound imaging34–37. 

Nanomaterials have also been successfully applied in tissue engineering (TE) 
as tools able to promote the repair of damaged tissues and organs38. Similar to the 
other nanomedicine applications previously mentioned, the advantage of using 
nanoparticles in TE derives from their small size and large surface to volume ratio. 
Among others, these features allow for an easy surface functionalization of the 
particles with peptides, ligands or proteins, their easy diffusion across membranes 
and facilitated cellular uptake. Moreover, nanoparticles can show superior 
biocompatible properties in some cases, while the nanoparticles’ size resembles the 

nanometric scale of components present in the extracellular matrix of tissues. 
Carbon-based nanomaterials, as well as metal oxide- and silica-based nanoparticles, 
have been used either alone or else in combination with other polymeric materials 
for the fabrication of smart composite scaffolds with improved functionalities in 
terms of their biological, electrical and mechanical properties39–42. The use of 
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metal/metal oxide nanoparticles also led to very promising antibacterial activity, 
thus regulating bacterial infections often present after surgery to remove/replace 
organs and tissues43. In other cases, the use of ceramic and metal oxide 
nanoparticles allowed for the induction of the remotely-controlled 
mechanotransduction of cells, with evident effects on cells proliferation and tissue 
regeneration rates44,45. The use of magnetic nanoparticles for remote cell patterning 
was also successfully demonstrated46.  

As expected, a plethora of nanomaterials, both of organic and inorganic 
derivation, have been successfully explored as smart functional materials in 
nanomedicine. In the specific case of ceramic materials and metal oxides, some 
examples include: mesoporous silica nanoparticles as nanocarriers in drug delivery 
systems47,48 and as bioactive agents for bone tissue engineering49; cerium oxide 
nanoparticles featuring antibacterial and antioxidant therapeutic properties50–52; 
magnetic iron oxide nanoparticles, which were successfully proposed as theranostic 
nanovectors coupling therapeutic effects against cancer cells through hyperthermia 
with MRI contrast agent properties53–55. 

More recently, the use of zinc oxide (ZnO) in nanomedicine captured 
considerable attention56. ZnO is a low-cost, abundant material, classified as a 
generally recognized as safe (GRAS) material from the Food and Drug 
Administration57, which makes it suitable for a plethora of biomedical applications. 
Moreover, ZnO is a wide band-gap semiconductor (3.37 eV) featuring peculiar 
physical and chemical properties, such as photo- and sono-catalytic activities58–60, 
piezoelectricity61,62 and pyroelectric63 behaviors. The abovementioned properties 
can be combined together and even strengthened by selecting, among the numerous 
ZnO morphologies, the most appropriate one: thin films64,65, nanowires (NWs)66, 
nanorods (NRs)67, nanobelts68, nanoparticles (NPs)69 and flower-like structures70 
can be easily synthesized by wet and dry preparation approaches such as sol-gel 
and hydrothermal routes, and vapor-phase deposition techniques.  

Various ZnO nanomaterials have been successfully applied in TE71. ZnO 
NWs72, NRs73 and nanoflowers74 have been found to promote the adhesion, growth, 
and differentiation of several cell lines. ZnO NPs can be easily addressed in the 
human body due to their reduced size, which also facilitates cellular uptake75. 
Therefore, the promising osteogenic and angiogenic properties of ZnO NPs have 
been demonstrated, along with their use as nanotherapeutic agents to fight bacterial 
infections76,77. In this sense, ZnO NPs are defined as nanoantibiotics due to their 
promising antimicrobial properties against both Gram-positive and Gram-negative 
bacteria.  
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ZnO nanomaterials as targeted drug delivery systems have been reported as 

well78–80. ZnO QDs (2–10 nm) were combined with doxorubicin-loaded MSNs   and 
used as nanolids to cover silica nanopores and achieve a sustained and pH-triggered 
delivery of the anticancer drug81. Other works include the use of mesoporous ZnO 
nanospheres82, dandelion-like mesoporous ZnO capsules83 and porous hexagonal 
ZnO nanodisc structures84. In the latter cases, the targeted and pH-triggered delivery 
of chemotherapeutic agents against cancer cells was effectively demonstrated. ZnO 
nanoparticles have been also used as imaging agents80 for cell labeling85, tumor 
targeting86 and diagnostics87. ZnO NPs can also serve as a nanodrug to treat cancer 
cells69,88,89. The therapeutic effect is accomplished by the release of harmful species 
(Zn2+ cations and reactive oxygen species, ROS) upon interaction of ZnO with 
aqueous media90–92. The therapeutic efficacy of ZnO NPs against different cancer 
cell lines was confirmed in vitro. In some cases, the remote activation of ZnO NPs 
cytotoxicity has also been obtained. It is the case of photodynamic93 and 
sonodynamic90,94 therapeutic approaches, an external stimulus (a light or 
mechanical one) was able to activate the cytotoxic effect of the nanotherapeutic 
drug, i.e., the ZnO NPs themselves, which could generate a harmful ROS or 
mechanical damage to cancer cells.  

Despite the promising results, the use of ZnO nanomaterials in nanomedicine 
is still limited because of some intrinsic limitations such as a low stability of the 
ZnO particles in biological fluids and the non-controllable release of Zn2+ cytotoxic 
species95,96. Hence, additional efforts are required to make ZnO more attractive. For 
this purpose, the doping of ZnO served as a powerful approach to confer on ZnO 
new functionalities rather than to improve pre-existing ones. The various physical 
and chemical properties of ZnO NPs have been properly customized for a specific 
function by inserting ad-hoc chemical elements (dopants) into the ZnO crystalline 
structure. For example, the optical97, electrical98, electromechanical99 and 
catalytic59 properties could be optimized and strengthened after doping ZnO with 
appropriate elements. In other cases, doped ZnO nanomaterials showed 
unprecedented properties with respect to the pure material counterpart100. 
Therefore, ZnO doping represents an intriguing solution to overcome some of the 
abovementioned limitations and, to a further extent, a way to use ZnO NPs in 
nanomedicine. 
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1.2 Aim of the thesis 

This thesis aims at exploring the potentialities of doped ZnO NPs in the field 
of nanomedicine as a way to treat pancreatic cancer. More in detail, iron doped ZnO 
NPs (Fe:ZnO NPs) were chosen for particular features gathered by iron doping, like 
magnetic responsiveness and enhanced safety of the NPs.  

This Thesis works is structured in three chapters presenting diverse aspects of 
the Fe:ZnO NPs. A first chapter is focused on the literature panorama related to 
doping of ZnO NPs exploited as biomedicine tools. This Chapter (based on the 
work Carofiglio, M.; Barui, S.; Cauda, V.; Laurenti, M. Doped Zinc Oxide 
Nanoparticles: Synthesis, Characterization and Potential Use in Nanomedicine. 
Appl. Sci. 2020, 10, 5194)1 covers the more recent achievements in the strategies 
adopted to dope ZnO NPs, the acquired new properties or the enhanced features and 
final their applications in nanomedicine. The first section summarizes the most 
diffuse elements for doping ZnO nanoparticles. Then, a general overview of the 
main synthetic approaches used to prepare doped ZnO NPs is provided. Finally, the 
main applications of doped ZnO NPs in nanomedicine are reviewed, with a 
particular focus on their use as antimicrobial agents, contrast agents for bio imaging 
applications and as therapeutics against cancer. From this literature study, the 
choice on the doping element fell on iron, which presents interesting features which 
could be extremely useful for biomedical applications. 

The second chapter focuses on the synthesis of the Fe:ZnO NPs and their 
characterization. This work is the object of another publication (Carofiglio, M.; 
Laurenti, M.; Vighetto, V.; Racca, L.; Barui, S.; Garino, N.; Gerbaldo, R.; Laviano, 
F.; Cauda, V. Iron-Doped ZnO Nanoparticles as Multifunctional Nanoplatforms for 
Theranostics. Nanomaterials 2021, 11, 2628.)101. The aim of the chapter herein 
proposed is to develop multifunctional iron-doped ZnO nanoparticles (Fe:ZnO 
NPs) thought as theranostic nanoplatforms that can be introduced safely inside the 
cell and that present intrinsic imaging and therapeutic potentialities to fight different 
types of cancer cells.  

Finally, the third chapter explores an example of application of the Fe:ZnO 
NPs. Their effectiveness as sonosensitizing agent is proved, demonstrating the 
reduced pancreatic cancer viability in vitro when The Fe:ZnO NPs are coupled with 
a remote mechanical stimulation, i.e. shock waves. Fe:ZnO NPs are thus tested first 
in terms of their cytocompatibility, cellular uptake and NPs dissolution in cell 
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culture media in comparison to undoped ZnO NPs. The obtained results aim to 
increase the understanding of the Fe:ZnO NPs fate inside the cell, when their 
administration is not coupled with a remote physical stimulation, and to evaluate 
the final and safe biodegradation. The coupling of the NPs with a mechanical 
stimulation, i.e. pressure shock waves, is exploited to induce cell death only on 
demand, to achieve a remotely-controlled and safe therapy. Therefore, BxPC-3 
viability is assessed with the coupled treatment and then the cell fate is observed to 
determine the cell death mechanism and other possible aspects that could be 
improved in view of a future clinical translation.  

 

1.3 Materials for Doping ZnO Nanoparticles (NPs) 

Zinc oxide (ZnO) is an inorganic material that has been successfully applied in 
numerous fields, ranging from gas sensing102 and energy harvesting103–105 to 
biomedicine71,106, to name only a few. In addition to the properties mentioned 
above, it may be useful to add further functionalities to ZnO rather than to improve 
the pre-existing ones, with the final aim to design a multifunctional system.  

For this purpose, doping represents a valuable approach to tune various ZnO 
properties. Doping consists of the insertion of a specific ion into a crystal lattice, 
not originally present in the starting material. It can be particularly useful to 
modulate the energy band-gap, with a direct consequence on the ZnO photocatalytic 
properties and related antimicrobial activity. Moreover, the insertion of selected 
elements in the ZnO lattice allows for the generation of a weak ferromagnetic 
behavior in the doped particle107–109, the tuning of the degradation properties in 
aqueous environments59,110, or even the modulation of the electromechanical 
response99,100. All these aspects, summarized schematically in Figure 1, may be 
exploited in nanomedicine to design a multifunctional theranostic nanoplatform 
able to perform both diagnoses (for example, through magnetic resonance imaging) 
and therapy (such as photodynamic therapy or enhanced reactive oxygen species 
generation) at the same time.  
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Figure 1: Main applications of doped ZnO nanoparticles in nanomedicine. 

The physical and chemical properties of doped ZnO are strongly dependent on 
the doping element. Actually, several aspects, such as the ions’ dimensions, the 

electronegativity, the coordination state etc., all contribute to determine the final 
properties of the doped material111. For these reasons, the use of ad-hoc dopants 
must be foreseen on the basis of the expected new functionality. In the following, 
the most used ions reported in literature are briefly presented, and their effects, due 
to their inclusion in the wurtzite ZnO crystal lattice, are summarized. 

1.3.1 Rare Earth (RE) Elements 

Rare earth (RE), or lanthanide, elements are widely exploited for the doping 
ZnO nanomaterials and to properly modify the corresponding electronic band 
structure112. As highlighted in the work of Cerrato et al.113, upon UV light 
irradiation, ZnO presents a very fast recombination of the photogenerated charge 
carriers. This results in a low quantum efficiency when this system is used as a 
photocatalyst. The use of lanthanide, due to the 4f configuration, may help in 
increasing the recombination time of the electron/hole pair in the semiconductor113, 
resulting in a higher efficiency of the system in the photocatalytic process, with 
consequences on the antimicrobial activity. Cerium, for example, has been proven 
to enhance the photocatalytic properties of ZnO nanorods through this 
mechanism114, exceeding the performance of titanium dioxide (TiO2), which is the 
material typically exploited as a reference for these purposes. 
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The change in the band-gap and the generation of trap states make RE doping 

interesting; also, from the luminescence point-of-view, this increases the possibility 
of ZnO being used as an imaging agent. The trap states induced by doping may act 
as radiative recombination sites not present in the pure crystal and the dopant atoms 
and, together with aspects such as the crystallite size, contribute to change the band-
gap of the system, resulting in the possibility to tune the optical properties of ZnO. 
In the work of Kumar et al.115, it is pointed out that ZnO may have improved 
luminescence properties from RE doping because of the transitions with the 4f 
orbitals of the RE elements in the crystal lattice. For example, Zhao et al.116, 
synthesized an array of terbium-doped ZnO nanotubes which showed three 
emission bands in the range of visible light (543 nm, 586 nm and 620 nm, as clearly 
visible in Figure 2a) due to terbium doping. In particular, it was also demonstrated 
that the 586 nm band was due to the energy transfer between ZnO and Tb3+ ions 
obtained through the electron transitions depicted in Figure 2b.  

 

Figure 2: Photoluminescence properties of Tb-doped ZnO nanotubes. (a) Emission 
spectra of ZnO with different dopant levels excited by a 235 nm radiation; (b) energy-
levels schematic with the electron transition processes in Tb-doped ZnO nanotubes grown 
onto alumina. Adapted from116.   

Doping with RE materials is also a valuable method to change the piezoelectric 
behavior of ZnO. Indeed, the introduction of defects into the crystal further 
enhances the asymmetry of the wurtzite crystalline structure responsible for ZnO 
piezoelectricity. For example the generation of a ferroelectric behavior in 
lanthanum-doped ZnO was reported, alongside an increase of the piezoelectric 
coefficient d33 by one order of magnitude (≈101.30 pm/V for La-doped ZnO (mean 
value) vs. the accepted value of 12.4 pm/V for bulk ZnO117). The reason for this 
behavior was attributed to the large ionic radius of the dopant element (1.22 Å) with 
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respect to zinc’s radius (0.74 Å), which induced a stronger distortion of the crystal 

cell and the rise of a stronger spontaneous polarization118. 
It is worth noting that, despite transition metals dopants being the best choice 

to induce room temperature (RT) ferromagnetism in ZnO, gadolinium, an RE 
element, has been proven to successfully induce a magnetic behavior in ZnO 
nanoparticles119,120. In particular, RT ferromagnetism was observed for a film made 
of Gd:ZnO nanoparticles, doped by low energy ion implantation method. The 
authors found that a thermal annealing at 650 °C was able to favor the diffusion of 
the dopant atoms into the ZnO lattice. The as-prepared ZnO:Gd film showed a RT 
ferromagnetism and the formation of some super-paramagnetic clusters121. The 
reason of this behavior is still under debate and the use of RE doping elements in 
general, and gadolinium in particular, is to induce magnetism in ZnO nanoparticles, 
which is reported by few works. On the contrary, most of the research on magnetic 
ZnO nanoparticles is focused on the use of transition metals, as discussed in the 
next section. 

In conclusion, RE elements have been more extensively studied to increase the 
photocatalytic and optical properties of ZnO nanomaterials, but also to confer on 
ZnO magnetism and improved electromechanical properties in some cases.  

1.3.2 Transition Metals (TM) Elements  

Another class of elements that have been widely exploited as doping agents for 
ZnO are the transition metals. Elements such as cobalt (Co)122, chromium (Cr)123, 
iron (Fe)124, manganese (Mn)125 and copper (Cu)126 have all been successfully used 
to enhance pre-existing properties or to give new features to ZnO, making it 
interesting also from the nanomedicine point of view. 

The research on TM-doped ZnO gained lots of attention because of the ability 
of this material to work as a diluted magnetic semiconductor (DMS). DMSs are 
semiconducting materials that also present a ferromagnetic behavior because of the 
presence of transition metal (TM) ions that are ferromagnetic in their pure form, 
such as Mn and Fe. Despite such behaviors being still under debate127, numerous 
works have reported the observation of RT ferromagnetism in TM-doped ZnO 
nanomaterials. 

As in the case of RE elements, doping with TMs does not only contribute to the 
ferromagnetic behavior of ZnO: both the optical128 and electrical129 properties can 
be tuned by these materials and are heavily affected by several parameters such as 
the oxidation state, ionic radius, electronegativity and other features of the doping 
ion111.  
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Among TM dopants, iron is one of the most used. This element can exist into 

two different oxidation states (Fe2+ and Fe3+). They both induce a different effect 
on both the electrical and structural properties, due to the different ionic radius and 
charge carried in the system. The studies on Fe-doped ZnO are mainly focused on 
the analysis of the corresponding magnetic properties. However, some works also 
showed that Fe doping represents an effective approach to improve the chemical 
stability of ZnO nanoparticles in aqueous media130 or to enhance the 
electromechanical response131. As an example of such a study, in the work of 
Srinivasulu et al.132, an increasing ferromagnetic behavior at room temperature is 
reported with the increase of iron doping in ZnO thin films. Additionally, another 
work shows that the ferromagnetic behavior of Fe-doped polycrystalline ZnO 
powders is influenced by the post-synthesis annealing conditions133. In particular, 
the ferromagnetic response was optimized by means of an annealing in a hydrogen 
atmosphere, while an argon atmosphere annealing would not produce any 
ferromagnetic behavior. Still, the reason for the rising of such a behavior is not clear 
and controversial explanations are currently reported in the literature. In terms of 
the piezoelectric properties of Fe-doped ZnO, the work of Luo et al.131 focuses the 
attention on the chemical state of Fe ions introduced in the ZnO crystal. According 
to this work, the oxidation state of the dopant ion plays a fundamental role in 
determining the electromechanical response of the doped ZnO films because of the 
different ionic radius; a smaller ion (Fe3+) leads to a higher piezoelectric coefficient 
(~128 pC/N vs. 9 pC/N for 1.2 at.% Fe doping) than doping with a larger one (Fe2+). 

Manganese has been also extensively used as a dopant agent. Mn is 
characterized by several oxidation states with a higher difficulty in controlling this 
parameter. In addition, in this case, the dopant agent is used to modify the optical, 
structural and magnetic properties of the resulting ZnO semiconductor120. The 
ferromagnetic behavior of Mn-doped ZnO was found to be dependent on the doping 
amount but without a linear relationship between the two parameters125. Another 
work pointed out that the behavior of Mn-doped ZnO was diamagnetic at 1 at.% of 
doping and ferromagnetic at 5 at.%128. Additionally, the piezoelectric response of 
Mn-doped ZnO nanoparticles was found to be heavily dependent on the amount of 
Mn ions introduced in the ZnO crystal but not in a linear way. In the work of Pan 
et al.111, the d33 piezoelectric coefficient is found to first decrease with the increase 
of Mn doping up to 4.8 at.% and then it increased with further Mn doping. This 
behavior is attributed to the change in the oxidation state of Mn ions because of the 
use of different doping amounts. A different Mn oxidation state means a different 
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ionic radius and hence, a change in the resistance against the rotation of the oxygen–

metal bonds in the ZnO lattice. 
Among the TM dopants, the use of copper is reported as a tool to increase the 

antimicrobial activity of ZnO. Hassan et al. successfully demonstrated the 
fabrication of Cu-doped ZnO coatings with enhanced antimicrobial activity against 
E.Coli under light illumination126. The higher performance obtained by Cu doping 
was attributed to an enhanced reactive oxygen species (ROS) generation and the 
release of cytotoxic zinc and copper ions. 

Other works also showed the use of chromium and cobalt ions as doping agents 
for ZnO. Chromium-doped ZnO nanoparticle films were prepared by reactive 
magnetron co-sputtering. The incorporation of Cr ions within the ZnO crystal lattice 
resulted into the rise of ferroelectric properties and it notably improved the 
piezoelectric response with respect to the pure ZnO films123. This induced 
ferroelectric behavior was attributed to the substitution of some of the Zn2+ ions by 
smaller Cr3+ ions, which generates a permanent electric dipole. On the other side, 
cobalt doping was found to increase the band-gap of ZnO, making it transparent to 
most of the visible light. Additionally, for this doping element, a room temperature 
ferromagnetic behavior could be observed in Co-doped ZnO nanoparticles134. 

Noble metals, such as gold and silver, were used in different applications as 
well. For example, the photoluminescence properties of Au-doped ZnO 
nanoparticles were investigated135. The results showed the presence of additional 
weak luminescence peaks in the visible spectral range the intensity of which was 
dependent on the doping amount. Gold and silver doping were also investigated as 
potential antimicrobial boosters for ZnO136. In this work, both Ag and Au ions were 
found to be suitable for increasing the photocatalytic properties of ZnO. However, 
Au was not able to improve in a significant way the antibacterial activity of ZnO, 
while Ag-doped ZnO nanoparticles showed enhanced antifungal activity. In another 
work, the antibacterial activity of Ag-doped ZnO nanoflowers, obtained by means 
of a green combustion method, was evaluated. The results highlighted a good 
antimicrobial activity against both Gram-positive and Gram-negative bacteria, as 
well as an antifungal efficacy against different plant pathogenic fungal strains137. 

In summary, many TMs have been studied for doping ZnO mainly because of 
their ability to give ferromagnetic properties to ZnO but also to improve its 
electrical and optical behavior. In the particular case of nanomedicine, doping ZnO 
with TMs could represent a valuable tool for the design of new multifunctional ZnO 
nanomaterials with newly acquired bioimaging features, i.e., magnetic resonance 
imaging. 
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1.3.3 Other elements 

Apart from RE and TM elements, other elements have also been exploited as 
dopant atoms. For example, aluminum has been used mainly for the fabrication of 
flexible detectors. For example, a stretchable NO2 gas sensor was developed by 
allowing the diffusion of Al ions in an array of vertically aligned ZnO nanorods138. 
A flexible pH sensor based on Al-doped ZnO nanosheets was also obtained. Due to 
Al doping, the sensitivity of the device was highly improved (50.2 mV/pH) with 
respect to the pure ZnO nanosheets (34.13 mV/pH)139. 

Magnesium is another common choice for ZnO doping and it was used mainly 
for improving the optical and electromechanical properties with respect to pure 
ZnO. As in the case of gold, Mg doping was found to increase the 
photoluminescence properties of ZnO in the visible spectrum of light140. In the same 
work, the photocatalytic degradation of rhodamine B was proven to be enhanced 
by Mg doping. Moreover, an enhanced antibacterial activity was also obtained, 
which was correlated to a lower band-gap and the resulting enhanced photocatalytic 
activity with respect to pure ZnO. From the electromechanical point of view, in a 
work from Chen et al., the piezoelectric coefficient of MgxZn(1−x)O appeared to be 
increased (d33 = 54.1 pm/V) by increasing the amount of Mg up to x = 0.28141. After 
this point, which was found to be the limit for not observing the formation of any 
secondary phase in the crystalline structure of ZnO, the authors found that the d33 
coefficient abruptly reduced values below the pure ZnO one. 

Nitrogen-doped ZnO nanowires, further coated by a thin layer of titania to form 
a core–shell structure, were also proposed142. After the thermal annealing of ZnO 
nanowires in a nitrogen atmosphere, the nanomaterials showed a higher absorption 
of UV and visible light than the corresponding air-annealed samples, due to slightly 
lower values obtained for the band-gap. Ultimately, the one-dimensional ZnO-TiO2 
core-shell nanostructures were proposed for photoelectrochemical water splitting, 
showing enhanced efficiencies under solar light illumination. 

Actually, the choice in terms of dopants is very wide, as witnessed by a few 
other works reporting the use of other elements such as chlorine143, antimony144, 
fluorine145, lithium146 and many others, each of which changes specific properties 
of pure ZnO that may be suitable for a specific application. 
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1.4 Synthesis Methods and Characterization 

As already mentioned, one of the main advantages in using ZnO is the 
availability of a plethora of morphologies which can be easily prepared by various 
methods12. Figure 3 shows the electron microscopy images of microparticles with 
a very high specific area and various morphologies, such as a flower-like 
shape70,147, multipods148,149, nanorods150, films with a nanostructured surface78 and 
nanoparticles77 of different shapes and dimensions, all of them well established and 
reported in the literature. Moreover, the methods through which these particles are 
obtained are even larger in number than the morphologies themselves. Therefore, it 
is difficult to make a comprehensive overview of all the possibilities that are already 
present. By considering the specific subject of this chapter, the most rapid low-cost 
and high-yield methods for preparing doped ZnO nanoparticles are discussed. 

 

 

Figure 3: Possible morphologies of ZnO nanostructured systems. From left to right 
and from top to bottom: nanoflowers (adapted from ref.151), nanopods (adapted from 
ref.149), nanorods (adapted from ref.150), mesoporous films, spherical nanoparticles, 
nanoneedles (adapted from ref.152), hollow microcolumns (adapted from ref.153), and 
micropods (adapted from ref.154). 

In the following, wet chemical methods are first presented. This category is 
probably the most diffuse one, due to the excellent trade-off between the quality of 
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produced materials, versatility and poor requirement in terms of instrumentation, 
and, in particular, for doping ZnO with rare earth elements. Then, other methods, 
such as flame spray pyrolysis130, sputtering155 or pulsed laser deposition156, are 
described as being widely used for the preparation of both doped ZnO films and 
nanoparticles. 

1.4.1 Wet Chemical Methods 

Wet chemical methods are among the most promising techniques adopted to 
synthesize micro- and nanostructured materials. Among the main advantages are 
the use of non-toxic solvents, low synthesis temperatures, and the use of simple 
equipment. Moreover, due to the relatively good purity and stoichiometry of the 
resulting material, wet chemical methods appear to be a promising choice for the 
development of doped ZnO nanoparticles. 

A typical sol-gel/hydrothermal method to prepare ZnO-based materials is based 
on the following reactions70: 

Zn2++2OH− → Zn(OH)2, (1) 
Zn(OH)2+2OH− → Zn(OH)2−

4, (2) 
Zn(OH)2−

4 → ZnO + H2O + 2OH− (3) 
Typically, this process is assisted by a mineralizing agent that provides the OH− 

groups necessary to tune the pH of the solution, avoiding the precipitation of zinc 
hydroxide and promoting the formation of ZnO. Typical choices are NaOH147, 
KOH70 and, less often, NH4OH157. 

Among the zinc precursors, the main used are zinc acetate158,159, zinc 
nitrate160,161 and zinc chloride152,162,163, which readily dissolve in most of the 
solvents used in this kind of reaction (water154,164, ethanol165 and methanol166). For 
the dopant precursor, chlorides140, nitrates167,168 and acetates146 from the 
corresponding dopant elements are the typical choices. Then, the inclusion of the 
dopant can be obtained in a practically straightforward way, by mixing the dopant 
ion solution together with the zinc precursor solution, before mixing with the base.  

Another challenging aspect is the design of particles with an appropriate 
morphology. Indeed, it play an important role in determining the NPs biological 
behavior, influencing factors such as cell internalization. The morphology and the 
dimension of the nanoparticles can be controlled through surfactants such as sodium 
dodecyl sulphate169 or cetyltrimethylammonium bromide170. Moreover, the use of 
different surfactants in different amounts has been demonstrated to completely 
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change the final morphology of the particles, leading to very peculiar shapes such 
as nanoflowers, nanomultipods or even nanopyramids171. 

The sol-gel approach is widely used when doping ZnO with rare earth elements 
is pursued.  

Goel et al. reported the synthesis of Gd-doped ZnO nanorods by means of a wet 
chemical solution route that involved zinc chloride and gadolinium (III) chloride 
hydrate dissolved in distilled water163. The salt solution was prepared to have Gd3+ 
at a 5 mol.% concentration with respect to ZnO, and it was mixed dropwise to a 
sodium hydroxide (NaOH) solution in order to get powder precipitation. By TEM 
and XRD analyses, the authors found useful information about the structural 
changes occurring in the ZnO wurtzite crystalline structure: after the correct 
insertion of Gd dopant, there was no other secondary phase in the resulting material. 
An increase of the unit cell parameters for Gd-doped ZnO (a = 3.2524 Å, c = 5.2095 
Å and V = 47.73 Å3) was found with respect to the pure ZnO nanorods (a = 3.2518 
Å, c = 5.2095 Å and V = 47.70 Å3), as expected from the larger ionic radius of 
Gd3+ (0.94 Å), with replacement taking place at the Zn2+ sites in the host ZnO 
lattice, which is able to modify the dimensions of the crystal unit cell. This 
distortion of the crystalline cell leads to an enhancement of the piezoelectric 
coefficient, which changed from 12.4 pm/V of pure ZnO117 to 45.49 pm/V for the 
Gd-doped nanoparticles (maximum value). A change in the unit cell parameters 
was observed in a large variety of works in which ZnO was doped, as it has been 
summarized in Table 1. 

 

Table 1: Doped ZnO structural properties 

Ref. 
Dopant 

Element 

Doping 

Level 

(Ox. State) 

Ionic Radius 

[pm] 

a 
aD-a0 

1 
c cD-c0 2 

Unit Cell 

Volume  

172 Bulk ZnO - (+2) 74 
3.2500 

Å 
 

5.2047 

Å 
- 47.609 Å3 

118 La 5 % mol (+3) 103 
3.2497 

Å 

−1.3 × 

10−3 Å 

5.2058 

Å 

−3.0 × 

10−3 Å 
47.610 Å3 

173 Ce 1 % mol (+3) 101 
3.2503 

Å 

−1.6 × 

10−3 Å 

5.2058 

Å 

−6.2 × 

10−3 Å 
47.629 Å3 

174 Nd 5 % mol 
(+2) 129, (+3) 

98 

3.2495 

Å 

12.9 × 

10−3 Å 

5.2058 

Å 

20.7 × 

10−3 Å 
47.605 Å3 

152 Eu 5 % mol 
(+2) 117, (+3) 

95 

3.251 

Å 

2.0 × 

10−3 Å 

5.209 

Å 

4.0 × 

10−3 Å 
47.693 Å3 

159 Gd 5 % mol (+3) 93 
3.2735 

Å 

20.6 × 

10−3 Å 

5.2128 

Å 

2.6 × 

10−3 Å 
48.375 Å3 
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175 V 5 % mol 

(+2) 79, (+3) 

64, 

(+4) 58, (+5) 

54 

3.2522 

Å 

0.5 × 

10−3 Å 

5.2075 

Å 

−1.0 × 

10−3 Å 
47.699 Å3 

128 Mn 5 % at. 

(+2) 81, (+3) 

72 

(+4) 67, (+7) 

60 

3.2520 

Å 

2.2 × 

10−3 Å 

5.2093 

Å 

3.0 × 

10−3 Å 
47.710 Å3 

176 Fe 
5.09 % 

mol 

(+2) 75, (+3) 

69 

3.2536 

Å 

2.3 × 

10−3 Å 

5.2093 

Å 

11.1 × 

10−3 Å 
47.757 Å3 

177 Co 5 % mol 
(+2) 79, (+3) 

68 

3.2503 

Å 

−2.0 × 

10−3 Å 

5.2059 

Å 

−0.8 × 

10−3 Å 
47.629 Å3 

178 Cu 5 % at 
(+1) 91, (+2) 

87 

3.2494 

Å 

−0.2 × 

10−3 Å 

5.2054 

Å 

−0.4 × 

10−3 Å 
47.598 Å3 

154 Ag 5 % mol 
(+1) 129, (+2) 

108 

3.2579 

Å 

3.6 × 

10−3 Å 

5.2220 

Å 

3.7 × 

10−3 Å 
48.000 Å3 

146 Li 5 % at (+1) 90 
3.225 

Å 

−30 × 

10−3 Å 
5.162Å 

−50 × 

10−3 Å 
46.495 Å3 

140 Mg 5 % mol (+2) 86 
3.2585 

Å 

−3.6 × 

10−3 Å 

5.2181 

Å 

−7.5 × 

10−3 Å 
47.982 Å3 

1 Relative variation of parameter a of doped ZnO (aD) with respect to the pure counterpart evaluated 
in the paper (a0). 2 Relative variation of parameters of doped ZnO (cD) with respect to the pure 
counterpart evaluated in the paper (c0). 

In the work of Selvaraj et al., gadolinium (III) nitrate hexahydrate was used as 
a doping precursor as well179. Different levels of Gd doping were considered and 
the photocatalytic properties of Gd-doped ZnO nanoparticles were evaluated. The 
nanoparticles synthesized in this work, whose electron microscopy images are 
reported in Figure 4 -seen in the bottom panel- were obtained through a co-
precipitation method in which the metal precursors were first mixed together at a 
proper ratio and then NaOH was added to allow the precipitation of the particles. 
In this case, after the synthesis, the obtained samples were also calcined at 500 °C 
for 2 h. The XRD pattern of the resulting samples (Figure 4, top left panel) showed 
that 5 mol.% Gd-doped ZnO nanoparticles presented a secondary phase. Therefore, 
this level of Gd doping can be assumed as the Gd3+ solubility limit for this synthesis. 
Fourier transform infrared spectroscopy (FTIR) was also carried out (Figure 4, top 
right panel) and it evidenced that the peak associated with the Zn-O bond (443 cm−1) 
was broader in the doped ZnO nanoparticles, due to the deformation of the lattice. 
A reduction of the band-gap energy value was also reported for increasing the 
amount of doping from 0 mol.% up to 3 mol.% of Gd3+, while an increase was 
observed for 5 mol.% of doping. The reduced band-gap energy was ascribed to 
quantum confinement effects deriving from the reduction of the crystallite size as 
the Gd percentage increased. 
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Figure 4: Characterization of gadolinium-doped ZnO nanoparticles. From left to right 
and top to bottom: XRD patterns and Fourier transform infrared spectroscopy (FTIR) 
spectra of the nanostructures at different doping levels, scanning electron microscope and 
transmission electron microscope images of 3% Gd-doped ZnO nanoparticles. Adapted 
from ref. 179. 

Europium (Eu) doping was also demonstrated as a valuable tool to enhance the 
X-rays absorption properties of ZnO nanoparticles in cancer radiation therapy. In 
this case, Eu-doped ZnO nanoparticles were synthesized through a chemical 
precipitation technology166. Zinc acetate was dissolved in methanol together with 
europium (III) nitrate pentahydrate (5 mol.% of Eu doping) and the oxide formation 
was achieved through an NaOH addition. The resulting 8 to 9 nm sized ZnO:Eu 
nanoparticles showed an increased ability to generate reactive oxygen species, 
when subjected to X-rays, with respect to pure ZnO nanoparticles.  

Other RE elements such as lanthanum (La) and cerium (Ce) were successfully 
used to prepare doped ZnO nanoparticles by the sol-gel method. For example, zinc 
nitrate and lanthanum (III) chloride heptahydrate were used to synthetize ZnO:La 
nanoparticles with improved light absorption properties and were successfully used 
as photo-anodes in dye-sensitized solar cells118. Ce-doped ZnO nanorods were 
fabricated starting from zinc chloride and cerium chloride173. The correct insertion 
of La and Ce dopants within the host ZnO crystal was confirmed by XRD. In both 
the cases, the wurtzite diffraction peaks present in the pattern of the doped nanorods 
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were shifted toward higher diffracting angles with respect to the pure counterparts, 
evidencing a higher crystalline defectiveness induced by the correct inclusion of the 
ions in the lattice. 

Additionally, yttrium (Y, considered both an RE and TM element) was 
successfully included into the crystal lattice of ZnO nanosheets obtained by a co-
precipitation method that involved the use of zinc chloride and yttrium (III) chloride 
hexahydrate. As reported by Sinha et al., a huge increase of the piezoelectric 
coefficient d33 (up to 420 pm/V against 12.4 pm/V of pure ZnO) in Y-doped 
nanosheets was measured162. The XRD pattern of the Y-doped and undoped ZnO 
nanosheets revealed a shift toward higher angles of the peaks in the case of the 
doped material, evidencing a change in the lattice spacing among atoms. This 
aspect, together with the different charge of the inserted dopant and the changed 
morphology that the inclusion of the dopant has led, are considered the factors 
which increase the piezoelectric coefficient. 

Differently from RE elements, for which wet chemical methods are the most 
frequently used to develop doped ZnO nanoparticles, transition metals have a 
plethora of synthesis methods available. However, sol-gel and co-precipitation 
methods are still the most used in the literature. 

Among TMs, iron has been extensively studied as a dopant for ZnO due to its 
ability to induce a ferromagnetic behavior to the system180–182. Many works have 
dealt with flame spray pyrolysis synthesis124,130,183, but a lot of works have also 
reported a wet chemical method to obtain Fe-doped ZnO nanoparticles. Samanta et 
al. reported the synthesis of Fe-doped ZnO nanoparticles (FexZn(1−x)O) with 
dimensions below 50 nm through a sol-gel method157. Zinc acetate dihydrate and 
ferric nitrate were dispersed in distilled water together with citric acid and ethylene 
glycol as anti-agglomerating agents at a temperature of 65 °C. Aqueous ammonia 
was added to precipitate the powders that were successively calcined. No secondary 
iron oxide phases were observed up to x = 0.15 of iron doping. Moreover, the unit 
cell volume of the ZnO:Fe nanoparticles crystal slightly changed with respect to the 
pure ZnO counterpart, with a not-proportional trend with respect to the dopant 
amount. This was attributed to the different fractional substitution of the two 
alternative coordination numbers of iron (Fe2+ and Fe3+) and their respective 
different bond lengths with oxygen. A general increase of the band-gap energy 
value was also found but without a direct proportionality with the amount of doping. 
In particular, the maximum increase was obtained for the x = 0.06 Fe ratio. In 
another work, the attention was focused on the antibacterial activity of Fe-doped 
ZnO nanoparticles obtained by a sol-gel method. Zinc nitrate hexahydrate, iron 
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nitrate nonahydrate and gelatin were dissolved in distilled water and the resulting 
nanoparticles showed a dimension of approximately 20–30 nm184. This study 
reported a reduced 2° angle of the (101) diffraction peaks together with a general 
decrease of the intensity of the wurtzite diffraction peaks by increasing the amount 
of Fe doping, which is attributed to an increased disorder of the ZnO lattice after Fe 
doping. 

Manganese-doped ZnO nanoparticles were successfully prepared by a wet 
chemical method as well. The electronic and magnetic properties of the as-prepared 
Mn-doped ZnO nanoparticles were investigated185, by changing the amount of the 
Mn dopant between 0.5 at.% and 3 at.%. The particles were synthesized from zinc 
nitrate and manganese nitrate being dissolved in ethanol and polyethylene glycol 
(PEG). Both the XRD patterns and TEM images showed that Mn doping sensibly 
reduced the particle size to 20–50 nm. 

Cobalt is another commonly used TM element exploited as a dopant ion for 
ZnO. The sol-gel method was successfully used also in this case, as shown by the 
work of Lima et al. In this study, the promising photocatalytic and antibacterial 
properties of Co-doped ZnO were reported186. Zinc nitrate and cobalt nitrate were 
dispersed in aqueous diluted PVA and mixed together. The solvent was dried 
without the use of any mineralizing agent up until the gel formation, which was 
finally dried and calcined to form the nanoparticles. Cobalt was successfully 
inserted in the ZnO crystal without the formation of any secondary phase (up to 10 
mol.%) of doping, and an increase of the unit cell volume was observed by 
increasing the amount of doping. The particles showed an average size below 40 
nm and revealed a red shift of the UV-visible photo-absorption spectrum together 
with a reduction of the band-gap energy. The changes in the optical properties of 
ZnO:Co nanoparticles were attributed to the increase of the unit cell volume (due 
to the quantum confinement effect) and to the introduction of trap states in the band-
gap, in agreement with other works such as the one by Kayani et al.134. On the 
contrary, a different behavior was found by Manjula et al.187. In this case, the 
nanoparticles were produced again by a co-precipitation method involving zinc 
acetate and cobalt acetate, and a blue shift of band-gap was observed with an 
increasing amount of dopant. These contrasting results evidence that a complete 
understanding of the mechanism of Co doping ZnO nanoparticles has not been 
reached and many other aspects have to be considered. Moreover, it is worth 
mentioning that a reduction of the photocatalytic activity was observed by other 
works186,187. This suggests that additional efforts are required to better understand 
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the role played by Co dopants in determining the physical properties of the resulting 
ZnO nanoparticles. 

Wet chemical routes were also used to prepare copper-doped ZnO 
nanoparticles. An example is represented by the work of Abinaya et al.154, where 5 
mol.% Cu-doped ZnO nanoplates were synthesized by a hydrothermal method. 
Briefly, zinc acetate and copper (II) acetate monohydrate were dissolved in water, 
and NaOH aqueous solution was then added to the solution until a gel formed. 
Differently from the co-precipitation and sol-gel techniques previously discussed, 
in this case the gelled solution was placed in an autoclave at 160 °C for 5 h to get 
the formation of the ZnO:Cu powders. The as-prepared Cu-doped nanoplates 
exhibited variable dimensions of few hundreds of nm, as shown in Figure 5. 
Additionally, in this case, the dopant agent slightly increased the unit cell volume 
of the ZnO crystal. Cu-doped nanoplates were tested in terms of their antimicrobial 
properties against E. coli and S. aureus, showing a decrease in the minimum 
inhibitory concentration (MIC) with respect to pure ZnO (Figure 5). 

 

Figure 5: SEM images and antimicrobial performances of Cu- and Ag-doped 
nanoplates. Adapted from ref.154. 

Silver is a noble metal widely explored for antimicrobial applications due to 
the action of Ag+ on bacterial membranes188. Therefore, it was considered as a TM 
element to prepare antimicrobial Ag-doped ZnO nanoparticles. A study going in 
this direction is reported by Sharma et al., in which zinc acetate and silver nitrate 
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were chosen as precursors, while ammonia was used as agent for inducing particle 
precipitation167. In addition, in this case, Ag doping induced a shift in the diffraction 
pattern toward higher angles with the increase of the doping amount. 

Other metals such as magnesium, lithium and aluminum were used for doping 
ZnO nanoparticles by wet chemical synthesis. For magnesium, the enhanced 
photocatalytic activity of Mg-doped ZnO nanoparticles with respect to their pure 
counterparts was reported140. The doped nanoparticles were prepared by a co-
precipitation method and the effective insertion of an Mg dopant in the host ZnO 
crystal lattice was confirmed by XRD which highlighted an increase of the volume 
of the unit cell. 

With regard to lithium doping, a work reported its use in enhancing the 
photoactivated ROS generation of ZnO when using this system for anticancer 
therapy146. In this work, zinc acetate dihydrate and lithium acetate dihydrate were 
used as precursors in a polyol synthesis performed in triethyleneglycol (TREG) as 
the solvent. 

Finally, Al-doped ZnO (AZO) nanoparticles were synthesized by a wet 
chemical method and their antibacterial performances were studied. Zinc nitrate 
hexahydrate was mixed with the aluminum precursor (aluminum nitrate 
nonahydrate) for the oxide synthesis189. 

Among wet chemical syntheses, the reverse-micelles microemulsion method 
was also explored for the preparation of doped ZnO nanoparticles190. The presence 
of specific surfactants by this approach can lead to peculiar ZnO morphologies, 
such as hollow structures191, and can also limit the dimensions of the particles 
during nucleation. For example, the reverse-micelles method has been successfully 
exploited to develop Eu-doped192,193 and Mn-doped194 ZnO nanorods and 
nanoparticles with a controlled size. In particular, in the case of europium-doped 
nanoparticles, it is possible to obtain either very small nanospheres with an average 
diameter of about 5 nm, or nanorods with lengths of some hundreds of nanometers 
and a diameter of some tens of nanometers, by changing precursors 
(Zn(CH3COO)2⋅2H2O and Eu(CH3COO)3⋅4H2O for nanospheres and ZnCl2 and 
EuCl2 for nanorods), oils and surfactants (sodium bis(2-ethylhexyl) sulfosuccinate 
and heptane for nanospheres and octane, CTAB and butanol for nanorods).  

As a summary, it may be stated that wet chemical methods are the mostly 
exploited ones for the development of doped ZnO nanoparticles. The main 
advantages of these techniques are the simplicity of the process and the wide variety 
of morphologies obtainable. Table 2 summarizes the main aspects of some of the 
techniques used to synthesize doped ZnO nanoparticles. 
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Table 2: Dopant ions and their respective precursors for the synthesis of ZnO 

nanoparticles by wet chemical methods. 

Dopant 

Element 

Dopant 

Precursors 

Doping 

Level 
Solvent 

Particles 

Dimensions 
Ref. 

La LaCl3⋅7H2O 5 % mol H2O a 123 nm 1 118 

Ce 

CeCl3⋅7H2O 1 % mol H2O a 20–30 nm 1 173 

Ce(NO3)2⋅6H2O 
0.1–5 % 

mol 
H2O b 70–85 nm 1 114 

Nd Nd(NO3)3⋅6H2O 5 % mol H2O a 101 nm 1 174 

Sm Sm(NO3)3⋅6H2O 
1–4 % 

mol 
H2O a 35 nm 1 195 

Eu 
EuCl3⋅6H2O 5 % mol H2O a 79 nm 1 152 

Eu(NO3)3⋅5H2O 5 % mol CH3OH a 9 nm 2 
166 

Gd 

Gd(NO3)3⋅6H2O 5 % mol CH3OH a 9 nm 2 

Gd(CH3CO2)3 
2–30 % 

mol 
CH3CH2OH 4 nm 2,3 165 

V NH4VO3 1 % mol H2O a 47 nm 2 196 

Mn 

Mn(NO3)2 
0.5–3 % 

mol 
CH3CH2OH 50–120 nm 2 185 

MnCl2⋅4H2O 
1–5 % 

mol 
CH3OH 100 nm 2 128 

Fe 

Fe(SO4)⋅7H2O 
3–7 % 

mol 
H2O a 15–35 nm 2 197 

FeCl3 
1–10 % 

mol 
H2O a 9–15 nm 2 164 

Fe(NO3)3 
2–6 % 

mol 
H2O a ~250nm 4 198 

Co 

Fe(NO3)2⋅6H2O 
1–10 % 

mol 
H2O 25–50 nm 2 186 

CoCl2 
5–10 % 

mol 
H2O a 

Various 

morphologies 
177 

Ni NiCl2⋅6H2O 3 % mol CH3CH2OH a 25–40 nm 1 161 

Cu CuCl2⋅2H2O 
0.5–30 at 

% 
H2O b ~250 nm 4 178 

Ag AgNO3 5 % mol H2O a 80 nm × 350 nm 5 154 

Li Li(CH3CO2)3⋅2H2O  3–5 at % 
TREG 

(C6H14O4) 
~250 nm 4 146 

Mg Mg(NO3)2⋅6H2O 5 % mol H2O a 62 nm 168 

Al Al(NO3)3⋅9H2O 15 % mol H2O a ~ 60 nm 1 189 
a NaOH as base, b NH4OH as base 1 Rod’s mean diameter. 2 Spherical particles’ diameters. 3 TMAH 
and oleic acid were also added in the synthesis procedure. 4 The dimensions have been estimated 
by electron microscopy images. 5 Nanoplates’ thicknesses and diameters. 



24 Errore. Per applicare Heading 1 al testo da visualizzare in questo 
punto, utilizzare la scheda Home. 

 
1.4.2 Combustion Methods 

Apart from wet chemical methods, combustion-based synthesis techniques 
have been also explored as an alternative for the synthesis of doped ZnO 
nanoparticles.  

In solution combustion methods, the precursors of the desired material, i.e., 
zinc and dopant element precursors, are firstly dissolved in a fuel (urea, glycine 
fuels or citric acid)199. Then, the solution is placed in a muffle furnace pre-heated 
to a temperature higher than the ignition temperature of the fuel. During the 
combustion of the fuel, a strong exothermic reaction takes place between the fuels 
and the oxidizing agents present in the solution, generating the target oxide and 
gaseous species199. 

This gas generation leads to an expansion of the volume of the solid phase and 
a rapid decrease of its temperature, leading to the formation of ultra-fine and well 
dispersed powders199. This last aspect is very important in biomedical applications 
where the formation of clusters must be avoided as much as possible since it affects 
the cellular uptake of nanoparticles. 

By tuning the amount of fuel in the solution, various ZnO nanomaterials were 
synthesized through this versatile synthesis mechanism, showing different 
morphologies such as pyramid-like particles, nanodisks200 or nanoparticles201. 

Concerning the doping of nanomaterials, different ions have been successfully 
included into ZnO. An example is represented by noble metals such as gold and 
silver. In the work of Pathak et al., both Ag- and Au-doped ZnO nanoparticles were 
synthesized by a solution combustion method136. Zinc nitrate hexahydrate was 
mixed in urea (used as fuel) together with a small amount of silver nitrate or 
tetrachloroauric-III-acid hydrate to act as dopants. The obtained solution was 
dissolved in 5 mL of water pre-heated to 80 °C and then placed in a furnace at 500 
°C to start the ignition. Differently from sol-gel methods, the dopant agents 
generated the secondary phases of noble metals, as observed from the SEM images 
and XRD patterns reported in Figure 6. 
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Figure 6: Au- and Ag-doped nanoparticles synthesized through a combustion 
method. On the left is the XRD patterns of the resulting particles, highlighting the 
presence of further peaks related to the secondary phases. On the right, the corresponding 
scanning electron microscope images of Ag-doped (a) and Au-doped (b) nanoparticles. 
Adapted from ref.136. 

ZnO was also doped with nickel by a solution combustion method. In the work 
of Silambarasan et al., zinc acetate, nickel (II) acetate, ethanol and ethylene glycol 
were mixed together and inflamed to get the doped ZnO powder202. The XRD 
patterns showed the high crystallinity of the material. However, also in this case, 
the doped samples showed additional diffraction peaks related to an NiO secondary 
phase. 

A similar problem was observed for vanadium-doped ZnO nanoparticles. In 
this case, zinc nitrate hexahydrate and glycine were used as a precursor and to fuel 
for the reaction, respectively175. The dopant precursor was ammonium metavandate 
(NH4VO3) while water was used as solvent. The XRD analysis performed on the 
burnt powders showed again the presence of additional peaks related to the 
formation of a secondary phase, especially for high doping levels. 

In another work, Ti-doped ZnO powders obtained by a solution combustion 
technique exploited titanium (IV) isopropoxide as a dopant precursor203. In this 
case, the additional XRD peaks due to TiO2 appeared only at the highest level of 
doping (7.5 at.%), while Ti ions were correctly inserted in the host ZnO lattice for 
lower dopant concentrations (up to 5 at.%). 
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The solution combustion method was also proposed to synthesize iron-doped 

zinc oxide nanoparticles in a faster way than sol-gel methods204. Zinc nitrate, iron 
nitrate and urea were used as precursors and fuel, respectively. The solution was 
heated at 400 °C up to the ignition of the solution and until the formation of a very 
fragile foam that could be reduced to powder form. Interestingly, the XRD pattern 
representative of these powders did not present any additional peaks due to the 
secondary phase up to 5% of Fe doping, while weak peaks related to ferrite were 
detected only for higher doping levels. However, the formation of secondary phases 
was not considered a drawback at all. Actually, it was responsible for the promising 
ferromagnetic behavior observed in the mostly doped samples, even if a weaker 
hysteresis loop was also found for lower doping levels. 

The iron doping of ZnO nanoparticles was achieved by flame spray pyrolysis 
as well. Differently from the standard solution combustion described previously, 
the precursor solution is sprayed before setting on fire. Again, a fuel is needed to 
allow the self-sustainability of the flame as in the case of the solution combustion 
method205. However, a nozzle tip is usually exploited to nebulize the solution 
precursor. 

Many studies have exploited flame spray pyrolysis rather than sol-gel methods 
to prepare Fe-doped ZnO nanoparticles with an improved biostability in aqueous 
media183,206,207. Concerning this aspect, the work of Xia et al. highlighted the 
decreased dissolution of Fe-doped ZnO nanoparticles in biological media207. This 
doping reduced the amount of Zn2+ dissolved in the biological medium with positive 
consequences on the biocompatibility of the nanoparticles system. The doped 
nanoparticles were synthesized through flame spray pyrolysis. Zinc and iron 
naphthalene were mixed separately in xylene. The solutions were sprayed, 
atomizing the precursor and allowing for combustion through the co-delivery of 
methane and oxygen. The resulting doped particles were smaller with respect to the 
pure counterparts and the XRD patterns did not exhibit additional peaks apart from 
the usual wurtzite phase ones. 

Other works reported the use of the same synthesis procedure to develop 
ZnO:Fe nanoparticles with a good reproducibility183,206. Each of these works was 
focused on the dissolution kinetic of the produced particles and their fate in a 
biological environment. In all the cases, iron doping was demonstrated to be a very 
interesting tool to limit nanoparticles’ dissolution and to enhance ZnO 

cytocompatibility. 
As a conclusive remark, it can be stated that combustion methods are not able 

to efficiently incorporate the dopant agent in the ZnO crystalline structure with 
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respect to wet chemical techniques. This can be the explanation for the limited use 
of solution combustion routes to fabricate doped ZnO nanoparticles with respect to 
sol-gel or hydrothermal routes.  

1.4.3 Other Techniques 

Despite their application being mostly limited to the synthesis of ZnO films, 
other synthesis techniques for doping ZnO are worthy of mention. 

An example is chemical vapor deposition (CVD), which is typically used to 
grow thin films. In the work of Shuang et al., Mn-doped ZnO flower-like structures 
were successfully grown in a CVD system and the corresponding optical properties 
were analyzed208. In this case, Zn and MnCl2 in powder form were used as solid 
source materials for growing the flower-like structures. The SEM results reported 
highly oriented structures, but most of the dopant ions accumulated on the 
outermost surface of the nanostructures. A Fe/Co doping of ZnO nanowires was 
obtained by the CVD method as well and the resulting nanostructures were 
characterized by a high degree of crystallinity and an interesting ferromagnetic 
behavior209. 

Sonochemical syntheses are recently acquiring a lot of interest as well, since 
the high energy which is freed due to air bubble cavitation can be exploited to 
locally overcome the limits of pressure and temperature which commonly affect 
other techniques210. A sonochemical wet impregnation method was instead 
exploited for the fabrication of Ce-doped ZnO nanoparticles for photocatalytic 
applications211. The doped ZnO nanoparticles were fabricated by keeping in 
sonication a solution of ZnO nanoparticles and ammonium ceric nitrate in distilled 
water, and then drying the precipitates.  

Other examples include the synthesis of ZnO–graphene nanohybrids, where 
different morphologies could be obtained according to the synthesis solution pH212. 
The sonochemical approach has been successfully exploited also to dope ZnO with 
both common and exotic doping elements like dysprosium213, magnesium214 and 
praseodymium215, revealing the high versatility of this method. 

An alternative technique for doping is to mix pure ZnO powders with those of 
the dopant species, and then thermally anneal the mixed powders together at a high 
temperature. This method was exploited by Ivetic et al. to obtain Mg-doped 
nanoparticles and to evaluate the increase of the corresponding photocatalytic 
activity with respect to pure ZnO216. Mechanical alloying - which does not use 
temperature, but simply mixes and ball mills ZnO and the dopant metal powders 
together - was able to include the metal into the ZnO particles. With this method, 
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Fe was included in the ZnO matrix up to 7.08% without any clear evidence of the 
formation of iron clusters176. A ferromagnetic behavior was also found in this 
system.  

Finally, other techniques are based on the deposition of doped ZnO coatings 
and thin films such as magnetron sputtering131, pulsed laser deposition217 and many 
others. 

In summary, wet chemical methods are surely the most exploited and promising 
routes to obtain good quality doped ZnO nanoparticles, with a large variety of 
precursors and parameters that allow an extreme customizability of the resulting 
material. Other techniques, like combustion methods, revealed to be useful in terms 
of the rapidity of reaction but the dopant atom inclusion in the crystalline lattice of 
ZnO is poor with respect to chemical routes, limiting their applications to systems 
in which the quality of the material is not a key parameter. 

1.5 Use of Doped ZnO NPs in the Biomedical Field 

Zinc oxide has been part of many applications in the biomedical field. Many of 
them are related to its antimicrobial activity218, but other applications also prove the 
use ZnO as a therapeutic agent against cancer cells219,220 or as a tool for tissue 
engineering71,79. However, despite pure ZnO showing many interesting properties, 
it still presents many factors that need to be further optimized for its further 
exploitation in the biomedical filed in general, and in nanomedicine in particular.  

A first important aspect to be considered is its dissolution behavior in aqueous 
media. Actually, zinc oxide can dissolve in water generating free Zn2+ cations. This 
can more easily occur in presence of high surface area nanoparticles because of 
their superior surface reactivity218. Zn2+ cations are successfully exploited to 
increase the bactericidal activity of ZnO221. However, this aspect may also result in 
an increased cytotoxicity that could prevent its use in the human body.  

Despite the high quality of ZnO as an antimicrobial agent, its performance may 
be even enhanced if the corresponding photocatalytic activity is further optimized. 
ZnO is a semiconductor able to generate highly cytotoxic/antimicrobial ROS222. 
Upon interaction with electromagnetic radiation, semiconducting ZnO materials are 
able to promote electrons from the valence band to the conduction band, generating 
free electrons which are able to migrate up to the outermost ZnO surface and react 
with the external aqueous environment, leading to the generation of ROS93,223. 
Band-gap engineering of ZnO may be a valuable tool to increase the efficiency of 
this process, reducing or increasing the energy required to generate free electrons 
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and controlling the efficiency in ROS generation. This ability in generating ROS 
can be exploited in photodynamic therapy, transforming ZnO nanoparticles into an 
interesting weapon against cancer. 

Finally, ZnO on its own lacks intrinsic imaging properties which are very useful 
for various biomedical applications, such as in theranostics. Tuning its dimensions 
and energy band-gaps, the corresponding optical properties can be properly 
optimized and interesting luminescent properties can be gathered as in the case of 
ZnO quantum dots165,224. Moreover, as already stated, the inclusion of transition 
metals in the crystal lattice confers on ZnO a magnetic behavior, paving the way to 
its exploitation as a contrast agent in magnetic resonance imaging120. 

All these aspects can be fulfilled by doping ZnO with specific elements. In the 
following, the main findings in this sense will be described. 

1.5.1 Biological Behavior 

One of the main problems related to the use of ZnO in biomedical applications 
is its dissolution in aqueous/biological media225. ZnO is in fact stable at a basic pH, 
while it can easily dissolve in an acid environment226. The pH of a biological 
medium depends on several parameters and can change over time. Therefore, it is 
possible to have a certain degree of ZnO dissolution, which can be even enhanced 
when the dimensions of the nanoparticles under analysis are highly reduced, 
exposing a large area to the liquid environment226. The dissolution leads to the 
release of zinc cations (Zn2+) which have been proven to be harmful for cells, 
damaging the cellular zinc homeostasis and, consequently, leading to lysosome and 
mitochondria damage and cell death225. Hence, particular attention should be paid 
to the control of ZnO dissolution, in order to limit cytotoxicity.  

For the chemical design of ZnO-based systems with increased zinc cation 
stabilities in media, specifically used in medical applications, one successful 
approach is represented by the methodology based on electrochemical equilibria in 
aqueous solutions227. An alternative approach to improve the biocompatibility and 
zinc cation stability of ZnO nanoparticles is to cover their surface with inorganic228–

230 or organic142,231,232 coating materials. However, this approach requires additional 
synthesis steps and a general increase of the nanoparticles’ size, which may 

represent a limitation for specific applications. 
The best situation would be to prepare ZnO nanoparticles that are intrinsically 

stable in a biological medium, without the addition of any external layer. This task 
can be addressed once again by including a dopant atom in the crystal lattice of 
ZnO.  
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Actually, Fe doping has been proposed as a stabilizer of ZnO in aqueous media. 

George et al.130 demonstrated that the inclusion of Fe ions into ZnO nanoparticles 
successfully decreased the dissolution rate by measuring the amount of zinc ions 
released in an electrolytic solution at pH 7 ± 0.04. The Zn2+ kinetics were evaluated 
by measuring the nitric acid amount required to maintain the solution pH at the 
fixed value. The results showed that, by increasing the amount of doping, the 
dissolution of the nanoparticles decreased accordingly (Figure 7). This behavior 
was attributed to the stronger chemical bonds between the iron dopant and the host 
ZnO lattice, which resulted in a higher difficulty for the Zn2+ ions to be released in 
the environment. 

 

Figure 7: Zinc release in an aqueous solution at pH 7 by the dissolution of Fe-doped 
ZnO nanoparticles at different doping levels. Adapted from ref. 130. 

First principle calculations confirmed these experimental evidences110. The 
computed energetics evaluated for different iron doping levels showed that iron can 
stabilize the ZnO nanoparticles. Moreover, in the same work, it was also proven 
that the coordination state of iron was mainly Fe2+ and that the inclusion of the 
dopant did not damage the crystal lattice in a considerable way. 

In another work, Fe-doped ZnO nanoparticles, synthesized by flame spray 
pyrolysis, were tested in terms of cytotoxicity206. The authors analyzed different Fe 
doping levels to find the best one, which allowed the selective killing of tumoral 
cells. The cytotoxicity assays were performed on normal murine mesenchymal stem 
cells (MSCs), human bronchial epithelial cells (Beas-2B), cancer murine lung 
squamous carcinoma cells (KLN-205) and human cervical cancer cells (HeLa) 
cells. The experimental results revealed that NPs with low doping levels were more 
efficient at damaging tumoral cells rather than the healthy cells. Furthermore, the 
amount of Zn2+ released, measured by FluoZin-3 staining coupled with 
fluorescence microscopy (Figure 8), was reduced by increasing the Fe doping. 
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Figure 8: Fluorescence microscopy images of different cell lines exposed to 
differently Fe-doped ZnO nanoparticles (no nanoparticles (NPs) are present in the control 
samples). The green signal is related to Zn2+ free ions (FluoZin3-AM binds to ions and 
have a green fluorescent emission), the blue signal is related to the presence of cell nuclei. 
Less doped ZnO nanoparticles lead to a higher concentration of free zinc ions. Adapted 
from ref.206. 

In detail, 2 wt.% Fe doping was considered the best choice to achieve selectivity 
between tumoral and normal cells. This finding was further confirmed by co-culture 
cells experiments, finding an increased toxicity against cancer cells with respect to 
healthy ones. Moreover, undoped ZnO nanoparticles were tested as well, which are 
toxic for any cell line. On the other hand, 10 wt.% Fe-doped nanoparticles were 
biocompatible for both the cell typologies.  

Fe-doped ZnO nanoparticles obtained with a similar synthesis method were 
tested in another work in vivo207. Hatching zebrafish embryos were taken as an 
indication of the toxicity of Fe-doped and undoped ZnO nanoparticles. Zebrafish 
were bred so as to achieve fertilization and the embryos were collected. Then, the 
embryos were treated with ZnO nanoparticles doped with different Fe levels, and 
the hatching rate was evaluated. The results showed that there were significant 
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improvements with increased doping levels. Again, this was related to a decreased 
release of zinc cations. In the same work, it was also shown that iron doping can 
reduce the pulmonary inflammation and oxidative stress in rats and mice. 

Despite the previous work being focused on the ability of a single dopant (iron) 
to stabilize the ZnO NPs stability, very promising results are found in terms of an 
increased cytocompatibility by using Fe-doped ZnO nanoparticles. This is 
corroborated by in vitro and in vivo tests, attributing the increased biocompatibility 
to a decreased level of zinc cations being released. 

1.5.2 Antimicrobial Agents 

Pure ZnO nanoparticles have been extensively used as antibacterial agents due 
to their photo-oxidizing and photocatalytic properties218. Its antimicrobial 
properties can be tailored in several ways: parameters like morphology, size, 
concentration, surface defects and functionalization all contribute to change the 
performances of ZnO nanoparticles in this field218. Despite the mechanisms through 
which ZnO induces bacterial and fungi death being still under debate, there are three 
main hypotheses, summarized in Figure 9.  

The first one deals with ROS generation. As a matter of fact, ZnO is able to 
generate reactive oxygen species as a consequence of its photoexcitation from UV 
light in aqueous media222. The idea is that the electromagnetic radiation gives 
electrons lying in the valence band (VB) sufficient energy to jump to the conduction 
band (CB). The hole left in the VB can react with water, generating a hydroxyl 
radical (•OH) and H+, while the CB electron can react with oxygen to generate a 
peroxide radical233. At this point, the following reactions can occur: 

•O2 + H+ → HO2•, (4) 

HO2• + H+ + e− → H2O2, (5) 

This leads to the formation of hydrogen peroxide, which can destroy bacteria 
by penetrating their membrane. If the generated ROS exceeds the capability of the 
bacterium to produce reducing agents able to contrast this phenomenon, oxidative 
stress phenomena are induced234. 

The second mechanism is based on the release of harmful zinc cations. Indeed, 
ZnO nanoparticles can dissolve releasing Zn2+ ions into the environment, affecting 
the metabolism of bacteria and leading to dysfunctions of their enzymatic 
systems218. A work from Li et al. reported evidences of these effects221. ZnO 
nanoparticles, bulk ZnO and a solution of Zn2+ ions were analyzed against E. coli, 
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finding similar toxicity curves and confirming the negative influence that zinc 
cations may have on bacterial viability. However, this work further confirmed that 
ZnO toxicity is subjected to several intrinsic conditions like the size, porosity, and 
concentration of the particles, coupled with external parameters like pH and the 
composition of the environment218. 

Finally, another possible mechanism that explains the antibacterial action of 
ZnO is the absorption of the nanoparticles into the bacteria membrane, leading to a 
physical disruption of the cell wall and ultimately to the microorganism’s death235. 
This is possible because ZnO nanoparticles typically present a positive Z-potential, 
i.e., a positively charged surface, while the bacteria surface is characterized by a 
negative charge. Therefore, ZnO NPs are attracted toward the bacterium, damaging 
its outer membrane. Moreover, if the particles are smaller than 10 nm, NPs’ 

internalization into the bacterium can also occur, damaging the internal components 
of the cell234. 

 

Figure 9: Schematic reporting the main ZnO toxicity mechanisms that make this 
material an effective antimicrobial agent. Adapted from ref.234. 

Additionally, it is worth mentioning that a different behavior can be found for 
different kinds of microorganisms. Actually, among bacteria there exist two main 
typologies, i.e., Gram-positive and Gram-negative ones, which show a different 
external cell membrane structure218. Therefore, it is clear that tests aimed at proving 
the antimicrobial mechanism of ZnO nanostructures should be performed on both 
these biological systems: Gram-negative bacteria such as Escherichia coli (E. coli), 
and Gram-negative ones such as Staphylococcus aureus (S. aureus)236,237. 
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Doping has been demonstrated as a useful tool to tailor the antimicrobial 

properties of ZnO nanoparticles. Indeed, the generation of antibacterial reactive 
oxygen species from the customization of the optical properties due to ZnO doping 
can be an advantage.  

Some improvements in the photocatalytic properties and photoexcitation 
efficiency, which are the main mechanism through which antimicrobial ROS are 
generated in ZnO-based systems, were found in several works by using different 
doping agents140,145,187,211. 

For example, silver is a possible choice in terms of dopants which are useful 
for increasing the antibacterial activity of ZnO. The reason lays in the intrinsic 
bactericidal activity of silver ions against a wide spectrum of bacteria typologies188. 
As shown in the work of Demirel et al., ZnO structures with large surface area 
morphologies and doped with different Ag amounts were tested against different 
microorganisms (bacteria, yeasts and fungi)235. Disk diffusion tests highlighted that 
hexagonal ZnO particles were effective in contrasting microorganism growth when 
pure ZnO was used. However, Ag doping was found to be efficient in boosting the 
antibacterial properties (with an optimal doping value of 0.05 mol.%) against most 
of the tested biological species, resulting in a broad spectra antimicrobial device. 

Another work reported the comparison between pure, gold- and silver-doped 
ZnO nanoparticles synthesized by a combustion method136. The photocatalytic 
efficiency resulting from the degradation of methylene blue under UV exposure 
was proven to be higher for the doped particles. In particular, Ag-doped ZnO NPs 
reached a 45% methylene blue degradation efficiency after 160 min against a 25% 
efficiency for Au-doped ZnO and 8% for undoped ZnO. This result was attributed 
to the noble metal clusters formed on the surface of ZnO nanoparticles during 
synthesis, which inhibited the recombination of the photogenerated electron/hole 
pairs. However, the antibacterial activity against E. coli and S. aures was lower for 
doped ZnO with respect to the pure counterpart. On the contrary, Ag doping was 
effective against E. ashbyii, even if a direct comparison with other doped ZnO 
systems was difficult because of the presence of dopant clusters rather than a correct 
inclusion of dopant atoms in the ZnO crystal lattice. In the work by Sharma et al.167, 
ZnO particles were successfully doped, including Ag ions into the crystal lattice 
and a reduction of the minimum inhibitory concentration (MIC) was found for S. 
aures with respect to pure ZnO, in contrast to what was found in the previous work. 

Silver doping was also compared to copper doping in terms of antimicrobial 
activity. Hydrothermally synthesized undoped, Cu- and Ag-doped ZnO nanoplates 
were tested against E. coli, S. aureus and Salmonella typhi by a well diffusion 
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method in order to determine the MIC154. The results reported an increased 
bactericidal activity of both doped ZnOs, the result of a decreased MIC. Moreover, 
Ag-doped nanoplates were more efficient than Cu-doped ones. In this work, the 
authors also highlighted the role of light. The antimicrobial properties of the doped 
ZnO nanostructures were limited when the bacterial seeding and treatment 
processes were performed in dark conditions, suggesting that the photoexcitation 
of the semiconductor plays an important role in determining the antimicrobial 
activity of ZnO. 

Cu-doped ZnO nanoparticles were analyzed in terms of antibacterial activity in 
another study. A green combustion method was followed to synthesize the 
nanoparticles, which were tested against E. coli, S. aureus, Bacillus subtilis and 
Klebsiella through the agar diffusion method238. Their photocatalytic activity was 
also evaluated by measuring the degradation of the Acid Black 234 (AB) organic 
dye under sunlight irradiation. Using the Cu-doped ZnO nanoparticles resulted in a 
more efficient dye degradation with respect to the pure counterpart as well as an 
inhibition of the bacterial growth for all the examined biological species. In 
particular, ZnO nanoparticles with higher levels of Cu doping showed enlarged 
inhibition zones with respect to a standard drug (cephradine). The reason behind 
the antibacterial activity of these nanoparticles was attributed to the permeation of 
Cu ions through the negatively charged bacterium cell membrane because of its 
electrostatic attraction. 

Al-doped ZnO (AZO) nanorods were also proven to have superior 
antimicrobial properties with respect to pure ZnO189. The AZO nanorods showed a 
larger inhibition zone against E. coli and E. hirae (10.19 ± 0.04 mm and 10.20 ± 
0.2 mm, respectively) with respect to pure ZnO (9.54 ± 0.08 mm and 9.62 ± 0.08 
mm), and similar results with respect to the kanamycin drug (10.16 ± 0.07 mm and 
10.17 ± 0.08 mm). This behavior was again attributed to the electrostatic interaction 
between the particles and the bacterial cell walls.  

Iron doping was studied to improve the antibacterial ability of ZnO as well. In 
the work of Li et al.124, FSP synthesized Fe-doped ZnO nanoparticles were tested 
against B. subtilis, E. coli and Pseudomonas putida through a high throughput 
bacterial viability assay able to evaluate the viability of bacteria through 
fluorescence signals. Interestingly, Fe doping did not impact in a major way on the 
antibacterial activity of ZnO, finding comparable results with respect to its pure 
counterpart. In another work, Fe- and Mn-doped ZnO nanoparticles were 
synthesized by a wet chemical method and analyzed in terms of photocatalytic 
activity before the antimicrobial tests239. The degradation of methylene blue under 
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UV light was taken to identify the system with the best photocatalytic activity, 
which was 10% Fe-doped ZnO NPs. Disc diffusion assays reported that the 10%-
doped system (both Mn- and Fe-doped) exhibited the highest antimicrobial activity 
against several pathogenic entities compared to lower doped (1%) systems and pure 
ZnO NPs. The reason for the improvement of both photocatalytic and antibacterial 
properties was related to the increased generation of ROS, and that Mn and Fe ions 
may lead due to the formation of additional states in the band-gap structure of ZnO. 

Additionally, magnesium was proven to increase the antimicrobial 
performances of ZnO. It was found that different Mg doping levels change the 
photocatalytic activity and rhodamine B degradation of the doped ZnO 
nanoparticles, finally influencing their antibacterial activity against both Gram-
positive and Gram-negative bacteria140. The photocatalytic activity was found to 
increase with the doping level, reaching a maximum in the case of 7.5% Mg doping, 
and then decreasing for a further increase of the doping amount. The enhancement 
was attributed to the enlarged surface area of the ZnO NPs and to the oxygen 
vacancies induced by doping. For the antibacterial activity, disc diffusion analyses 
gave, as a result, an increment of the inhibition zone with the increase of the doping 
level. Another work reports the use of Mg-doped ZnO NPs loaded with an antibiotic 
drug170. An enhanced antimicrobial activity was found, and this behavior was 
attributed to the destabilization of the cell wall induced by the nanoparticles and 
their consequent increased permeability, which allowed the antibiotics to penetrate 
the bacterium membrane more efficiently. 

Rare earth elements were also proposed as dopants to enhance the antibacterial 
properties of ZnO. In the work of Karunakaran et al., Ce-doped ZnO nanoparticles 
were tested first as a photocatalyst for cyanide photooxidation and then as a 
antimicrobial agent against E. Coli211. The authors reported an increased 
bactericidal activity in dark conditions for the doped ZnO NPs which was related 
to the physical attachment of the particles onto the bacteria membranes. Other 
examples are terbium and gadolinium240. Both were tested in the work of Daksh et 
al., in terms of photocatalytic activity, evaluating the efficiency in victoria blue 
degradation and in terms of the antibacterial activity against S. Aureus240. In both 
cases, increased performances were found with respect to pure ZnO. 

The studies mentioned before highlight that doping is a valuable tool to enhance 
the antibacterial activity of ZnO nanoparticles. Both Gram-positive and Gram-
negative bacteria appear to suffer the presence of doped nanoparticles since no 
particular differences are generally found in the two bacteria typologies. Moreover, 
the mechanism through which the doping can increase the toxicity against bacteria 
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appears slightly different among the various dopants. Many authors reported an 
increased photocatalytic activity which led to an increased ROS generation. In other 
cases, the increased bactericidal action was ascribed to a more efficient attachment 
of the nanoparticles to the cell membrane. The exact reason behind the improved 
antibacterial toxicity of doped ZnO nanoparticles is still unclear and further studies 
are required for each of the proposed dopants to assess the role of charge and the 
structural and electronic properties of doped ZnO on the antibacterial activity. 

1.5.3 Nanotools for Photobioimaging 

Pure ZnO has a wide band-gap of about 3.3 eV at room temperature and thus 
can only absorb UV light which is just 5% of the solar spectrum241. To improve the 
light absorption efficiency toward a more biologically-relevant visible-near infrared 
(vis-NIR) region, the modification of ZnO nanoparticles with impurities 
incorporated   in the host lattice has been introduced. Actually, the stimulation of 
the photoluminescent response of doped ZnO NPs by using vis-NIR light, which 
does not damage tissues and organs, is expected to be particularly useful in 
bioimaging applications. Herein, to extend the emission range from the intrinsic 
band-gap of ZnO to the infrared region, doping with optically-active impurities like 
transition metals (TM) or rare earth (RE) elements has been reported even though 
TM and RE elements reveal different spectral properties241. For TMs, as the 
influence of the surroundings is stronger due to the weaker shielding of the 3d-shell 
by the 3s orbit, the spin-orbit coupling is weaker and the 3d-levels are broad. As a 
result, the energetic spacing varies with the host material and the electron–phonon 
interaction appears stronger than RE elements242. For RE elements, because of the 
strong shielding of the 4f-shell by the 5s2 and 5p6 orbits, the interaction with the 
surroundings is weak and almost all RE elements show intra-shell luminescence, 
i.e., the one least occupied, and unoccupied intra-shell levels are located in the 
band-gap of ZnO242,243. Thus, a very similar chemical behavior for all lanthanides 
in ZnO has been identified, whereas filling the d-shell in transition metals has a 
stronger influence on the outer shells and its bonding behavior in the ZnO lattice. 
To this end, there are various reports incorporating optically-active dopants in the 
ZnO lattice to change the band-gap value and increase the UV luminescence 
properties of pure ZnO244–246. Additionally, the optical parameters (band-gap) of 
the doped ZnO nanoparticles are summarized in Table 3. The band-gap values of 
the doped ZnO depend on several factors such as grain size, carrier concentration, 
lattice strain, size effect, oxygen vacancy and its related disorder-created localized 
defect states within the band-gap of ZnO, orbital hybridization between the dopant 
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and the host band, etc.247,248. Depending upon these factors, red shift behavior (or a 
decrease in the band-gap) and blue shift behavior (or an increase in the band-gap) 
have been reported by several research groups (Table 3). 

 

Table 3: Doped ZnO: optical and magnetic properties. 

Ref. Dopant  
Dopant 

Concentration  

Bandgap 

(eV) 

Dopant 

Concentration 

Saturation 

Magnetization 

(emu/g) 
249–

251 
Cu 0, 10% 

3.35, 3.30, 

respectively  
0.05–0.20 mol% 0.011–0.063 

182,252 Fe 

Zn1−xFexO (x = 

0, 0.01, 0.04, 

0.05, 0.06)  

3.243, 3.236, 

3.216, 3.197, 

3.195, 

respectively 

x = 0.20 1.74 

253 Cr 
0.00 to 4.63 

at.% 

from 3.26 to 

3.15 
2.49 at% 4.86 

177 Co 0, 5, 10 at% 

3.10, 3.17, 

3.24, 

respectively 

5 at%, 10 at% 1.42, 1.75 

254–

257 
Mn 

0, 3, 5, 10, 15 

mol% 

3.31, 3.35, 

3.38, 3.40, 

3.42, 

respectively 

3.3 mol%, 4.2 

mol% 
0.00123, 0.015 

258 Ni 
Zn1−xNixO (x = 

0, 0.05) 

3.28, 3.32, 

respectively 
x = 0.05 2.9–2.8 

259,260 Al 0, 2 at.% 
3.07, 3.12, 

respectively 
0.03 at% 0.012 

140,261 Mg 
0, 2.5%, 5%, 

7.5% 

3.36, 3.27, 

3.13, 3.04, 

respectively 

3% 1.05 × 10−3 

262 Nd 
ZnO, 

Zn0.97Nd0.03O 

3.34, 3.12, 

respectively 
x = 0.03 0.67 
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263,264 Sm 0, 1, 3, 5 mol% 

3.27, 3.25, 

3.10, 3.05, 

respectively 

0%–8% 

0.45, 0.363, 1.694, 

3.613 and 2.197 

emu/cm3 

265,266 Eu 0, 1, 3, 5 mol% 

3.18, 3.05, 

3.00, 2.94, 

respectively 

10% 0.040 

267 Tb 

Zn1−xTbxO (x = 

0, 0.02, 0.05, 

0.1) 

3.35, 3.31, 

3.30, 3.28, 

respectively 

x = 0, 0.02, 0.05, 

0.1 

0.0042, 0.0276, 

0.0359, 0.0519 

119,268 Gd 0, 3, 6 % 

2.71, 2.74, 

2.98, 

respectively 

1.1%, 3.5%, 

and 5.1% 

0.0001, 0.05, 

0.0032 

269,270 La 1, 5 wt% 
3.12, 3.18, 

respectively 
0, 1 mol% 0.102, 0.232 

271,272 Ce 
0, 1, 3 and 5 

at% 

3.21, 3.10, 

3.08, 2.96, 

respectively 

0, 0.96, 1.96, 

2.52 and 3.12 

at.% 

1.895 × 10−3, 

31.612 × 10−3, 

26.818 × 10−3, 

26.136 × 10−3, 

23.608 × 10−3 

 

In recent years, diluted magnetic semiconductors (DMS) materials have 
attracted great research interest due to their potential combination of both 
semiconductive and magnetic properties. The application of ZnO-DMS, exploiting 
the electron charge associated with the intrinsic spin of the electron, has been 
noticed in spintronic devices 109,273. It has been predicted in theory as well as proven 
in practice that ZnO nanoparticles doped with transition metals (TMs) or rare earth 
(RE) elements can result in a DMS material with a high Curie temperature, 
comprising ferromagnetic properties at room temperature274–276. The magnetic 
properties of TM or RE elements are implemented by the magnetic moments 
generated due to the presence of unpaired electrons in the outermost 3d or 4f orbital, 
respectively, although the nature of the magnetic moments of TM and RE elements 
are quite different. For instance, TMs have a small total magnetic moment per atom, 
as the outermost 3d electrons in TMs are exterior and delocalized, and their orbital 
momentum is frequently zero274. On the other hand, in RE elements, the peripheral 
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4f electrons are localized, having indirect exchange interactions among 5d or 6s 
conduction electrons. Therefore, RE elements can be expected to have a high total 
magnetic moments per atom owing to its high orbital momentum than that of TMs 
115,277. Various TMs such as Fe, Co, Cr, Mn, and Ni, and RE elements such as Eu, 
Tb, La and Gd have been exploited as dopants for creating doped ZnO NPs DMS. 
The magnetic parameters of the doped ZnO NPs are summarized in Table 3. 
Besides, there are few reports showing an enhanced ferromagnetism by exploiting 
Co-doped ZnO NPs278–280. The doped ZnO NPs can also be exploited as magnetic 
resonance imaging (MRI) contrast agents either to increase the signal intensity on 
T1-weighted images or to reduce the signal intensity on T2-weighted images281–283. 
Moreover, some research groups have reported Gd-doped ZnO quantum dots (QDs) 
as efficient dual modal fluorescence and MRI nanoprobes165,284. 

1.5.4 Doped ZnO ad Therapeutics against Cancer 

ZnO nanoparticles present interesting properties useful for effectively fighting 
cancer as well. ROS generation and the ZnO particles dissolution are the main 
mechanisms responsible for cell and bacterial death. Therefore, it can be potentially 
toxic for tumoral cells.  

For ZnO dissolution, the role of Fe doping as a stabilizer for the ZnO crystal 
lattice has been highlighted in Section 4.1, leading to a decreased dissolution rate 
of the nanoparticle. This has been proven to also inhibit tumoral cell growth. As a 
matter of fact, tumoral cells appeared to be more sensitive to the presence of ZnO 
than healthy ones220,285. By finely tuning the dissolution rate of ZnO nanoparticles 
with Fe doping, it was possible to reduce the toxicity to an optimal value so as to 
be harmful for cancer cells without damaging healthy cells206. The promising results 
obtained in in vitro tests gave the basis to perform a preclinical study on a rodent 
model for evaluating the antitumor response: pure 2 wt.% and 10 wt.% Fe-doped 
ZnO nanoparticles were tested in mice, finding again a reduced amount of free zinc 
ions being released, and a decreased tumor growth in the presence of the Fe-doped 
ZnO NPs. In particular, the tumor (KLN-205) was inoculated subcutaneously in 
mice and, after 10 days of treatment with pure ZnO NPs, mice displayed signs of 
toxicity to force the authors to stop the experiment with pure ZnO for ethical 
reasons. Figure 10 shows the growth of the tumor for the 2 wt.% and 10 wt.% Fe-
doped ZnO NPs and the control (saline solution) treatments. As it can be seen in 
Figure 10, the 2 wt.% doped ZnO nanoparticles effectively inhibited the tumor 
growth, different to the control and the 10 wt.% doped ZnO NPs treatments. 
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Figure 10: Tumor growth trend in mice at different times and differently doped ZnO 
nanoparticles. Tumor growth is reduced with 2% Fe-doped ZnO nanoparticles. Adapted 
from ref.206. 

Concerning ROS generation, ZnO NPs was successfully applied in 
photodynamic therapy. The idea behind this technique is to exploit the interaction 
between a photosensitizer (the semiconducting ZnO NP) and electromagnetic 
radiation in order to generate cytotoxic species (ROS) that kill cells and destroy 
tissues286, with the mechanisms reported schematically in Figure 11. The 
photosensitizer should be internalized inside the cell and then exposed to light. By 
photoexcitation, it is possible to induce the electronic transition from the valence to 
the conduction band, which allows the formation of ROS, as already described in 
Section 4.2. 
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Figure 11: Photodynamic therapy mechanism. The photosensitizer (PS) is excited by 
external radiation, the excited electron may decay   through different phenomena which 
may end in the generation of cytotoxic species. Adapted from ref.286. 

In the work of Hackenberg et al., the role of ZnO nanoparticles on the viability 
of tumoral and healthy cells was investigated287. Pure ZnO nanoparticles were 
tested on a human head and neck squamous cell carcinoma (HNSCC) cell line and 
on oral mucosa cells (pOMC). Different concentrations of ZnO NPs and the 
exposition time to UV light were explored on cell cultures internalizing the 
particles, and cell viability was evaluated through an MTT assay. The results 
showed that a high concentration (20 μg/mL) of nanoparticles reduced the viability 

for all the cells (~70 % of the survival percentage without UV exposure), while 
lower concentrations (up to 2 μg/mL) resulted in more toxicity toward cancerous 
cells when coupled with longer times of UV exposure (at a 2 μg/mL concentration 

of NPs and 15 minutes of UV exposure, ~40% of the survival percentage for 
cancerous cells vs. 90 % for normal cells). Even if the exposure to UV light 
highlighted the important role played by the photocatalytic activity of ZnO NPs 
against cancer cells, the cytotoxicity observed at high concentrations in the absence 
of UV exposure also suggested the presence of a secondary mechanism. 

ZnO nanoparticles for photodynamic therapy were investigated also by Ancona 
et al.93. In this case, ZnO particles were coated by a lipid layer in order to increase 
the dispersion of the nanoparticles in biological media and to improve cellular 
uptake, and were then tested as photosensitizers against human epithelial carcinoma 
cells (HeLa). The lipid-coated nanoparticles were successfully internalized in the 
cells and an increased cytotoxicity was found with an increase of the concentration 
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of NPs coupled with UV irradiation, confirming the interesting antitumoral 
properties of bare ZnO. 

In the previous sections of this review, several works reporting an increased 
photocatalytic activity of doped ZnO nanoparticles were described. This aspect can 
be extremely useful in enhancing NPs cytotoxicity against tumoral cells, in a similar 
manner to what has been demonstrated for antimicrobial applications. 

Lithium-doped ZnO nanoparticles were proposed as generators of singlet 
oxygen for this purpose146. A physical characterization of these nanoparticles was 
provided, reporting an increase of the band-gap energy and a slight blue shift of the 
exciton energy. Moreover, an increased generation of singlet oxygen was clearly 
observed for the increasing doping levels, suggesting its use in photodynamic 
therapy. 

In this sense, gadolinium and europium were also considered. In the work by 
Ghaemi et al., these two chemical species were proposed as dopant ions in ZnO 
nanoparticles and their influence was analyzed in terms of their cytotoxic behavior 
against normal (L929 fibroblast cells) and tumoral (Hela cervical cancer cells and 
PC3 prostate cancer cells) cells166. In particular, Gd- and Eu-doped ZnO NPs were 
internalized into cells and the cell cultures were exposed to UV, X-ray and γ 

radiations. Then, the cells viability was evaluated by an MTT assay, giving the 
results reported in Figure 12. In dark conditions, the NPs only slightly decreased 
the cells’ viability with the increase of the concentration, demonstrating that Gd- 
and Eu-doped ZnO nanoparticles did not induce considerable cell death. However, 
when UV exposure was considered, the cells viabilities heavily reduced for all the 
doped and undoped-treated cell cultures, suggesting the importance of the 
photoexcitation of the ROS production. Another important aspect was a remarkable 
selectivity in killing only cancerous cells if intermediate concentrations of doped 
ZnO particles (10 μg/mL) were used. Cell lines incubated with ZnO NPs were also 
exposed to X-rays and γ-rays. While γ-rays did not give important changes in the 
viability of cells with respect to dark conditions, X-rays at 2 Gy were extremely 
effective at killing cells, with doped ZnO NPs in particular, perhaps because of a 
higher ROS generation. 
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Figure 12: Cell viability of different cell lines exposed to different illumination sources 
and different concentrations, incubated with pure, Gd-doped and Eu-doped ZnO 
nanoparticles. Adapted from ref.166. 

Gadolinium doping coupled with X-ray radiation was tested also in another 
study, where Gd-doped ZnO nanoparticles were administered to lung carcinoma 
cells (SKLC-6) and irradiated with megavoltage X-rays288. Nanoparticles with a 
dimension of 9 nm were successfully internalized in the cell bodies as shown in 
Figure 13. A dose-dependent effect under X-rays irradiation was observed also in 
this case; the cells viability decreased when the NPs concentration was increased, 
reaching ~20% of cell viability with respect to the control at 100 μg/mL of the NPs 

concentration, as well as a reduction in the DNA repair efficiency. 

 

Figure 13: TEM images showing the internalization of pure (a) and Gd-doped (b) 
ZnO nanoparticles in lung carcinoma (SKLC-6) cells. Adapted from ref.288. 

Additionally, Mg-doped ZnO nanoparticles were proven to induce cell death in 
human breast cancer cells (MCF-7), and AO & EB   staining coupled with 
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fluorescence microscopy showed that the main way through which cell died was 
apoptosis168. 

Cu-doped ZnO nanoparticles synthesized by a green method demonstrated 
similar anticancer properties238. The comparison on the cell viability between pure 
ZnO NPs, Cu-doped ZnO NPs and doxorubicin showed superior cytotoxic effects 
of the doped NPs against breast cancer cells. The proposed mechanism for cell death 
was the penetration of the small particles through the cell barrier. 

Despite ZnO being already proposed as a therapeutic agent against cancer, 
doped ZnO nanoparticles still do not have a large literature pool through which the 
mechanism of toxicity can be stated univocally. Many studies have reported an 
increased cytotoxicity in concomitance with increased photocatalytic and 
antibacterial activities. Other works focused on the stability of the ZnO particle to 
tune specifically the antitumoral effect. Even if further studies are required, the 
results herein described clearly show that doped ZnO can be a powerful weapon to 
fight cancer. 

1.6 Conclusions 

In summary, doping represents a valuable tool to extend the use of ZnO NPs in 
nanomedicine. Wet chemistry approaches based on sol-gel, hydrothermal routes 
and combustion methods have been largely used to dope ZnO NPs with various 
elements including rare earth (REs) elements and transition metals (TMs). It is 
found that RE elements have been more extensively considered to improve the 
photocatalytic and optical properties, but also to confer on ZnO NPs magnetic and 
improved electromechanical behaviors. Overall, doping ZnO NPs with TMs was 
mainly considered to give ZnO unprecedented ferromagnetic properties. 

Doped ZnO NPs have been successfully proposed as therapeutic agents against 
cancer and showed enhanced antibacterial properties against both Gram-positive 
and Gram-negative bacteria. The mechanism through which doping can increase 
ZnO NPs toxicity against cancer cells and bacteria is still controversial and not 
univocally stated. In some cases, it was ascribed to the improved photocatalytic 
activity and increased generation of harmful ROS. In other cases, the increased 
bactericidal action was due to a more efficient attachment of the nanoparticles to 
the cell membrane. Even if further studies are required, the results described herein 
clearly highlight that doped ZnO NPs can be a powerful weapon to treat cancer. 
Doping ZnO NPs with TMs also represents a powerful approach to acquire new 
bioimaging properties which have been successfully applied to magnetic resonance 
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imaging applications. Promising results were also found in terms of an increased 
cytocompatibility by using Fe-doped ZnO nanoparticles due to the reduced and 
even more controllable release of cytotoxic zinc cations. Therefore, the iron has 
been chosen as doping element for the ZnO NPs object of this work. 
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Chapter 2 

Fe:ZnO NPs synthesis and 
characterization 

Part of this chapter has been taken from the open-access publication 
“Carofiglio, M.; Laurenti, M.; Vighetto, V.; Racca, L.; Barui, S.; Garino, N.; 
Gerbaldo, R.; Laviano, F.; Cauda, V. Iron-Doped ZnO Nanoparticles as 
Multifunctional Nanoplatforms for Theranostics. Nanomaterials 2021, 11, 
2628”.101 

 

Figure 14: Graphical summary of the chapter. The aim of this part of the work is to 
obtain a ZnO NP that presents features exploitable for theranostics: selective tumor 
toxicity, magnetic responsiveness and enhanced electromechanical response101.  
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2.1 Introduction 

Novel therapeutic approaches based on the use of smart nanomaterials are 
considered the frontier in the development of next-generation, multifunctional 
nanosystems aimed for nanomedicine. Examples include theranostic nanoparticles 
(NPs), i.e. nanosystems capable of combining therapeutic and diagnostic 
functionalities, to deliver and activate a therapeutic agent towards a specific 
position inside the body, and to report the status of the disease and/or of the 
therapeutic agent at the same time289. 

One of the main and most appealing application of theranostics is surely for 
anti-tumoral purposes290. Indeed, the possibility to exploit both imaging capabilities 
and a therapeutic action of the theranostic agent in the human body, as well as to 
guide it toward the specific site of interest, gathers relevant advantages in terms of 
personalized medicine, allowing the application of a customized therapy and real-
time diagnosis solely for the targeted organ or tissue. 

In this regard, the study of theranostic nanoparticles gained relevant attention. 
Thanks to the reduced size, NPs represent one of the most suitable systems 
compatible with the cellular dimensions. This aspect also efficiently combines with 
the superior physical and chemical properties of NPs due to quantum-size effects 
typical of nanometer-sized materials, which can be also customized depending on 
the nanomaterials shape and on the selected class of material (metal, semiconductor, 
etc…). NPs also show passive tumor targeting, active targeting possibilities27, as 
well as promising imaging potentialities25. Therefore, these aspects corroborate the 
use of NPs as optimal and versatile platforms to be employed for various therapeutic 
applications, including drug delivery291, and stimuli-responsive ones, i.e. 
hyperthermia292, photodynamic93,232 or sonodynamic therapies94,293,294. As already 
extensively reported in Chapter 1, in the specific class of metal oxides, ZnO NPs 
are surely promising candidates and have been already proposed for 
nanomedicine71,91,285. First of all, ZnO NPs are extremely versatile in terms of 
existing techniques for NPs’ preparation and of the resulting nanoparticle 

morphology, making easier the tailoring of the NP system for specific theranostic 
applications71. Moreover, ZnO NPs present very interesting optical properties, 
which have been proven to impart a photocatalytic activity and in turn, promising 
antimicrobial behaviors295.  

ZnO is also a well-known piezoelectric material. Piezoelectric NPs have been 
already explored in nanomedicine either as powerful system for tissue 
engineering296,297 or as promising anticancer therapeutic218. Both these antithetic 
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approaches rely their efficacy on the interference that electrical stimuli, generated 
by the mechanically-activated piezoelectric NPs, may induce on cell ions 
homeostasis. If opportunely tuned, this interference may lead to cells differentiation 
or to cell anti-cancer drug sensitization. Based on the above-mentioned mechanism, 
ZnO piezoelectricity has been successfully exploited to develop several smart ZnO-
based materials for tissue engineering applications71,298. 

From the therapeutic standpoint, it has also been demonstrated that ZnO NPs 
can act as sensitizing agents in photo- and sonodynamic therapy. Thanks to the 
enhanced reactive oxygen species generation when exposed to light93 or mechanical 
stimuli299, ZnO NPs are effective in killing cancer cells when coupled with 
ultraviolet (UV) light radiation or shock waves94. 

However, ZnO NPs on their pure form present some criticalities that should be 
considered in view of their translation to clinically-relevant applications. The most 
important one is their toxicity. As a matter of fact, despite being considered GRAS 
(Generally Recognised as Safe) in its bulky form by the Food and Drug 
Administration, nanosized ZnO demonstrates a dose dependent toxicity300 which 
can be related to three main processes: (i) the release of zinc cations due to NP 
dissolution in biological media, which may lead to the disruption of the cell 
homeostasis301; (ii) the induced generation of cytotoxic reactive oxygen species by 
either photocatalysis or by sono-irradiation90; and finally, (iii) the mechanical 
damages that the NP could induce on the cell membrane during internalization295. 
Moreover, ZnO on its own is a wide band-gap semiconductor (approximately 3.4 
eV69) and it can only absorb light in the UV region of the spectrum, thereby limiting 
its use as photo-sensitizing agent for photo-dynamic therapy. Indeed, ZnO NPs are 
able to generate ROS under photo-irradiation and kill tumoral cells only when 
exposed to UV light, which is however harmful also for healthy cells.  

Therefore, both the therapeutic efficacy and the imaging abilities of ZnO NPs 
need to be properly optimized to account for the use of small and safe doses of the 
theranostic nanoparticles. As already reported in Chapter 1, doping ZnO NPs 
represents a valuable manner to optimize the material to fit the requirements for an 
effective theranostic NP. 

In particular, among the various doped ZnO nanomaterials, the iron doped ones 
play a relevant role in the biomedical field. Indeed, it has been proven that Fe 
doping reduces the dissolution rate of ZnO nanoparticles in several biological 
media, hence representing a valuable approach to partially prevent undesirable 
cytotoxic effects against healthy cells207. Despite Fe:ZnO nanomaterials being 
already reported in the literature, to the best of our knowledge, a comprehensive 
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study focusing on the corresponding optical, piezoelectric, magnetic and 
biocompatible properties aimed at theranostics has not been reported yet.  

Therefore, the aim of this thesis is to develop multifunctional iron-doped ZnO 
nanoparticles (Fe:ZnO NPs) thought as theranostic nanoplatforms that can be 
introduced safely inside the cell and that present intrinsic imaging and therapeutic 
potentialities to fight cancer cells. 

For this purpose, Fe:ZnO NPs incorporating two different dopant amounts (6 
and 12 at.%) were synthesized with a wet chemical synthesis technique using oleic 
acid as capping agent to stabilize the nanoparticles system in aqueous media. A 
further functionalization with amino-propyl groups was performed with a post-
synthetic grafting approach for further dye labelling and increase the Z-potential 
value for improved stability in water media. In a similar way, undoped ZnO NPs 
were prepared as well, and used as reference to state the improved properties 
obtained in case of the doped Fe:ZnO NPs counterpart. All the NPs were 
investigated in terms of morphology and crystallographic structure to assess the 
distortion that doping induces on the ZnO crystal lattice. The chemistry of the NPs 
was investigated by spectroscopic techniques to define the amount of doping level 
and Fe oxidation state, as also to verify the correct functionalization of the NPs. 

The nanoparticles were analyzed in terms of optical properties, 
electromechanical and magnetic behaviors, to establish the improved performances 
of the doped particles with respect to the undoped ones. Indeed, Fe doping gathers 
magnetic responsiveness to doped particles which could be used in magnetic 
resonance imaging. Moreover, by changing the amount of the inserted dopant, 
substitutional Fe ions with different radii and oxidation states relative to Zn2+ one 
were noticed, finally influencing the electromechanical response of the doped NPs. 

In this perspective, the results here obtained allow to propose a nanosystem in 
which the novel properties gathered by doping, i.e. luminescence, magnetism and 
piezoelectricity, can be fruitfully exploited for theranostics applications. 

 

2.2 Materials and methods 

2.2.1 ZnO and Fe:ZnO NPs synthesis procedure 

Undoped and iron-doped zinc oxide nanoparticles (ZnO and Fe:ZnO NPs) were 
synthesized by a wet chemical process, exploiting oleic acid as stabilizing agent120. 
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More in detail, for ZnO NPs, 526 mg of zinc acetate dihydrate 

(Zn(CH3COO)2⋅2H2O, ACS Reagent, ≥99.0%, Sigma-Aldrich, Darmstadt, 
Germany) was dissolved in 40 mL of ethanol (99%, Sigma-Aldrich). The ethanolic 
solution was placed in a 100 mL round-bottom flask. Then, 1 mL of bidistilled 
water (obtained from a Direct Q3 system, Millipore) and 140 μL of oleic acid (≥99 

%, Sigma-Aldrich) were added to the solution. 
The flask was placed in a silicon oil bath to be heated up to 70 °C in refluxing 

conditions. 
In the meanwhile, 1.044 g of tetramethylammonium hydroxide pentahydrate 

(TMAH, 98.5 %, Sigma-Aldrich) was dissolved in 10 mL of ethanol and 1.052 mL 
of bidistilled water. The TMAH solution was rapidly poured to the main solution, 
after 10 minutes of moderate stirring at 70°C. 

After further 10 minutes, during which the clear solution turned into an opaque 
particle dispersion, 40 mL of ice-cooled ethanol was included in the solution to stop 
the reaction. The flask was then placed in an ice bath for 3 minutes. 

The resulting NPs were washed twice by centrifugating them at 8000 g for 10 
minutes and then re-suspended in ethanol. 

Similarly, Fe:ZnO NPs were obtained by including 58 or 116 mg of ferric 
nitrate nonahydrate (Fe(NO3)3⋅9H2O, HiMedia) for 6 at.% (Fe6:ZnO) and 12 at.% 
(Fe12:ZnO) doped nanoparticles, respectively, in the zinc acetate ethanolic 
solution. 

2.2.2 ZnO and Fe:ZnO NPs functionalization procedure 

Amino-propyl functionalization of the undoped and iron-doped ZnO 
nanoparticles was carried out prior to in vitro biological tests, following the 
procedure described by some of us75. In particular, 40 mg of NPs were dispersed in 
ethanol to obtain a 2.5 mg/mL dispersion. Then, the dispersion was placed in a 25 
mL round bottom flask and heated up to 70 °C in refluxing conditions, under 
moderate stirring and continuous gaseous nitrogen flux. After 10 minutes, 10 mol% 
of 3-aminopropyltrimethoxysilane (APTMS) was added to the nanoparticles’ 

dispersion. The system was kept in nitrogen atmosphere and continuous stirring for 
6 hours and then washed two times with ethanol by a centrifugation and 
redispersion process (14000 g for 10 minutes). 
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Figure 15: Iron-doped ZnO NPs synthesis and functionalization diagram .  
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2.2.3 Physico-chemical characterization 

The morphology and chemical composition of the prepared materials deposited 
onto a silicon substrate were characterized by Field Emission Scanning Electron 
Microscopy (FESEM, SUPRA 40 from Zeiss) coupled with a detector for energy 
dispersive X-ray spectroscopy (EDS).  

Also, Transmission Electron Microscopy (TEM) analysis was employed for 
their analysis. The observed samples were prepared by dispersing the NPs in water 
at a concentration of 25 μg/mL. Then, 10 μL of the solution were deposited onto a 

Lacey Carbon Support Film (300 mesh, Cu, Ted Pella Inc.) and let dry. The 
measurements were held with a Talos™ F200X G2 S(TEM) from Thermo 
Scientific at an operating voltage of 200 kV. 

Fourier Transform Infrared (FT-IR) spectroscopy was performed in 
transmission mode on 500 μg of ZnO and Fe:ZnO NPs deposited onto a silicon 

wafer prior and after functionalization, in the region 4000-400 cm-1 range with a 
Nicolet 5700 FT-IR spectrometer (Thermo Fisher). 

The crystallinity of the synthesized nanoparticles was investigated by X-Ray 
diffraction (XRD) analyses, through a Panalytical X’Pert diffractometer in θ-2θ 

Bragg-Brentano mode (Cu-Kα radiation source, λ=1.54 Å, 40 kV and 30 mA) on 

samples prepared similarly to the ones exploited during FT-IR measurements. The 
evaluation of the peak shift was performed by fitting the peaks with a Gaussian 
function (Origin, OriginLab) and comparing the evaluated peak positions for the 
three main reflections. The same fit was exploited to determine the crystallite 
dimension (D) according to Debye-Scherrer formula302 [38]: 

D=(180⋅κ⋅λ)/(π⋅Δ2θcos(θ) )       (1) 
where κ=0.89, λ is the X-ray radiation wavelength, Δ2θ is the Full Width at 

Half Maximum (FWHM) expressed in radiant and θ is the diffraction angle.  
X-ray Photoelectron spectroscopy (XPS) was carried out with a PHI 5000 

VersaProbe (Physical Electronics) system. The X-ray source was a monochromatic 
Al Kα radiation (1486.6 eV energy). The relative atomic concentration (at.%) of 

each chemical element was calculated from the high-resolution (HR) spectra. XPS 
spectra were analyzed using CasaXPS software (version 2.3.18). All the XPS 
spectra were processed after Shirley background subtraction. HR core-level spectra 
deconvolution into individual mixed Gaussian–Lorentzian peaks was obtained after 
binding energy (BE) calibration according to C1s position for adventitious carbon 
(284.8 eV). 
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Dynamic Light Scattering (DLS) and Z-potential measurements were 

performed to evaluate the size and surface charge of nanoparticles. To this purpose, 
nanoparticles suspensions at the concentration of 100 μg/mL were prepared after 

10 minutes of sonication in ethanol, water and cell culture medium (RPMI 1640, 
ATCC, supplemented with 10%v of Fetal Bovine Serum (ATCC) and 100 μg/mL 
streptomycin and 100 units/mL penicillin (P/S, Sigma-Aldrich)). DLS 
measurements were performed to determine the hydrodynamic radius of the 
particles both in their storage solvent (ethanol), in the aqueous medium (water) and 
in the medium exploited for cell culturing. Furthermore, Z-potential measurements 
were performed in water to investigate the surface charge of the nanoparticles.  

The optical absorption properties of ZnO and Fe:ZnO nanoparticles in the 
ultraviolet and visible region of the light spectrum were evaluated in transmission 
mode through a double-beam Varian Cary 5000 UV-vis-NIR spectrophotometer. 
More in detail, ethanolic solution containing 2 mg/mL of ZnO and Fe:ZnO NPs 
were prepared and placed in quartz cuvettes (350 μL volume, 1 mm optical path 

length). The analysis was performed, using a pure ethanol sample as baseline curve. 
All the spectra were thus background subtracted. From the UV-recorded spectra, 
the optical band gap of the nanoparticles was estimated according to Tauc’s plot.  

Fluorescence excitation and emission spectra were measured with a Perkin 
Elmer LS55 fluorescence spectrometer. ZnO nanoparticles were suspended in 
ethanol at a concentration of 1 mg/mL and placed in quartz cuvettes.  

A DC magnetic characterization was performed on ZnO and Fe:ZnO NPs. To 
avoid any movement of the NPs during the application of a large magnetic field, 1 
mg of NPs was encapsulated into 100 μL of DurcupanTM ACM and thermally 

treated at 60°C for 3 days to harden the resin. Measurements were then performed 
on these samples at room temperature and quasi-static conditions with a DC 
magnetometer (Lake Shore 7225, Lake Shore Cryotronics, Inc., Westerville, OH, 
USA) equipped with a cryogen-free magnet system.  

The electromechanical response of ZnO and Fe:ZnO nanoparticles was 
evaluated by a Piezo Evaluation System (PES, TFAnalyzer 2000HS, Aixacct). The 
nanoparticles suspension (3 mg dispersed in 200 μL of bidistilled water) was 

deposited on conductive Au-SiO2 substrate. After solvent evaporation, a continuous 
nanoparticles film could be formed. Measurements were performed under the 
application of a triangular excitation signal (voltage amplitude ±20 V, frequency 
100 Hz). 
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2.3 Results and discussion 

2.3.1 Structural and morphological characterization 

The morphology of the ZnO and Fe:ZnO NPs was investigated by FESEM 
analysis. As shown in Figure 16, the resulting particles are almost spherical and 
present a dimension between 4 and 10 nm. No particular differences are found in 
the morphology and dimension between undoped and Fe-doped NPs, differently to 
what typically reported in the literature207, in which a reduction of the dimension is 
acknowledged because of doping. The maintenance of size and morphology 
reported here may be attributed to a preponderance of the steric effects of the 
reagents exploited in our synthesis procedure, rather than a possible effect that 
doping may have on the rate of NPs nucleation and crystal growth. 

 

Figure 16: Field emission scanning electron microscopy images of ZnO (A), Fe6:ZnO 
(B) and Fe12:ZnO (C) nanoparticles having 0, 6, 12 at% of nominal iron doping 
respectively.  

Another important point that arises from this analysis is the narrow size 
distribution of the nanoparticles. Independently of the level of doping, very uniform 
particle shapes and dimensions are observed. This aspect is further corroborated by 
DLS results discussed below. 

EDS analyses were performed on Fe:ZnO nanoparticles to assess the actual 
level of iron incorporated in the nanoparticles (Figure 17). As it can be clearly 
observed from Table 4, by increasing the amount of the iron precursor during the 
synthesis, the atomic percentage of iron included in the NPs increases accordingly. 
In particular, the ratios between iron at.% and the sum of the iron and zinc at.% 
(Feat%/(Feat%+Znat%) is equal to 4.8% and 7.8% for the Fe6:ZnO and Fe12:ZnO NPs, 
respectively. These results demonstrate that iron has been successfully included in 
the NPs system, and that the Fe doping level can be controlled by the synthetic 
procedure. 
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Among others, the high level of oxygen is instead attributed to the presence of 

organic species in the system, i.e. the oleic acid used to stabilize the nanoparticles. 

 

Figure 17: Field emission scanning electron microscopy images of ZnO (A), Fe6:ZnO 
(B) and Fe12:ZnO (C) nanoparticles having 0, 6, 12 at% of nominal iron doping 
respectively.  

Table 4: Electron energy dispersive spectroscopy (EDS) results of Fe:ZnO 
nanoparticles. Here, only the results related to the Zn, Fe and O elements are 
considered. 

Sample Zn [at. %] Fe [at. %] O [at. %] 

ZnO 18.65 - 81.35 

Fe6:ZnO  23.68 1.20 74.82 

Fe12:ZnO  22.70 1.90 75.4 
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Further electronic microscopy analyses on pure ZnO and Fe6:ZnO NPs were 

performed through a TEM analysis in which some of the nanocrystals can be 
recognized (Figure 18).  

 

Figure 18: Transmission electron microscopy images of a) ZnO and b) Fe6:ZnO NPs 
having 0, 6 at.% of nominal iron doping respectively. Nanoparticles diameter size 
histograms of c) ZnO and d) Fe6:ZnO NPs.  

 
From the nanocrystals recognition it is possible to assess that the formed NPs 

are monocrystalline and determine the spacing between the crystal planes forming 
the crystal. The measurement of the spacing leads to 2.81±0.30 Å and 2.74±0.25 Å 
for ZnO and Fe6:ZnO NPs respectively. The NPs size distribution confirms the 
good homogeneity of the synthesized NPs and evidences the absence of any 
significant difference in size and morphology of the differently doped NPs. As a 
final remark on the TEM images, it is possible to spot the presence of an organic 
layer surrounding the NPs, which could be possibly attributed to the oleic acid 
capping and to the amino-propyl functionalization.  

Fourier transform infrared spectroscopy was carried out to verify the presence 
of the oleic acid functional groups on the nanoparticles and to check the correct 
amino functionalization, required to label the nanoparticles for biological tests and 
increase the stability of the nanoparticle.  

In Figure 19, the spectra retrieved for the functionalized ZnO and Fe:ZnO NPs 
are reported. Despite the different doping levels, the Fe:ZnO NPs show several 
common features. First of all, there is an intense peak centered at ∼440 cm-1, which 
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can be related to the vibration of Zn-O bonds. Moreover, two peaks at ∼1420 and 
∼1570 cm-1 can be attributed to the C-O and C=O vibrations respectively, while the 
peaks at ∼2860 and ∼2925 cm-1 are assigned to the -CH3 and -CH2 symmetric and 
asymmetric stretching vibrations. The presence of these peaks is expected because 
of the inclusion of oleic acid in the system, the amino-propyl functionalization and 
the use of zinc acetate in the synthesis procedure, which may result in some acetate 
residual. Finally, the broad band found between 3200 and 3600 cm-1 is ascribed to 
the OH stretching vibration. The abundance of hydroxyl groups useful for 
promoting the anchoring of functional moieties on the NPs outermost surface is 
evident for both the amino-propyl functionalized and unfunctionalized NPs (Figure 
20), witnessing how these NPs are prone to be functionalized without requiring any 
further surface activation steps. 

 

Figure 19: Fourier transform infrared spectroscopy spectra of ZnO, Fe6:ZnO and 
Fe12:ZnO NPs after ami-no-propyl functionalization.  
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Figure 20: Fourier transform infrared spectroscopy spectra of ZnO, Fe6:ZnO and 
Fe12:ZnO NPs prior amino-propyl functionalization.  

The effectiveness of amine functionalization is corroborated by the presence of 
a small but sharp peak in the region between 1100 and 750 cm-1, which is attributed 
to primary aliphatic amines (-CH2-NH2)303. This peak is no longer visible in the IR 
spectra of the non-functionalized NPs (Figure 20).  

Further insights about the composition of the prepared NPs were obtained by 
X-Ray Photoelectron Spectroscopy (XPS). The wide-energy range analysis for the 
undoped ZnO NPs revealed the presence of Zn, C, O, and N (Figure 21a). 
Additionally, Fe element was detected only for the doped NPs (Figure 21b,c). The 
detection of N1s signal for all the NPs, i.e. undoped and doped ones, confirms the 
successful amine functionalization. On the other side, the detection of Fe only for 
Fe:ZnO NPs was expected and highlights the success of the synthetic method for 
incorporating Fe dopant within ZnO NPs. 
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Figure 21: Wide-energy range XPS spectra for undoped ZnO (a), Fe6:ZnO (b) and 
Fe12:ZnO (c) NPs.  

The relative atomic concentration (at.%) of each chemical element (Table 5) 
was estimated from the corresponding high-resolution (HR) spectra shown in 
Figure 22-24. The high presence of carbon is associated to the use of oleic acid in 
the synthesis process and to some contamination due to air exposure of the samples. 
Despite the amount of iron incorporated in the ZnO NPs being lower than the EDS 
data of Table 4, the (Feat%/(Feat%+Znat%) ratio estimated from XPS results is similar 
and equal to 5.7% and 8.3% for Fe:ZnO NPs doped at the nominal levels of 6 and 
12 at.%, respectively. 

 

Figure 22: High-Resolution XPS spectra for undoped ZnO NPs.  
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Figure 23: High-Resolution XPS spectra for Fe6:ZnO NPs. 

 

 

Figure 24: High-Resolution XPS spectra for Fe12:ZnO NPs. 
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Table 5: Relative atomic concentration for ZnO and Fe:ZnO nanoparticles 

estimated from HR-XPS analysis.  

Sample C 

[at. %] 

Zn 

[at. %] 

O 

[at. %] 

N 

[at. %] 

Fe 

[at. %] 

ZnO 14.8 ± 

0.5 

39.3 ± 

0.4 

43.7 ± 

0.4 

2.2 ± 

0.4 

- 

Fe6:ZnO  24.3 ± 

0.5 

29.8 ± 

0.3 

41.8 ± 

0.4 

2.3 ± 

0.3 

1.8 ± 

0.3 

Fe12:ZnO  28.1 ± 

0.6 

27.8 ± 

0.3 

38.8 ± 

0.4 

2.8 ± 

0.4 

2.5 ± 

0.4 

 

The local chemical environment of Fe dopant was further analyzed by 
collecting the high-resolution (HR) XPS spectrum of Fe2p, which is shown in 
Figure 25. The presence of multiple peak splits of Fe2p into separate components 
Fe2p3/2 and Fe2p1/2 is observed, which are centered at about 711 eV and 723 eV, 
respectively. Additional satellites in the 715-719 eV and 730-735 eV regions are 
also present and suggest the existence of multiple Fe oxidation states. 

 

Figure 25: High-resolution XPS spectra of Fe2p for Fe:ZnO NPs doped at different 
Fe concentrations.  

HR Fe2p3/2 spectra deconvolution is shown in Figure 26. Each spectrum could 
be fitted with separate components associated to Fe-O bonds involved into FeO and 
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Fe2O3, respectively304. This aspect evidences the coexistence of Fe3+ and Fe2+ 
valence states for Fe dopant in both families of the doped samples. If the area % 
under each component is considered (Table 6), a preponderance of Fe3+ ions relative 
to Fe2+ can be highlighted for the sample Fe6:ZnO. On the contrary, Fe2+ ions are 
predominant for sample Fe12:ZnO. By increasing the amount of Fe dopant, an 
increase of Fe2+ fraction at the expense of Fe3+ is then observed, similarly to what 
reported in other works131,305,306. 

 

Figure 26: Curve fitted Fe2p3/2 spectrum for Fe:ZnO nanoparticles.  

Table 6: FeO and Fe2O3 peak components (binding energy and % area) 
obtained by deconvolution of HR Fe2p3/2 XPS spectrum.  

Sample Fe (II), FeO Fe (III), Fe2O3 

Binding 
Energy [eV] 

Area 
[%] 

Binding 
Energy, [eV] 

Area 
[%] 

Fe6:ZnO 708.5 

709.6 

7.1 

37.1 

 

709.8 

710.7 

711.6 

10.6 

27.4 

14.7 
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712.6 3.1 

 44.2  55.8 

Fe12:ZnO 708.4 

709.6 

 

19.2 

43.3 

 

 

709.9 

710.7 

711.6 

712.7 

0.9 

22.9 

11.6 

2.1 

62.5  37.5 

 
The crystallinity of the ZnO and Fe:ZnO nanoparticles has been evaluated 

through X-ray diffraction. The resulting patterns are reported in Figure 27. Despite 
the broadening due to the small dimensions of the particles, the peaks belonging to 
the wurtzitic structure of ZnO can be identified in all the three cases according to 
JCPDS-ICDD (card n. 89-1397) and witness that all the prepared NPs are 
crystalline. In particular, the most intense ones can be assigned to (100), (002) and 
(101) ZnO crystallographic directions. 

 

Figure 27: X-ray diffraction patterns of ZnO, Fe6:ZnO and Fe12:ZnO NPs. * refers 
to the silicon wafer used as substrate.  
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No additional diffraction peaks belonging to metallic Fe or Fe oxide phases are 

observed within the detection limit of XRD instrument, suggesting that additional 
Fe-related crystalline phases neither nucleate and grow during the synthesis, nor is 
detrimental for the crystalline wurtzitic structure of the nanoparticle. 

As a further information about the level of crystallinity, the dimension of the 
crystallites forming the nanoparticles has been evaluated according to Debye-
Scherrer formula. The results are summarized in Table 7 for the functionalized NPs. 
The crystallites dimension agrees with FESEM results, which showed that the 
particles dimension ranged between 4 and 10 nm. This allows to state that our 
nanoparticles are single ZnO nanocrystals as also demonstrated by TEM images, 
for both the undoped and doped case. Moreover, the crystallite dimension is even 
increased with doping, indicating that the introduction of Fe ions may induce a 
slight increase of crystalline structure of the nanoparticle. 

Table 7: Crystallite dimension evaluated through the Debye Scherrer equation 
for the (100) plane for the ZnO and Fe:ZnO NPs. 

Sample (100) 

ZnO 6.0 nm 

Fe6:ZnO  8.3 nm 

Fe12:ZnO  12 nm 

The introduction of doping atoms in the host ZnO crystal is indeed expected to 
induce a distortion in the lattice structure which can be also evaluated by 
considering the shift of the 2θ peak positions measured by the XRD pattern.  

In Table 8, the shift measured by comparing the 2θ angles corresponding to the 

three main reflections of ZnO and Fe:ZnO NPs are reported. The main variations 
are along the (001) and the (002) planes and suggest a slight modification of the 
lattice parameters due to the difference in ionic radii between Zn2+ (0.74 Å) and 
Fe2+/Fe3+ dopant (0.78/0.64 Å, respectively). 

Table 8: Diffraction angle shifts on the peaks corresponding to the (100), 
(002) and (101) planes with respect to the ZnO NPs. Δθ = θFe:ZnO – θZnO. 

Sample ΔΘ (100) ΔΘ (002) ΔΘ (101) 

Fe6:ZnO  -0.121° +0.061° +0.020° 

Fe12:ZnO  -0.088° +0.114° -0.032° 

In conclusion, both XRD and XPS results state that Fe was successfully 
included in the host ZnO lattice structure. This aspect is of particular interest 
especially in view of the magnetic and electromechanical behavior of the doped 
NPs, which are discussed in the next sections. 
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The functionalized NPs were analyzed through dynamic light scattering (DLS) 

in two different solvents: ethanol and water.  
Table 8 summarizes the results for the amino functionalized particles (whose 

graphs are reported in Figure 28). The polydispersity index (PDI) in both water and 
ethanol never exceeds the 0.160 value and confirms the narrow size distribution 
already highlighted with FESEM analysis. Therefore, it can be stated that the 
population of the considered NPs is substantially monodisperse69. 

 

Figure 28: Size distribution from Dynamic light scattering obtained for the NPs. The 
graphs shows the intensity of the signal expressed in percentage of ZnO and Fe:ZnO NPs 
in ethanol (A) and water (B).  

 

Table 9: Relative atomic concentration for ZnO and Fe:ZnO nanoparticles 
estimated from HR-XPS analysis.  Dynamic light scattering results for Fe:ZnO 
NPs. The hydrodynamic diameter (DH) and the polydispersity index (PDI) are 
expressed as mean values ± standard deviation of three measurements. 

Sample DH in ethanol PDI in ethanol DH in water PDI in water 

ZnO 98.5± 0.2 nm 0.154±0.019 116.2±0.4 nm 0.148±0.011 

Fe6:ZnO  120.4±0.2 nm 0.133±0.010 139.0±1.8 nm 0.138±0.025 

Fe12:ZnO  124.4±0.4 nm 0.144±0.021 167.6±1.7 nm 0.121±0.003 

 

It must be observed that the hydrodynamic diameter found from DLS 
measurements is well above the dimensions found with electron microscopy 
analysis. In fact, the smallest value is found for undoped ZnO is close to 100 nm 
(Table 8), thus 10 times higher than the NPs size estimated by electron microscopy 
(Figure 16). This phenomenon can be attributed both to the presence of chemical 
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groups on the particles surface which increase the hydrodynamic diameter of the 
particle as well as the adsorption of ions at the NP surface or even to the formation 
of NPs aggregates.  

The hydrodynamic size of the nanoparticles is increased when the doping level 
is increased as well, suggesting a higher level of aggregation of doped 
nanoparticles. 

However, the level of monodispersion is still high also in water, where the 
hydrodynamic diameter is the largest one. This is due also to the surface charge of 
the nanoparticles which is highly positive, well above +20 mV (Table 9) and in 
agreement with what found for ZnO NPs after amino functionalization because of 
the presence of the amino groups75. However, the overall result is to have highly 
positively-charged nanoparticles which repel each other assuring an optimal 
dispersion. 

Table 9: Z-potential Fe:ZnO NPs with amino functionalization. The Z-
potentials are expressed as mean values ± standard deviation of three 
measurements. 

Sample Z-potential after functionalization 

0 at.% 22.7±0.9 mV 

6 at.%  26.4±0.4 mV 

12 at.%  25.5±0.5 mV 

 

2.3.2 Optical, magnetic and piezoelectric characterization 

The absorption spectra recorded for ZnO and Fe:ZnO NPs are shown in Figure 
29A. From the optical standpoint, a strong absorption in the ultraviolet (UV) region 
is observed for all the three samples, as represented by the absorption peak at λ = 

348 nm. The UV absorption intensity is more pronounced for Fe:ZnO NPs and in 
particular for the mostly doped ones (Fe12:ZnO NPs). All these aspects make the 
prepared NPs good UV-absorber materials and promising candidates for a lot of 
applications in which a good UV absorption is required like photodynamic 
therapy307,308 or antimicrobial purposes309,310. 

Moreover, it is worth mentioning that Fe:ZnO nanoparticles present a slight 
absorption in the visible region as well. This behavior is further intensified as the 
level of doping is increased. This aspect may play a significant role in biomedical 
applications, since extending the optical activation of the NPs, i.e. for example for 
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photodynamic therapies, can be beneficial when using lower-energy and thus safer 
light sources. 

 

Figure 29: UV-visible spectra (A) and Tauc’s plot (B) of ZnO and Fe:ZnO NPs. 

From the UV-vis spectra, the optical band-gap of the NPs could be estimated 
according to Tauc’s plot311, as shown in Figure 29B. The calculated band gap value 
is around 3.39 eV for all the samples. This value is in agreement to what previously 
found from some of us on Gd- and Mn-doped ZnO NPs prepared with a similar 
synthetic technique, where very small band-gap variations among undoped and 
doped ZnO NPs were found120. 

Doping ZnO typically involves a modification of the electronic structure of the 
material by the generation of new electronic states. If these electronic states fall in 
the band gap region, new electronic transitions upon light excitation are allowed, 
resulting into fluorescence emission312. 

For this reason, the fluorescence spectra of the synthesized Fe:ZnO NPs have 
been acquired.  
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Figure 30: Fluorescence spectra of ZnO and Fe:ZnO NPs. Dashed lines represent the 
signal retrieved exciting the sample at wavelength below λ=500 nm and collecting the 

emission at λ=550 nm; solid lines refer to the emission retrieved by exciting the sample at 

λ=348 nm. 

The results are reported in Figure 30 for all the three kinds of nanoparticles. 
When excited with a UV radiation (here in particular with λ = 348 nm), all the NPs 

show a broad green light emission (centered at λ=550 nm, see all the solid lines), in 

agreement to what found for other ZnO nanostructures313,314. However, this is 
typically attributed to oxygen vacancies and related effects rather than on doping315, 
for which there is no rising of any additional peak. Moreover, the fluorescent 
emission of the doped nanoparticles is lower than for the undoped ones. However, 
when considering the excitation spectra (dotted lines in Figure 30) both iron-doped 
NPs present a secondary peak of excitation at 400 nm. The presence of this peak is 
in agreement to what found in the UV-vis spectra where a higher absorption was 
observed up to λ=400 nm. This feature confirms that the prepared iron-doped NPs 
are good UV-absorber materials, with a potential use for photodynamic therapy or 
antimicrobial applications, as highlight above. 

Introducing magnetic ions inside a semiconductor may allow the formation of 
localized magnetic dipoles which can affect the electronic carriers’ behavior316. 
This is the case of iron ions, which present an incomplete d electronic shell. When 
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included in the ZnO crystal structure, the rise of a ferromagnetic behavior is 
typically observed132,180. Moreover, the inclusion of iron ions can also induce the 
increase of the maximum magnetization that the particles can reach at room 
temperature under the application of a magnetic field. Figure 31 reports the 
measurements regarding the DC magnetization of ZnO and Fe:ZnO NPs. As it can 
be noticed, all the nanoparticles show a paramagnetic behavior, which is however 
modified in magnitude by increasing the Fe doping. Interestingly, a similar 
paramagnetic response is found also for the undoped ZnO nanoparticles, for which 
a diamagnetic behavior was expected. The reason of this behavior may lay in the 
presence of the oleic acid shielding, which could partially influence the surface 
electron behavior, changing the magnetic properties of the nanoparticle, as it 
happens in other ZnO-based systems with a different functionalization317. To this 
purpose, this paramagnetic response for undoped nanoparticles has been found by 
some of our groups120 as well, with almost identical magnetization magnitude. 

As already mentioned, increasing the amount of doping inside the crystal 
enhances the maximum magnetization measured applying a magnetic field of 800 
kA/m on the sample. In fact, for the Fe12:ZnO NPs a magnetization of 16.7 Am2/kg 
is found, against the 9.1 Am2/kg retrieved in the case of Fe6:ZnO NPs. These values 
are almost one order of magnitude higher with respect to the maximum 
magnetization obtained for the undoped nanoparticles (1.5 Am2/kg).  

The origin of magnetic properties in Fe-doped ZnO materials is still under 
debate. Several studies pointed out that it may originate from the 
formation/precipitation of secondary magnetic phases within the material318. 
Instead, other works showed that the magnetic behavior of Fe:ZnO NPs is due to 
the existence of mixed Fe valence states allowing the exchange interaction between 
conductive electrons and local spin polarized electrons176,319–321. 

The noticeable enhancement in the maximum magnetization observed for our 
Fe:ZnO NPs has to be attributed to the effective incorporation of Fe magnetic atoms 
in the ZnO crystal structure. XPS and XRD results allow to exclude the 
formation/precipitation of secondary magnetic phases and point out the co-
existence of both Fe2+ and Fe3+ ions substituting at Zn2+ sites. It is also noticed that 
the dominant Fe valence state (Fe2+ or Fe3+) changes according to the overall dopant 
amount. Therefore, the magnetic behavior observed in our Fe:ZnO NPs is more 
likely due to electron double-exchange mechanism279,321,322 while the different 
magnetic behavior among the Fe-doped NPs can be due to the difference in the 
amount of incorporated Fe dopant, and to the change of the dominant Fe valence 
state176,319–321. This strong paramagnetic behavior of the nanoparticles can be then 
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successfully exploited for biomedical imaging applications, like magnetic 
resonance imaging. 

 

Figure 31: Magnetization-saturation (M-H) curves measured at room temperature of 
ZnO and Fe:ZnO NPs with different doping levels. 

The electromechanical behavior of Fe:ZnO NPs was qualitatively investigated 
by considering the mechanical displacement experienced by Fe:ZnO NPs 
nanoparticles films under the application of an external bias voltage (Figure 32). It 
is found that Fe doping influences the electromechanical response, with Fe:ZnO 
NPs showing closed-loop curves resembling those reported in the literature for 
common piezoelectric ceramics (PZT, barium titanate)323,324 and other doped ZnO 
materials99,111. In particular, Fe6:ZnO NPs show a better electromechanical 
response than Fe12:ZnO, with an improved peak-to-peak mechanical displacement 
that changes from around 1 nm for sample Fe12:ZnO to around 3 nm for Fe6:ZnO 
NPs. Despite showing an electromechanical displacement comparable to Fe6:ZnO 
NPs, the behavior of undoped ZnO NPs is slightly different; the D-V curve shows 
a negligible hysteretic behavior, suggesting the absence of a ferroelectric domains 
structure, in accordance with the literature61. It is worth mentioning that the 
remarkable mechanical displacements measured in this work could be biased also 
by the bending of the substrate, which cannot be neglected with the used 
measurement apparatus325. Therefore, a quantitative estimation of the piezoelectric 
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constant for the tested NPs cannot be obtained, as it would be overestimated due to 
the above-mentioned effect superimposed to the piezoelectric one. 

The improved electromechanical response due to Fe doping can be related to 
the different valence states of the Fe ions incorporated in the ZnO crystal. Both XPS 
and XRD analyses pointed out that Fe dopant was correctly incorporated in the host 
ZnO crystal structure, with Fe3+/Fe2+ ions substituting at Zn2+ sites. The fraction of 
Fe3+/Fe2+ ions is changed according to the dopant amount. In particular, the smallest 
Fe3+ is the dominant valence in sample Fe6:ZnO. By increasing the nominal doping 
level up to 12 at.%, the biggest Fe2+ ions become the predominant ones. Among 
others, the electromechanical response of wurtzitic ZnO is governed by the ease 
rotation/bending of bonds in the crystal-line cell. The substitution of Zn2+ sites with 
smaller Fe3+ having also a higher positive charge promotes an easy bending/rotation 
of bonds under the application of an external electric field, making easier the 
alignment of electric dipoles along the c-axis direction, i.e. the polarization 
direction of ZnO, and finally improving the overall piezoelectric mechanical 
displacement of the material131 [43]. On the other hand, the substitution of Zn2+ 
with bigger Fe2+ ions makes this rotation/bending more difficult. Fe2+ is the 
predominant valence for Fe doping in the sample Fe12:ZnO. Therefore, in this case 
it is found that Fe doping could somehow limit the electromechanical response. 
Finally, it can be also concluded that a proper modulation of chemical state for Fe 
dopant must be foreseen if the enhancement in the electromechanical response of 
Fe:ZnO NPs wants to be pursued. Furthermore, the enhanced electromechanical 
response provided by iron doping could represent an interesting tool for therapeutic 
purposes, because the possibility to induce a tunable electric potential on the treated 
cells may also disrupt cell ions homeostasis and induce anti-cancer drug 
sensitization300. 
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Figure 32: Electromechanical displacement vs. applied bias voltage, measured for 
ZnO and Fe:ZnO NPs with different doping levels  

2.3.3 Conclusions 

In this work, iron-doped ZnO NPs were developed to obtain a versatile 
theranostic material to be used in cancer therapies. 

NPs with a diameter between 4 and 10 nm were synthesized with different level 
of iron doping, and pure ZnO nanoparticles were used as control. The spherical 
morphology of the nanoparticles was not affected by doping. EDS and XPS 
analyses revealed that iron doping incorporation within the NPs was consistent with 
the synthesis protocol. XRD, TEM and XPS analyses showed that NPs were single-
phase wurtzitic crystals and confirmed the correct inclusion of iron ions in the host 
ZnO crystal lattice. With the increase of doping, Fe2+ was found the predominant 
oxidation state, despite both Fe2+ and Fe3+ ones being present in all the doped 
particles. 

The optical behavior of the NPs changed with doping. Indeed, despite all the 
ZnO NPs still being strong UV absorbers, the inclusion of iron in the NPs enlarged 
the light absorption spectral range of the system toward visible light, paving the 
way to biomedical applications, i.e. therapeutic activation by light as in 
photodynamic therapy. 
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Both ZnO and Fe:ZnO NPs showed a paramagnetic behavior. However, the 

inclusion of iron magnetic moments inside the crystal elicits a noticeable 
enhancement of the maximum magnetization, with consequent potential uses of 
Fe:ZnO NPs as contrast agent in magnetic resonance imaging. 

An increased electromechanical response was found for the doped NPs. The 
rising of a hysteresis in the corresponding D-V curve is attributed to the distortion 
that the iron ions may induce in the ZnO crystal, while the difference in the 
electromechanical response between doped NPs is attributed to the different ratio 
of Fe2+ and Fe3+ species, which may lead to a different distortion of the lattice 
because of ions radii. The enhanced electromechanical response suggests the use of 
the iron doped nanoparticles also as therapeutic agent, where the electric potential 
generated remotely by an external mechanical stimulation may alter specific cell 
behaviors to the point of promoting healthy cells proliferation or even inducing 
tumoral cells death. 

As a conclusion, Fe:ZnO NPs showed very promising optical, magnetic and 
electro-mechanical properties that could be effectively used in nanomedicine. In 
particular, Fe6:ZnO NPs showed to have the best trade-off between enhanced 
magnetic and electromechanical functionalities, suggesting their use as a powerful 
theranostic agent for cancer treatment. 
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Chapter 3 

Fe:ZnO NPs as a nanodevice 
against pancreatic cancer cells 

Part of this chapter has been taken from the publication from “Carofiglio M., 
Conte M., Racca L., Cauda V. Synergistic Phenomena between Iron-Doped ZnO 
Nanoparticles and Shock Waves Exploited against Pancreatic Cancer Cells. ACS 
Applied Nanomaterials”326.  

 

Figure 33: Graphical summary of the chapter. Fe:ZnO NPs were tested on an 
adenocarcinoma pancreatic cancer cell line to assess the therapeutic efficacy of the 
developed nanoparticle when coupled to an external mechanical stimulation.  
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3.1 Introduction on pancreatic cancer 

Theranostic nanosystems are acquiring more and more relevance in 
nanomedicine327. The potential advantages offered by the administration of a site-
specific therapy while constantly monitoring the patient conditions are actually 
enormous in the context of cancer, as for all other diseases which are very difficult 
to treat289,328. Several prototypes of smart nano-sized devices able to perform both 
these tasks can be found in the literature329–331. One of the major trends includes the 
use of nanosystems incorporating imaging moieties and carrying antitumoral 
drugs25, such as polymeric nanoparticles (NPs) 332–335, liposomes336–338 or 
mesoporous silica NPs339,340. However, a main drawback of these devices is the 
inability to precisely control their release location, or to remotely activate them, 
leading to an unwanted leakage of their cargo before reaching the tumor 
environment.  

New approaches feature NPs which can be activated to perform the therapy 
only once they have reached the site of interest. Recent advancements are going 
toward smart nanomaterials able to react to different physical and chemical 
stimulations. Examples includes pH-sensitive materials capable of releasing anti-
tumoral drugs only in the acidic tumor environment341,342 or magnetic nanoparticles, 
like iron oxide nanoparticles343,344, which can be remotely directed and excited to 
induce hyperthermia once inside the cancer tissues292,345,346. Other classes of 
stimuli-responsive nanomaterials are NPs aimed at photothermal347–349 (PTT) and 
photodynamic350 (PDT) therapies. The underlying concept is to excite such 
nanoparticles with a light source, in order to induce toxic phenomena in nearby 
tissues. PTT consists in the excitation of optically responsive materials, i.e. metal 
nanoparticles, with an electromagnetic radiation, typically in the infrared region of 
the light spectrum. Once the light is absorbed, the excited material converts this 
energy into heat, which can ablate the tumor tissue and eventually cause cell death. 
Due to the electronic quantum confinement given by the nano-scale, gold 
nanoparticles result extremely suitable for this purpose, as widely demonstrated by 
the large amount of related works in the literature351–354. On the other hand, most of 
PDT approaches rely on the generation of reactive oxygen species (ROS) upon light 
irradiation. ROS production is expected to induce toxicity on the diseased cells355. 
Thus, whatever the energy sources used or the mechanism involved, the advantage 
of these remotely-controlled NPs is their ability to activate the toxic phenomenon, 
provoking cell death exclusively on cancer cells, only once the therapeutic moiety 
has effectively reached its target356. 
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The use of remotely-controlled NP approaches can face some drawbacks too. 

Indeed, the visible light possesses a quite low tissue penetration, while UV 
radiations may damage healthy tissues with side effects potentially overwhelming 
the benefits of the therapy357. Alternate magnetic field, if too much intense, can 
provoke damages to normal tissues and create undesired eddy currents358.  

Tissue penetration becomes a very important parameter to consider when 
treating deep-seated tumors, like pancreas. Pancreatic cancer and in particular the 
most common form of this disease, namely pancreatic ductal adenocarcinoma 
(PDAC) 359, is very difficult to treat due to the characteristics of its development, 
which provide it with resistance toward standard cancer treatments360,361. 
Therapeutic approaches like PDT could successfully address the difficult task of 
reducing tumor growth. However, the location of the pancreas inside the human 
body does not allow an effective stimulation with light. Different remote 
stimulations have been proposed as possible alternatives. An example is represented 
by the stimulation with periodic pressure waves, like ultrasounds (US) or shock 
waves, these last being sharp discontinuities, i.e. compressive and tensile waves, 
involving a sudden and strong change in pressure and density in a medium293,362. 
Indeed, US represents a valuable alternative to light because pressure waves can 
penetrate deeper in the organic tissues interposed between the stimulation source 
and the target, while preserving a good level of safety on normal tissues when low 
irradiation powers are employed. Several molecules have been proposed as 
enhancers of this phenomenon, and are referred to as sonosensitizers, i.e. systems 
able to induce hyperthermia or ROS generation only upon US stimulation so as to 
localize the therapy performed on the system363. In this perspective, nanoparticles 
such as gold364,365, titanium oxide366,367 and zinc oxide90,94,368 have been suggested 
as sonosensitizing agents and have shown a great potential in this field. The 
superiority of NPs with respect to organic sonosensitizer molecules appears clear 
and is currently extensively debated in literature369. NPs are able to better disperse 
in biological water-based media than organic molecules, can be biocompatible, and 
can accumulate in the tumor mass thanks to the enhanced permeation and retention 
(EPR) effect or, even better, exploiting functional biomolecules at their surface for 
active targeting370. Furthermore, NPs can be designed to act both as theranostic 
tools and to be fully biodegradable at the end of their mission in the biological 
environment. 

In this chapter we propose the use of the Fe6:ZnO NPs, as also shown in the 
previous chapter (henceforth Fe:ZnO) , and we take advantages of their imaging 
and therapeutic potentialities. We prove their effectiveness as sonosensitizing 
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agent, by reducing pancreatic cancer viability in vitro when coupled with a remote 
mechanical stimulation, i.e. shock waves.  

The target of this first proof-of-concept test is a PDAC cell line (BxPC-3). 
Actually, PDAC can only be reached with a deep stimulation and displays innate 
and acquired drug resistance. It therefore urgently requires more effective 
therapeutic approaches, as the one here proposed. Fe:ZnO NPs are thus tested first 
in terms of their cytocompatibility, cellular uptake and NPs dissolution in cell 
culture media in comparison to undoped ZnO NPs. The obtained results aim to 
increase the understanding of the Fe:ZnO NPs fate inside the cell, when their 
administration is not coupled with a remote physical stimulation, and to evaluate 
the final and safe biodegradation. The coupling of the NPs with a mechanical 
stimulation, i.e. pressure shock waves, is exploited to induce cell death only on 
demand, to achieve a remotely-controlled and safe therapy. Therefore, BxPC-3 
viability is assessed with the coupled treatment and then the cell fate is observed to 
determine the cell death mechanism and other possible aspects that could be 
improved in view of a future clinical translation.  

3.2 Materials and methods 

The synthesis and functionalization of Fe:ZnO NPs follows the same procedure 
described for ZnO and Fe6:ZnO in Chapter 2. 

3.2.1 Cell culture, viability, and internalization assays 

Fe:ZnO and ZnO NPs were tested on a PDAC cell line, i.e. BxPC-3 (ATCC 
CRL-1687). For daily cell culture, cells were cultured at 37 °C and 5% of CO2 in 
RPMI 1640 medium (ATCC) supplemented with 10%v of previously heat-
inactivated fetal bovine serum (FBS, ATCC), 100 μg/mL of streptomycin and 100 

units/mL of penicillin (Sigma-Aldrich). 
Cytotoxicity tests were performed in 96-well plates (TC-treated, Corning) with 

the WST-1 proliferation assay (Roche). More in detail, 2500 cells dispersed in 100 
μL of cell culture medium were seeded in each well and let adhere on the bottom 

of the well. After 24 h of incubation, Fe:ZnO and ZnO NPs directly taken from the 
ethanolic stock solution (2 mg/mL and 1 mg/mL for Fe:ZnO and ZnO NPs 
respectively) were dispersed at different concentrations in fresh culture medium 
(10, 15, 20 and 25 μg/mL of NPs). The NPs dispersions were then administered to 

cells by simple cell culture medium substitution. 
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The cytotoxicity was evaluated at different times of incubation (24, 48 and 72 

h). In particular, 10 μL of WST-1 reagent were added to each well 2 hours before 
the expiration of the incubation time step in question. A plate reader (Multiskan GO 
microplate spectrophotometer, Thermo-Fisher Scientific) was exploited for the 
measurements. More in detail, the absorbance of the samples was evaluated at 450 
nm (A450), while the one at 620 nm (A620) was used as reference. For all the samples, 
the absorbance value obtained by the cell culture medium with no cultured cells 
(BK450-BK620) was subtracted from the actual measure; the resulting value was then 
divided by the absorbance of the control cells (CT450-CT620), in order to obtain a 
percentage value as reported in other works94,366. More explicitly, the formula 
leading to cell viability percentage evaluation (C%) is: 

𝐶% = 100 ⋅
(𝐴450 − 𝐴620) − (𝐵𝐾450 − 𝐵𝐾620)

(𝐶𝑇450 − 𝐶𝑇620) − (𝐵𝐾450 − 𝐵𝐾620)
 

The tests were repeated on a non-cancerous cell line (i.e. HPDE-H6c7, human 
pancreatic duct epithelial cells, Kerafast, Inc., Boston, MA) in order to assess the 
safety of the fabricated particles on healthy cells. The procedure followed for the 
tests was exactly the same as the one used for the BxPC-3 cell line. 

The internalization of Fe:ZnO and ZnO NPs in BxPC-3 cells was evaluated 
through flow cytofluorimetry. To do so, 3×105 cells were seeded in a 24-well plate 
(TC treated, Thermo Fisher) with 500 μL of cell culture medium. After 24 h from 
cell plating, the medium was replaced with cell culture medium containing NPs (10 
μg/mL for pure ZnO NPs, 10 and 15 μg/mL for Fe:ZnO NPs). The NPs had been 

previously labelled with ATTO647-NHS ester, as described in a previous work91, 
and their uptake by BxPC-3 cell line was evaluated after 5 and 24 h. The aim was 
to determine the timing at which the majority of BxPC-3 was able to internalize the 
administered NPs, so as to maximize the effects of further treatments. At the end of 
the incubation time, the cells were washed twice with PBS to remove non-
internalized NPs and then detached through trypsinization. Once collected, cells 
were centrifuged (130 g for 5 minutes) and resuspended in 300 μL of PBS. The cell 

suspension was analyzed through a Guava Easycyte 6-2L flow cytometer (Merk 
Millipore), following the same procedure already described elsewhere94. The 
analysis of the results was performed with Incyte Software (Merk Millipore). 

All biological tests were performed at least in triplicates and ANOVA tests 
were performed with the software Origin (OriginLab). 
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The internalization of Fe:ZnO NPs inside BxPC-3 cells was also analyzed 

through spinning-disk confocal fluorescence microscopy (Ti2 Nikon equipped with 
Crest Large FOV laser and 60x PlanAPO objective, NA = 1.40) to locate the 
position of the NPs inside the cell. To do so, 1×104 cells were seeded into 8-well 
chamber slides (Nunc Lab-Tek II CC2 Chamber Slide System, Thermo Fisher 
Scientific) with 250 μL of complete cell culture medium. ATTO647-NHS labelled 
Fe:ZnO NPs were then administered to cells (15 μg/mL) 24 h from seeding. 24 h 

later, cells were fixed by replacing cell culture medium with 150 μL of Image-IT 
fixative solution (Thermo Fisher). After 10 minutes at room temperature, cells were 
washed twice with phosphate-buffered saline (PBS) solution and their membranes 
were stained by incubating them with 250 μL of PBS containing Wheat Germ 

Agglutinin conjugated with an Alexa Fluor 488 dye (WGA-488, Thermo Fisher) at 
a concentration of 2.5 μg/mL for 10 minutes in normal cell culture conditions. After 

this time, cells were washed twice with PBS and then Hoechst (Thermo Fisher) at 
a concentration of 0.3 μg/mL in PBS was administered to cells for nuclei staining. 

After 5 minutes at 37°C, cells were washed twice with PBS and Live Cell Imaging 
(LCI, Molecular Probes) solution was finally added. The samples were immediately 
analyzed following staining. 

 

3.2.2 Shock wave treatment 

The behavior of BxPC-3 cells subjected to mechanical stimulation coupled with 
the administration of a safe dose of Fe:ZnO NPs was analyzed. Cells were seeded 
in a 96-well plate adopting the same procedure previously described, following a 
specific plate layout designed in order to avoid cross-mechanical stimulation, i.e. 
leaving at least one well without cells between two nearby samples. 

Cells were treated with the highest safe dose of Fe:ZnO NPs (15 μg/mL) and, 

after 24 h from NPs administration, they were mechanically stimulated with the 
PW2 shock waves generator. The same power conditions and stimulation times 
exploited during ROS generation analysis were here employed (0.04 mJ/mm2, 500 
shots, 4 shots/s). In particular, three main stimulation typologies were set. In the 
first one, cells were only treated with the shock waves, without any NPs 
administration, to assess the toxicity of the SW treatment itself. The second 
typology consisted in the stimulation of cells that were first treated with Fe:ZnO 
NPs and then deprived of non-internalized NPs by means of a double washing with 
PBS and its replacement with freshly prepared cell culture medium just before the 
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SW treatment (Fe:ZnO Int). Finally, the third typology considered the stimulation 
of cells that were treated with Fe:ZnO and mechanically stimulated after 24 h from 
the NPs administration without any washing steps (Fe:ZnO Int+Ext). This last 
sample aimed at the exploitation of both intracellular and extracellular NPs for cells 
killing. 

BxPC-3 cell viability was assessed with the WST-1 assay 24 h after the 
mechanical stimulation and compared to that of untreated cells, set as 100 % of 
viability. 

 

3.2.3 Mechanisms of cell death 

Fe:ZnO NPs were investigated in terms of reactive oxygen species (ROS) 
generation under remote mechanical stimulation using Electron Paramagnetic 
Resonance (EPR) spectroscopy coupled with the spin-trapping technique. More in 
detail, 1.5 μg of Fe:ZnO NPs were withdrawn from the ethanolic stock solution and 
dispersed in 90 μL of water. The dispersion was placed in a 96-well plate for cell 
culture (TC-Treated, Corning). Then 10 μL of a water solution of a spin trap (5,5-
dimethyl-L-pyrroline-N-Oxide, DMPO, Sigma-Aldrich) at a concentration of 100 
mM was added to the solution. The final concentration of Fe:ZnO NPs was 15 
μg/mL while the DMPO final concentration for each sample was 10 mM. The 

Fe:ZnO NPs containing well was stimulated from the bottom with a high-energy 
focalized shock wave (SW) device PW2 (R. Wolf, ELvation Medical) at an energy 
flux density of 0.04 mJ/mm2  (12.5 MPa as maximum pressure peak) and a number 
of shots equal to 500 with a frequency of 4 shots/s. The well and the transducer 
were acoustically coupled with a gel (Stosswellen Gel, ELvation Medical GmbH). 
After the stimulation, a small volume of the NPs dispersion was withdrawn by 
means of a quartz capillary and analyzed with an EMXNano X-Band spectrometer 
(Bruker, center field 3426 G, 10 scans, 60 s sweep time). The spectra were 
processed with Bruker Xenon software (Bruker).  

Dissolution of Fe:ZnO NPs into zinc cations in cell culture medium at 37 °C 
was also evaluated. Fe:ZnO NPs at a concentration of 1 mg/mL were dispersed in 
cell culture medium. Then, 70 μL of this dispersion was placed in the cap of a 1.5 
mL centrifuge tube, opportunely separated by a dialysis membrane (SnakeSkin 
dialysis Tubing 3.5K MWCO, 16 mm dry I.D. by Thermofisher Scientific) from 
the rest of the tube to avoid NPs leakages. Then, 630 μL of cell culture medium was 
added in the tube, in contact with the NPs solution through the dialysis membrane 
so as to bring the NPs concentration in the overall solution to 100 μg/mL and to 
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allow only ions exchange. The tube was placed upside down in an orbital shaker at 
37 °C for different incubation time steps (up to 72 h). At the end of each incubation 
time, the solution contained in the main tube (i.e. without NPs) was withdrawn and 
stored at 4 °C up to further analysis. The amount of zinc atoms (derived from 
dissolved zinc cations) was evaluated through Graphite Furnace Atomic Absorption 
Spectroscopy (GF-AAS) following EPA method 289.1.  

An evaluation of the free zinc dissolved intracellularly after NPs internalization 
and in absence of any mechanical treatment was initially performed. Cells were 
plated in chamber slides, treated with Fe:ZnO NPs and fixed (see details above). 
The intracellular free zinc was labelled through FluoZin-3 AM (Thermo Fisher) 
probe: cells were washed twice with PBS and a 1 μM solution of FluoZin-3 AM 
fluorescent dye in PBS was administered. After 30 minutes of incubation at 37 °C, 
the excess of dye was removed by two washing steps with PBS. Then, cells 
lysosomes were labelled by substituting the PBS with a 1 μM dye solution 

(LysoTracker Red DND-99, Thermo Fisher) in PBS and incubating the cells for 30 
minutes at room temperature. After two further washing steps, cell membranes and 
cell nuclei were stained with WGA-647 (Thermo Fisher) and Hoechst, following 
the same procedure reported above, and images were collected with the spinning 
disk confocal microscope. All the images were taken keeping exposure times and 
laser powers constant among the different samples. They were then post-processed 
in the same way, to allow a direct comparison between the samples in terms of free 
zinc intensity fluorescence too. 

To unravel the mechanism of cell death under SW stimulation, cells were plated 
in clear 96-well plates following the same protocol exploited for cytotoxicity 
assays. Cells were then treated with Fe:ZnO NPs and shock waves. Free zinc was 
labelled again with FluoZin3-AM, while the cell membrane integrity was assessed 
with Propidium Iodine (PI, ThermoFisher) using 100 μL of 1 μM of PI solution in 
cell culture medium for 5 minutes at 37 °C. Then, cells were washed three times 
with PBS. The PBS was finally substituted with Live Cell Imaging solution and 
cells were imaged with a wide-field inverted fluorescence microscope (Eclipse TiE 
from Nikon) equipped with 40× objective (NA = 0.60).  

The kinetics of both cell necrosis and apoptosis was evaluated through the 
RealTime-Glo Annexin V Apoptosis and Necrosis Assay (Promega) coupled with 
the microplate reader Glomax (Promega). More in detail, BxPC-3 cells were plated 
in a black 96-well plate with clear bottom (Corning) and treated with the same 
protocol exploited for SW treatments in the previous tests. Just before the SW 
treatment, 100 μL of the 2x Detection Reagent freshly prepared in RPMI 1640 
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according to the manufacturer indications were added to all the samples. A first 
measurement was performed before SW treatments. Then, the measurements were 
repeated immediately after the SW treatment and after 30 minutes, 1 h, 2 h, 4 h, 6 
h and 24 h from the treatment. 

Both the fluorescence and the luminescence signals retrieved from the 
measurements were analyzed, as recommended by the manufacturer. In particular, 
the obtained data were processed as fold induction of the signal obtained from the 
cells without any NPs and those subject to SW treatment, according to the formula: 
SampleSignal/ControlSignal. 

3.3 Results and discussions 

3.2.1 Cytotoxicity of pure and iron-doped ZnO NPs 

Amine functionalized Fe:ZnO and ZnO NPs were administered to BxPC-3 cells 
in order to assess their cytotoxicity and to understand which dose can be exploited 
for further treatments with acoustic stimulation. As a general trend, both NPs types 
show a dose-dependent cytotoxicity which does not vary sensibly depending on the 
incubation time, as shown in Figure 34. In particular, the undoped ZnO NPs are 
safe up to 10 μg/mL for all the considered incubation times. In contrast, the toxicity 

is abruptly increased already at 15 μg/mL, with cell viability close to 20 % 

compared to the control samples. Moreover, a slight viability increase in time can 
be observed, with values always below 40 %. 

A similar trend is observed for Fe:ZnO NPs, however, the highest safe dose is 
extended up to 15 μg/mL. The dose-dependent toxicity of ZnO is already well 
known in the related literature91,285,371 and has been mainly attributed to two 
mechanisms: ZnO dissolution into Zn2+ ions, able to disrupt the cell homeostasis 
leading to cell death, and the oxidative stress generated by the nanoparticles due to 
ROS production. Iron doping has been demonstrated to reduce the dissolution of 
ZnO nanoparticles providing them with a higher stability in aqueous media130,207. 
This translates into a higher safety of the nanoparticles, which has also been 
evidenced in this work when Fe:ZnO NPs are compared to their undoped 
counterparts. A lower toxicity also opens the possibility of administering higher 
doses of NPs, that are therefore more likely to induce toxic phenomena under 
external stimulation (i.e., shock waves). 

In this particular case the highest safe dose, defined as the amount of NPs that 
can be administered without significantly damaging cells prior external stimulation, 
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is increased by 50 % thanks to the iron doping (i.e., from 10 μg/mL to 15 μg/mL). 

Furthermore, the iron-doped ZnO NPs show magnetic properties, not present in the 
undoped counterpart, as reported in previous works176,180,320. This is also true for 
the herein analyzed Fe:ZnO NPs, whose maximum magnetization is higher than the 
one measured for pure ZnO NPs (Figure 31). Such magnetic property is exploitable 
to employ them as contrast agents under MRI, yet leading to an intrinsically 
theranostic nanoparticle. For all these reasons, only iron-doped nanoparticles will 
be investigated henceforth when the mechanical stimulation is considered. 

 

Figure 34: ZnO and Fe:ZnO NPs cytotoxicity on BxPC-3 cells at different incubation 
times from NPs administration, calculated from the results of the WST-1 assay. The value 
reported by the bars represents the mean ± std.dev percentage of n ≥ 3 measurements with 

respect to control cells.  

Despite a proper targeting mechanism should be implemented on the highly 
customizable surface of the NPs in the present study, cytotoxicity tests on non-
cancerous cells demonstrated an intrinsic selectivity of the NPs toward cancer cell 
killing. Figure 35 reports the results of the cytotoxicity experiments held on normal 
cells (HPDE). As it is clearly visible, with respect to what was found for cancerous 
cells, a higher dose of both ZnO and Fe:ZnO NPs can be administered to normal 
cells without affecting normal cell viability. Moreover, Fe:ZnO NPs are confirmed 
to be less toxic than ZnO NPs for normal cells too, further justifying their use during 
future treatments.   
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Figure 35: ZnO and Fe:ZnO NPs cytotoxicity on HPDE cells at different incubation 
times from NPs administration, calculated from the results of the WST-1 assay. The value 
reported by the bars represents the mean ± std.dev percentage of n ≥ 3 measurements with 

respect to control cells.  

 

3.2.2 Fe:ZnO NPs internalization 

ZnO and Fe:ZnO NPs were also investigated from the internalization 
standpoint. The ability of the BxPC-3 cell line to internalize the administered NPs 
was analyzed with cytofluorimetry and fluorescence microscopy. 

In particular, cytofluorimetric assays (Figure 36) indicate that a higher 
percentage of cells (positive events) is able to internalize (or adsorb at their surface) 
the Fe:ZnO NPs when compared to pure ZnO NPs. This behavior was already 
reported in similar conditions by our group101. It has been also reported in the 
literature that a high positive Z-potential can favor NPs internalization into cells, 
which typically possess a negatively charged cell membrane372–374. Here, the higher 
Z-potential of iron-doped nanoparticles, together with the larger exploitable dose 
due to their increased safety, may explain the superior internalization in cells with 
respect to the undoped ZnO. 
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Figure 36: a) BxPC-3 cells measured as positive events due to the internalization or 
immobilization at the outer cell membrane of ZnO and Fe:ZnO NPs. Data are reported at 
different incubation times from NPs administration, calculated through cytofluorimetric 
assays. The values reported by the bars represent the mean ± std.dev. percentage of n = 3 
measurements with respect to control cells. The comparisons between the different 
treatments were performed using two-ways ANOVA. ***p < 0.001, **p < 0.01 and *p < 
0.05. Representative histograms of the fluorescence intensity of cells measured through the 
cytofluorimetric assays exploited to evaluate the NPs internalization at b) 5 h and c) 24 h 
from NPs administration. 

From the results of the cytofluorimetric analysis it can be observed that the 
percentage of positive events, namely cells with an increased fluorescence, 
improves with time and dose. In particular, the percentage of cells with a higher 
fluorescence signal than the control cells approaches 100 % after 24 h from 15 
μg/mL Fe:ZnO NPs administration, indicating that all the cells exhibit NPs on their 

cell membrane or inside of them. This result justifies and supports the use of these 
NPs dose and incubation time for further mechanical stimulation with shock waves 
in cells. 

Spinning disk confocal fluorescence microscopy was exploited to localize 
Fe:ZnO NPs inside the cells. Figure 37 reports a representative image of BxPC-3 
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cells incubated with 15 μg/mL of Fe:ZnO NPs. Despite the nanosized nature of the 

NPs, which dramatically reduces the possibility to clearly resolve them, it is still 
possible to locate the presence of some aggregates inside the cells, thus obtaining 
information about the NPs intracellular location. In particular, the majority of the 
NPs can be spotted inside the cell membrane but outside the cell nucleus, suggesting 
that the internalization process allows the permeation of the nanoparticles only 
inside the cytoplasm. 

 

Figure 37: Representative image of Fe:ZnO NPs internalized in BxPC-3 pancreatic 
cancer cells after 24 h of incubation from NPs administration. Cell membranes (green), 
nuclei (blue) and Fe:ZnO NPs (purple) are evidenced in the image. Scalebar is 50 μm.  
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3.2.3 Effects of shock waves coupled with Fe:ZnO NPs on 
pancreatic cancer cells 

The final aim of the proposed NPs is to provide a tool that can be externally 
activated by means of a remote mechanical stimulation, to induce cell death in a 
diseased tissue. Pancreatic cancer cells were exploited as a tumor model for this 
purpose. Indeed, the highest safe dose of Fe:ZnO NPs was administered to cells 
and, after 24 h of incubation, the cells were stimulated with SW in two different 
conditions: in the presence of NPs internalized in the cells and in the extracellular 
space, i.e. in cell culture medium (Int+Ext NPs) or with internalized NPs alone (Int 
NPs).  

The cell viability was evaluated after 24 h from NPs incubation and mechanical 
stimulation (Figure 38). As expected from the cytotoxicity tests, Fe:ZnO NPs are 
safe when no SWs are co-administered. Furthermore, there is no difference in 
viability between the cells where only internalized NPs are considered (Fe:ZnO Int) 
and those where both internalized and non-internalized NPs were retained (Fe:ZnO 
Int+Ext). Also, the mechanical stimulation with SW does not significantly affect 
cell viability per se, i.e. when NPs are not administered to cells. 

Remarkably, a statistically higher toxicity with respect to the control samples 
is achieved when the two treatments (i.e., NPs and SW administration) are 
combined together. In particular, the viability of cells treated with Fe:ZnO Int and 
SW is 61.8 ± 1.5 % with respect to the untreated cells; furthermore, a statistically 
relevant difference between this synergistic treatment and either the single NPs 
administration or the solely SW stimulation is evidenced. When the cells are treated 
with SW and Fe:ZnO Int+Ext, the viability is 69.6 ± 4.5 % with respect to the 
control. The difference among the two types of NPs treatments is not statistically 
significant in terms of cell viability. This result suggests that most of the toxic 
effects could be attributed to the internalized NPs rather than to the extracellular 
ones. However, to determine the actual mechanism involved in cell death, further 
studies are required, as reported below. 
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Figure 38: Cell viability percentages with respect to untreated cells of BxPC-3 when 
treated in presence of Fe:ZnO NPs with SW. The graph shows the difference between 
Shock Wave-treated (SW in the graph) and untreated (NO SW in the graph) cells and the 
difference among control cells (CT), cells treated with only internalized NPs (Fe:ZnO Int 
in the graph) and with NPs both internalized in cells and in the extracellular space 
(Fe:ZnO Int+Ext in the graph). The values reported by the bars represent the mean ± 
std.dev percentage of n ≥ 3 measurements with respect to control cells. The comparisons 

between the different treatments were performed using three-ways ANOVA. ***p < 
0.001, **p < 0.01 and *p < 0.05.  

3.2.4 Toxicity mechanisms 

There are typically three toxicity mechanisms that could be involved in cell 
death due to the presence of both ZnO NPs and shock waves: (i) ROS generation 
and consequent oxidative stress; (ii) ZnO dissolution in Zn ions; (iii) mechanical 
cell membrane disruption due to the mechanical wave and the presence of NPs. 
Here we have investigated all of them to unravel the mechanism of toxicity due to 
the combination of NPs and mechanical pressure waves, in the present case SW.  

A first analysis was performed to assess the extent of ROS generation 
contribution to this phenomenon. Ultrasound stimulation has already been reported 
to induce a high ROS generation due to gas bubble cavitation trapped on the ZnO 
surface90. However, to our knowledge, the effect of repeated shock waves has never 
been analyzed in these terms. EPR spectroscopy was thus exploited: Fe:ZnO NPs 
were mechanically stimulated in water and the amount of generated ROS was 
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analyzed. The results of this measurements (Figure 39) clearly indicate the absence 
of any signal related to the existence of hydroxyl and alkyl radicals, suggesting that 
none of these types of ROS are generated due to the SW stimulation, either alone 
or in combination with NPs. A possible explanation for this phenomenon might be 
that the frequency of excitation is not suitable to establish any cavitation 
phenomena, or that the DMPO trap is not sensitive to the specific radicals formed 
in response to this stimulation. Therefore ROS generation, if potentially present, 
may not be provoked by the combination of SW and NPs, and thus it is excluded 
from being the main responsible for cell death. 

 

Figure 39: Electron paramagnetic resonance spectroscopy analysis of Fe:ZnO NPs 
dispersed in water and stimulated with shock waves. The typical spin-adduct of DMPO-
OH (an example is reported in the top of the graph) has not been detected both in pure 
water and in presence of Fe:ZnO NPs (15 μg/ml) after the shock wave stimulation.  

A second analysis was performed to evaluate the dissolution of the Fe:ZnO NPs 
inside cell culture medium, first in absence of SW and then with their mechanical 
stimulation in the presence of living cells.  

Preliminarily, the Zn ions dissolved in RPMI 1640 were measured at different 
times of incubation at 37 °C, in absence of cells. The results (Figure 40) suggest 
that the NPs dissolution is almost immediate and approximately corresponding to 
60 %, with no relevant differences between the various incubation times. It is 
therefore assumed that an equilibrium is probably reached very soon in these 
conditions.  
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Figure 40: Fe:ZnO NPs dissolution in cell culture medium. The dissolution occurs in 
the first moments of NPs dispersion in cell culture medium and stabilizes in the first 
hours of incubation.  

 Fe:ZnO NPs dissolution and the intracellular permeation of the resulting 
Zn2+ ions were also evaluated through fluorescence microscopy assays. In 
particular, a fluorescent dye was used to label free zinc inside the cells and another 
fluorescent dye was exploited to label lysosomes and to determine the location of 
the retained zinc inside the cell. Figure 41 shows a representative image of a control 
group of BxPC-3 cells without any NPs treatment, in comparison with Fe:ZnO NPs 
treated cells. As it can be noticed, the control group already presents a fluorescence 
signal in the green channel, indicating that Zn ions are physiologically present 
inside the cells. This is expected from previous literature evidence, being Zn ions 
important in a series of physiological signalling pathways375–377, and therefore this 
fluorescence signal should be considered as a basal level. 

When cells are treated with Fe:ZnO NPs, the obtained fluorescence signal 
corresponding to zinc ions is brighter than the control one. It is clear that Zn ions 
are released by the nanoparticles and permeate the cells, probably affecting the 
intracellular homeostasis equilibrium and, in case of an excessive dose, eventually 
inducing cell death. Another aspect emerged from this analysis is the increase in 
intensity of the signal related to the lysosomes. Indeed, when cells are treated with 
NPs, the lysosomes are present in a larger number than in the control cells. If the 
NPs are trapped in an acid environment as the one distinctive of lysosomes378–380 
they might dissolve because of the well-known instability of ZnO in a low pH 
solution75,381. This phenomenon can explain the partial co-localization of the 
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lysosome tracker with the zinc related signal. After NPs dissolution, it is very likely 
that Zn ions diffuse throughout the cell, altering the cell homeostasis and to some 
extent explaining the partial absence of colocalization between the Zn related signal 
and the lysosomes’ one. 

 

 

Figure 41: Representative fluorescence microscopy images of BxPC-3 cells treated 
with Fe:ZnO NPs and control ones. In the images, membranes (purple), nuclei (blue), 
lysosomes (red) and free zinc inside the cells (green) are referred. Scalebar is 50 μm. 

Further information about the fate of cells after the two synergistic treatments 
can also be obtained by staining cells with both the Zn ions probe and propidium 
iodide (PI) under fluorescence microscopy (Figure 42). The PI is a cell impermeant 
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dye, able to emit fluorescence when bound to the DNA. Therefore, it is detectable 
only when the cell membrane is compromised, therefore allowing the dye to 
permeate it.  

As expected, when no treatments are administered to cells, the signals related 
to both Zn ions and cell membrane disruption are completely absent. Cells are well 
adherent to the substrate and viable. The treatment with Fe:ZnO NPs induces an 
increase in free Zn ions inside the cells, as already noticed in the previous 
microscopy analyses, but no changes in viability and in cell morphology are 
observed in this case. The PI signal is completely absent, indicating that the cell 
membrane is intact, and that cells are not severely suffering for the treatment.  

When only the SW are administered to the cells, PI and Zn ions probe signals 
are also absent. However, the morphology of cells seems slightly rounder than the 
one observed in the control samples. Anyway, the absence of PI signal indicates 
that the cell membrane is still intact and therefore cells could be still considered 
viable.  

When both treatments are applied to the cells, the situation dramatically 
changes. First, it becomes very difficult to find a sufficient number of cells in the 
field of view. This is due to the pronounced cell death, which causes their removal 
during the washing steps performed during the staining procedure. The few 
remaining cells present both the PI and Zn ions related signals. It is therefore 
possible to suppose that in this case cells are suffering for the treatment. Probably, 
the Zn ions released by the Fe:ZnO NPs weaken the cell, which in turn becomes 
more susceptible to the mechanical stimulation. The final result is cell membrane 
disruption and the resulting cell detachment, which turns to cell death shortly 
afterwards. 
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Figure 42: Representative microscopy images of BxPC-3 cells treated with shock 
waves and Fe:ZnO NPs. The images highlight the phenomena occurring after the 
treatment with Fe:ZnO NPs and the shock waves in terms of free zinc present in the cells 
(green) and membrane integrity (red, PI). Only when both the treatments are applied to 
cells the two signals are clearly visible. Scalebar is 50 µm 

A qualitative kinetic analysis of cell death was carried out throughout 24 h of 
incubation starting from the SW stimulation, evaluating two signals, i.e. 
luminescence and fluorescence. The results are reported in Figure 43. The 
luminescence signal is related to the exposure of phosphatidylserine outside the cell 
membrane, which is reported in the literature to indicate apoptosis382,383. 
Conversely, the fluoresce signal is associated to the secondary necrosis, being it 
based on a cell-impermeant profluorescent DNA dye which can emit a fluorescence 
only when cell membrane is broken94. This assay allows us to determine cells’ death 

mechanism by the detection of one, both or none of the above-mentioned signals. 
In the case under analysis in Figure 43, the signals are all referred to the untreated 
cells’ one. As shown, the luminescence signals of cells treated with only Fe:ZnO 
NPs (orange curves in Figure 43) are slightly higher than the control one. This 
indicates that cells are not particularly suffering for the NPs administration, being 
the signal almost constant all along the measurement time. However, the 
fluorescence signal is lower than the control for all the considered time steps, 
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excluding the occurrence of necrosis during the incubation time. It is therefore fair 
to suppose that the cell death mechanism in response to the iron-doped ZnO NPs 
administration is apoptosis. When cells are treated with SWs alone (blue curves in 
Figure 43), the situation is slightly different. Indeed, as soon as the SW treatment 
is completed, both fluorescence and luminescence signals increase with respect to 
the basal one. This means that there are cells that are going toward alternative forms 
of cell death, e.g. necrosis, immediately during the treatment. Anyway, despite the 
luminescence signal remains constant during the 24 hours of analysis, the 
fluorescence signal initially decreases and raises again only in the last hours of 
incubation. The reason of this behavior may be attributed to the occurrence of both 
apoptosis and necrosis at the beginning. Then, the early apoptotic cells undergo late 
apoptosis, with the consequent secondary increase of the fluorescence signal.  

A similar behavior is found for the cells treated with both SW and internalized 
Fe:ZnO NPs (red curve), which display the increase of both luminescence and 
fluorescence signals with respect to the basal one. In particular, a slightly enhanced 
fluorescence signal is reported, qualitatively indicating a higher level of secondary 
necrosis. 

More relevant differences can be found when cells are treated with both SW 
and Fe:ZnO NPs (both extracellular and intracellular ones), as shown by the violet 
curves. Indeed, as in the case of SW alone, there is an increase of the luminescence 
signal just after the SW treatment. However, the increase is notably higher and 
continues over the first 30 minutes. The signal decreases over time but still indicates 
a considerable level of apoptotic events. The fluorescence signal is visible from the 
very beginning and does not underlie differences with respect to the cells treated 
with SW alone or with SW in the presence of internalized NPs. 

In summary, these analyses allow us to hypothesize that a combination of both 
apoptosis and necrosis mechanisms is occurring in the first 24 hours of NPs 
incubation after the SW treatment. 
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Figure 43: Cell death kinetics after SW treatment, obtained through the apoptosis-
necrosis assay. In panel (a), the luminescence is reported as fold induction (f.i.) of the 
control sample, while panel (b) reports the fluorescence as fold induction of the 
respective control. Cells belonging to the control sample (CT) were not treated either with 
Fe:ZnO NPs or SW. BxPC-3 cells were analyzed when incubated with Fe:ZnO NPs 
(Fe:ZnO sample) without any further treatment, without NPs but treated with SW (SW), 
treated with SW after a washing aimed at removing the non-internalized NPs that were 
administered 24 h before (Fe:ZnO Int +SW) and treated with SW after 24 h from Fe:ZnO 
NPs administration.  

Combining all the collected data, it can be assumed that cells die within the first 
24 hours due to the synergistic combination of SW and Fe:ZnO NPs. The most 
important outlined damages could be attributed to cell membrane rupture and ZnO 
dissolution into cytotoxic Zn cations, whose presence seems to lead to a 
conspicuous level of cell death. 

 

 

3.4 Conclusions 

In the present thesis we report on the use of biocompatible and biodegradable 
iron-doped ZnO nanoparticles having bioimaging capabilities as magnetic NPs and 
a pronounced cytotoxic effect when combined with mechanical pressure waves, i.e. 
shock waves. Both Fe:ZnO NPs and undoped ZnO are chemically synthesized with 
a sol-gel approach, being capped by oleic acid and functionalized with amino-
propyl groups. Actually, these iron-doped NPs show superior features than the 
undoped ones, having better cytocompatibility and higher internalization rate than 
the pristine ZnO NPs once tested in an in-vitro model of PDAC. These features 
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allow their use in a synergistic treatment with SW. In details, two different settings 
are tested, having the NPs incubated with BxPC-3 cells for 24 hours and evaluating 
their combination with SW only in the presence of internalized NPs or with both 
internalized and extracellular nanoparticles. The cytotoxicity results allow us to 
argue that the most important cytotoxic effects are given by internalized NPs once 
combined with SW treatment. To better unravel the death mechanisms, different 
tests point out that Fe:ZnO NPs are prone to dissolve into zinc cations once 
internalized, inducing the formation of lysosomes and the release of Zn2+ ions. On 
the other hand, shock waves are able to destabilize the cell membrane, inducing its 
permeation. No ROS detection is however observed, implying that mainly 
mechanical effects are involved when using SW. Ad hoc cell death analysis further 
allow us to point out the pronounced apoptotic and necrotic mechanisms of BxPC-
3 cell death, ones these cells are exposed to the combination of Fe:ZnO NPs and 
shock waves for 24 hours.  

The obtained proof-of-concept results pave the way for a deeper study towards 
clinical translation. The advantages of the proposed synergistic activity rely on the 
use of potentially theranostic NPs having magnetic properties and of an on-demand 
therapeutic activity once activated by shock waves. In addition, SW allow the ease 
treatment of deep-seated tumor masses, like pancreatic cancer, opening new 
perspectives in its therapeutic approach while monitoring the state of the disease. 
Further improvements are also envisioned to render the proposed NPs even more 
biomimetic with an organic coating and actively targeting the diseased tissue and 
its microenvironment, with the final aim of overcoming the high interstitial pressure 
of this specific tumor mass. 
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Chapter 4 

Conclusions and future perspectives 

4.1 Summary and conclusions 

In this PhD thesis the development of a multifunctional theranostic nanosystem 
is reported from its design to the application in vitro against cancer cells. The final 
result is an iron doped ZnO nanoparticle with interesting magnetic properties and 
an in vitro validated therapeutic activity against pancreatic cancer.  

The thesis comprehends a first section that highlights the various doping 
possibilities already present in the literature. In the first Chapter the works reporting 
various typologies of both doped and undoped ZnO are reviewed and analyzed. In 
this way, the advantages of doping are highlighted. The theme of the doping 
element is also deeply considered, and the features gathered by the various doping 
listed. The final result of the literature review allowed a critical and reasoned choice 
of the material exploited in this thesis, i.e. iron doped ZnO NPs.  

The second Chapter opens to the development of the Fe:ZnO NPs. In this 
Chapter the synthesis of Fe:ZnO NPs is reported and two levels of doping are 
compared to the pure ZnO NPs counterparts in terms of physical and chemical 
properties. The resulting nanomaterials were found to be monocrystalline, spherical 
nanoparticles in which iron was correctly included in the ZnO crystalline structure. 
An oleic acid capping was provided on the NP surfaces during the synthesis to 
increase the stability of the NPs while a post-synthesis functionalization with 
amino-propyl groups was introduced in the preparation protocol to provide 
functional groups where dye labelling can be performed in view of in vitro cell 
culture tests. XPS and EDS analyses were exploited to determine the level of doping 
of the NPs and iron oxidation state: Iron was successfully included in the ZnO 
crystal without the formation of any iron clusters, as confirmed by XRD 
measurements, with a doping level in agreement to the amount of precursors 
included in the synthesis procedure. Inside the crystal, iron ions assumed both the 
oxidation states, with a preponderance of one with respect to the other that depends 
on the doping level. FT-IR spectroscopy was instead exploited to confirm the 
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success of the functionalization protocol, while DLS and Z-potential measurements 
were used to determine hydrodynamic radius and surface potential of the NPs in 
liquid media. Apart from the morphological, crystallographic and chemical features 
of the three different NPs analyzed, the novel properties gathered by doping were 
analyzed as well. In view of the diagnosis potentialities of the developed particles, 
the optical behavior was firstly analyzed. Doping enlarges the light spectral region 
absorbed by the nanoparticles, including in the absorption spectrum a portion of 
visible light, with potential applications in photocatalysis. However, the most 
interesting imaging potentiality rises from the magnetic characterization. As a 
matter of fact, the presence of the magnetic dipoles included in the crystal with iron 
doping induces novel magnetic responsiveness to the nanoparticles which could 
potentially be used for magnetic resonance imaging. From the therapeutic point of 
view, doping induces an augmented electro-mechanical response which could be 
efficiently used when the NPs are coupled with a remote mechanical stimulation. 
The most electro-mechanically responsive NP resulted to be the one with an 
intermediate level of doping (6 at.% of nominal doping, Fe6:ZnO NPs). 

In the third Chapter the application of Fe:ZnO NPs is shown. Pancreatic cancer 
has been chosen as target for these theranositc NPs because difficulties in the 
treatment of such a disease requires novel therapeutic approaches. The idea proved 
in this chapter is to couple Fe:ZnO NPs with shock waves in order to kill cancer 
cells only when the two treatments are applied together. A pancreatic 
adenocarcinoma cell line (BxPC-3) has been cultured in vitro and tested with 
undoped and iron-doped NPs. Preliminary cytotoxicity tests suggested a higher 
tolerance of the BxPC-3 to Fe:ZnO NPs when compared to pure ZnO NPs, allowing 
the use of larger doses in view of the coupling of NPs treatment with shock waves. 
Furthermore, the cytotoxicity tests were also repeated with a non-cancerous cell 
line, showing a lower toxicity of the developed NPs and in particular of Fe:ZnO 
NPs toward normal cells. This also indicate a potential intrinsic selectivity of the 
treatment toward cancer cells killing which enhances the potential of the system for 
clinical application. 

Fe:ZnO NPs internalization studies were also performed on BxPC-3 cells 
before the application of the mechanical treatment. The results evidences that 
Fe:ZnO NPs not only can be used in higher doses but also have a greater tendency 
to be internalized by all cells, expanding the potential effects of further treatments. 
Fluorescence microscopy studies also highlighted the location of the NPs which 
were found inside the cell membrane. 
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The chapter continues with the exploitation of the combined treatment 

composed of both the administration of the developed NPs and of a mechanical 
stimulation represented by shock waves. Shock waves are high-energy mechanical 
pressure waves that are currently used in medicine and that can propagate in depth 
throughout the human body, representing a valuable tool for remote stimulation of 
NPs. Therefore, cells were firstly treated with Fe:ZnO NPs and then with SW. 
Viability tests indicates that a synergistic effect is induced when both the treatments 
are administered, with a consequent higher percentage of cell death in presence of 
both NPs and SWs.  

This result demonstrates the effectiveness of the Fe:ZnO NPs as a tool against 
cancer, however the mechanism leading to cell death has also been investigated. 
Electron paramagnetic resonance spectroscopy analyses allowed to exclude 
reactive oxygen generation as the main cause leading cell death, therefore the 
killing mechanisms could be limited to release of Zn2+ cations after NPs dissolution 
in cell culture medium or mechanical damages to the cell membranes due to the 
Fe:ZnO NPs-SWs treatment. Cell death analysis further allowed to point out the 
pronounced apoptotic and necrotic mechanisms of BxPC-3 cell death, when the 
Fe:ZnO NPs-SWs treatment is applied. 

As a summary, the developed Fe:ZnO NPs present promising imaging 
(enhanced magnetic and optical response) and proved therapeutic properties which 
could be used in several nanomedicine applications. As a proof-of-concept 
application, the coupling of Fe:ZnO NPs with a remote mechanical stimulation 
against pancreatic cancer cells has been proved in vitro, paving the way for an actual 
application in nanomedicine. 

 

6.2 Future perspectives 

The PhD thesis work here presented shows the development of the NPs from 
the synthesis to a first validation in cells with in vitro studies. The natural evolution 
of this work is represented by the application of these NPs in in vivo studies and, 
after their hopeful success, their application in future clinical studies. 
Biodistribution studies, effectiveness of magnetic resonance imaging and of course 
of the synergy between NPs and SWs in vivo would help understand the effects of 
the NPs on a complete living being. A preliminary step toward in vivo tests could 
be the administration of Fe:ZnO NPs to 3D cell cultures, in order to deepen the 
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understanding of the effect of the mechanical stimulation on the cells and the 
synergy between NPs and SWs. 

Still, this work proved the potential efficacy of this kind of therapy but could 
take advantage of further functionalization that could improve even more the safety 
and the efficacy of the system. An example could be the coating of the nanoparticles 
with a lipidic shell which could enhance the biostability of the nanoconstuct, 
leading to the possibility of increasing the dose exploited and potentially its 
therapeutic effect. 

Moreover, despite an intrinsic selectivity in killing cancerous cells rather than 
normal cells, a more precise targeting mechanism could result in a safer and 
efficient device. For this reason, in future, NPs could be functionalized with 
targeting peptides or antibody having as target some specific overexpressed protein 
in cancer cell membranes.  

Finally, even if not explicitly analyzed in this thesis, the enhanced electro-
mechanical response of the iron-doped ZnO NPs could be exploited in tissue 
engineering where the electric potential generated by the NPs upon mechanical 
stimulation could excite and induce tissue growth or differentiation in electrically 
sensitive tissues like bone, muscular or nervous cells. 
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