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Abstract: Hereby the possible applications of oxide
nanoparticles in the cancer diagnostics and therapy are
presented. Cancer diseases are nowadays one of the most
common causes of death in the highly-developed coun-
tries. Discussed will be the current clinical cancer de-
tection methods with their shortcomings. The role of
nanomedicine in cancer medicine and the potential appli-
cations of nanoparticles debated in the literature will be
critically evaluated. In the second part, the most common
methods for the nanoparticle synthesis will be discussed.
Finally, the system for cancer detection based on the en-
hanced permeation-retention of multimodal high-k oxide
nanoparticles doped with lanthanides will be proposed for
both for the magnetic resonance imaging (non-gadolinium
contrast agents) and for fluorescence guided biopsy and
surgery.
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1 The importance of early detection

The increased risk of cancer development is associated
with civilization advance and the longevity of the popula-
tion within the most developed countries of the world. Ac-
cording to the recent reports of various government and
private organisations from around the world, this phe-
nomenon was linked with life-style, environmental pollu-
tion and, inquiringly, with the development of new, better
diagnostic methods [1-3]. Most alarmingly, the life-time
risk of developing cancer nearly doubled within the last 40
years, and is nowadays estimated around 40% marker for
the general population in the developed countries. How-
ever, the majority of tumours are still diagnosed at sur-
prisingly late stages, resulting in the low 5-years survival
rate. Present data indicate that 5-years survival rate in-
creases to nearly 100% i.e. in the case of an early detection
of melanoma. It drops to 62% when the disease reaches
lymph node and down to 15%, when illness spreads to dif-
ferent organs. This explains the need for screening meth-
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ods and importance of early cancer detection. The most
commonly used cancer detection methods include: a) CT

scans (X-rays tomography), b) biopsy, c) optical tomog-
raphy, d) magnetic resonance imaging (MRI) and e) nu-

clear medicine scans (PET). Yet, practically none of those
methods is a really early detection method. Below, some

limitations of each above-mentioned methods are listed.

These are except nuclear medicine methods, which are
less spread, before concentrating on the optical methods
based on use of fluorescence markers (labels), the scope of
this research.

1.1 In-situ detection — X-ray tomography

Tumour (usually already in the lymph node stage) can be
detected by X-rays and localized using tomography. In the
latter case large number of X-ray scans is performed. One
must, however, take into account the exposure risk linked
to X-ray diagnostics. In the consequence, it was estimated

that about 0.4% of cancer cases in the USA was a conse-

quence of X-rays scans performed in past! With the (ab)use
of X-ray tomography, it is predicted that this will soon rise
to 1.5 — 2%. Hence, this method of cancer detection should
be used carefully.

1.2 The biopsy — a method of reference

This is the only method that allows identification of cancer
type and stage of development following earlier detection
of malformations. After resection of tiny portion of abnor-
mal tissue via needle aspiration, a soft tissues pathology
is utilised to verify tumour presence. However, the most
severe limitation for this method are scarcity of obtained
material and possible leakage of cancer cells during palpa-
tion and acquisition procedures. Firstly, the needle needs
to be inserted throughout the most representative parts
of tumour. Since cancers are a strongly polymorphous tis-
sues with common areas of necrosis loci, it is relatively
difficult to fully characterise them based on one biopsy,

so commonly, material is taken in duplicate or triplicate.

Secondly, the risk of cell leakage increases significantly
with each procedure and cancer progression. Therefore, a
search for new methods for precise delineation of tumour
area continues.
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1.3 Optical biopsy — a novel detection
method

This is relatively new detection method developed spe-
cially for mammography. It is based on the fact of detection
of a contrast between different elements/tissues present in
our body. It is known that fast progressing tumours have a
large concentration of blood vessels, allowing a contrasts
in the process of red light penetration through a body. Even
though the method works, it does not confirm cancer pres-
ence, only defines its possibility, furthermore it usually de-
tects already localized and well developed cancers, thus it
hardly can be included in the list of early detection meth-
ods. However, the use of optical biopsy in mammography
is highly advantageous, as compared to its most commonly
used alternative, an X-rays mammography.

1.4 Detection of free tumour cells

Tests based on the detection of circulating tumour cells
(CTCs) in the peripheral blood or other bodily fluids are at
present not conclusive. They only give 80% detection level
in the case of metastatic cancers, but in the case of local-
ized, pre-metastatic tumours the threshold drops to only
47%. Similarly with urine, the detection of prostate can-
cer in the early-development stages is practically impos-
sible, and only in the later pre- and metastatic stages the
method could be considered relevant. As such those meth-
ods could not be considered for early stage detection. To
enhance specificity and increase detection chance of early
tumours, a modifications of the test were proposed. The
more sensitive early detection can be achieved by introduc-
tion of fluorescence labels (FLs). This can be done by la-
belling CTCs, with antibodies conjugated to fluorochromes
or quantum dots (QDs). Secondly, the chance of capture of
CTCs can be greatly increased by their binding to magnetic
nanoparticles (MNPs), e.g. colloidal Fe-based NPs conju-
gated with antibodies anti-EpCAM. However, the biggest
advantage and disadvantage of these methods is the speci-
ficity of the utilised antibody. In other words, when anti-
body against the antigen specific for the tumour is used
the results are great, however, as the tumour antigenicity
varies (even within the single tumour), the method could
give false-negative diagnosis [4—6].

Regardless of the fact, fluorescence markers (labels)
for optical detection of tumour or CTCs seem to be espe-
cially attractive and thus this review is concentrated on
use of fluorescence labels.
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1.5 Enhanced permeability and retention
effect

The use of small particles (QDs or nanoparticles (NPs))
for tumour targeting could be possible due to the physi-
cal properties of the cancer tissues. Enhanced permeabil-
ity and retention effect (EPR) leads to the accumulation
of nanomaterials of certain size in the tumour locus, de-
posited due to the alteration of the blood-tissue barrier [7,
8]. In the fast-growth of tumour tissue imposes ischaemic
conditions within tumour bulk leading to the enhanced
vascularisation signalling and accelerated ingrowth of
new blood vessels. Such vessels are characterised by more
permeable endothelial barriers than in the healthy tissues,
allowing the leakage of nanoparticles out of the blood ves-
sels. Secondly, tumour sites are characterised by under-
developed lymphatic drainage system, which leads to sub-
sequent nanoparticle-accumulation for prolonged periods.
This permeation and accumulation of fluorescent particles
could enable fluorescence guided biopsy or fluorescence
guided surgery (FGS), a medical imaging techniques with
real time visualization of the tumour spread in the diag-
nostic / operating fields [9]. The FGS potential lays in a
fast delineation of the borders between tumour and the
healthy tissue, allowing to remove all cancerous tissue
while preserving the most of healthy areas, a property ex-
tremely important in regards to non-regenerating tissues
like brain, lungs, etc. [9]. While other imaging techniques
such as magnetic resonance imaging (MRI), computed to-
mography (CT), and positron emission tomography (PET)
also can highlight the location of cancerous tissue but only
before surgery. In the consequence, during the procedure,
surgeon relies only on pre-made models of tumour, which
usually is highly insufficient. Thus, either a significant vol-
ume of healthy tissue is removed (high tumour margin), or
when this is impossible, usually some cancer is left in situ.
As a consequence, it was estimated that about 14%-50% of
patients require subsequent re-excision (for reference see

(9.

1.5.1 Fluorescence labels
1.5.2 Problems with organic bio-markers

There is extremely long list of available organic fluores-
cence labels (FLs), which can be potentially used for
biomedical investigations [10]. Their emission in a wide
spectral range is possible and is extensively used in the
biomedical research. However, organic FLs used in the re-
search have several limitations when applied for in-vivo
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imaging. First problem relates to the fact that most of or-
ganic dyes are characterised by relatively wide light exci-
tation and emission spectra frequently overlapping with
tissue and, especially, erythrocyte auto-fluorescence exci-
tation bands. Since living tissues can give high fluores-
cence signal (especially in the commonly used green and
red emission spectra), marker-specific FL emission is of-
ten below the level of detection. The only available solu-
tion to this problem is evaluation of fluorescence life-time
(by fluorescence life-time microscopy, FLIM), where tissue
auto-fluorescence is characterised by extremely fast fluo-
rescence life-time when compared to the typical FLs. Un-
fortunately, FLIM is a relatively costly and time-consuming
method, thus it is impractical for real-time applications
like FGS. The second limitation of FLs relates to the phe-
nomenon of photo-bleaching caused by irreversible mod-
ifications in covalent bonds induced by transition from a
singlet state to the triplet state of the dye. Since the pro-
cess directly relates to dye excitation it cannot be avoided.
Thus upon light excitation FL emission is gradually de-
creased until totally quenched. This, in a specific, narrow
research field could be utilised for fluorescence recovery
after photo-bleaching (FRAP) experiments for the deter-
mination of the diffusion kinetics through the tissue or
cell. However, for most cancer-related applications, pho-
tobleaching poses a serious problem like, for example, the
information on CTCs could be lost if marker stops to emit.
Thus many of organic dyes could be used only within so-
called photo-stability time (time after which emission in-
tensity is reduced by half), a parameter highly-dependent
on the intensity and duration of dye excitation. Another
problem with organic FLs lays with the phenomenon of
energy transfer (FRET), when fluorescence emission spec-
trum from a dye overlaps the excitation bands of tissue
auto-fluorescence. As a result fluorescence signal from the
dye is quenched rendering the use of FLs difficult. Finally,
the most serious limitation for all fluorescence based di-
agnostic methods is the relative low penetration of tissues
for the excitation light commonly used. Overall, the limita-
tions described above render FLs of highly limited applica-
bility for medical use.

1.5.3 Quantum dots

The use of quantum dots (QDs) as labels for tumours was
first demonstrated at the end of XX and beginning of XXI
century. Since their properties overcame majority of limita-
tions of organic FLs, QDs were supposed to trigger a medi-
cal revolution. The main postulated advantage of QDs was
that they were very small (usually made of heavy-metal
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based semiconductor compounds), which was considered
important for medical applications. Their size was of only
a few nanometers e.g. 10> times smaller than size of white
blood cells and is comparable with size of DNA (about 2.5
nm), protein (about 5 nm) and antibody (about 10 nm).
Following quantum mechanics rules, a few nanometers
size of QDs means that their optical and electronic prop-
erties differ from those of larger particles. These proper-
ties directly depend on particle sizes. Quantum engineer-
ing is then possible - emission frequencies can be pre-
cisely tuned by changing the dots’ size, shape and mate-
rial used or its composition. In the consequence, many ap-
plications of QDs is possible and this is very active area of
the research. Potential applications of QDs include futur-
istic transistors with gate length of a few nanometers, dye-
based solar cells (so-called Graetzel cells), future genera-
tions of light emitting diodes and diode lasers, and impor-
tantly markers for medical imaging. The latter was a boom-
ing area of the research and resulted in hundreds of reports
and reviews [11-16].

Regardless of their size, CdTe, CdS and CdSe core usu-
ally encapsulated in the ZnO or ZnS shell gave them high
fluorescent yield and great photo-stability and no photo-
bleaching was observed. It has been even estimated that
quantum dots are 20 times brighter and 100 times more
stable than traditional fluorescent dyes [17].

In the follow-up, a range of possible medical applica-
tions was proposed and demonstrated [18-26]. However,
first restriction for medical feasibility came from the excita-
tion spectrum for QDs, within high-energy UV spectrum ef-
ficiently absorbed in tissues, thus of low permeability and
proven harmful effect. Second limitation came from the
method of application. As the formulation of QDs were pre-
pared strictly for intra venous (IV) applications, their sur-
face had to be modified, usually by bio-optimisation with
a variety of surface molecules, mainly polyethylene glycol
(PEG) or its derivatives [27]. This enabled their stability in
suspension and, surprisingly, good penetration to the tu-
mour site. Additionally, the distinctive surface properties
of QDs enabled their potential usage in targeted drug de-
livery, as drug carriers or selective markers, for so called
targeted therapy (see e.g. [16, 28]. Examples of such use
of QDs QD-based multifunctional probes can be found in
many of publications (see e.g. [29-35]).

First such experiments were performed in 1990 when
QDs were introduced for imaging of cancer cells in-
vitro [36, 37]. To achieve better selectivity QDs conjugated
with cancer specific ligands, antibodies, or peptides were
applied, but for in-vitro detection of cancer cells [38-45].
This was soon followed by in-vivo tumour imaging [46—50].
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There are several reasons why semiconductor based
QDs (mostly based on CdS and CdSe) are no longer consid-
ered as a appropriate choice for a new generation of FLs.

The first is a spectral diffusion relating to a spread
of QDs sizes causing spread of both excitation and emis-
sion bands. Different line shapes are observed for different
sizes of nanocrystals. In the consequence, several groups
reported excitation intensity and integration time depen-
dent linewidths [26], a relatively minor physical problem,
however of strong importance for diagnostics, as it may
affect detection of marker-specific emission. The second
problem, fluorescence blinking [51-56], raised from large
surface to volume ratio of QDs. A single dot can blink off
(emission is quenched) unexpectedly and uncontrollably.
Time scale of such emission quenching can vary between
microseconds and several minutes, which makes quantita-
tive analyses very difficult. The causes of the blinking are
still unresolved and remain the subject of intense studies.
This drawback has been solved by some research groups
by the introduction of nonblinking QDs [57, 58] with highly
complicated core-shell layered systems [59]. Then, enthusi-
astic reports for future medical use of QDs were quenched
when, upon closer evaluation, the tumour targeting phe-
nomena were attributed to the pickup of PEG-orchestrated
QDs by white blood cells.

Furthermore, the potential use of QDs in medicine was
finally snuffed by the reports of the toxicity associated
with the ion leakage from their heavy metal core. The most
critical limitation relates to toxic properties of Cd-, Hg-,
Pb-based QDs. Unfortunately, such QDs (mostly based on
CdSe) show the brightest emission. Such probes exhibited
both in-vitro and in-vivo cell toxicity [60, 61]. Furthermore,
their accumulation in the liver and central nervous system
combined with nephro- and neuro-toxicity were reported.
Numerous works reported toxicity of cadmium. There is no
known natural elimination mechanism of cadmium and
this metal, as other heavy metals, can accumulate in the
organism. Initially, it was claimed that cadmium core was
encapsulated within biologically-inert shell thus the tox-
icity problem was avoided. Unfortunately, it was found
that the high energy of UV irradiation was close to that
of the covalent chemical bond energy of CdSe nanocrys-
tals. As a result, semiconductor particles were dissolved,
in a process known as photolysis, and a release of toxic
cadmium ions into the culture medium was confirmed.
In-vitro studies, based on cell cultures, confirmed toxic-
ity of Cd-based QDs. Mechanism of toxicity is very compli-
cated and depends not only on the content of heavy metal
(cadmium) but also on size (later on this problem will be
discussed), shape, surface functional groups, and surface
charges [62, 63]. Moreover, it was reported that Cd-based
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QDs after exposure to light may generate highly aggressive
(toxic) reactive oxygen species (ROS) [64]. Finally, the size
of the first generations of QDs spelled their doom. Reports
showed that the smallest nanocrystals diffused uncontrol-
lably through the cell [65] and accumulated in the vicinity
of mitochondria [65] and in the cell nucleus whereupon
ROS creation they could induce DNA mutations [66]. In
summary, one can conclude that present knowledge about
toxicity eliminates use of QDs as markers for biomedical
applications. This problem is discussed in details in dedi-

cated reviews on toxicity of QDs with heavy metals [67—69].

To overcome the toxicity problem, a novel approach uti-
lizing second generation of non-heavy metal, low-toxicity
QDs [49, 70, 71]. For example, Zn-based QDs were tested
for medical applications. Since devoid of toxic core, such
QDs became a promising tool for medical applications.

2 Alternative labels

In this chapter, we’ll summarize requirements for alter-

native nanocrystal-based labels for medical applications.

Regarding safety aspects, proposed nanoparticles (NPs)
should be made of non-toxic components and be of a
“proper size” (this fact was often ignored in previous inves-
tigations, and will be discussed below). Secondly, regard-
ing detection problems, no bleaching or blinking should
occur. Thirdly, to avoid spectral diffusion, the fluorescence
emission of dopants should be independent of NPs size
or utilized matrix. Emission must be spectrally distinctive,
which should help to differentiate between NPs from auto-
fluorescence of the tissues. The importance of NPs shape
will also be shortly discussed.

2.1 Safety aspects of NPs introduction and
elimination

As mentioned above, the majority of studies concerning
the in-vivo applications of nanostructures were based on
their IV administration [72-74]. It can also generate other
problems including aggregation of nanostructures or their
sticking to erythrocytes causing disruptions of a blood
flow, especially in capillaries. Consequently, a strict re-
quirements are imposed on suspension containing nanos-
tructures for IV, with their long-term stability and disper-
sion at a top-most priority [76]. One of the postulated meth-
ods used to overcome described in-suspension stability
problems was coating of nanoparticle surface with ionic
compounds, like PEG. Unfortunately, this approach lead to
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the activation of immune system and subsequent uptake
the administered nanomaterials by mononuclear phago-
cyte system [75]. The limitations of IV route-of-entry ham-
pered a development of NPs for medical applications and
prompted a wide search of alternative delivery methods.
Hereby, a relatively safe and tested by Godlewski et al.
[78, 79] is proposed, at least for hydrothermally-produced
oxide NPs, method of alimentary (oral) application of
nanocrystals. Despite the presence of intestinal barrier in
the adult mammals, absorption of molecules from gas-
trointestinal tract to the blood circulation was confirmed
and described as persorption [77]. The applicability of this
route for NPs is confirmed, with their rapid intestinal up-
take and wide organ distribution and following elimina-
tion, including transfer through the tight organ barriers,
like blood-brain barrier (BBB) (Figure 1) [78, 81, 82]. Fur-
thermore, active cellular uptake and targeted intracellu-
lar trafficking and transport through cells was confirmed.
Our initial data suggests that clatrin-mediated endocyto-
sis of nanoparticles proved to be crucial for the transport
of nanostructures through the intestinal barrier. However,
caveolin-mediated transfer cannot be fully excluded from
the process. In-vitro studies on the transport of ZrO,:Th
NPs in the live primary murine neuron culture confirmed
trafficking of the NPs via vesicular intracellular trafficking,
and their passage in-between neurons [80]. This observa-
tions correlated with subsequent study, where alimentary
administrated ZnO:Eu NPs were detected and visualized in
brain tissue, especially in the areas of limbic neuronal net-
works system and cerebellum [82]. Crucial questions arose
following recent data of the transfer of NPs through BBB
following multiple application. Permeability of the BBB
seemed finite, thus strict regulation of the uptake of NPs
was postulated. Similarly, as essential as NPs uptake, were
the concerns of the NPs long-term deposition and their
elimination from the organism. It is proved, that follow-
ing oral administration, from 24 h on, clusters of NPs were
detected in the vicinity of hepatic arteries/bile ducts indi-
cating the role of liver, more specifically the bile for oxide
NPs elimination from the organism [82]. Furthermore, in
the case of ZnO-based NPs the biodegradation of nanocrys-
tal matrix may play a crucial role in their elimination [81].

2.2 Question of size and shape

Differences in the reported distribution patterns of various
tested NPs in previous studies can be strongly linked to in-
consistencies in the size of utilised nanostructures. Stud-
ies with orally administrated gold NPs (size range of 4 to
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ZnO:Eu Y,0,:Eu ZrO,:Pr ZrO,:Th

Primar‘ sites of induced tumours

Figure 1: Organ distribution of oxide nanoparticles doped with
various lanthanides (ZnO:Eu, Y,03:Eu, ZrO,:Pr and ZrO,:Tb) 24h
following oral administration of nanoparticle suspension in mice
(A). Nanoparticles transferred to majority organs (hereby liver is
shown). However, the blood-organ barrier in the healthy lungs
proved impermeable, and no nanoparticle-related signal was ever
found in this tissue, regardless of time post-administration. For
most lanthanides the predominant range of luminescence was
within red to far-red spectrum, however for Pr doping, the majority
of the signal was found in the green region. Distribution of ZrO,:Tb
nanoparticles to primary sites of induced mammary gland tumours
(B). Nanoparticle-related signal was observed in various types of
tumour tissue from solid, through glandular to the necrotic loci. Bar
=100 nm

48 nm) revealed their distribution to various organs and
tissue of mice, among others in the brain. However, their
intracellular distribution showed patterns characteristic
for simple diffusion, rather than associated with active in-
tracellular trafficking [65]. Active intracellular transport of
NPs seems one of the most important issues concerning
their applicability for medical applications, as only the in-
tracellularly recognised objects can be trapped and elim-
inated from the cell and, subsequently, from the organ-
ism [65]. On the other hand, smallest nanocrystals, un-
recognised by cellular transport mechanisms may allocate
in the cells and tissues indefinitely. The persistence of NPs
in the tissues could result with a combined negative effect,
a possibility of cumulative or chronic toxicity, as well as
the question of “background” noise from previous applica-
tions that could strongly distort the results of future medi-
cal examinations.

Despite the importance of NPs size in the mechanism
of their distribution in the living organism, the shape
of tested material seems also of importance. Previously
studied Y,03-based NPs with elongated shape (width of
around 100 nm and length of up to few pm) indicated trans-
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fer to tested tissues following IG, however, the effective-
ness of this transport was reduced when compared to the
smaller, oblong ZrO, or ZnO-based matrices. Compared
in the study commercial NPs with different shape did not
reveal any accumulation in examined tissues [79]. Like-
wise, ZnO-based NPs showed increased ability to trans-
fer through physiological barriers (i.e. BBB) and improved
short-term accumulation in tested organs [81].

2.3 Apromise of rare-earth oxide NPs

Rare earth (RE) ions, observed mostly in 3+ charge state,
showed sharp atomic-like photoluminescence (PL) and PL
excitation (PLE) bands. This was attributed to screening of
internal 4f shell by electrons from filled 5s> and 5p° shells
(Figure 2). Energy levels seen on diagrams result from elec-
tronic [Xe]4f" (n=0-14) configurations of Ln>* ions [84]. An
important consequence of the screening was host inde-
pendent emission, reported crystal field effects were small.
Emission wavelength was also strongly independent of
host particle size. Thus, spectral diffusion of excitation,
a huge problem for early NPs and QDs was avoided. The
use of larger (biologically-preferable) particles also solved
other limitation of QDs and blinking was not observed. Un-
fortunately, purely atomic-like characteristics of 4f shells
meant that 4f-4f excitation and emission processes were
parity forbidden. Hence, particles activated with RE ions
were not as good emitters as QDs. Detail discussion of pos-
sible excitation and emission processes was given in the
reference [83]. On the other hand, parity forbidden char-
acter of 4f-4f transitions could also be advantageous. Re-
ported PL decay time was usually in microseconds time
scale, i.e. it is about 1000 times longer than for cells auto-
fluorescence. This, could potentially allow, separation of
label and cell emission by the time-resolved PL, with the
limitations described above. However, this also implicates
that excitation energy can be reduced to minimize danger
of phototoxic effect for cells, in particular when short wave-
length excitation is applied.

2.4 Biomedical labels

Fluorescence is emission of light due to allowed elec-
tronic transitions, while phosphorescence, by definition,
uses forbidden transitions between ground and excited
states [85]. The main experimental difference lies in the
lifetimes of both phenomena, as the former exhibits short
times ca. 1078 s and latter shows long times in the range
milliseconds to seconds. For biological application mainly
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Figure 2: Energy level diagrams of Eu3*, Tb3* and Pr3* ions [84]

fluorescent organic dyes are used, which exhibit relatively
high efficiency and high selectivity of labelling [86]. How-
ever, some phosphorescent dyes are also used, usually
complexes of transition metals [87-89]. The separate cat-
egory consists of luminescent nanoparticles, which may
be split into several branches: inorganic, organic and hy-
brid nanoparticles. Inorganic nanoparticles may be di-
vided into categories: semiconductor QDs, metallic NPs,
nano-carbon, oxide NPs and others. Organic nanoparti-
cles may be split into fluorescent organic nanoparticles
(FONSs), polymers and protein nanoparticles. Furthermore,
hybrid nanoparticles category, consisting of inorganic-
organic composites was recently developed [90-92].

2.5 Nanoparticles in medicine

Nanoparticles could potentially find applications in a va-
riety of medical areas, from which one of the most impor-
tant is drug delivery. As pointed by Kumar et al. [93] there
are certain properties a candidate for drugs has to fulfil:
biocompatibility, ability to release drug, targetability, con-
trol over time of delivery and the route of administration.
As discussed above, ability to deliver compounds into the
living organisms, through the organ barriers, with high
preference of tumour sites, renders NPs, especially non-
toxic oxide-based, a promising tool for diagnostics and
therapy. One of the most discussed form of NPs application
in medicine is photodynamic therapy [94]. There are sev-
eral of advantages when NPs are used in this kind of treat-

Tb** Pr

ment: they can carry large amount of photosynthesizer,
they prevent preterm release of photosynthesizer, they can
be surface functionalized, can carry multiple components,
finally they localize in the tumour. Furthermore, the fluo-
rescence of the nanoparticle itself can be utilised to trig-
ger the activation of the photosynthesizer through the en-
ergy transfer phenomenon. Unfortunately, the strongest
limitations for the use of NPs for phototherapy are the de-
livery route (mentioned above limitations of the IV route-
of-entry) and the limited penetration of excitation light
through the tissue. As such, existing NPs could only be
utilised for the treatment of surface tumours. To overcome
this limitation an approach through up-converting NPs
will be discussed below.

Second growing demand where NPs could be utilised
in the treatment is tracking of the drug delivered into the
organism. From plenty of fluorophores classes, the two
main groups are considered for this applications: endoge-
nous and exogenous imaging agents [95]. Former are pri-
marily fluorescent or luminescent compounds activated by
drug-triggered enzyme activity inside the investigated or-
gan and the latter are luminescent substances introduced
with the drug. Best known endogenous agents are green
fluorescent proteins (i.e. GFP, RFP, etc.) and luciferin. They
offer low photobleaching, but have other significant draw-
backs as both need to be delivered in the form of genes
into the living tissue. Furthermore, the intensity of lu-
ciferin luminescence is rather low, requiring long expo-
sure times. Thus luciferin cannot be applied for the study
of dynamic processes. Exogenous imaging agents include
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all kinds of foreign substances with: colorimetric, lumines-
cent, magnetic or nuclear contrasting properties, admin-
istrated to living organism for the sole purpose of obser-
vation. Amongst exogenous agents most frequently listed
were gold nanoparticles (AuNPs), semiconductor quan-
tum dots (QDs), superparamagnetic iron oxide nanoparti-
cles (SPIONSs), carbon nanomaterials and nanoparticulate
silica [96-98]. Noble metals nanoparticles exhibited use-
ful luminescent properties related to surface plasmon res-
onance (SPR) phenomenon. As the mean electron path is
longer than particle size, the confinement effect occurs.
Rapid luminescence strength increases, when the particle
size is below 2 nm. Quantum dots exhibit strong confine-
ment effects found in semiconductor crystals with sizes be-
low certain point, which is related to strong luminescence.
Carbon based imaging agents, either carbon dots [100] or
some forms of graphene [99] were also postulated. Mech-
anism of photoluminescence in carbon dots is related to
existence of intrinsic bandgap, creation of the trap states
related to the doping of the carbon dots or presence of
the luminescent molecules in the structure of the carbon
dot [100]. Graphene quantum dots are known for intrin-
sic luminescence and were proposed for biological imag-
ing. Doping in with nitrogen resulted in their high activity
in two photon fluorescence imaging [101]. Also, compos-
ites of graphene with semiconductor quantum dots were
applied in biological imaging [102]. Regardless of the in-
tensive research, neither of the above-mentioned exoge-
nous imaging agents found their way into medical appli-
cations. For QDs and AuNPs the reported toxicity spelled
doom [103-106]. Similarly, reports of toxicity for nano-
carbons rendered them useless [107-109]. For now, the
most promising are SPIONs, mostly considering their mag-
netic properties.

2.5.1 Up-converting nanoparticles

From exogenous inorganic imaging agents, the up-
converting nanoparticles are of the special interest [99].
The main limitation of single-photon fluorescence for med-
ical uses is the depth of the penetration of the excitation
spectrum in the tissues ranging from around 50 nm (for
UV) to 200-300 nm for blue, green and red spectra. Since
up-converting agents rely on the infra-red excitation the
efficient penetration window increases even up to cm,
the range suitable for some medical applications. Phe-
nomenon of up-conversion was first observed in nineteen
sixties, there have to be mentioned authors: Franken [110],
Bloembergen [111] and Auzel [112]. The process is related
to emission of photon with higher energy than photons ab-
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sorbed and not related to the thermal population of higher
levels [113]. Up-conversion was since found in semicon-
ductor nanoparticles and lanthanide-doped nanoparti-
cles, however the process was not limited to these classes.
Many mechanisms of up-conversion, were postulated
from which the most important are: energy transfer up-
conversion (ETU), excited state absorption (ESA), cooper-
ative sensitization, cooperative luminescence, second har-
monic generation (SHG) and two photon absorption (TPA).
Mentioned processes efficiencies differ from 10~ for ETU
mechanism to 10~ 13 for TPA. Efficiency depends mainly on
the relative location of the energy levels and phonon fre-
quencies of the host lattice. The most suitable host lattices
in lanthanides activated up-conversion were fluorides as
they exhibit low phonon energies and thus minimize non-
radiative loss [114]. However, fluorides are known for their
toxicity in the living organisms [115, 116]. Besides fluorides,
other up-converting halides were discussed [117, 118]. Ef-
ficient up-converting nanoparticles may be also based on
oxyfluorides, oxides and perovskites, when doped with
appropriate lanthanide ions [119]. Lanthanide ions are the
most promising, since several of them are considered of
minimal toxicity, even though their luminescence yield
is relatively low. The main problem with low efficiency of
lanthanide-doped oxides was overcome by preparation
of core-shell nanoparticles, coating techniques or post-
annealing processes [120]. A number of matrix compounds
were tested and found to exhibit strong Er or Er/Yb acti-
vated up-conversion, i.e. YOF [121], Lu,03 [122], TiO, and
BaTiO3 [123], Gadolinium-Galium-Garnet (GGG) [124] and
more complex oxides like K,La,Ti30q¢ [125]. Therefore,
many lanthanide-doped oxide nanoparticles found their
applications in the imaging [126]. For further information
concerning up-converting nanoparticles [127-130].

2.5.2 Nanoparticles doped with lanthanides

Nanoparticles doped with lanthanides are gaining popu-
larity. Nowadays lanthanide-doped fluorides, oxides [131],
polymers [132], functionalized nanoparticles [133] and up-
converting nanoparticles [134] are discussed. Lanthanide
ion-doped nanoparticles are considered for their lumines-
cence, as well as for their activity in nuclear magnetic res-
onance imaging. In luminescence imaging they can also
be used as infrared emitting phosphors and as multimode
contrasts agents [135]. A lanthanides emission spectrum
is well defined and does only weakly depend on the crys-
talline environment of the ions. Lanthanides offer a sharp
lined emission spectra, a consequence of electronic transi-
tions within f-manifold [136]. Furthermore, of high medical
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interest, is the fact that spectrum of lanthanide ions con-
tains many excitation-emission lines, some of which are
available in the visible region [137].

2.6 Synthesis of luminescent nanoparticles,
top-down and bottom-up methods

The two main philosophies of nanomaterials synthesis are
top-down and bottom-up. Top-down approach offered syn-
thesis of nanoparticles by fragmentation of bulk material
with classical methods to achieve the nanometre sizes. Uti-
lized methods included high energy ball milling, plasma
etching, lithography techniques and anodization [138]. On
the other hand, the bottom-up technique is based on the
assembly of fundamental chemical entities like atoms,
ions or molecules into the nano-size objects. As this tech-
nique provided pure materials of defined shapes and sizes
and the processes could be easily controlled, tuned and
modified, the bottom-up approach will be discussed in
this paper. Generally, the bottom-up synthesis could be di-
vided to three general categories: physical methods, bio-
logical methods and chemical methods, discussed below.

2.6.1 Physical methods

The most commonly used physical methods of nanoparti-
cle synthesis were: physical vapor condensation and spray
based methods, as well as ultrasound assisted processes.
Despite the fact that described methods were of physical
character, some of them induced or sustained chemical re-
actions.

Vapor condensation techniques

Generally, gas condensation methods were the most com-
mon physical methods of NPs synthesis. Here, the precur-
sor was evaporated in either inert or reactive gas and then
condensed to form nano-structures [139-141]. The inert
gas was most commonly used for the synthesis of metal
and metal alloys nanoparticles [142], the reactive gas al-
lowed crystallization of compounds [143]. When precur-
sor was difficult to evaporate, pulsed laser ablation was
utilised to perform transition to the gas phase [144]. To
form more complex compounds, chemical vapor deposi-
tion method (CVD) was used, where reaction of various
precursors occurred in the gaseous phase [145], usually
in reduced pressure atmosphere (pyrolysis) [146]. In the
spark discharge synthesis, the precursor released from
the electrode formed metal nanoparticles which then re-
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acted with gas to form compound nanoparticles [147].
Photothermal pyrolysis was a variant of vapor condensa-
tion method, where precursors were rapidly heated us-
ing infrared laser, allowing faster synthesis and smaller
nanoparticle sizes [148]. The thermal plasma synthesis
method was preferable for materials with high melting
point. The high temperature of plasma arc, ensured the
evaporation of precursor to the supersaturated state from
which nanoparticles were formed through the nucleation
and condensation processes [149]. In flame synthesis
method, vaporized metallic compounds, usually halides
or alkoxides, were oxidized in the flame to form the oxide
nanoparticles [150]. Finally, one of the more interesting va-
por condensation method of semiconductor nanoparticle
synthesis was a low temperature reactive process. There,
precursors were vaporized and reacted without additional
heating of a flow gas, the heat produced by the reaction
itself being sufficient for crystallization [151].

Spray techniques

The spray techniques were also commonly employed for
the production of nanoparticles. One of the most popu-
lar method was spray pyrolysis method [152], where met-
als solution is atomized. Then resulting droplets are in-
troduced into the furnace, where solvent was evaporated
and precipitate of precursor reacted with surrounding gas,
decomposed to form product, which may undergo fur-
ther sintering. A variant of this method employed the
plasma arc instead of the furnace [153]. Conductive solu-
tion could also be atomized using electric field of several
kV in the electrospray pyrolysis method. The advantage
of this method was a strict control of the droplet size in
the range from few nanometres for liquid metals to hun-
dreds of micrometres for dielectric liquids [154]. Follow-
ing atomization of solution, a typical ‘droplet to particle’
conversion process occured. In low pressure spray pyrol-
ysis (LPSP) technique, droplets of the solution were intro-
duced into low pressure chamber, which promoted fast sol-
vent evaporation and rapid nucleation to primary nanopar-
ticles. Afterwards, gas was rapidly released from the pri-
mary nanocrystals, facilitating their fragmentation into
the final product. In a conventional spray pyrolysis pro-
cess, product underwent aggregation resulting in the for-
mation of three-dimensional networks. To avoid this, salt
was introduced into the solution to coat the surface of
single nanoparticles and inhibit agglomeration. In, thus
called, salt-assisted spray pyrolysis method, salts were
easily removed from the nanoparticles by washing, leav-
ing non-aggregated nanoparticles as a product. As a re-
sult, size distribution was significantly improved, with
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nanoparticles exhibiting mono-dispersity [154]. Other vari-
ant of this method was spray drying technique [155], where
starting solution was already a colloid of primary nanopar-
ticles, which was rapidly dried after nebulization into the
chamber with hot inert gas. Nanoparticles could also be
long-term stabilized by freeze drying method [156], where
the suspension of nanoparticles was frozen, then the sol-
vent was sublimated under reduced pressure.

Ultrasound assisted methods

Methods of nanoparticles synthesis based on the ultra-
sound treatment relied on the phenomenon of acoustic
cavitation [157]. This process involved formation, growth
and implosion of bubbles, related to creation of local ex-
treme conditions. Hot spots inside the bubbles had temper-
atures of thousands degrees K with extremely steep heat-
ing and cooling rates, furthermore implosion was associ-
ated with generation of a pressure wave, as high as 1000
bar. Finally, implosion of the bubbles caused thermal dis-
sociation (sonolysis) of the water molecules with genera-
tion of free radical species [158]. These extreme conditions
were perfect for synthesis of new materials and ultrasound
had both physical and chemical impact on preparation of
nanostructured materials. Ultrasound has been reported
to influence variety of factors in sonochemistry [159]. The
use of ultrasound effects on the reaction mixture included
increased reaction kinetics, changes in the reaction mech-
anism, enhanced precipitation and crystallization [160].
The use of ultrasound in electrochemistry resulted in sep-
arate branch of synthesis — sono-electrochemistry [161],
with pure metals, alloys, semiconductor crystals and ox-
ides proved viable for sono-electrodeposition. Other vari-
ant of the method was sono-chemical reduction of metal
salts in solution [162] with pH considered the fundamental
controlling parameter of the process [163]. Generally, sono-
chemical deposition allowed to achieve uniform nanopar-
ticle coatings [164].

2.6.2 Biological or bio-assisted methods

Synthesis of the nanoparticles may also be performed
with the use of living organisms. There were successful at-
tempts to crystallize metallic nanoparticles using bacteria,
fungi and plants [165]. Nanoparticles of Au, Ag, Pt, Pd were
prepared intra- or extracellularly, mainly by biosorption-
reduction mechanism. Intracellular mechanism was asso-
ciated with attraction of positively charged metal ions into
the negatively charged cell walls. Then, enzymes capable
of conversion of the ionic form of metal into nanoparticles
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diffused through the cell wall [166]. Extracellular mecha-
nism was related to the reduction of the metal cationic
form, with many prokaryotic or fungi organisms able to
exude appropriate enzymes. On the other hand, via the
ex-vivo approach noble-metal nanoparticles were synthe-
sized utilising plant extracts, i.e. Ginkgo Biloba [167] or
Piper nigrum [168], which acted as reductants and stabiliz-
ing agents. In preparation of gold nanoparticles, extracts
made out of various parts of the plant resulted in cre-
ation of products of many shapes and sizes [169]. Another
approach assumed mimicking of the biomineralization
processes, where the organic substrate was synthesized,
or chemical precipitation method was used on the bio-
templates [170, 171]. Microorganism-mediated synthesis of
nanoparticle metals, alloys, oxides, sulphides and carbon-
ates was found to be controllable by pH, temperature and
concentration of precursor compound [172]. Nanopartic-
ulate silica was synthesized using BKH1 bacteria using
magnesium trisilicate or tetraethyl orthosilicate precur-
sors [173]. Also many metallic, oxide and sulphide NPs
were synthesized using variety of bacteria strains [174, 175].
Similarly, fungi were applied in nanoparticles synthesis
as they were able to produce great quantities of enzymes,
which were, beneficially, more resistant to the mechani-
cal conditions in bioreactors making them appropriate for
large-scale production [176]. Finally, a great advantage of
nanoparticle biosynthesis is utilisation of the waste mate-
rials as precursors [177].

2.6.3 Chemical methods

Chemical methods of bottom-up synthesis of nanoparti-
cles are by far the most popular. Generally they could be
divided into three main reaction groups: gaseous phase,
solid phase and liquid phase reactions. Gaseous phase re-
actions were already described along with vapor conden-
sation techniques (2.6.1.1. unit).

Solid phases reactions
Solid state synthesis employed direct reaction of solid pre-
cursors, usually at high temperature [178]. Method may be
used to design new compounds [179], as well as the syn-
thesis, of crystallized nanoparticles of metals, alloys [180],
inorganic ionic compounds [181-183], and complex ox-
ides [184]. Synthesis may be performed starting from both
inorganic [185] or organic [186] precursors.

Combustion synthesis, a self-sustaining process, re-
lied on exothermic, usually very fast, reactions [187]. It was
subdivided into two categories depending on the way the
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process was ignited. The first was called thermal explosion.
The reactants were heated and reacted spontaneously in
all the volume to form product. The second was called self-
propagating high temperature synthesis (SHS) and it initi-
ated locally, self-propagating from the source through the
whole available precursors. SHS process was mass and en-
ergy transport limited, also many variants of the method
were described [188]. Method was suitable for synthesis of
ceramic powders and composite materials [189]. It exhib-
ited numerous advantages, with high purity of products,
high reaction rates, possibility of metastable phase syn-
thesis and densification of product mentioned as the key
ones, along with possibility of synthesis of novel nano-
materials [190]. Through these processes, mechanically
structured materials, nanopowders, energetic materials,
microelectronics soldering components, multilayer reac-
tive nanofoils were successfully created [191].

Second group, the mechanochemical reactions, were
activated by high energy ball milling (HEBM) [192]. There,
mass and energy transfer was reported happening with-
out the use of liquid solvents. Many classes of materials
that can be synthesized by this method: metal nanopar-
ticles [193] metal organic frameworks (MOFs) [194], com-
posite nanomaterials, metal oxide nanoparticles [195]
and others [196]. As an example, zinc sulphide quan-
tum dots were synthesized this way from zinc acetate
and thioacetamide [197] and silver chloride nanoparticles
were produced using NH;Cl, AgNO3; and NH4NOs3 as sub-
strates [198].

Liquid phases reactions

By far the most common chemical method of NPs syn-
thesis utilised liquid reaction phase. Sol-gel technology
was known from 19t century [199] and have been used
for preparation of materials, including thin films, fibres,
glasses and ceramics from solution. The main advantage
of the method was that precursors were mixed at molecu-
lar level in low temperature, to form a product. Typical sol-
gel process included four steps of preparation [200]: solvol-
ysis, condensation, solvent removal and thermal process-
ing. At the stage of solvolysis metallic compounds were
transformed into hydroxide, and sol was created. Then
metal-oxygen network was created and sol condensed to
form gel, which was dried slowly to remove the solvent.
At the last step, which took place at the elevated temper-
ature, the network was decomposed to form a final prod-
uct. Sol-gel technology may also be combined with other
techniques like solvothermal method, spray drying, phase
separation, atmospheric pressure drying, surface modifi-
cation and emulsion process to produce new unique nano-
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materials [201]. With support of sol-gel technique there
was possibility to synthesize inorganic-organic compos-
ites [202, 203]. Technique was used to synthesize nanoma-
terials using templates [204] and cooperative assemblies
of templates and building blocks [205]. The method was
suitable for synthesis of metal oxides [206], metal nitrides
and carbides [207], semiconductor quantum dots [208]
and metal organic frameworks [209]. Pechini synthesis
was built on principles of sol-gel chemistry and assumed
synthesis of metal-citrate complexes, which were then
polymerized [210, 211]. Method was successfully applied in
the synthesis of luminescent materials [212, 213]. Final ad-
vantage of these methods allowed direct observation of the
crystallization in the sol-gel with in-situ methods [214].
Second chemical method of NPs creation is solvother-
mal method. Solvothermal process is general term describ-
ing a technique of materials synthesis at conditions of el-
evated temperature and pressure [215]. By definition, it
is chemical reaction taking place above the room temper-
ature and at pressure greater than 1 atm, occurring in
closed container [216]. Act of crystallization may take a
place in water, then it is called hydrothermal or in other
solvent [217, 218]. Reactions are performed in closed auto-
claves, where reaction mixture is heated [219]. Hydrother-
mal method offers possibility to synthesize new phases or
new complexes, nanoparticles and crystals of many inor-
ganic compounds [220]. It also enables control over shape
and size of the product grains [221]. New materials may be
produced that way, including nanoparticulate transition
metals oxides [222, 223] microporous crystals, superionic
conductors, complex oxide ceramics, fluorides, magnetic
materials, luminescence materials, inorganic-organic hy-
brid materials [224]. At hydrothermal conditions metal salt
undergoes hydrolysis with formation of metal hydroxide,
then condenses to form metal oxide or metal nanoparti-
cles [225]. Hydrothermal nanoparticles synthesis experi-
ment can be planned basing on the thermodynamic con-
siderations [227]. Hydrothermal process may be periodic
as well as continuous [228], and the latter is easily trans-
formed into industrial scale production and offers signifi-
cant reduction in energy usage and thus overall costs.
There is variant of the method, where the reaction mix-
ture is driven to supercritical conditions. During phase
shift of the regular solvent to the supercritical fluid, its
properties rapidly change, e.g. dielectric constant being
one of the most important solution parameters in nanopar-
ticulate materials synthesis [229]. In naturally occurring
hydrothermal vents natural conversion of simplest chemi-
cal compounds (e.g. CO,, CH4, NH3) transpires, with result-
ing, more complicated molecules, becoming a food source
for various organisms [230]. The opposite is also possi-
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ble, hydrothermal processing may cause decomposition of
complicated compounds to form simpler ones. This fact is
used in processing of biomass to obtain bio-oil, bio-gas or
bio-carbon depending on the process conditions [231].
Finally, microwave field assisted methods are pre-
sented with microwave hydrothermal method of materi-
als crystallization. The focus, would be a synthesis of
inorganic compounds. Microwaves are electromagnetic
radiation with the wavelengths between 0.001 to 1 m
[232]. However only frequencies of 915 MHz and 2.45 GHz
were allowed for industrial and domestic use [233]. Mi-
crowaves were used for the purpose of heating of di-
electric materials. In materials synthesis, it was applied
to conduct solid-state reaction between dielectric precur-
sors [234], calcination processes and several other meth-
ods of preparation of nanoparticles [235]. Local charac-
ter of microwaves interaction with chemical bonds was of-
ten utilised in microwave irradiation based methods, to
produce, among others, carbon nanotubes [236], oxide
nanoparticles [237], semiconductor quantum dots [238]
and colloidal nanoparticles [239]. Microwave irradiation
was also known to induce crystallization of metal and
oxide nanoparticles in the presence of reducing agents
from plant extracts [240-242]. Examples of indirect mi-
crowaves application in nanoparticle synthesis were mi-
crowave plasma related methods [243], which included mi-
crowave assisted spray synthesis [244], microwave plasma
sintering, [245] and many personalized methods like mi-
crowave pulsed plasma polymerization [246] or microwave
plasma deposition of nanoparticles on substrate [247].

Microwave solvothermal synthesis

The technique

The use of microwaves significantly increased the rate
of chemical reaction in our preferred solvothermal pro-
cesses [248, 249]. Also, the overall purity of product ob-
tained by microwave solvothermal synthesis was much
higher than in the conventional solvothermal process, as
the heating elements did not have direct contact with reac-
tion mixture. Local interaction of microwaves with precur-
sors allowed crystallization of new and metastable phases.
These properties lead to the synthesis of many new ma-
terials including carbon nanotubes [250], zeolites [251],
composites [252] and semiconductor nanoparticles [253].
Hereby, the oxides synthesis will be discussed in detail,
as its products have potential applicability for biologi-
cal sciences and medicine [254]. Technology of nanomet-
ric zinc oxide was established for both nanorods [255]
and nanoparticles [256]. Microwave hydrothermal synthe-
sized oxides had significantly higher structural quality
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compared to those from chemical precipitation or calci-
nation [257]. Furthermore, microwave hydrothermal syn-
thesized oxide nanoparticles, were easily doped with lan-
thanide ions, for the visible region excitation-emission
of luminescence [258-260]. Conditions of oxide crystal-
lization in microwave driven hydrothermal process had a
strong influence on the product properties [261, 262]. Also,
phase composition was influenced by post processing of
obtained nanoparticles [263, 264]. The most biocompati-
ble materials produced using microwave solvothermal ap-
proach were oxides. Hereby, a successful attempts to crys-
tallize new generation of nanoparticles exhibiting opti-
cal [265, 266] and magnetic [267, 268] properties are pre-
sented. All of which were a wide bandgap semiconductors
or dielectric materials. Additionally, a redox behaviour
was investigated in our products [269]. Later, it will be dis-
cussed the biocompatibility of microwave hydrothermally
grown oxide nanoparticles doped with lanthanide ions as
they were extensively tested in-vivo in the acute, chronic
and multiple exposure modes in mice [270-272]. Applica-
tion of water as solvent ensured that nanoparticles were
terminated by hydroxyl groups, which made them an ideal
candidates for surface modifications by bioactive com-
pounds for the applications as a drug carrier [273]. Finally,
initial studies in the applicability of the lanthanide-doped
oxides as magnetic resonance imaging (MRI) contrasts
will be confronted with other existing and researched MRI
markers.

Zn0

Zinc oxide matrix exhibited phonon structure that allowed
efficient luminescence when doped with foreign ions. Fur-
thermore, those structures exhibited relatively efficient ex-
citation and emission in the visible range, hence they were
a perfect for various biomedical applications [274]. All
those properties combined made them the first nanopar-
ticles synthesized by our group by solvothermal method.
The first route for synthesis of pure zinc oxide started
with zinc chloride and zinc nitrate(V). Products exhibited
very good crystallographic quality [275], but the stability
issues prompted the further development of the method.
Next, zinc oxide nanoparticles were synthesized using wa-
ter or ethanol as solvent which impacted strongly on the
defects in crystal lattice of the products [276]. As the con-
trol of the shape, size and crystalline quality were essen-
tial, further development was required. To improve the
crystallinity of the product the mild thermal postprocess-
ing was proposed [259]. This proved to be so efficient, that
further development of zinc oxide nanoparticles included
lanthanide and transition element doping. First, the syn-
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thesis of magnetic ion doped ZnO was performed in ethy-
lene glycol from acetate precursors [274]. It was shown
that in case of the tested dopants, nanoparticles did not
require additional postprocessing as they proved to have
a pure ZnO phase. Then, in the search for luminescence
in the visible range, various lanthanide ions were intro-
duced into the matrix. Europium doped ZnO was found
to be very sensitive to the conditions of the hydrothermal
process, as both size of nanoparticles and defect distribu-
tion changed with pressure during synthesis [262]. Also,
annealing of ZnO:Eu nanoparticles enhanced europium lu-
minescence [259]. Furthermore, the ZnO-based nanoparti-
cles were gradually degrading in aqueous suspension, a
quality potentially of great importance for the bio-medical
applications [81]. Finally, in ZnO:Eu nanoparticles it was
found that aluminium addition had a strong influence over
the shape and size of the product [270].

ZnAl204 (AZO)

Work on the microwave hydrothermal zinc aluminium
spinel has started with doping of pure ZnO with 5-10% of
aluminium [277]. The two synthesis methods were evalu-
ated: hydrothermal in tubular reactor and microwave hy-
drothermal to verify which method would allow the direct
formation of crystalline product. Nanoparticles prepared
using periodic tubular microwave hydrothermal reactor ex-
hibited very tiny average sizes of crystallites, around 2.2
nm [278]. As mentioned before this size-range was not suit-
able for biomedical applications. Thus work focused on
the microwave hydrothermal stop-flow reactor, where ad-
dition of aluminium allowed better control of morphology
and sizes of nanocrystals [279].

Both ZnO and AZO nanoparticles proved degradable
in the biological media. For certain medical and research
applications this property was considered extremely use-
ful (i.e. monitoring of tumour progression with MRI or de-
livery of biologically-active substances through the gut bar-
rier). However, for other applications, like fluorescence
guided biopsy and surgery, the biostable (non-degradable)
nanoparticle matrix seemed more suited.

Out of the wide bandgap, low phonon energy oxides,
oxides of the elements from group 3 and 4 of periodic ta-
ble were selected. They were insoluble in water, chemi-
cally resistant and biostable. Furthermore, they were well
suited for doping with lanthanide ions. Finally, the bottom-
up generation via microwave hydrothermal route was a
method of choice for their synthesis. From those, the au-
thors focused on two transition metal oxides: Zr and Y due
to their confirmed long-term biocompatibility.
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ZI‘OZ

Zirconium dioxide prepared using microwave hydrother-
mal technique was found fine-grained when compared to
nanopowders prepared by calcination and formed crys-
talline lattices during synthesis [257]. TEM images of ZrO,
presented in Figure 3 show nanoparticles prepared by pre-
cipitation calcination (Figure 3A) compared to (Figure 3B
and C) fine and uniformly grained nanocrystals prepared
by microwave hydrothermal treatment at 6 MPa. Pure
microwave hydrothermally prepared ZrO, nanopowders
were found to be sensitive to the partial pressure of sur-
roundings [280]. Lanthanide ions were also investigated
in ZrO,; crystal lattice, to find various structural and spec-
troscopic mechanisms of luminescence in these materials.
The most applicable dopants the authors designated for
bio-medical applications were: Eu [281], Pr [260] and Th
[282]. Terbium doped nanoparticles were found to have
density lower than bulk zirconia, indicating presence of
hydroxide layer on the surface. Nanoparticles doped with
low terbium concentrations were found to be stable in wa-
ter suspension, and suitable for bioimaging in mice [258].
The microwaves driven hydrothermal method of produc-
tion resulted in relatively small 2-10 nm nanoparticles (Fig-
ure 3C) of uniform size distribution (Figure 3D). This gave
us a superb substrate for the further processing by thermal
growth [257], which resulted with nanoparticles of narrow,
tuneable size-distribution [272].

Y,03

Microwave hydrothermal synthesis of Y, 03 started from ni-
trates(V) and resulted in crystallization of Y,0(0H)9(NO3)
phase, which had to be thermally postprocessed to ob-
tain pure yttria [79]. Similar behaviour was found both
for terbium and europium doped nanoparticles [269, 271].
During calcination an interesting phenomenon was ob-
served. Inside the initial crystalline matrix, the recrystalli-
sation process occurred, with tiny crystalline nodes sim-
ilar in size and luminescent properties to quantum dots.
As a result a packet of high-yield luminescent QDs within
one large, biocompatible nanoparticle structure of the size
well-matched to mentioned above processes of intracellu-
lar uptake and trafficking, was obtained. In Figure 4 trans-
mission electron microscope (TEM) images shown the de-
scribed phenomenon. In the first step Y,0(OH)o(NO3) pre-
cursor crystals are grown with microwave hydrothermal
method (Figure 4A). Then, after calcination at 400°C struc-
ture became non-uniform with visible nucleation seeds
(Figure 4B). Following treatment at 800°C, nanocrystals
of Y,03 underwent recrystallization process with large,
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Figure 3: TEM images of ZrO, nanopowders prepared by (A) precipitation calcination method and (B) microwave hydrothermal process.
Image (C) depicts ZrO,:Tb nanoparticles. Panel (D) shows the grain size distribution of the final product as measured directly from TEM

images and calculated using powder diffraction patterns

highly luminescent domains seen in Figure 4C. In the last
step, at 1200°C yttrium oxide full filled the rods (Figure D).

3 Lanthanide-doped oxide
nanoparticles for diagnostics of
lung cancer - a proof of concept

Lung cancer is the most spread cancer in the world, of ex-
tremely heterogenous nature and origin. For the last few
decades it was considered as one of the most deadly tu-
mours, predominantly due to the frequency of metastases,
difficulties in detection and treatment. Lung cancer is gen-
erally considered as the most common type of tumour in
men. Int. Agency for Research on Cancer a part of World

Health Organization estimated that lung cancer was re-
sponsible for approximately 20% of cancer caused deaths
in 2012 [1-3]. It is worth to emphasize that overall inci-
dence ratio of this type of cancer to mortality is extremely
high - 0.87. Likewise, regardless of rapid development in
cancer diagnosis and therapy during last few decades, still
a long-term survival rate of this destructive disease have
barely improved over the last 50 years. According to an-
nual report of American Cancer Society’s (ACS) in 2017 the
5-year survival rate for both sexes is 18% and, separately,
15% for men and 21% for women [3].

3.1 Detection of lung cancer

As mentioned before, the most promising methods of
cancer detection should be based on the pure physical
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Figure 4: TEM images of Y,03:Eu structures grown using microwave hydrothermal process (A) and additionally calcined at: 400°C (B),

800°C (C) and 1200°C (D)

properties of cancer microenvironment, namely the EPR
effect. Enhanced permeabilization of tumour blood ves-
sels combined with extremely poor lymph drainage facil-
itates the effective accumulation and prolonged retention
of nanoparticles in the cancerous tissue.

The disadvantage of the method was that it did not al-
low to discriminate between the types and origin of the tu-
mour. However, at the same time, this lack of specificity
renders the method applicable for plethora of cancers, al-
lowing their indiscriminate detection (Figure 1). Our re-
search proved that specifically for the lung cancer the
only nanoparticle permeability was observed in the can-
cer metastases which allowed a 100% selectivity of the pro-
posed method of detection [272].

4 Multimodal markers

Nowadays, the search among scientific community fo-
cusses on the methods allowing effective detection of tu-
mours during routine diagnostics with minimal or no side
effects associated with the procedure. For this, the tumour
specific biomarkers in bodily fluids, optical screening and
magnetic resonance were designated as the most promis-
ing [283]. Unfortunately, at least for now, the biomarkers
proved either highly non-specific, way to differentiate tu-
mour disease from other inflammatory processes, or over-
specific, able to detect only a very distinct type of cancer
or even the single clone of cancer cells. The limitation of
fluorescence or luminescence based contrasts is that in
most of the cases it is not an in-situ method. The limited
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penetration of both excitation and emission wavelengths
results in the requirement of the surgical procedure with
body penetration (e.g. laparoscopy). The only viable appli-
cation of optical-based method are either fluorescence as-
sisted surgery or biopsy, when the direct access to oper-
ation field is possible. Therefore, optical imaging was so
challenging in the case of tumours located deep within the
organs, that the only successful applications were the de-
tection and treatment of skin melanomas and screening
for potential breast cancers. Hereby, an approach either
through the MRI method or combined, multimodal meth-
ods based on the magnetic and optical contrast is recom-
mended. Those seem the most effective, and thus will be
discussed below.

4.1 Contrasting agents for MRI

The contrasts for magnetic resonance imaging (MRI) were
first used 25 years ago. Since then they were constantly
developed. The first commercially available formulation
was dimeglumine gadopentetate in 1988 (trade name Mag-
nevist). Gadolinium has 7 free valence electrons and un-
til recently, nearly all research focused on high potential
of gadolinium as a contrasting agent [284]. Nowadays,
a variety of contrasting agents for MRI are available, al-
most all based on different chelates of gadolinium (i.e.
Gadobutrol, Gadoteridolum, Dimeglumine gadopentetate)
[285-287]. All gadolinium-based contrast agents had a
high magnetic moment. Therefore, their presence in the
tissues effectively shortened the longitudinal relaxation
time of hydrogen proton in water molecules, which pro-
vided a positive contrast, brightening the image of the T1
sequence [288].

Gadobutrol molecules have a macrocyclic structure,
which proved more stable in the organisms than lin-
ear chelates. Macrocyclic chelates were gadolinium com-
pounds associated with the lowest risk of nephrogenic fi-
brosis (NSF). Nephrogenic systemic fibrosis (NSF) was a
rare and serious syndrome that could include fibrosis of
the skin, joints, eyes, and internal organs. The first cases
were identified in 1997, however its direct cause has not yet
been determined. Nevertheless, studies indicated that NSF
was associated with gadolinium exposure, at least in pa-
tients with a severe renal impairment [289].

The next heterocyclic compound used as a contrast
agent was gadoteridol. This preparation caused enhanced
contrast of the brain, spine, and surrounding tissues on
the MRI images. It reduced the relaxation time T1 in the
tissues where it accumulated. This was employed to visu-
alize lesions, an abnormal blood flow through the vessels

New generation of oxide-based nanoparticles =—— 289

or a compromise of the blood-brain-barrier. Furthermore,
all those properties render it invaluable in the diagnostics
of cancer and abscesses of the nerve tissue [290].

Dimeglumine gadopentetate was one of the oldest
and least advanced gadolinium chelates. This compound
was characterized by a linear molecular structure causing
weaker bond of gadolinium ion, which could easily be sub-
stituted by zinc ion and released into the body. The release
of gadolinium ions into the blood was low due to the rapid
renal clearance of the drug, however it was not considered
to be safe. Despite the general instability, linear chelates
had some advantages: recent studies have shown that lin-
ear forms of chelates were less allergenic than macrocyclic
structures [291].

Gadolinium derivatives were undoubtedly effective
contrast agents, but they still had some serious drawbacks
and limitations. The most serious problem was the strong
toxicity of their primary contrasting ingredient — gadolin-
ium ions. The chelated gadolinium ions did not show the
acute toxicity, however free gadolinium ions accumulated
in the liver, spleen and bones. There, they could cause
a lethal effect, even at very low doses, with LD50 deter-
mined for mice at 0.2 mmol/kg [292, 293]. Concluding, the
biosafety of contrast agents based on gadolinium was de-
pendent on the in vivo tissue stability and high renal clear-
ance of chelates [294, 295].

Successive generations of chelates had a greater
number of carboxyl groups and more spatial structure.
Molecules with a macrocyclic structure were strongly
bound to gadolinium ions. This reduced ion releases and
improved the safety of the formulations, but was not able
to stop the ion leakage completely, and did not solve the
accumulation and toxicity problems [296, 297].

Specifically, the strong negative effects of repeating
MRI studies conducted with contrast agents came un-
der the scientific scrutiny over the last several years. In
2006, the first study combining gadolinium-based con-
trast agents with the development of NSF was pub-
lished [298]. This rapport caused huge controversy in the
scientific world. Quickly, the thesis has been confirmed by
numerous toxicological and pharmacological studies on
animal models [299-302].

Also, a recent discovery of gadolinium residues in pa-
tients with healthy kidneys came as a shock. Abnormali-
ties in T1 dentin relaxation time and pallidus globulin in
the brain have been reported in patients with who previ-
ously underwent multiple MRI studies with gadolinium
contrasting agents [303, 304]. Even though recently re-
searches confirmed their transfer through the blood-brain-
barrier, no specific data on how gadolinium-based con-
trast agents may have affected the central nervous sys-
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tem [305]. Aforementioned risks associated with the use
of well-established gadolinium ions, prompted studies on
the alternatives. One of the candidates with T1-contrasting
properties was a contrast based on the divalent man-
ganese ion. Here, five free electrons resulted in reduc-
ing the T1 relaxation time, however not to the level of
Gd. Two categories of contrast media based on this ion
were proposed: small molecular and nanoparticle based
contrasts. Small molecular factors were in their essen-
tials similar to gadolinium contrasts with Mg ion replac-
ing Gd in the chelates (i.e. Teslacan). For this injectable
contrast agent the use of potassium manganate was ap-
proved for diagnostic use in 1997. However, in 2012, the
manufacturer voluntarily resigned from admission to the
European Union [306]. Manufacturer’s decision has been
caused by the severe negative aspects relater with the use
of manganese ions. Like gadolinium, it was difficult to pro-
duce stable complexes and manganese ions were be dis-
placed from the chelates. Released manganese ion was
then passing through the calcium channel in the neurons
with the risk of the brain damage [307]. Nowadays, man-
ganese ions were recalled from the use as a contrast agents.
The only potentially stable formulations regarding Mg ions
were nanoparticles. Here to increase the amount of water
molecules neighbouring the magnetic centres, nanoparti-
cles were coated with high porosity silica. Such-prepared
nanostructures had larger contact area which improved
their relaxivity and potential contrasting properties [308].

A separate group of contrast agents were substances
that affect the relaxation time of T2. They acted on the
spin-spin interactions between hydrogen nuclei in water
molecules which resulted as a negative contrast causing
the T2 image to darken. One of the earliest and most com-
mon contrasting compounds active in the T2 were a va-
riety of iron oxides, especially in the form of nanoparti-
cles. The most important advantage of these nanoparti-
cles was their relatively low toxicity, as iron in the ox-
ides is present in their biological valency. However, there
two serious problems in the applicability of iron oxides
is the difficulty to distinguish them from the other iron-
rich tissues [309, 310] and possibility to interact with gen-
eral iron metabolism [311, 312]. Two iron oxides were con-
sidered particularly useful in medical applications: mag-
netite (Fe30,4) and its oxidized and more stable form
of maghemite (v-Fe,03). To sustain superparamagnetic
properties, the size of iron oxide nanoparticles could not
exceed 1 nm for magnetite and 30 nm for maghemite.
As an additional benefit, these nanomaterials did not
show self-aggregation [313]. However, as mentioned be-
fore, these sizes promote the simple diffusion of nanopar-
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ticles throughout the cell with huge problems in their elim-
ination after procedure.

4.2 Core-shell and multimodal MRI contrasts

A breakthrough in the field of contrasting agents could be
dual mode ultrasonic iron oxide nanocaps. They gave a
positive contrast in sequences based on relaxation time
T1 and negative in sequences T2. Unfortunately, their di-
ameter was 3.3 + 0.5 nm and all the tests were conducted
in a specialized MRI apparatus with a power of 4.7 tesla
[314]. A novelty in the field of T2 contrasting agents were
the formulations utilizing Dy>* ions either in the chelates
or as nanoparticles. Due to the high magnetic moment,
dysprosium exhibited excellent contrasting properties but
only under a strong magnetic field (3-9 T). Yet again this
proved to be a huge technical challenge, since only mag-
nets between 1.5 and 3 tesla are generally used and consid-
ered safe for diagnostics. Generally, field strengths over 4.5
tesla were forbidden from medical use due to tissue over-
load and disturbance of ionic currents [315].

Another idea for nanoparticle-based MRI contrast was
to combine two different materials in a single nanoparticle.
Examples of such materials had a 15-nanometer-diameter
core built from MnFe, 0, covered by a 1.5 nanometre-thick
coat of Gd,0 (COs3),. The outer layer had direct contact
with the water molecules, which reduced the T1relaxation
time. The nucleus of the molecule induced local anoma-
lies of the magnetic field, thus reducing the T2 relaxation
time of the water molecules. Relationships between those
two types of interaction could have been controlled by
the thickness of the neutral SiO, insulating layer covering
the whole structure. The use of heterogeneous nanostruc-
tures provided tremendous opportunities for modifying
the properties of nanomaterials. However the kinetics of
absorption, biodistribution and degradation/elimination
of such materials require thorough evaluation and a holis-
tic approach. It has been shown for various oxide-based
nanostructures, it was difficult to predict how nanomate-
rials would behave in the living organism [78, 79, 81, 82,
272]. An example of such negligence was a study promot-
ing nanoparticles of gadolinium oxide core, covered by
zinc oxide insulating shell. The nanoparticles exhibited
promising contrasting properties and their surfaces were
easy to modify and claimed by authors to be biologically in-
ert [316]. However, researchers failed to observe, that zinc
oxide was biologically unstable, undergoing biodegrada-
tion whenever introduced into the tissues. Moreover, as it
has been shown in our previous studies, ZnO nanoparti-
cles were able to transfer through the blood-organ barriers,
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Figure 5: Agar gel phantoms in magnetic resonance (MR) imaging under T1 (a) and T2 (b) relaxation time. In both T1 and T2 relaxation time
modalities the same materials were evaluated: (A) positive Gd-based commercial contrast at following concentrations (from left): 1, 2,

10, 28 mg/ml; (B) negative control probe (pure agar gel phantom); (C) experimental group with different types of nanoparticles (from the
top): HfO,:Fe, HfO,:Gd, HfO,:Eu and ZnO:Fe at concentrations (from the left): 1, 2, 10 mg/ml. Plots presented below reveal the average
T2 relaxation time (expressed in relation to the lung tissue as a reference level) for the following tissues of rat patients of the veterinary
oncology clinic: brain, left kidney, right kidney and cancer tissue, before administration of NPs, 24h after administration of NPs and 48
after administration of NPs. Age-related tumours developed in rats naturally and owners consent for the experimental diagnostic procedure
was acquired. Two types of nanoparticles were evaluated: HfO,:Gd (c) and HfO,:Eu (d). For both nanoparticles the general tissue contrast
was similar (compare results for brain and kidneys), with Gd-based contrast being more effective. Changes in the polarisation of contrast
(positive vs. negative) in tumours reflected the different types of cancer, highly-vascularised for (c) and solid, low vascularised for (d)

including effective transport into the brain [81]. Thus, the
proposed nanoparticles would not only allocate in the tis-
sue highly affected by the toxicity of Gd, but also release
gadolinium ions directly into the brain. As such, the sus-
pected side-effects could be expected to be much higher
than for traditional chelate-based formulations. Further-
more, in wurtzite type ZnO it is difficult to substitute zinc
ions with trivalent lanthanides. The reasons are large dif-
ference in ionic radii of Zn?* and Ln3* (0.6 vs. 0.9 A) as well
as large difference in ions charges. In effect, there are dif-
ferent charge compensation mechanisms in ZnO crystals
compared to ZrO,. In zirconium dioxide Zr** ions are sub-

stituted by Ln>* ions and the charge is compensated by for-
mation of neutral oxygen vacancies. On the other hand, in
Zn0 compensation of Ln>* presence in Zn?* site is compen-
sated by additional interstitial oxygen ions, which case is
far less probable [322]. Even though, presence of the Eu3*
ions in ZnO lattice was confirmed by a few investigations of
charge transfer phenomenon between dopant and oxygen
ions [317], in majority cases it was shown that guest ions
are not substituting zinc in the crystal lattice [319-322], but
allocated on the surface of nanoparticle [262].
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4.3 Biocompatible oxides for MRI and
multimodal diagnostics

In this final chapter, a novel approach towards oxide-
based contrasting agents for MRI and MRI-fluorescence
would be presented. The three different approaches to cre-
ate MRI-contrasting nanoparticles seem viable. First, the
Gd ions of known contrasting properties in MRI need to be
shielded from the contact with organism within the matrix
of non-degradable nanoparticles. Secondly, a novel non-
biodegrading nanoparticle could be constructed based on
the magnetic properties of other 3+ lanthanides. Finally,
the ions of known contrasting properties in the magnetic
resonance (like Fe3* or Ln>*) could be embedded in the
biodegradable nanoparticle to promote faster bioelimina-
tion of contrast.

For the first approach either the zirconium or hafnium
dioxides as a base for the nanoparticles are proposed.
Since, Gd ions match well the lattice of both oxide crystals,
there is a high probability that Gd will substitute either the
Zr or Hf in the matrix, remaining out of direct contact with
the cells. Furthermore, both types of NPs were proven to
be biostable. However, both ZrO, and HfO, nanoparticles
have much longer clearance time from the tissues and both
transfer through the brain tissue, the potential exposure to
Gd will be relatively long. Moreover, the enhanced study
regarding precise retention times and elimination kinetics
from different tissues need to be conducted to evaluate the
overall risks of proposed approach.

Secondly, in the same matrices the ions of confirmed
biosafety can be embedded, i.e. Eu’*. This, in increased
content, exhibits both magnetic and fluorescence con-
trasts, enhancing the use of proposed formulation from
MRI to the fluorescence-enhanced biopsy and surgery.
This approach, however, has one limitation, for now those
NPs proved to give magnetic contrast predominantly in the
T2 relaxation time (Figure 5). Finally, nanoparticles com-
posed of the biodegradable matrix doped with either afore-
mentioned Eu>* or Fe** ions, which exhibited promising
results, if predominantly in the less specific contrast of T2,
are proposed. Still, for the Fe doped nanoparticles, espe-
cially biodegradable ones, the impact of Fe ions on the gen-
eral iron metabolism needs to be closely monitored.

For now, it can be showed the confirmed accumulation
of Zr0,:Eu and HfO,:Gd nanoparticles in the liver 3h after
IG in the experimental animals and negative T2 contrast
in the tumours of rats surgically treated for tumours in the
veterinary oncology clinic.
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5 Summary

The present review concentrates on new, highly promiss-
ing nano-materials and their development strategies. It
is focussed on the multimodality of nanoparticles easily
achievable in the oxide materials, and the early cancer de-
tection combined with following fluorescence enhanced
biopsy or surgery. Wide-band gap oxide materials, as dis-
cussed above, seem a good base material for the future
medical applications, both in diagnostic and in therapy,
and indeed in both (in the case of their multimodality).
also It is also pointed out, that before a wider use of any
new method for biomedical purposes, more information
on safety aspects is required. Variety of fluorescent (or sim-
ilar) markers investigated till now will never be allowed for
medical applications use due to their intrinsic or long-term
toxicity. Most of the studies in this area omits the critical
issues of organism safety, prevelance of nanomaterials in
the organism and the environmental impact of their appli-
cation. Unfortunately, majority of work nowadays is done
on cancer cell lines, with total disregard to even the pri-
mary cell line studies. As such most of them would never
even go over the “interesting publication” level (i.e. heavy-
metal based nanoparticles or graphene based strategies).
Hereby, the authors strongly encourage the holistic ap-
proach, based on the animal models, with combination
of base and applicable research of nanoparticle biosafety
and routes of entry and elimination from the organism.
This review also presents the initial studies into the de-
velopment of Gd-devoid MRI contrasts, which could elim-
inate Gd-induced toxicity from this very promising non-
invasive method of cancer diagnosis.

Finally, in the context of potential cancer detec-
tion/diagnostic, it is showed that oxide nanomaterials
were able to transfer through the intact intestinal bar-
rier and other organ barriers (like the highly impermeable
blood-brain-barrier). This opens a new much safer than in-
jection method of nanoparticle entry to the organism. Fi-
nally, it has been demonstrated that oxide-based nanopar-
ticles were deposited in the tumour site without any ad-
ditional surface modifications a phenomenon linked with
the physical properties of tumour tissue: enhanced per-
meation and retention mechanism. This has a huge ad-
vantage over any other directed deposition strategy, as it
can potentially pinpoint any and every type of tumour, a
highly seeked-out asset for cancer screening and detec-
tion. Combined with fluorescent doping, apllication of ox-
ide nanoparticles can be further enhanced to fluorescence
guided biopsy and fluorescence guided surgery in cancer
diagnosis and therapy.
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