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INTRODUCTION 
In recent decades, there has been a qualitative shift 
in medicine towards more precise and personalized 
treatment through a combination of early diagnosis, 
therapy, and subsequent monitoring of the course of a 
disease. This approach is called theranostics. Nanotech-
nology – in combination with optical, acoustical and 
other methods of non-invasive application – occupies 
a dominant niche in this area. Nanoparticles are able 
to successfully combine several functions thanks to 
their unique properties, such as the programmability 
of physical and chemical characteristics, presence of 
reactive functional groups, a large surface to volume 
ratio, and optimal size. These features allow nanoparti-
cles to act not only as independent therapeutic and/or 
contrast agents and delivery vehicles, but also as a plat-
form for creating multifunctional complexes. In this 
context, optically active nanoparticles open up wide 
possibilities for the visualization of target cells or sub-
cellular structures, in combination with a simultaneous 
targeted therapeutic effect.

One of the groups of nanomaterials used in optical 
diagnostics methods, sensorics, and therapy is the 
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plasmon-resonance particles of gold, silver, and oth-
er metals. They have been proposed as a basis for a 
number of sensors for the qualitative and quantita-
tive determination of various chemical compounds 
and biological macromolecules, as well as agents for 
visualizing and affecting target cells [1–3]. However, 
the overwhelming majority of the solutions rely upon 
the use of photoluminescent nanomaterials (PLNMs). 
Depending on their chemical structure, shape and size, 
the properties of such materials differ significantly, 
making them a suitable means to solving a wide range 
of practical problems. Nowadays, the most widely used 
in biomedical research are quantum dots, small gold 
clusters, carbon dots, nanodiamonds, semiconductor 
porous silicon, and up-conversion nanoparticles.

In this paper, we considered the PLNM groups that 
are of interest as a basis for devising agents for medi-
cal biotechnology: in particular, for optical diagnostic 
methods, sensorics, and various types of therapy.

Quantum dots
Quantum dots (QDs) are the most thoroughly studied 
PLNMs [4–6]. They are inorganic nanocrystals usual-
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ly consisting of elements of the II and VI or III and V 
groups and measuring in size between 2 and 10 nm. 
Most often, QDs are synthesized from such compounds 
as CdSe, CdS, CdTe, InAs, and GaAs with semiconduc-
tor properties in their bulk state. QDs possess photolu-
minescence (PL), with a quantum yield greater than 
50% and a narrow symmetrical peak emission, whose 
position is determined by the particle size and compo-
sition (Fig. 1) [7, 8].

The PL properties of QDs are determined by the 
discrete energy levels that occur due to the restricted 
free motion of charge carriers (electrons and holes). 
Upon absorption of a quantum of exciting radiation, an 
electron enters a conduction zone with an excited state 
lasting from a few to tens of nanoseconds. A photon is 
emitted as a result of the radiative recombination of an 
electron-hole pair, and the photon energy corresponds 
to the difference between the highest hole and the 
lowest electron levels. Smaller particles have a larger 
energy difference between the corresponding levels, 
resulting in a higher energy of emitted photons and 
shorter wavelength.

In biomedicine, as a rule, QDs of improved structure 
are used, most often of improved core /shell structure, 
where the last forms from compounds with a similar 
crystal structure featuring the properties of wider-gap 
semiconductors [13–15]. CdSe/ZnS QDs are used more 
often than others: they exhibit PL in the entire visible 
region of the spectrum depending on their particle size. 
The shell provides an increased PL quantum yield, 
contributes to QD surface stabilization, and prevents 
heavy metal ions from entering the environment, 
thereby reducing the toxic effect of such QDs relative 
to QDs without a shell [16, 17].

During synthesis, the surface of semiconductor 
QDs is covered with hydrophobic compounds, making 
them practically insoluble in water. To achieve col-
loidal stability and biocompatibility, the surface can 
be modified in various ways. One approach involves 
substituting hydrophobic surface ligands for hydro-
philic ones or coating with amphiphilic compounds [18]. 
An alternative solution is to create an additional outer 
shell of either organic polymers [19, 20] or inorganic 
compounds (silicon oxide) [21]. The obtained QDs lack 
colloidal stability, which limits the scope of their poen-
tial use in biomedical applications. Various approaches 
to solving this problem have been described: however, 
a reliable and reproducible protocol has not yet been 
developed [22]. 

QDs have several useful photophysical properties, 
such as their high PL quantum yield and extinction co-
efficient, which enable one to visualize single nanopar-
ticles; a wide absorption range and narrow symmetric 
PL emission peaks, making them useful in multiplex 

analysis [23]; long-term photostability, which allows 
for long-term tracking of individual molecules; and 
their wide multiphoton excitation range, which fa-
vourably distinguishes QDs from organic fluorophores 
[24]. In addition to the above-listed properties, many 
approaches to the surface functionalization of QDs and 
the attachment of various targeting/toxic modules spe-
cific to target molecules have been developed to date, 
enabling one to produce multifunctional complexes 
with the desired set of properties [25–27].

Fluorescence imaging of cells, tissues, and organs is 
the main area of QD application (Fig. 1). With the more 
than 20 years it has been in use, QD imaging of cellular 
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Fig. 1. (A) – Size-dependence of the CdSe/ZnS QD 
fluorescence emission spectrum. Adapted from [9] 
with permission from the copyright holder: © 2017 by 
the authors. Licensee MDPI, Basel. (B) – Fluorescence 
photograph of QD suspensions irradiated with ultraviolet 
light (emission maxima at 443, 473, 481, 500, 518, 543, 
565, 587, 610, and 655 nm). Adapted from [10] with 
permission from the copyright holder: John Wiley and 
Sons. © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. (C) – Visualization of targeted QD conjugates 
(QD-4D5scFv) in a xenograft SK-BR-3 tumor. The image 
was obtained by confocal fluorescence microscopy. Scale 
bar 10 μm. Adapted from [11] with permission from the 
copyright holder. © 2019 by the authors. Licensee MDPI, 
Basel. (D) – Intravital visualization of the distribution of 
targeted QD conjugates (QD705-RGD) in the body of a 
mouse carrying the U87MG xenograft tumor (indicated 
by an arrow). Mouse tissue autofluorescence is shown in 
green; QD fluorescent signal – in red. Adapted from [12] 
with permission from the copyright holder. © 2006 Ameri-
can Chemical Society
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structures has become the standard approach. Speci-
ficity in staining certain cell components is achieved by 
using such targeting molecules as antibodies, peptides, 
nucleic acid fragments, and others. External modules 
are attached to particles by either chemical conjugation 
[28, 29], or by self-assembly, when illumina-specific 
adapters are added to streptavidin-biotin beads [30, 
31], or by barnase-barstar [32–35]. Such targeted com-
plexes are actively used in optical microscopy, cell flow 
cytometry [36, 37], and immunohistochemical [38, 39] 
and enzyme immunoassay [40, 41].

A number of photophysical properties make QDs 
indispensable in the cases where organic fluorophores 
are of little use. In particular, QDs photostability ena-
bles one to study molecular dynamics: several studies 
have been performed to track receptors [42–44], inte-
grins [45, 46], transport proteins [47], and membrane 
lipids [48].

One of the downsides of QDs is the intermittent na-
ture of their PL (blinking) that occurs when one or both 
components of an exciton (electron and hole) hit the 
surface of the particle, which leads to the appearance 
of a charge on the particle and quenching of the PL as 
a result of nonradiative recombination [49]. In order to 
overcome this drawback, several methods have been 
designed that provide complete or partial blinking sup-
pression [50, 51].

QDs are used to create sensors capable of assessing 
the quantitative content of various compounds in a 
medium. For this purpose, the changes in the emission 
characteristics (peak positions, intensity, polarization, 
kinetic parameters) associated with the attachment of 
target molecules to a QD surface are exploited [52–56]. 
Many sensors using QDs as one of the participants in 
the Förster resonance energy transfer (FRET) pair 
have already been developed. Such systems are being 
successfully used to study the interaction between a 
ligand and a receptor, the specific detection of DNA 
sequences, and the detection of changes in protein mol-
ecule conformation [57– 59].

Sensors are being actively developed that combine 
these approaches and are designed for a wide range of 
tasks such as detecting viruses and bacteria, determin-
ing the activity of enzymes and the presence of small 
organic molecules and various ions, and pH measuring 
[60–62].

The wide choice of synthesized QD components 
makes it possible to obtain particles with a PL emis-
sion in the near-IR region falling into the transparen-
cy window of biological tissue and to minimize light 
absorption and scattering [63]. The emission peaks of 
such particles remain narrow and symmetrical; and 
the QD size – within a few nanometers. Such charac-
teristics enable one to actively use QD-based agents 

for noninvasive in vivo imaging of cells, tissues, and 
organs. Several studies have reported on the successful 
delivery of QD-based agents to tumor cells of various 
origins and to endotheliocytes of tumor vessels [12, 35, 
64–66]. QDs emitting in the near-infrared region can 
effectively mark primary tumors and can be used to 
search for metastases [67–69], map lymph nodes [70, 
71], study the vasculature [72], and track target tumor 
cells [73, 74].

QD complexes have an obvious therapeutic poten-
tial, particularly, in photodynamic therapy. When 
energy is transferred from QDs through organic dyes 
(FRET technology) or directly to an oxygen molecule, 
a pronounced photosensitizing effect can be observed 
[75, 76]. Finally, QDs can be used to monitor the effi-
ciency of drug [77, 78] and nucleic acids delivery [79, 
80]. Their use in clinical practice is constrained by their 
undesirable toxic effects associated with the presence 
of heavy metal ions and other hazardous substances 
(Cd, Pb, As, Te, Se) in their composition. The dynam-
ics of their release into the surrounding environment 
mainly depends on their polymer coating. For instance, 
a biodegradable coating results in a significant release 
of components and obvious toxic effects [81–83]. A 
stronger polymer shell minimizes the side effects but 
greatly increases their retention time in the kidneys 
and spleen [84–86]. These features can significantly 
increase the risk of toxicity in clinical use. The way to 
overcome the described limitations, apparently, lies 
in the search for and design of PL agents that have a 
different chemical composition.

Small gold clusters 
Small gold clusters consisting of 2–100 atoms differ 
significantly in their properties from larger gold nan-
oparticles with a size of several nanometers or more. 
Gold clusters have intense fluorescence with a signif-
icant Stokes shift; a long-excited state lifetime; a high 
quantum yield; as well as photostability and biocom-
patibility. Their PL is determined by the transition of 
electrons between discrete molecular energy levels. 
The size and composition of the clusters determine the 
position of the PL emission peaks in a range from UV to 
IR (Fig. 2A,B) [87, 88].

Small gold clusters are used both as imaging 
agents – in particular for tracking cell differentiation 
and movement – and as highly sensitive fluorescent 
probes (Fig. 2C,D) [89–91]. The attachment of targeting 
molecules of various kinds (proteins, peptides, poly-
mers, or small molecules) makes it possible to obtain 
conjugates of small gold clusters with targeted prop-
erties [92–95].

As imaging agents, gold clusters allow one to achieve 
high image clarity and localization accuracy [96, 97]. 
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Gold clusters coated with bovine serum albumin enable 
one to quickly and efficiently visualize tumor cells and 
whole tumors [98]. After entering the cells, small gold 
clusters are capable of emitting fluorescence for a long 
time (up to 28 days in vitro). Compared to QDs, they 
have lower cytotoxicity and insignificantly affect cell 
viability at comparable doses [99]. Their optical proper-
ties have made them an effective tool for such analyt-
ical methods as biomacromolecules detection [100] and 
tracking of drug distribution, as well as accumulation 
in vivo and in vitro [101].

Another interesting feature of small gold clusters 
is electroluminescence. So, they are widely used in 
the development of sensors [102]; in particular, for 
DNA and microRNA detection. One such develop-
ment is a proposed biosensor for the detection of 

peroxidase genes using fluorescent gold clusters as 
a label [103].

Small gold clusters can also be used for a targeted 
delivery of the drugs attached to their surface. Effec-
tive delivery and controlled release of anticancer drugs 
(doxorubicin, cisplatin, captopril, and 6-mercaptopu-
rine) using gold clusters encapsulated in dendrimers 
has been demonstrated in [104]. Gold clusters can also 
be used in gene therapy, providing systemic gene de-
livery and the visualizing of intracellular transport. As 
vectors, they favourably distinguish themselves by 
their low cytotoxicity, good photostability, and lack of 
an immune response [105].

Another interesting property of gold clusters is their 
radiosensitizing ability thanks to a high ionizing radia-
tion absorption coefficient that is significantly higher 
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Fig. 2. (A), (B) – Absorbance (dotted line), excitation (black), and PL emission (color) spectrum of gold nanoclusters. 
Insets – fluorescent photographs of gold nanocluster suspensions. (C), (D) – Visualization of HEK293 cells using gold 
nanoclusters emitting in the blue region of the spectrum (C) and gold nanoclusters coated with bovine serum albumin, 
emitting in the red region of the spectrum (D). Superposition of the transmitted light image and the PL signal of gold 
nanoclusters. Scale bar 50 μm. Adapted from [88] with permission from the copyright holder: John Wiley and Sons. 
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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than that of organic molecules [106, 107]. Being able 
to increase the radiosensitivity of tumor cells in vivo 
enables the clusters to increase the therapeutic efficacy 
of radiation therapy by locally increasing the Au con-
centration in the tumor [108].

The use of fluorescent gold clusters as contrast 
agents is “hindered” by a broad peak of PL emission, 
which makes it difficult to use several agents simul-
taneously [88]. Also, the problem related to the safety 
of nanomaterials made of gold and other noble met-
als remains unresolved. There is evidence that small 
gold clusters cause oxidative stress; disruption of the 
mitochondrial function; have a negative effect on nu-
cleic acids, as well as on the level of proinflammatory 
cytokines; induce liver destruction, etc. [3, 109, 110]. 
On the other hand, the variety of structures and com-
positions of the agents based on small gold clusters used 
in these studies prevent us from drawing any definitive 
conclusion regarding the specific reasons behind these 
negative consequences.

Carbon dots
Carbon dots (C-dots) are clusters of carbon atoms 
2–8 nm in size with photoluminescent properties. They 
contain a significant amount of hydrogen and oxygen 
atoms, as well as traceable amounts of nitrogen, and 
can be of either amorphous (carbon in sp2- and sp3-hy-
bridization) or graphene structure (sp2-hybridized 
atoms) [111, 112]. The advantages of C-dots are their 
photostability, wide surface modification capabilities, 
and low production cost, since they can be obtained 
using chemical treatment from the soot of many car-
bon-containing materials, including those of plant or-
igin. [113–115].

C-dots are characterized by a bright PL in a range 
of 300–500 nm determined by the defects in the parti-
cle surface, exciton recombination, and quantum-size 
effects (Fig. 3A,B). The absence of toxicity allows us to 
count on the widespread use of carbon dots in biomed-
icine, as has been indicated in many studies [114, 116, 
117].

Carbon dots are effectively used as fluorophores in 
the development of sensors, in particular, to determine 
the metal ion content. Adding selective ligands makes 
it possible to create sensors for the Ag+, Al3+, Zn2+, Hg2+, 
and Cu2+ ions [120–124]. Connecting carbon dots (PL 
in the blue region) with quantum dots (PL in the red 
region) and coating with bovine serum albumin has 
given us a ratiometric sensor for the supersensitive de-
termination of copper ions [125]. C-dots are successfully 
used to create highly sensitive systems for the immu-
nofluorescence and enzyme immunoassay of various 
antigens [126, 127]. Thanks to the FRET technology, a 
pH-sensitive probe based on C-dots and a pH-sensitive 

dye (FITC) acting as an acceptor has been developed 
[128, 129]. The possibility to use C-dots in ratiometric 
complexes for assessing intracellular temperature has 
been demonstrated. Complexes of two types of carbon 
clusters differing in their PL emission spectrum that 
are thermosensitive in a range from 15 to 90°C and sta-
ble at pH values ranging from 4 to 9 and can be used for 
cell temperature mapping [130].

Apart from sensoring, C-dots are also used as drug 
carriers. Particularly, conjugates with the antitumor 
drug oxaliplatin have been obtained by covalent at-
tachment to their modified surface [131]. An alterna-
tive drug delivery system is conjugates of C-dots and 
gold nanorods having pH-sensitive bonds. Such con-
jugates demonstrate an active release of bound doxo-
rubicin upon changes in pH and exposure to radiation. 
The functionalization of such conjugates with folic acid 
has made it possible to create a theranostic complex 
suitable both for efficient visualization of tumor cells 
and targeted drug delivery with controlled release 
[132]. The targeting action of folic acid makes it possible 
to detect even single tumor cells [133].

Another theranostic application of C-dots has been 
complexes including organosilica nanospheres. These 
spheres are mesoporous, and as so they can include 
anticancer drugs in their composition, making the com-
plexes capable of pH-dependent drug release (doxoru-
bicin) and photothermal activity upon irradiation in the 
near-IR range [134].

Being non-toxic and biocompatible, C-dots open up 
prospects for use as an alternative to semiconductor 
quantum dots: however, their photophysical properties 
need to be modified to shift the PL emission maxima to 
the near-IR range [135, 136].

Nanodiamonds
Another type of carbon nanomaterials, nanodiamonds 
(NDs), has similar photoluminescent properties [137, 
138]. NDs are composed of carbon sp3 hybridization 
atoms assembled into a crystal lattice of cubic syngony. 
The defects in the lattice structure that form localized 
excited states upon absorption of light quanta in the 
visible range cause NDs to be photoluminescent [139] 
(Fig. 4A). For this purpose, nanodiamond particles are 
doped with nitrogen atoms that form local defects of 
various types during synthesis [140] and the position 
of the emission maxima and their intensity are deter-
mined by the types of defects and the total amount 
of nitrogen doped. In particular, negatively charged 
nitrogen vacancies (NV–) cause a PL that is located in 
the 650–700 nm region, which is most preferable for 
bioimaging [141–144].

NDs are currently being considered as a promising 
system for targeted drug delivery characterized by 
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high delivery efficiency and low toxicity [148–150]. 
There are many potential biological and medical ND 
applications, including use in biocompatible composites 
and implants, targeted drug delivery, biosensor compo-
nents, and as stable solid carriers for peptide synthesis 
(Fig. 4B,C). ND-based imaging and therapy helps in 
early diagnosis, treatment, and effective prevention of 
several diseases. The imaging methods make it possible 
to effectively determine the stage of a disease, carry 
out non-invasive monitoring of the effectiveness of 
treatment, and, as emphasized, predict the duration 
and degree of remission [151]. 

Zurbuchen et al. have demonstrated the subcellu-
lar multimodal imaging technique (using optical and 
electron microscopy) to facilitate the localization of 
NDs having fluorescent NV-centers. Thanks to their 
PL properties, the possibility of their use as agents for 
diagnosing nervous system diseases has been shown 
[152].

Having a large surface area, NDs are well suited for 
drug loading and functionalization. For instance, Huang 
et al. have demonstrated effective attachment of dox-
orubicin to nanodiamonds, with its subsequent release. 
It has been found that this compound is less toxic to 

А

PL
 in

te
ns

it
y

 (
a.

u.
)

PL
 in

te
ns

it
y

 (
a.

u.
)

300 400 500 600 700

Wavelength (nm) 

300 400 500 600 700

Wavelength (nm) 
A

b
so

rb
an

ce

1.0

0.8

0.6

0.4

0.2

0

1

0.75

0.5

0.25

0

1.0

0.8

0.6

0.4

0.2

0

Abs

Ex Em

B C

330

340

350

360

370

380

390

400

410

420

430

440

450

460

λ
ex

,
 
нм

Fig. 3. (A) – Spectrum of absorbance, excitation and PL emission of C-dots. Inset – brightfield and fluorescent photo-
graphs of suspensions of carbon dots. (B) – PL emission spectrum of C-dots upon excitation by light with different wave-
lengths. Adapted from [118] with permission from the copyright holder: © 2019 The Authors, Royal Society Publishing. 
(C) – Visualization of 293T cells using nitrogen-doped C-dots. Superimposed image in transmitted light and PL signal of 
carbon dots. Scale bar 10 μm. Adapted from [119] with permission from the copyright holder: Dove Medical Press Ltd. 
© 2016 Informa PLC, London
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normal cells and exhibits a higher activity against 
human colorectal cancer cells than free doxorubicin. 
The prolonged release ensures the required drug con-
centration at a lower administered dose [153]. It has 
been shown that clusters of nanodiamonds are able to 
enclose the drugs being delivered to isolate the deliv-
ered agent from healthy cells, allowing for most of the 
administered dose to reach the target area, increasing 
the healing effect [154].

Nanodiamonds are also considered as a promising 
tool for gene delivery in order to significantly increase 
gene therapy effectiveness. For instance, efficient de-
livery and subsequent expression of the green fluores-
cent protein gene has been demonstrated with spiky 
NDs as a carrier [155]. Another interesting direction in 
this respect is regenerative tissue engineering. Yang 
et al. have developed a polymer-based nanocomposite 

frame containing NDs to support the growth and dif-
ferentiation of osteoblasts, as well as their enhanced 
biomineralization to stimulate bone formation in vitro 
[156].

Despite the obvious advantages of nanodiamonds, 
their practical application is limited by the laborious-
ness associated to their synthesis. They also require a 
solution to the aggregation problem and correction of 
their PL properties.

Semiconductor porous silicon nanoparticles
The fluorescent properties of semiconductor porous sil-
icon nanoparticles (PSiNPs), like those of QDs, depend 
on quantum-size effects. These particles are biocom-
patible, biodegradable, and have low toxicity [157, 158]. 
The position of their PL emission maxima in the visible 
or near-IR region (Fig. 5) depends on the particle size 
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and modification of their surface [138, 159, 160]. Large 
silicon particles that are not direct-gap semiconductors 
have a very low PL yield. On the contrary, particles up 
to 5 nm in diameter exhibit the properties of direct-gap 
semiconductors and bright PL, which, nonetheless, 
does not reach that of QDs [161].

The large content of silicon in the Earth’s crust 
significantly reduces the cost of synthesizing silicon 
nanoparticles, in comparison to other inorganic nano-
materials. PSiNPs have been used to create effective 
sensors to measure the pH level; the concentration of 
heavy metals, carbohydrates, pesticides, antibiotics, 
and other compounds [163–165]. Long-term monitoring 
of PSiNPs biodistribution in living organisms is possible 
thanks to their PL emission in the near-IR range [158]. 
The attachment of a protein or other targeting modules 
to PSiNPs makes it possible to obtain nanocomplexes 
both for specific visualization of cells and subcellular 
structures, as well as for whole-body imaging (Fig. 5) 
[162, 166–168].

PSiNPs have been successfully used for the deliv-
ery and controlled pH-dependent release of drugs; 
in particular, doxorubicin [169]. They are capable of 
inducing a photothermal effect; in particular, heating a 

tumor tissue to 60°C when irradiated with a 1064 -nm 
laser beam to induce apoptosis and angiogenesis sup-
pression in vivo [170]. Their porous structure makes 
them easy for drug-loading, e.g., by the capillary 
method when it is enough to immerse a particle in a 
concentrated solution of a drug [171, 172]. The PSiNPs 
surface in most cases has a negative surface charge, 
enabling absorption of positively charged molecules, 
such as immunoglobulin-binding protein A [173]. It is 
the absorption principle that makes controlled deliv-
ery of small protein molecules possible. However, due 
to weak drug/particle interactions, PSiNPs provide 
for only rapid unloading, as opposed to long unloading 
periods when a drug is covalently bound to the carrier 
[174]. On the other hand, the hydroxylated pore surface 
makes it possible to covalently load drugs, particularly, 
doxorubicin, with its subsequent release [175]. Binding 
drugs to porous silicon particles improves their solubil-
ity [176–178], increases their biostability [179], as well 
as the ability of drugs to penetrate the body’s biological 
barriers.

Among the limitations associated with the use of 
PSiNPs, it is worth noting the problem of achieving 
bright PL in the transparency window of a biological 

Fig. 5. (A) – Spectrum of absorbance and PL emission of 
porous silicon nanoparticles upon excitation by 365-nm light. 
Inset – photograph of a colloidal solution of porous silicon 
nanoparticles irradiated with 365-nm light. (B) – HeLa cells 
labeled with targeted conjugates based on porous silicon 
nanoparticles. The image was obtained by two-photon 
microscopy at an exciting radiation power of 10 mW. Scale 
bar 15 μm. (C) – In vivo image of a xenograft HeLa tumor 
after injection of targeted conjugates based on porous silicon 
nanoparticles, obtained by two-photon microscopy. Scale 
bar 75 μm. Adapted from [162] with permission from the 
copyright holder: John Wiley and Sons. © 2017 WILEY-VCH 
Verlag GmbH & Co. KGaA, Weinheim
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tissue. It is possible to shift the PL emission maximum 
to the near-IR region by increasing the particle size, 
but this will lead to a simultaneous significant decrease 
in the PL yield. In addition, the problem of obtaining 
stable colloidal aqueous PSiNPs solutions resistant to 
oxygen has not been completely solved [138].

Up-conversion nanoparticles 
The significant autofluorescence of biological tissues 
complicates the registration of a target PL signal from 
different labels and probes [180, 181]. This is especially 
important in intravital imaging of individual cells or 
tissues of the body, where the level of autofluores-
cence is the main limitation to imaging sensitivity. 
The solution to this problem has been facilitated by 
studying up-conversion nanoparticles (UCNPs) that 
are inorganic nanocrystals consisting of an optically 
inert host matrix (NaYF

4
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2
O

3
, NaPrF

4
, La

2
O

3
, Lu
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O

3
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LuPO
4
, GdVO

4
, NaGdF

4
) and optically active lantha-

nide ions acting as luminescence centers [182, 183]. The 

best-studied among them are the NaYF
4
:Yb3+:Er3+/

Tm3+ UCNPs actively used in biomedical applications 
[137, 184, 185].

The unique UCNP optical properties result from 
the up-conversion phenomenon, a nonlinear optical 
process where a nanoparticle sequentially absorbs two 
or more low-energy photons and emits a high-energy 
photon of a shorter wavelength. The energy of excit-
ing IR light is absorbed by the ions of the sensitizer 
(Yb3+) and is transmitted non-radiatively to the sur-
rounding ions-sensitizers Yb3+ and the ions-activators 
Er3+ and/or Tm3+. The excited states of lanthanide 
ions are long-lived, making it possible to absorb more 
than one quantum of light with a subsequent energy 
transfer to the same activator ion. The energy accu-
mulated on these ions causes them to transition to 
high energy levels. The return to their initial state is 
accompanied either by non-radiative energy transfer 
or by photon emission, with the energies exceeding 
the energy of the exciting light. The Er3+ and Tm3+ 
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Fig. 6. (A) – PL emission spectrum of NaYF
4
:Yb,Er,Tm UCNP upon excitation with 980-nm light of varying power.  

(B) – Dependence between dopant ion type and UCNP radiation wavelength. Adapted from [187] with permission from 
the copyright holder: Dove Medical Press Ltd. © 2019 Informa PLC, London. (C) – Photographs of various colloidal 
UCNP solutions irradiated with 980-nm light. Adapted from [188] with permission from the copyright holder: John Wiley 
and Sons. © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (D) – Visualization of SK-BR-3 cells with tar-
geted NaYF

4
:Yb,Er UCNP complexes. The overlay of the translucent image and PL signal in the range 420–840 nm was 

obtained using a wide-field fluorescence microscopy system. Scale bar 20 μm. (E) – Visualization of a xenograft SK-BR-3 
tumor with theranostic complexes based on UCNP with the composition of NaYF

4
:Yb,Tm. Superposition of a brightfield 

image and PL signal in the range 485–831 nm, obtained using a laboratory imaging system
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ions have several energy levels to provide several 
narrow emission peaks in the visible and IR spectral 
regions (Fig. 6) [186].

Thanks to their photophysical properties, UCNPs 
hold several advantages over other fluorophores used 
in biomedicine. The pronounced emission maxima 
make it possible to record the PL signal, clearly distin-
guishing it from tissue autofluorescence and the scat-
tered excitation radiation. PL excitation by near-infra-
red light falling into the biological tissue transparency 
window makes it possible to achieve a greater visuali-
zation depth. When using thulium-doped UCNPs, the 
PL emission maximum is also in the near-IR region. 
The long PL lifetime (up to milliseconds) makes it pos-
sible to implement delayed detection optical schemes, 
increasing the SNR [189]. Finally, UCNPs have high 
chemical photostability and low toxicity [190, 191].

UCNP limitations include a lower radiation conver-
sion coefficient (within 1–2%) if compared to linear 
fluorescent materials. As in the case of other nanoma-
terials, reliable and stable procedures for UCNP prepa-
ration, modification, and functionalization are required, 
as well as a study of the possible negative consequences 
of their application [183, 185, 192, 193]. Despite this, 
a lot of evidence has been accumulated showing that 
UCNPs can be successfully applied in the development 
of agents for optical and multimodal imaging [194, 195], 
sensors [196, 197], as well as for photodynamic and pho-
tothermal therapy [198, 199].

Nowadays, UCNPs are proving themselves to be 
not only excellent imaging agents for fluorescence 
diagnostics, but also a highly efficient platform for 
assembling multifunctional theranostic complexes 
[200, 201, 202]. Modifying their surface with immuno-
globulin- and non-immunoglobulin targeting modules 
enables one to use UCNPs in high-precision optical 
diagnostics of oncological diseases. The possibility of 
using UCNPs for specific visualization of tumor cells 
and experimental tumors has been demonstrated in 
[190, 203–206]. Attachment of the bifunctional tar-
geted toxins specific to the tumor cells of a certain 
molecular profile to biocompatible UCNPs makes it 
possible to open the therapeutic potential of the de-
signed complexes [207, 208] and use the advantages of 
combined therapy. It has been shown that the efficacy 
of therapeutic modules (β-emitter and targeted toxin) 
increases by more than two orders of magnitude when 
they are used as parts of a theranostic nanocomplex to 
attack tumor cells [209].

UCNPs allow one to use deeply penetrating IR 
radiation to excite PL with its subsequent transfer 
to an organic molecule-effector (in the case of photo-
dynamic therapy) or to gold/silver nanoparticles (in 
the case of photothermal therapy). Several studies 

have demonstrated the significant photodynamic 
effect UCNP complexes combining small molecules 
(rose Bengal, riboflavin) [210] and phototoxic proteins 
(KillerRed, mCherry) [106, 211] have on tumor cells. 

Conclusion
The development of various nanomaterials with pho-
toluminescent properties has significantly expanded 
the arsenal of approaches used in modern biomedicine. 
The unique photophysical properties of these new 
materials make it possible to significantly improve the 
sensitivity and specificity of diagnostic methods and 
also enable one to apply the theranostic approach to 
treatment using PL conjugates of nanoparticles and 
functional macromolecules. The size and surface prop-
erties of PL nanoparticles ensure efficient delivery of 
low-molecular-weight therapeutic agents of various 
natures, as well as biologically active macromolecules. 
Despite the positive features inherent in each type 
of the PL nanomaterials described above, it must be 
admitted that they also have a common downside that 
prevents their active introduction into widespread 
clinical practice and concerns the response of the im-
mune system to the nanomaterials injected into the 
bloodstream for systemic delivery. The immune sys-
tem cells that protect the body against foreign agents 
attack nanomaterials, and the latter fail to reach their 
target pathogenic cells and instead are quickly inac-
tivated and accumulate in healthy tissues, primarily 
in the liver. This short circulation challenge has tra-
ditionally been solved by coating the nanomaterials 
with inert polymers to mask them from the immune 
system. These so-called stealth nanoagents, primarily 
liposomes, have been used recurrently over the past 
decades but have not become a cardinal solution to the 
problem. Recently, a fundamentally new approach has 
been proposed that makes it possible to significantly 
extend the circulation time of nanoagents and, as a 
consequence, to increase their therapeutic effect. The 
approach, called “cytoblockade of the mononuclear 
phagocytic system,” does not require any modification 
of the nanoparticles and consists in introducing a rel-
atively small amount of antibodies against the body’s 
own red blood cells. As a result, the immune system 
“focuses” on attacking its own erythrocytes and for 
some time “ceases to see” the injected nanomateri-
als. During this time, the materials manage to locate 
target pathogenic objects and provide a therapeutic 
effect. An important characteristic feature of this 
approach is its versatility: i.e., independence of the 
nature, size, and other properties of the nanoparticles 
[212]. Ideologically close to this approach is the meth-
od in which “inert” nanoagents are first introduced 
into the body, triggering an attack by the immune 
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