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The use of multifunctional nanosystems in medicine and research is of contemporary interest.

Aim. The purpose of the work was to summarize publications on the prospects of creating and using
nanocontainers based on curcumin (Cur). Cur fluorescence in nanoparticles (NP) makes it possible to
investigate the distribution of fluorescent and non-fluorescent components, significantly accelerating
the study and implementation of drugs in practice. Particular attention is paid to the use of hydrophobic
substances in NP, to penetrate into a living cell.

Understanding the interaction of NP with living cells is extremely important when these particles are
used to transport and deliver water-insoluble drugs to cells. Cur is one of the drugs with various and very
promising pharmaceutical effects, it is poorly soluble in aqueous media, and the use of nanocarriers is an
effective way to significantly increase its bioavailability. Cur has its own fluorescence, which enables to
use it in multifunctional fluorescent nanosystems, for example, with Pluronic® micelles.

The use of the fluorescence method makes it possible to trace the stages of interaction of Cur-loaded
NP with cultured cells and their localization in cell organelles.

With this approach, nanoscale dynamics of drug distribution and stability is observed over time.

Conclusions. The main conclusion is that for unstable in the aquatic environment drugs such as Cur,
it is necessary to use the most hydrophobic nanostructures without traces of water, which include the
nuclei of Pluronic® micelles. This method makes it possible to use other poorly water-soluble drugs.

A promising area of nanomedicine is the creation of complex bio-compatible nanomaterials based on
several active drugs that reduce the toxicity of preparations to normal cells.

Key words: multifunctional nanosystems, nanocontainers for medical preparations, curcumin.

Modern problems of nanomedicine have
been reviewed in the works of Ukrainian
scientists [1-9]. Particular attention is drawn
to complex nanostructured materials with
different functional biological properties [3—6,
10, 11].

Fluorescent nanomaterials, which have
medical applications, are used to create
fluorescent images of biological objects [7-9,
12—14], and for targeted transportation of drugs
[2-6, 8-11, 15, 16]. The creation of complex
biocompatible nanomaterials with antitumor
activity is developing rapidly. They are used to
deliver drugs to the localization of pathological
processes. Using several drugs enhances the
effect of the main preparation [8, 16, 17]. New
combined preparations of nanomaterials, which

are characterized by high biocompatibility,
low toxicity and high specificity, are used
increasingly in practice [5, 6].

The nanonization of drugs and the emergence
of new nanomaterials as safe and effective
drugs are developments of the recent decades.
[18]. Among nanocarriers, synthetic polymer
structures are of particular interest due to their
universal and unique properties, which can be
customized for certain practical needs [19]. The
modern concept of drug delivery is based on
the localization of drugs in the affected area in
humans or animals. Thus, the therapeutic effect
is achieved by increasing the drug concentration
in the affected areas and simultaneously
reducing it in the surrounding tissues. The
process of administration of pharmaceutical
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compounds occurs at a predetermined rate, and
localized action increases the effectiveness of
the drug and reduces systemic toxic effects on
tissues [20].

Nanoscale multifunctional systems

The combined approach to treatment
consists of co-encapsulation of several drug
compounds in order to create multifunctional
nanostructures for the long-term therapeutic
efficacy and reduction of side effects [21, 22].

Modern nanomedicine is increasingly
studying nanocarriers that can be loaded
with several drugs [22], which have both
hydrophobic and hydrophilic properties. The
complex formulation enhances drug activity
by reducing the required dose of drugs, which
makes such systems more attractive and
useful as treatments [23]. For example, co-
encapsulation in niosomes of gallic acid and
Cur, or a mixture of ascorbic acid and quercetin
affects their physicochemical properties and
has a synergistic antioxidant effect, which is
more advantageous than the one-component
nanostructures [22]. But the development of
multifunctional, more specific and effective
carriers, leading to a significant increase in
the productivity of therapy, requires precise
methods and simple techniques of control and
production [8].

Molecular imaging technologies, such
as fluorescence techniques, are needed to
study nanobio interactions. These methods
are sensitive, accurate, fast and relatively
inexpensive. In modern research on the
creation and determination of the lifetime
of multifunctional systems, two fluorescent
components are increasingly used [7],
which significantly improves the receipt of
scientific information about the parameters of
nanocomposites [22, 24].

Various types of NP based on organic
material, such as Cur complexes [9], flavonoids
with ions of both transition and non-transition
metals [25], or inorganic material, such as
nanodiamonds [7, 8] are distinguished among
the promising nanomaterials for visualization
of drug delivery and use in scientific works.
Most of the existing large arsenal of NP can
be modified by applying an additional polymer
coating [26].

Vesicles: liposomes and niosomes

Vesicles consist of two-layer amphiphilic
molecules that surround the water core.
Liposomes and niosomes are vesicular systems
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[1], which consist of a two-layer membrane
that surrounds the aqueous core. The vesicular
system is a platform for drug delivery, which
provides effective bioavailability by controlled
release of therapeutic drugs over a long period
[1, 24].

Liposomes are prepared using
phospholipids and have been widely used as
vehicles to deliver drugs and genes for the past
few years. Limitations for their widespread use
are associated with phospholipid degradation,
low liposome stability, and difficulties
in preparation technologies [1, 18, 28].
Another major disadvantage of liposomes
is their instability and short half-life in the
bloodstream [1].

Niosomes are polymers that in aqueous
solutions have the properties of nonionic
surfactants and create vesicles [27]. Niosomes,
for example, of the polymers Span (20, 40,
60, 80), Tween 20-80, Brij, consist of a
hydrophilic nucleus formed from an aqueous
solution and a bilayer hydrophobic shell that
replaces phospholipids used in liposomes [27].
The unique amphiphilic nature of niosomes
contributes to their effectiveness in the
encapsulation of lipophilic or hydrophilic
drugs. Other additives, such as cholesterol, can
be used to maintain the rigidity of the niosome
structure [18, 20, 24].

Niosomes versus liposomes

Recently, niosomes have been widely
used in drug delivery as an alternative
to liposomes due to their better stability,
biodestructiveness, biocompatibility and
low toxicity [1, 24]. Compared to liposomes,
niosomes do not require special conditions
for processing and storage [20]. Liposomes
with phospholipids are replaced by vesicular
structures of non-phospholipids of various
amphiphilic molecules, namely surfactants,
surfactant ionic liquids, or polymers [18,
28]. Drugs loaded into niosome vesicles
showed high stability and good ability to load
drug compounds, both individually and in
combination. It was found that micelle-based
drugs are stable for 24 hours [21], and have a
smaller diameter compared to that of classical
micelles, which is about 400 nm [19].

Besides, niosomes offer a number of
major advantages over liposomes. Niosomes
have high stability, ease of preparation
and relatively low cost of surfactants [24].
Niosomes are advantageous because of their
non-toxicity and biodegradability [28], which
makes these systems attractive for many
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chemical, biological and industrial applications
[24, 28]. Niosomes enable encapsulation of
a wide range of drugs [20] and thus they are
a more effective tool for drug delivery in a
therapeutic mode than liposomes [20].

Pharmaceutical nanocarriers: Span®,
Tween®, Brij®, Pluronic®

Pharmaceutically and scientifically valua-
ble nanocarriers include such biocompatible
structures as liposomes, niosomes and
multicomponent polymers [28].

Among the macromolecular systems used
for targeted drug delivery, the most suitable
for the creation of multifunctional devices
are niosomes based on Span, Tween, Brij
and Pluronic® polymers, which have the
most studied characteristics. Lately, special
attention is paid to amphiphilic triblock
polymers Pluronic®, which have become of
increased interest in the development of drug
delivery systems [21].

Pluronic® polymers are triblock polymers
that in aqueous solution have the properties
of nonionic surfactants and form small
micelles with a hydrophobic nucleus and a
hydrophilic outer shell. The polymers are
able to accumulate and transfer to cells both
hydrophobic and hydrophobic substances. Such
polymer micelles are usually less than 100 nm
[19, 21].

Pluronic® are triblock copolymers with
different molecular weights of polyethylene
oxide (PEO), polypropylene oxide (PPO) and
polyethylene oxide (PEO), which can self-
assemble in an aqueous medium in the form of
micelles and has the ability to increase drug
solubility [29, 30].

The amphiphilic copolymer Pluronic®
F127, which contains a hydrophilic part that
ensures the solubility of micelles in water
[31], PEO, and a hydrophobic part, PPO, has
attracted attention due to its low toxicity
and ability encapsulate hydrophobic agents
[32]. The micelles of Pluronic® F127 are very
stable in the aquatic environment, so that the
critical concentration of their micelles (CMC)
is 0.023% [33]. The hydrophobic core can
accept water-insoluble compounds and serve as
a nanocontainer for the inclusion of lipophilic
therapeutic drugs. The micellar structure of
this copolymer in an aqueous medium can be
used to introduce hydrophilic and hydrophobic
[34] drugs and release them over time [29,
35]. Micelles with carriers penetrate cells
better than the drugs themselves [36—41],
and conjugation of drugs with micelles is a

successful self-assembly platform for future
therapeutic use [42—-44].

Pluronic® (PLU) micelles are used
to improve Cur delivery. The micelles
significantly enhance Cur availability
compared to crude Cur due to protection
against degradation on the way to target cells.
Pluronic® F127 micelles are an effective way
to cross the membranes of endothelial cells
that form the blood-brain barrier [45-47].

Hydrophobic layers better store Cur in
an anhydrous medium. However, due to the
small number of water molecules present in
the hydrophobic layer of micelles and vesicles
[24], this leads to the gradual degradation
of Cur. The most hydrophobic nucleus in
polymers is present in Pluronic® micelles.
The triblock polymer Pluronic® F 127 loaded
with Cur retains active Cur in aqueous solution
better than niosomes and protects Cur for 24
hr [21, 24]. Thus, hydrophobic substances
that decompose rapidly in water are better
preserved by Pluronic® micelles.

Multi-dye systems

The use of niosomes and block polymers
makes it possible to include and transfer
both hydrophobic and hydrophilic molecules
and particles, and to create multicomponent
nanocarriers based on them.

Fluorescent probes make it possible to
remotely study the processes of transfer of NP
and substances through the cell wall and their
location in the middle of cells. It is especially
interesting to use several dyes with different
properties.

Fluorescent studies include FRET studies,
which have shown significant potential for
determining true and reliable information
on NP behavior in vitro and in vivo [48]. In
recent decades, FRET has been widely used to
characterize various heterogeneous assemblies,
including micelles, vesicles, proteins,
lipids, DNA, nucleic acids, microemulsions,
etc. [28]. In multifunctional NP, dyes can
be combined into a system that creates
fluorescent resonant energy transfer (FRET).
The efficiency of FRET processes depends on
the superposition of the fluorescence spectra
of donor molecules and the absorption spectra
of acceptor molecules [28]. In the micellar
system, differences in the microheterogeneous
environment of the probe molecule (donor/
acceptor) can be understood by solvatochromic
shift in their fluorescent spectra [28]. Such a
system can be used both in solution to study
the accumulation of various substances inside
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the micelle, its stability, the rate of release
of drug compounds, and to visualize their
transfer together with the micelle in vitro and
in vivo [49].

On the example of F127, studies
were conducted to control changes in the
microheterogeneity of the F127 micelle
with the addition of various compositions.
The resulting differences in spectra clearly
indicate the structural transitions in the
micelles, niosomes and polymers of Pluronic®
[28]. By studying such effects, it is possible
to remotely control the processes occurring
in nanomaterials. Thus, FRET can provide
a better understanding of the structural
characteristics and dynamics of changes
in various self-assembling systems and
nanocomposites [28].

Curcuma (Curcuma longa) is a member
of the family Zingiberaceae and is widely
used in Asia as a traditional medicine [50]
and in cooking as a dietary supplement [23,
51-53]. Curcuma is known to have been used
in India and China for at least 2500 years to
treat [64] infections, stress, depression, and
dermatological diseases [55]. The most active
component of turmeric is Cur [42, 55—-57].

Curcumin (diferuloylmethane) is a yellow
compound that is lipophilic, phenolic, and
practically insoluble in water [55]. Cur has
a molecular weight of 368.37 g/mol and a
melting point of 183 °C. It is known that Cur is
more stable in cell culture or human blood and
unstable in alkaline media [51].

The small Cur molecule is a multi-purpose
antioxidant with various functional groups.
Phenolic hydroxyl and methoxy groups [55],
diketone and double bonds contribute to its
antioxidant activity [9, 56, 58]. The b-keto-
enol tautomer of Cur has triple chelation
sites of metals, including a double phenolic
group and keto-enol fragments, which can
form chelates with redox metal ions Cu?",
Fe?*and other ions [9, 51, 58]. Based on
various experimental and theoretical results,
it has been shown that the phenolic OH group
plays an important role in the antioxidant
mechanism of Cur, neutralizing ROS [9, 23,
59]. Cur affects many important enzymatic
reactions, which is manifested in various
biological properties of Cur [60].

The main obstacle to the therapeutic
effects of Cur on the way to its introduction
is its rapid metabolism in the body [56, 57,
61], chemical instability and low solubility
[61]. The main metabolite of Cur in the body
is the Cur glucuronide, and other metabolites
include Cur sulfate, hydroxycurcumin,
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hexahydrocurcuminol and hexahydrocurcumin
glucuronide [56].

Curcumin has a long-established safety
record

The European Food Safety Authority
(EFSA), the US Food and Drug Administration
(FDA), the UN Expert Committee on Food
Additives and the World Health Organization
report that Cur is generally recognized as safe
(GRAS) [50, 51, 55, 62], and acceptable and
safe doses are from 4 to 8g per day [51, 63].

Dose studies have shown the safety of Cur
at doses up to 12 g per day for 3 months [64]
without adverse effects on humans. Despite
this well-established safety, there are some
concerns when consuming Cur in large doses
about the possibility of inhibiting certain
enzymes, which may lead to the toxic effects
of Cur. Some negative side effects of Cur have
been reported in the literature. For example,
nausea and diarrhea, headache, rash, increased
serum alkaline phosphatase and lactate
dehydrogenase have been reported with 0.45
to 3.6 g per day of Cur for one to four months
[50, 63].

The potential of curcumin against
human diseases

Cur has been shown to target many
signaling molecules and to show activity
at the cellular level [60]. Extensive clinical
trials over the last quarter of a century have
been concerned with the pharmacokinetics,
safety and efficacy of Cur against numerous
human diseases [64]. Cur has a wide range
of therapeutic effects [9, 17, 57, 61, 65],
which includes antioxidant [50, 54, 56, 58,
65—-68], anti-inflammatory [23, 50, 54, 56
58, 63, 66], antidiabetic, antiangiogenic,
immunomodulatory [56], antitumor [42,
56, 61, 65, 67-69], antiproliferative,
antimetastatic, antibacterial [560, 54-56],
chemoprophylactic, chemotherapeutic activity
[61], antifungal, antiviral, antimalarial and
hepatoprotective ability and the ability to
alleviate cardiovascular and neurodegenerative
disorders [42, 51, 55, 61, 70, 71]. At present,
Cur plays an important role in the prevention
and treatment of various diseases, including
cancer [55, 69], autoimmune [54, 55],
neurological, cardiovascular, diabetic and lung
diseases [55], and psoriasis [23].

Curcumin has antitumor activity for the
colon, cervical, uterine, ovarian, prostate head
and neck, breast, pulmonary, stomach and
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gastric, pancreatic, bladder oral, oesophageal,
and bone cancer [72]. It contains a mixture
of strong bioactive molecules known as
curcuminoids, which have the ability to reduce
cancer in the early stages and progression
of tumor development. In particular, these
compounds block several enzymes required for
tumor growth and may therefore be involved in
the treatment of tumors [72].

Curcumin for the treatment
of chronic diseases

To date, there are more than 200 clinical
trials of Cur, which have shown a pronounced
protective role of this compound against
cardiovascular disease, metabolic diseases,
neurological, skin, liver diseasei, various
cancers, etc. [57]. Clinical use of native Cur is
limited due to low solubility, physicochemical
instability, poor bioavailability, rapid
metabolism, and poor pharmacokinetics [50,
54, 63, 73]. However, these problems can be
overcome using an efficient delivery system
[42]. The therapeutic potential of Cur during
clinical trials trumped the myth that poor
bioavailability of Cur is a problem because the
low bioavailability of Cur is eliminated in the
treatment of chronic diseases [57]. In many
clinical studies, Cur in nanoforms effectively
improves its bioavailability [42, 57], which
has been described for the combination of Cur
with many natural and synthetic compounds
and for various Cur formulations that have
shown significant efficacy. Thus, Cur is a
safe, inexpensive and effective drug for the
treatment of various chronic diseases [51, 57,
61, 74].

Curcumin and pleiotropic effects

Cur is perhaps one of the most diverse
therapeutic agents so far isolated from
natural sources. The therapeutic benefits
of this extraordinary natural compound
have been demonstrated in the treatment of
various diseases [53, 54], including cancer,
inflammation, immunological disorders
[54], diabetes and oxidative stress, which
are often associated with hyperlipidemia
[75]. Cur is effective for the treatment of
various inflammatory diseases by inhibiting
inflammatory cell proliferation, metastasis
and angiogenesis through various molecular
targets [55]. Due to its unique molecular
chemical structure and functional groups,
Cur can bind and subsequently either inhibit
or activate various endogenous biomolecules,

including enzymes, receptors, signaling
molecules, metal ions, transcription factors,
and even certain proteins found in cell
membranes [75]. To date, many proteins are
known as a target for Cur [76, 77].

Cur’s pleiotropic activity derives from
its ability to modulate numerous signaling
molecules, such as proinflammatory
cytokines, apoptotic proteins, NF-«xB,
cyclooxygenase-2, 5-LOX, STATS3, C-reactive
protein, prostaglandin E2, prostate-specific
antigen, adhesive molecules, phosphorylase
kinase, transforming growth factor-p,
triglycerides, ET-1, creatinine, HO-1, AST and
ALT in human [64]. Cur regulates numerous
transcription factors, cytokines, protein
kinases, redox status, and enzymes associated
with inflammation [74].

Much of the pharmacologically beneficial
effects of Cur occur through non-covalent
interactions with biomolecules. With so many
different biological targets, Cur (polyphenol)
causes numerous pleiotropic effects, which
is therapeutically beneficial because many
pathological conditions, such as COVID-19,
involve more than one signaling pathway,
receptor, protein/enzyme or gene [75, 78 ].

Recently, Cur has been found to have
beneficial properties for the prevention and
treatment of several disorders. The relevant
feature here is the structural a-B-unsaturated
carbonyl system, which is necessary to
establish contacts with critical cysteine
residues of several targets. This excellent
mechanism of action gives the molecule the
ability to affect a large number of targets,
given its pleiotropic behavior [79]. Due to its
antioxidant and anti-inflammatory properties,
Cur plays a significant beneficial and
pleiotropic regulatory role through synergistic
binding to multiple network targets [61]. In
practice, Cur has shown a beneficial effect
on the progression of inflammatory diseases
through numerous mechanisms of action:
antiviral, anti-inflammatory, anticoagulant,
antiplatelet and cytoprotective. Such effects
of Cur make it promising as a new adjunctive
therapy for the treatment of COVID-19 [78].

Bioavailability due to biopolymers

Despite its therapeutic benefits, Cur, as a
highly pleiotropic molecule with an excellent
safety profile targeting multiple diseases with
strong evidence at the molecular level, has not
been able to achieve its optimal therapeutic
result in past clinical trials mainly due to its
poor solubility and poor bioavailability [50,
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54, 63, 73]. These problematic properties are
primarily associated with poor absorption,
rapid metabolism and rapid excretion from
the gastrointestinal tract [50, 51, 58, 62].For
further research, it is recommended to use the
method of increasing the bioavailability of Cur
[61]in combination with other substances [54].

Innovative Cur drugs based on the
nanotechnology approach will increase both its
bioavailability and therapeutic efficacy [79].
In clinical trials, carriers have been developed
that improve the release of Cur and enhance
its bioavailability. To this end, various Cur
formulations have been studied, including
capsules, tablets, powders, emulsions, NP,
and liposomal encapsulation [64]. Cur was used
both alone and in combination with other drugs
[64]. Thus, the effect of Cur was significantly
enhanced [50]. For example, piperine blocks
the metabolic pathway of Cur and has been
used to delay its metabolism [50, 51, 80, 81].

There are known methods for efficient
delivery of Cur using compositions that include
liposomes, niosomes, micelles, conjugates,
NP and nanoglobules [27]. Cur encapsulation
methods in various self-assembled biologically
active systems, such as micelles, vesicles,
proteins and cyclodextrins, have shown
high efficacy in increasing the solubility,
stability and bioavailability of Cur [24]. The
increased intensity of Cur fluorescence during
encapsulation in hydrophobic micro-media
of micelles and niosomes is a consequence
of reduced interaction of Cur with water
molecules [24].

To fully exhibit the healing properties
of Cur (anti-inflammatory, antitumor and
antioxidant) [50], a targeted delivery system
is required [23]. Polymeric nanoscale drug
delivery systems are widely used due to their
reduced adverse effects and increased drug
bioavailability [23]. Polymeric NP with Cur
are already known, in which significant
therapeutic activity has been recorded in vitro
and in vivo [23].

It has become known that poly-&-
caprolactone NP together with the stabilizing
surfactant Pluronic® F-68 (Cur—PCL) load Cur
well and have antioxidant and cytoprotective
properties [23]. Pluronic® F-68 triblock
copolymer provides steric stabilization of the
nanopreparation, which allows the system
to function for a long time and increase the
transport of drugs across cellular barriers.
These NP did not induce cell death of
dermal fibroblasts, but they did reduce cell
proliferation without affecting cell migration
and adhesion [23].
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Curcumin as a potential agent
in cancer therapy

The broad therapeutic efficacy of Cur is
associated with synergistic interactions with
different biological targets, as well as the
modulation of several signaling pathways. This
kind of behavior can be useful in the treatment
of multifactorial diseases such as cancer [69,
79]. The combination of Cur with antitumor
drugs is a valuable strategy for obtaining an
enhanced response with minimized side effects
[56, 65,67, 68, 79, 82].

Mixed ligand-Cur complexes with
lanthanum (curcumin-terpyridyl-lanthanum
(La®") and rare earth metals such as Sm®",
Eu®' and Dy®" are toxic to cancer cells [83,
84] and have antibacterial activity [83—
86]). Cur complexes have shown enhanced
photocytotoxicity in HeLa cells [83, 84].

The antitumor activity of Cur depends on
the dose and time. Cur has the ability to target
the molecular pathways that are responsible
for the growth and survival of cancer. Cur
can impair the proliferation and metastasis of
cancer cells, causing cell cycle arrest and other
effects. The inhibitory effect of Cur on the
viability and colony formation of cancer cells is
important to increase the sensitivity of cancer
cells to chemotherapy [56]. Cur nanoplatforms
can lead to enhanced therapeutic efficacy
while reducing systemic toxicity [42] of
chemotherapeutic agents [56]. For example,
Cur reduces the activity and expression
of p-glycoprotein (P-gp) and multidrug
resistance-1 (MDR1) of MCF-7 tumor to
promote the accumulation of paclitaxel in [56,
82]. The complex action of calcitriol with Cur
enhanced the response of MCF-7 cancer cells to
paclitaxel [56, 82].

Cur is well tolerated by humans. Cur
concentration peaks 1-2 hours after oral
administration and begins to decline after
12 hours [87]. Oral administration of 8 g of
Cur leads to a serum concentration of 0.5 to
1.8 ym, which indicates its poor bioavailability
[566, 87].

Cur has antitumor properties, but a
number of problems with the drug delivery
regime limit its therapeutic use. Chemical
complex formation can be considered as a
strategy to increase the potency of Cur in the
treatment of breast cancer [88]. The study
showed the antitumor properties of two Cur
complexes — iron-curcumin [Fe (Cur) 3] and
boron-curcumin [B (Cur) 2] in the breast cancer
cell line MDA-MB-231 [88]. Cell proliferation,
migration, and invasion were also analyzed. All
three compounds inhibited cell invasion, and
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only Cur and B (Cur) 2 inhibited cell migration.
Taken together, these results showed that
Fe (Cur) 3 and B (Cur) 2 may exhibit similar
antitumor properties as Cur and suggests that
chemical complexation may be considered
as a strategy to increase Cur potential in the
treatment of breast cancer [88]. Cellular
localization of Cur and B and Fe complexes was
determined by fluorescence microscopy. The
results showed that the three compounds were
localized in the perinuclear and cytoplasmic
regions of the cell, and showed cytotoxicity
with IC50 values of 25, 35 uM and 8 uM (uM)
for Cur, B (Cur) 2 and Fe (Cur) 3, respectively
[88]. The use of literature sources makes it
possible to compare the desired concentration
of Cur to combat some cancers. For example,
in vivo Cur at a concentration of 20 um
significantly contributes to the antitumor
activity of doxorubicin against triple negative
breast cancer cells, inhibiting the transition
of the epithelium to the mesenchyme and
metastasis [56]. However, in practice, oral
administration of pure Cur results in the
concentration in serum from 0.5 to 1.8 pym
[87], which is insufficient in this case.

Many recent studies have focused on the
development and synthesis of Cur analogues
that improve bioavailability and target
selectivity [98]. Synthetic Cur derivatives
have been obtained to develop effective
therapeutic agents in the treatment of cancer
and neurodegenerative diseases [61].

Further in vitro and in vivo studies are
needed to study the effects of Cur, to mitigate
the treatment of various cancers [72]. Cur
can be developed as a therapeutic drug by
improving the properties of the formulation or
delivery systems, which ensure its enhanced
absorption and cellular assimilation [63]. These
features, combined with pharmacological
safety and low cost, make Cur an attractive
agent for further research [74].

Curcumin as a fluorescent dye

Cur is a dye with a solvent-dependent
absorption band that ranges from 408 to 430
nm. The maximum fluorescence is even more
dependent on the solvent and occurs between
480 and 560 nm. Cur is very poorly soluble in
water, where it emits weak fluorescence, and
the quantum yield of Cur fluorescence in most
solvents is low and decreases significantly in
the presence of water [90].

In a hydrophobic medium, Cur’s own
fluorescence is an order of magnitude greater
than in an aqueous medium, and the intensity

of Cur’s fluorescence can reveal the change in
the hydrophobicity of the medium in which it
is located [24].

Cur is highly degradable in aqueous
solution. In phosphate buffer solution (pH
7.4), the level of Cur degradation after 1
h is more than 80% [24]. Spectrally, this
is determined by the rapid decrease in the
intensity of Cur absorption and the decrease
in fluorescence. The greater the degree of
interaction of Cur with water, the greater the
degree of degradation [24].

When Cur is in a non-aqueous medium with
high viscosity or in phospholipid membranes,
the intensity of its fluorescence increases
significantly [24, 91]. It is expected that in
cellular images, its radiation can be observed
only when it is in a composite with hydrophobic
nanocarriers, or contained in membranes or
intracellular hydrophobic structures.

Using various Cur nanocomplexes
with carriers, it is possible to study the
encapsulation of hydrophobic substances in
liposomes, niosomes and Pluronic® micelles
by the intensity of Cur fluorescence, and
to visualize their interaction with cells in
microscopic studies. The results show that
nonionic surfactants that form micellar
compounds significantly reduce the level of
Cur degradation from 12 to 24 h by including it
in the hydrophobic part of the micelles [21, 24].
This increased fluorescence intensity, along
with a significant shift in the maximums of Cur
emissions during encapsulation in hydrophobic
microenvironments of micelles and niosomes,
is a consequence of reduced interaction of Cur
with water molecules. A more rigid and limited
niosome microenvironment increases the
intensity and fluorescence time of Cur against
micelles with hydrophilic nucleus [24].

ROS

Free radical oxidation plays an important
role in our lives. Large amounts of produced
free radicals condition lipid peroxidation,
protein denaturation, neurodegenerative,
fibrous and other pathological changes.
Overproduction of reactive oxygen species
(ROS) and reactive nitrogen (RNS), which are
potent oxidants, causes DNA damage and lipid
oxidation. This leads to oxidative stress and
cell damage. Oxidative stress is a major factor
leading to the development of various diseases
such as neurodegenerative and heart diseases,
diabetes, and cancer [92, 93].

The anti-inflammatory and antioxidant
properties of Cur, which have a wide range
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of therapeutic potentials in vitro and in
vivo, have been studied in order to create
drugs that counteract free radical oxidation
[61, 54, 94]. In in vivo systems, Cur acts by
regulating the levels of enzymatic and non-
enzymatic antioxidants in target tissues
[58]. Experimental results in vitro and in
vivo indicate a protective effect of Cur on
experimentally induced inflammation,
hepatotoxicity and cardiotoxicity in rats
[66]. The studies of rat myocardium under
Cur treatment have shown inhibition of free
radical distribution and increased levels of
SOD (superoxide dismutase), CAT (catalase)
and glutathione peroxidase [58, 66].

The Cur molecule may exhibit prooxidant
properties, depending on the environment
and environmental conditions in which it is
located. Cur has many biological functions,
and many of these functions are related to
the induction of oxidative stress. However,
how Cur causes oxidative stress in cells is not
fully understood [53]. The antitumor effect
of Cur was confirmed in vitro on the example
of leukemic cells. Curcumin targets several
enzymes involved in the metabolic pathway
of ROS, as a result of its action inhibits the
growth of tumor cells [95].

The effective activity of Cur was studied
against the fungus Botrytis cinerea, which
causes gray rot of plants. It has been shown
that the ROS produced by Cur caused apoptosis
in hyphae of the fungus Botrytis cinerea.
Cur has been suggested to cause oxidative
stress through a NADPH oxidase-dependent
mechanism [96].

The Cur-Cu (II) complex can cause DNA
breakdown due to the uncontrolled production
of both ROS and RNS, which ultimately leads
to oxidation of DNA by the oxidative chain
[79]. It should be emphasized that intracellular
ROS levels do not necessarily correlate with
the strength of Cur’s antitumor activity. It is
possible that the molecules that actually killed
the leukemic cells were obtained during the
production of ROS, such as reactive carbonyls
and reactive aldehydes [97].

In recent years, a number of derivatives
have been developed and patented, aimed both
at improving Cur’s multifaceted biological
profile and at overcoming its undesirable
effects [61]. The studies revealed antitumor
activity of the allylated monocarbonyl
analogue Cur CA6 against gastric cancer cells.
The CA6 showed significant cytotoxicity
to gastric cancer, which was considered as
induction of G2/M cell cycle arrest, apoptosis
and induction of endoplasmic reticulum stress.
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CAG6 increased ROS levels by directly binding
and inhibiting thioredoxin reductase R1
(TrxR1)[98].

ROS are by-products of biochemical
processes in aerobic organisms. The concent-
ration of ROS is regulated by the activity
of such antioxidant enzymes as superoxide
dismutase (SOD), glutathione peroxidase
(GPx) and catalase (CAT) [51]. The imbalance
between the production and disposal of ROS
leads to oxidative stress, which leads to
negative consequences for cells, tissues, namely
inflammatory reactions and apoptosis [51].

Large-scale studies have shown that
inflammation alters signaling pathways
and increases the number of inflammatory
biomarkers, lipid peroxides and free radicals.
Acute and chronic inflammation are an
important risk factor for some types of cancer
[565]. Membrane lipid peroxidation [58] and
free radical-mediated oxidative damage to
DNA and proteins are thought to be associated
with a wvariety of chronic pathological
complications such as cancer, atherosclerosis,
and neurodegenerative diseases [52]. Oxidative
damage and inflammation in preclinical
studies indicate the root cause of cancer and
other chronic diseases, such as diabetes,
hypertension, Alzheimer’s disease, etc. [63].

The effect of Cur on free radicals is carried
out by several different mechanisms. It can
absorb various forms of free radicals, such
as ROS [9, 50, 52, 58, 66] and remove free
radicals of reactive nitrogen (RNS) [50, 51].
The decrease in ROS depends on the dose of
Cur and time [23]. The anti-inflammatory
effect of Cur, directed against pathological
conditions, is most likely mediated by its
ability to inhibit the activity of enzymes that
generate ROS, such as xanthine hydrogenase/
oxidase [50, 51, 55], and the ability to inhibit
cyclooxygenase [60—-52, 55, 58], lipoxygenase
(LOX) [50-52, 55, 58], induced nitric oxide
synthase (iNOS) [52, 55, 58]. Cur inhibition of
the activity of important enzymes that mediate
inflammatory processes [562] is important for
the downregulation of oxidative stress [560-52].

Poly-e-caprolactone NP enhance the
mechanism of action of Cur to reduce ROS
in dermal fibroblasts [23]. Interestingly,
Cur-PCL NP and poly-¢-caprolactone reduce
oxidative stress caused by hydrogen peroxide
and have a cytoprotective effect, so these NP
may have clinical application in disorders
associated with the formation of reactive
oxygen species [23].

Cur has been shown to improve systemic
markers of oxidative stress [50, 99]. There
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is evidence that it may enhance the serum
activity of antioxidants such as SOD [50-52,
58, 80, 99], catalase [50, 58, 99], glutathione
peroxidase (GSH) [50, 51, 58] and at the
same time favorably increase the serum
activity of antioxidants of lipid peroxides
[561]. Curcuminoids in serum increased GSH
concentrations [80, 99], significantly reduced
lipid peroxides [99] and significantly reduced
malonic dialdehyde concentrations [80].

Cur, which has a strong antioxidant and
anti-inflammatory effect, can be a prophylactic
and chemotherapeutic agent for cancer of the
colon, skin, mouth and intestines [58], as well
as other chronic diseases [63]. Cur inhibited
iron ion-catalyzed lipid peroxidation [58] in
in vitro experiments in liver homogenates
and inhibited heat-induced hemolysis of rat
erythrocytes [66]. This may be one of the
mechanisms by which Cur exhibits anti-
inflammatory and antitumor activity. Cur can
reduce the toxicity of iron ions, possibly by
chelating iron ions, reducing oxidative stress
caused by lipid peroxidation, and improving
the antioxidant defense mechanism [100].

Toxicity caused by lead ions in various
organ systems occurs due to increased
oxidative stress due to the formation of ROS
and RNS. Lead poisoning causes numerous
clinical consequences for almost all organs,
but the main targets are the brain, liver and
kidneys. Lead is a multi-organ toxicant that
is involved in various types of cancer, damage
to reproductive organs in both humans and
animals [51]. For the treatment of diseases or
poisonings caused by heavy metal ions (Pb, Cu,
Fe), standard chelator drugs are used, which
often show numerous side effects from mild to
severe. In the treatment of lead toxicity, Cur
acts as a chelator [51].

Cur can be effective in treating various
skin conditions such as dermatitis, psoriasis
and scleroderma [55]. A study in mice indicates
that Cur can protect the skin, removing
free radicals and reducing inflammation by
inhibiting nuclear factor NF- B and cytokines
such as IL-1b and IL-6 [55].

Neurodegenerative diseases: Alzheimer’s,
Parkinson’s and multiple sclerosis

Aging is a significant risk factor for
neurodegenerative diseases [70]. It is believed
that Cur can be effective in the mechanisms
associated with aging, preventing changes
in cellular proteins that occur due to aging,
helping to maintain protein homeostasis [55].
Experimental studies have shown that Cur can

be used for the prevention and treatment of
Alzheimer’s disease [58]. Nasal administration
enables the drug to be delivered across the
blood-brain barrier. Cur can be administered
likewise and has anti-inflammatory,
antitumor, antioxidant and cytoprotective
effects [23]. Cur reduces neurodegenerative
damage due to its antioxidant and anti-
inflammatory properties [70]. Previous
studies have shown that Cur interacts with
several targets involved in inflammation of
the nervous system, reducing inflammation,
relieving neuropathic pain, nerve ischemia,
and demyelination [50, 51].

Millions of people worldwide suffer from
autoimmune diseases. In recent decades, Cur
has been shown to be used by a variety of
mechanisms [54] as a therapeutic agent against
autoimmune diseases such as multiple sclerosis
(MS) or rheumatoid arthritis (RA) [55].

Multiple sclerosis is a chronic
inflammatory autoimmune disease
characterized by degradation of the myelin
sheath [55]. Differentiated effector memory
T cells (TEM) have the pathogenic property
to quickly infiltrate tissues or organs, which
leads to their damage [54]. In recent years,
there has been increasing evidence in vitro
and in vivo that Kv1.3 channels in TEM cell
control T cell proliferation and activation
[564]. In activated TEM cells, the number of
channels per cell increases from about 250
to 1500 [54]. Thus, Kv1.3 is a key player in
the modulation of autoimmune disorders,
and the blockade of Kv1.3 represents a
promising approach to immunosuppression
for the treatment of autoimmune diseases
[64]. Cur is able to inhibit the proliferation
and proinflammatory secretion of cytokines
[65] in TEM cells by directly blocking the
open hKv1.3 channels, depending on time and
concentration (5—100 mM) [54]. This leads
to an anti-inflammatory effect, which is an
important pharmacological mechanism for
the treatment of autoimmune diseases [54].
Collectively, Cur has an immunosuppressive
effect on various pathogenic subgroups of T
lymphocytes, so in the future Cur can be used
as a powerful anti-inflammatory agent for the
treatment of autoimmune diseases [54].

A neurodegenerative disease such as
Alzheimer’s is characterized by inflammation,
oxidative damage, and abnormal protein
production [55]. Neurodegenerative diseases,
such as Alzheimer’s and Parkinson’s
disease, are the main results of increased
ROS production in the body [51]. Cur having
antioxidant and anti-inflammatory properties
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can improve cognitive function by reducing
b-amyloid plaques [55]. Cur, due to its
neuroprotection and antioxidant properties,
can attenuate the course of Parkinson’s
disease, which is characterized by the loss
of dopaminergic neurons in the substantia
nigra [55]. It protects the neurons of the
substantia nigra, improves dopamine levels in
the 6-OHDA model of rats from Parkinson’s
disease (Figure) [55].

Experimental studies have shown that Cur
can be used for the prevention and treatment
of Alzheimer’s disease [58]. In the experiment,
Cur was administered peripherally in vivo
to Tg mice, crossed the blood-brain barrier
and bound to amyloid plaques in the brain,
significantly reducing amyloid levels by
inhibiting b-amyloid peptide aggregation [51,
58, 70].

Cur reduces the generation of ROS, inhibits
lipid peroxidation and reduces the level of
malonic dialdehyde. Cur has been shown to
reduce plaque pathogenesis and inhibit the
production of oligomers and fibrils [51, 70] and
promote microglia formation, delaying neuronal
deterioration in patients [565]. Cur alleviates
neuroinflammation [101], thus it is indicated as
a potential neuroprotective agent [55].

The neuroprotective mechanism of Cur
against neurodegenerative disorders of the
brain is also due to the ability to bind redox-
active metal ions, such as Fe?", Cu?’, Zn?"
[58], Mn?", Cd?", Pb%" and Hg?" [51]. The
formation of Cur chelates with redox metal
ions[71]leads to a decrease in ROS generation

Anti-inflamatory effects

~“mechanism of action of

g Antioxidant
effects
“._in neurodegenerative diseases

Metal chelation CURCUMIN

(Fe, Cu, Zn)

Reduction of
protein
aggregation

and a decrease in edema around the neuronal
cells of the body [51].

Conclusions

The work summarized the literature data
on the prospects of using curcumin in therapy
by methods that improve its solubility.
Particular attention was paid to the use of Cur
as a complex drug together with other drugs
in the composition of nanomaterials. Due to
fluorescence, Cur makes it possible to trace
the processes that occur during the penetration
of the nanostructure into the cell and its
interaction with the components of cellular
organelles.

Cur is non-toxic and has many beneficial
effects so it is considered as a drug or
pharmaceutical agent. The use of various
methods to improve the solubility of
hydrophobic Cur in the aquatic environment
and reduce the rate of its metabolism in the
body are effective for the treatment of chronic
diseases. The use of niosomes and block
polymers makes it possible to include and
transfer both hydrophobic and hydrophilic
molecules and particles. it is possible to create
multicomponent nanocarriers with scientific
and medical applications, based on the
niosomes and block polymers.

Multifunctional nanosystems penetrate
into cells in a targeted and controlled manner
and are used to reduce drug toxicity to normal
cells. Effective use of the capabilities of
multifunctional nanosystems is possible under

Decreased
cyclooxygenase and
phospholipase

Increased action of SOD
Increased in Heamoxygenase
Decrease in lipid-peroxidation

Decrease in free radical
formation

Action on Glial cells

The proposed mechanisms of neuroprotective activity of curcumin and curcumin-like molecules [58]
https://doi.org/10.2174,/092986732102131206115810.
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the condition of scientific substantiation
of the features of joint use of components
and in-depth study of the properties of
these substances. Cur has a wide range of
possibilities when used as the main component
or part of a combination in hybrid NP, which
makes it a promising drug, and such structures
are promising nanomaterials. The developed
Cur complexes with metal ions are more
soluble in water than pure Cur and increase
the target effect of the drug. Complexes of
Cur-ions of metal show different biochemical
activity, which depends on the nature of the
metal ion. Based on Cur, double combinations
with synergistic reinforcement with Cur have
already been developed: Cur-quercetin, Cur-
piperine, Cur-silibinin and Cur-doxorubicin.
Created multifunctional therapeutic
nanosystems will be widely used in medicine in
the future.

A number of biologically active polymer
conjugates and polymer compositions, such
as micelles, hydrogels, and polymer-coated
NP that can deliver multiple drugs are
currently in clinical development. Nanoscale
multifunctional systems have been created,
which consist of several substances that have
an advantage over one-component due to the
synergistic action of components. The results
showed that co-encapsulation of preparations
affected their physicochemical properties and
could produce a synergistic effect. Thus, the
combined approach to treatment consists of
co-encapsulation of several drug compounds
into multifunctional nanostructures, which
led to long-term therapeutic efficacy,
reducing side effects. The development of
multifunctional, more specific and effective
carriers for therapy requires precise methods
and simple techniques, which are primarily
aimed at research to control and study their
various characteristics in order to obtain
the necessary parameters. The creation of
optimal drug delivery systems requires
such research systems that would provide
the ability to quickly obtain the necessary
information, including optical methods.
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