
 

 https://biointerfaceresearch.com/  1 of 16 

 

Article 

Volume 13, Issue 4, 2023, 344 

https://doi.org/10.33263/BRIAC134.344 

 

Intracytoplasmic Trafficking of Nanoparticles based on 

Hyaluronic Acid and Chitosan for Targeted Delivery of 

Anticancer Drugs 

Natalia Akentieva 1,* , Artur Gizatullin 1 , Natalia Saninа 1,2 , Natalia Shkondina 1 , Kseniya 

Abramova 2 , Vladimir Tikhonov 3 , Stanislav Shram 4 , Sergey Aldoshin 1,2  

1 Laboratory Biochemical and Cellular Studies, Department Kinetics of Chemical and Biological Processes, Institute of  

Problems of Chemical Physics Russian Academy of Sciences, Academician Semenov avenue 1, City Chernogolovka, 

Moscow Region142432, Russia; na_aken@icp.ac.ru (N.A.);  
2 Lomonosov Moscow State University, Kolmogorova avenue 1, City Moscow 119991, Russia  
3 Laboratory of Heterochain Polymers,  Department of Macromolecular Compounds, Institute of Organoelement 

Compounds A.N. Nesmeyanov, Russian Academy of Sciences, st. Vavilova, 28, Moscow, 119334, Russia 
4 Laboratory of Molecular Pharmacology of Peptides, Institute of Molecular Genetics of National Research Center 

Kurchatov Institute, Kurchatov Sq. 2, Moscow 123182, Russia   

* Correspondence: na_aken@icp.ac.ru (N.A.);  

Scopus Author ID 56370037400  

Received: 22.04.2022; Accepted: 10.06.2022; Published: 11.09.2022 

Abstract: Cancer diseases are characterized by high incidence and mortality worldwide. The main 

problem in cancer therapy is the lack of specificity of anti-cancer drugs. Therefore, the development of 

new methods of targeted delivery of anti-cancer drugs is an urgent task in oncology. Nanoparticles from 

hyaluronic acid and chitosan (HA:CS) were obtained using ionotropic gelation technology. The size of 

the nanoparticles was investigated using dynamic light scattering. Nanoparticles were obtained of a size 

of 100-400 nm. A physical association method has been developed for encapsulating nanoparticles with 

doxorubicin, a well-known antitumor drug, and dinitrosyl iron complex (DNIC; donor of nitric oxide). 

Using the method of dynamic light scattering, the surface potential of nanoparticles was measured. It 

was found that the resulting nanoparticles (HA-DOX:CS) were stable and had a surface potential of -

45.6 meV. Using the method of confocal and FLIM microscopy, the localization of nanoparticles in 

cancer cells was studied. These methods have shown that nanoparticles pass through the cytoplasmic 

membrane and are localized inside the cells. It was also shown that nanoparticles (HA:CS-Rhod) were 

localized in the cytoplasm of African green monkey renal epithelial cells. It was found that the 

incorporation of DNIC into the composition of nanoparticles significantly increased the stability of 

DNIC, while prolonging the formation time and increasing the yield of nitric oxide. Thus, we have 

developed unique nanoparticles for the targeted delivery of antitumor drugs into cells. 

Keywords: hyaluronic acid-chitosan nanoparticles;  dinitrosyl iron complexes; cancer 
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1. Introduction 

 Currently, oncological diseases are in second place (after cardiovascular diseases) in 

incidence and mortality worldwide. In particular, according to statistics, it was found that 

cancer accounted for almost 10 million deaths in 2020 [1]. The most common types of cancer 

are breast, lung, colon, rectum, and prostate. 

The relevance of developing nanoparticles for targeted delivery of anti-cancer drugs is 

determined by the high frequency of oncological diseases worldwide, the low survival rate of 
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cancer patients, and the expensive treatment of cancer. Currently, the main problem in 

oncology is the lack of specificity in the action of many antitumor drugs [2]. Therefore, the 

main goal of cancer research is to develop treatments that cause the selective death of tumor 

cells. Currently, the main cancer treatment methods are surgery, radiotherapy, and 

chemotherapy. However, these approaches have a number of limitations. Surgical intervention 

and radiotherapy are often used already in the last stages of cancer development; these methods 

are not specific, and they do not suppress the formation of metastases [3]. Radiotherapy causes 

damage to normal cells and is accompanied by side effects [4]. Chemotherapeutic methods also 

have a number of disadvantages [5]. Currently, chemotherapy drugs are based on the rapid 

division of cancer cells and do not consider other specific properties of tumor cells. Therefore, 

most of the anti-cancer drugs used are non-specific-targeted. In addition, many drugs are highly 

toxic, show side effects, and have poor solubility, cell permeability, and biocompatibility [6]. 

Many chemotherapy drugs kill cancer cells and normal, healthy cells in the body [7]. Therefore, 

these drugs are highly toxic, such as platinum therapy [8]. In addition, these drugs kill normal 

healthy cells that divide rapidly, and conversely, slow-growing or dormant cancer cells remain 

alive. Thus, the lack of targeted, specific therapy for many types of cancer creates a need to 

develop new technologies (nanoparticles) that provide targeted delivery of drugs to cancer 

cells. 

We have previously developed a method for obtaining nanoparticles of optimal size 

from hyaluronic acid and chitosan [9, 10]. However, the surface potential and localization of 

nanoparticles in the cell have not been studied. Therefore, this work aimed to study the surface 

potential of nanoparticles by dynamic light scattering and to study the localization of 

nanoparticles in tumor cells and renal epithelial cells using various methods. In addition, this 

study aimed to encapsulate the dinitrosyl iron complex (DNIC) in nanoparticles to increase the 

stability and effectiveness of their action. 

2. Materials and Methods 

2.1. Materials.  

Commercial grade chitosan (M.w. = 100.000-300.000) manufactured by Acros 

Organics (New Jersey, USA) was used. HA (sodium hyaluronate, low molecular weight <0.1 

MDa) was obtained from My formula (Germany), HyClone Fetal Clone III Serum was bought 

from GE Healthcare (USA), doxorubicin (DOX) was purchased from Ebeve Pharma (Austria). 

Sulforhodamine acid chloride (SRB) was purchased from Fluka (USA). 

2.2. Cell lines. 

The African green monkey renal epithelial cells (line Vero) were purchased from the 

Russian Collection of Vertebrate Cell Cultures (BioloT, St. Petersburg, Russia). The HeLa cell 

culture was obtained from ECACC (European Collection of Authenticated Cell Cultures, UK). 

2.3. Cell culture. 

The culture of HeLa cells (human cervix epitheloid carcinoma) is maintained in tissue 

culture flasks T-75 at 370C in a 5% CO2 atmosphere and culture with MEM cell medium 

supplemented with 10 % v/v HyClone Fetal Clone III Serum and 1 % v/v 

penicillin/streptomycin solution. 
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Vero cells were cultured in DMEM medium containing HEPES (10 mM, pH 7.2) 

supplemented with 10% fetal bovine serum (FBS), glutamine (0.15%), and gentamicin (50 

mg/mL). The cell culture was incubated in an atmosphere of 5% CO2 at 37°C and 90% 

humidity. 

2.4. Fabrication of nanoparticles. 

Nanoparticles (HA:CS), (HA-DNIC:CS), (HA-DOX:CS) were obtained by ion gelation 

[11]. Briefly, a portion of chitosan (10 mg, Mol.wt. = 100.000-300.000, Acros organics, USA) 

was dissolved in 1 ml of HCl (0.01 M, pH=2) and stirred for 12 hours. A portion of HA (40 

mg, Mol.wt <0.1 MDa, My formula, Germany) was dissolved in 1 ml of distilled water and 

stirred for 12 hours. Then the resulting solutions of HA and chitosan were mixed in the ratio 

(HA:CS=4:1), and the pH of the solution was adjusted to pH=6.8 with phosphate buffer (2 ml, 

0.1 M, pH=6.8) and stirred on a magnetic stirrer for 36 hours. 

To study the localization of nanoparticles, nanoparticles (HA-DOX:CS){6:1} were 

prepared. A solution of doxorubicin (DOX) was added to a solution of chitosan, then a solution 

of hyaluronic acid was added in the ratio (HA:CS=6:1), and the pH of the solution was adjusted 

to pH=6.8 with phosphate buffer (2 ml, 0.1 M, pH=6.8).  

2.5. Preparation of Lissamine Rhodamine B labeled chitosan (LRB-labeled chitosan).  

The parent commercial chitosan was hydrolyzed, and its weight average molecular 

weight (Mw), molecular polydispersity (PD), and degree of acetylation (DA, %) were 

determined following the protocol and methods published in [12]. Prepared chitosan 

hydrochloride ( Mw =6.7 kDa, DP=2.6, DA=1%) taken in the amount of 1 g was dissolved in 

50 mL water. The solution pH was adjusted to pH 6.3 and diluted with 25 mL methanol. After 

adding 0.025 g Sulforhodamine B acid chloride, the solution was stirred at 25oC for 24 hours. 

Then 5 mL concentrated ammonium hydroxide solution was added, and the resultant mixture 

was dialyzed against Milli-Q water. After the addition of 1 mL concentrated hydrochloric acid, 

the blue solution was lyophilized, and the product was dried over solid P2O5. The yield was 

0.95 g. The degree of labeling was found to be 1 mol % using the extinction coefficient ε = 

9.5·104 M-1·cm-1. Molecular characteristics of SRB-labeled chitosan hydrochloride (Mw =6.5 

kDa, DA=1%, PD=2.5) were determined, as it is shown above. 

2.6. Preparation of hyaluronic acid-chitosan nanoparticles labeled with rhodamine (HA:CS-

Rhod). 

Hyaluronic acid-chitosan nanoparticles labeled with rhodamine (HA:CS-Rhod) were 

obtained by ionic gelation [11]. A portion of SRB-labeled chitosan (2.2 mg) was dissolved in 

1 ml of HCl (0.2 M, pH = 2) and stirred for 12 hours. A portion of HA (40 mg, Mol.wt <0.1 

MDa, My formula, Germany) was dissolved in 1 ml of distilled water and stirred for 12 hours. 

Then the resulting solutions of chitosan-rhodamine and HA were mixed in the ratio 

(HA:CS=4:1), the pH of the solution was adjusted to pH = 6.8 using phosphate buffer (2 mL, 

0.1 M, pH = 6.8) and stirred on a magnetic stirrer for 36 hours. 

2.7. Analysis of size and potential zeta nanoparticles by dynamic light scattering (DLS). 

Nanoparticles (HA:CS; HA-DOX:CS) size distribution was studied using a DLS 

technique (Nanopartica SZ-100; HORIBA Ltd, Kyoto, Japan). The scattered light from the 
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particles present in the sample was collected either at 90 or 173 degrees, automatically selected 

by the instrument as the optimum scattering angle based on sample concentration. The zeta 

potential (meV), which is an indicator of dispersion and stability of the prepared nanoparticles 

(HA:CS; HA-DOX:CS), was measured according to the method [13]. 

2.8. Synthesis of the dinitrosyl iron complex (DNIC).  

Synthesis and identification of the DNIC#6 compound were carried out according to 

the procedure [14] as the tested compound used a synthetic analog of mononuclear dinitrosyl 

iron complex with functional sulfur-containing ligands, namely with thiourea and its 

derivatives [Fe(SC(NH2)2)2(NO)2]ClO4Cl (DNIC#6). The structures of DNIC#6 have been 

confirmed by X-ray analysis, Mössbauer, IR, and EPR spectroscopy [14-18]; when dissolved 

in water solvents, these DNIC#6 released NO as a result of complex dissociation [14]. 

2.9. Analysis localization of nanoparticles (HA-DOX:CS) with confocal microscopy. 

The cells were imaged with an inverted laser scanning confocal microscope (LSCM) 

LSM780 (Zeiss, Germany), excitation by a 488 nm laser and a fluorescence emission range 

from 550 nm to 700 nm. Fluorescence z-stack projections were obtained and analyzed with the 

ZEN2010 software [19]. 

2.10. Analysis of localization of nanoparticles (HA-DOX:CS) by Fluorescent Life Imaging 

Microscopy. 

FLIM was performed as described previously [20]. The setup was developed on an 

inverted RM21 (MadCityLabs) equipped with a Nikon CFI plan APO 100× oil immersion 

objective (NA: 1.45, 0.17 WD 0.13) and an avalanche photodiode detector (PD50CTD, MPD). 

The source of laser excitation was a picosecond pulsed laser with a wavelength of 467 nm (PLP 

10, pulse duration 80 ps, repetition rate 20 MHz, Hamamatsu), used with a cleaning filter to 

ensure the monochromaticity of the laser source, a spatial filter, a planar filter, concave lenses 

for beam expansion, dichroic to reflect lasers to the rear entrance of the objective and collect 

the fluorescent signal emitted by the sample. In addition, a long transmission filter was installed 

in the detection path in front of the detector to remove some scattered laser background and a 

lens that focuses the signal to the detection area of 50 μm APD. Micro- and nano-positioning 

(MCL) steps were used to control sample deposition. Time-Correlated Single Photon Counting 

(TCSPC) was performed using a single photon counting board (SPC130, Becker & Hickl). 

2.11. Analysis of localization nanoparticles (HA:CS-Rhod) by confocal microscopy. 

Vero cells were seeded on 0.17 µm glass coverslips (12 × 12 mm) in cell culture on 24 

well plates at a density of 30,000 cells/well and grown for 24 hours in a CO2 incubator. After 

that, the growth medium was removed, and the mixture of fresh growth medium (100 µL) and 

nanoparticles (HA:CS-Rhod, 20 µL) was added to the cells. Then the mixture was incubated 

at 37°C for 30 min in a CO2 incubator. After incubation, the growth medium was removed, and 

the cells were washed twice with phosphate-buffered saline (PBS, pH 7.6) and fixed in 3.7% 

formaldehyde in PBS (250 µL/well) for 30 min at room temperature. The samples were then 

washed twice with PBS, containing 2% BSA and 0.25% Triton X-100. After that, the samples 

were washed three times with PBS and stained with FITC-phalloidin (0.25 µmol) to visualize 

the actin cytoskeleton. Samples were incubated for 1 hour at room temperature in the dark. 
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Then the FITC-phalloidin solution was aspirated, the cells were washed three times with PBS, 

and the glass coverslips were removed, mounted by Fluoro-gel 11 with DAPI, and placed on 

glass slides. Microfluorescence analysis of DAPI, FITC, and rhodamine was performed on an 

LSM510M microscope (Zeiss, Germany) using Plan-Neofluar 40x/1,3 Oil Dic objective and 

lasers emitting at 404, 488, and 543 nm.  

2.12. Electrochemical determination of NO concentration, isolated from DNIC. 

To measure the concentration of NO generated from DNIC, an amperometric sensor 

electrode "amiNO-700" of the "inNO Nitric Oxide Measuring System" system (Innovative 

Instruments, Inc., USA) was used. The NO concentration in the aqueous solution was recorded 

for ~500 seconds (with a step of 0.2 seconds). The sensor electrode was calibrated using a 

standard aqueous solution of NaNO2 (100 μM), to which a mixture of aqueous solutions of KI 

(0.12 M, 18 mL) and H2SO4 (1 M, 2 mL) was added [21]. To analyze NO released from DNIC, 

a weighed portion of DNIC was prepared and dissolved in water to a final concentration of 

4x10-4M. Then the prepared solution was stirred on a magnetic stirrer at room temperature for 

1 and 10 min. After that, aliquots (0.5 ml) of the DNIC solution were placed into the measuring 

electrochemical cell. Then 49.5 ml of buffer (Buffers, HydrionR Chemvelope Sygma-Aldrich, 

USA, pH=7.0) was added to the cell, and the temperature sensor and electrode were immersed 

in it. The release of NO was recorded in the system for 500 seconds (~8.3 min) at a temperature 

of 25°C. 

2.13. Electrochemical determination of the amount of nitric oxide released from iron 

dinitrosyl complex in the composition of chitosan-hyaluronic acid nanoparticles. 

To analyze the NO-donor activity (HA-DNIC#6:CS), a solution of DNIC#6 with 

nanoparticles (DNIC#6 concentration 4x10-4M) was prepared in the following way. A solution 

of 1 ml of nanoparticles (HA:CS=4:1) was added to a weighed portion of DNIC#6 and stirred 

on a stirrer for 5, 10, 20, 40, and 60 min. Then, a solution of distilled water (9 ml) was added 

to the 1 ml solution of DNIC, mixed. Afterward, aliquots of 0.5 ml of the complex solution 

were taken and transferred to a measuring electrochemical cell, to which 49.5 ml of buffer, pH 

= 7, was added beforehand. Then the amount of NO released from nanoparticles (HA-

DNIC#6:CS) was recorded for 500 sec at a temperature of 25°C. 

3. Results and Discussion 

3.1. Determination of size and surface zeta potential of nanoparticles by dynamic light 

scattering.  

Nanoparticles (HA:CS) were obtained using the method of physical association due to 

ion self-assembly of hyaluronic acid molecules (negatively charged) and chitosan molecules 

(positively charged) in nanogels, as described earlier [9, 10, 12]. The obtained nanoparticles 

were water soluble due to the hydrophilicity of HA and chitosan. Physical association 

performed the encapsulation of DOX in nanoparticles (HA-DOX:CS). Then the surface 

potential of the nanoparticles was investigated by the dynamic light scattering method (Table 

1). 
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Table 1. Surface zeta potential of nanoparticles. 

# Nanoparticle preparation methods 

 

Surface zeta potential meV 

1 Nanoparticles  (HA:CS) {4:1} -1.74 meV 

2 (HA-DOX: CS) {4:1} -2.3 meV 

3 (HA-DOX :CS) {6:1} stirred  10 min -6.16 meV 

4 (HA-DOX :CS) {12:1} stirred 30 min -7.06 meV 

5 (HA-DOX:CS) {12:1} stirred 30 min + ultrasound -8.1 meV 

After washing and ultrasound treatment 

6 Nanoparticles (HA:CS ){4:1} -47.22 meV 

7 (HA-DOX:CS) {6:1} stirred 10 min -45.6 meV 

8 (HA-DOX:CS) {12:1} stirred 30 min -39.4 meV 

It was shown that nanoparticles (HA:CS){4:1} had a potential of -47.22 meV, and 

nanoparticles (HA-DOX:CS){6:1} had a potential of -45.6 meV. This indicates that the 

nanoparticles are negatively charged and stable. 

The hydrodynamic radius of the nanoparticles (HA:CS){4:1} was determined using the 

dynamic light scattering method (Figure 1). 

 
Figure 1. Determination of the hydrodynamic radius of nanoparticles (HA:CS){4:1} by dynamic light 

scattering. 

The results of measurements by the DLS method showed that the nanoparticle size 

(HA:CS) {4:1} was in the range of 30–60 and 100–400 nm. 

The results showed that the nanoparticles (HA-DOX:CS) ){6:1}   were 100 ~ 300 nm 

in size (Figure 2). The results of Figure 1 and Figure 2 showed a polydisperse distribution with 

at least two nanoparticle populations. 

 
Figure 2. Determination of the size of nanoparticles (HA-DOX: CS){6:1}  by dynamic light scattering. 
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Thus, using different ratios of chitosan and HA, a method was developed for producing 

nanoparticles of various sizes with encapsulated DOX. The optimal nanoparticle size (100 nm) 

was obtained with the ratio HA:CS = 6:1. 

3.2. Determination of localization of nanoparticles in cells. 

To study the localization of nanoparticles, nanoparticles with doxorubicin (HA-

DOX:CS) {6:1}were prepared. Doxorubicin has its fluorescence Eex/Eem = 470/595 nm, 

making it possible to use it to visualize nanoparticles in a cell [22, 23]. 

The penetration of nanoparticles (HA-DOX:CS) into HeLa cells was studied by 

conventional and FLIM confocal microscopy.  

Confocal microscopy showed that nanoparticles (HA-DOX:CS) pass through the 

cytoplasmic membrane of cells and are localized in the cytoplasm of HeLa cells (Figure 3,  

yellow fluorescence). 

 
Figure 3. Localization of nanoparticles (HA-DOX:CS) in HeLa cells: the confocal image of HeLa cells after 

incubation with nanoparticles (HA-DOX:CS) for 24 hours (yellow fluorescence);  the emission signal of the 

trackers (green, red fluorescence). Objective 40×. 

The results of the analysis of the localization of nanoparticles in living cells using FLIM 

microscopy showed that free DOX accumulates in the nucleus of HeLa cells after 24 hours of 

incubation (Figure 4, bottom panel). It was found that nanoparticles (HA-DOX: CS) were 

localized inside the cells after incubation with HeLa cells for 24 hours (Figure 4, upper panel). 

 
Figure 4. Localization of nanoparticles (HA-DOX:CS) in HeLa cells. FLIM images of live HeLa cells 

incubated with nanoparticles (HA-DOX:CS) (upper panel) and with free doxorubicin (lower panel) for 24 hours. 

https://doi.org/10.33263/BRIAC134.344
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC134.344  

 https://biointerfaceresearch.com/ 8 of 16 

 

Thus, both methods confirmed the passage of nanoparticles through the cytoplasmic 

membrane of cells and showed the localization of nanoparticles in the cytoplasm and around 

the nucleus after 24 hours of incubation. 

3.3. Study of the localization of nanoparticles (HA:CS-Rhod) in Vero cells. 

To study the ability of nanoparticles to penetrate into the cell and their localization, 

nanoparticles were prepared from hyaluronic acid and chitosan labeled with rhodamine 

(HA:CS-Rhod){4:1}, as described in "Methods of research". 

The results showed that nanoparticles (HA:CS-Rhod) were also localized in the 

cytoplasm of green monkey Vero epithelial cells (Figure 5). 

 
Figure 5. Localization of nanoparticles (HA:CS-Rhod) in cells: (A) Vero cells, control; (B) Vero cells, 

incubated with nanoparticles (HA:CS-Rhod). Cell nucleus stained with DAPI (blue fluorescence), cell actin 

stained with FITC-phalloidin (green fluorescence), and chitosan labeled with rhodamine (red fluorescence). 

Objective 40х. Images size – 232.5 µm х 232.5 µm. 

Presently, in oncology, for cancer treatment, decreases are used drugs that are donors 

of nitric oxide [24-27]. However, the main problem with these drugs is that these drugs are 

often unstable, nonspecific, and have a number of side effects. Therefore, the development of 

nanoparticles for stabilization and targeted delivery of DNICs drugs is currently relevant. 

The encapsulation of DNIC#6 in nanoparticles was carried out by ion gelatinization. 

Then we investigated the release of NO from DNIC#6 in an aqueous solution and in the 

composition of nanoparticles (HA-DNIC#6:CS) (Figure 6). 

 
Figure 6. Generation of NO from the DNIC#6 and from nanoparticles (HA-DNIC#6:CS). 
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It was found that upon dissolution of DNIC in an aqueous solution, a dramatic drop in 

generation NO is observed (compare curves ● and ● on Figure 6), and in the 100 seconds of 

detection, the level of generated NO drops to almost zero (Figure 6, curve ●). This indicated 

that the DNIC complex quickly decomposes in water and ceases to emit NO. Next, we analyzed 

the release of NO from the nanoparticles (HA-DNIC#6:CS). It was shown that after the 

addition of DNIC#6 to the nanoparticles, 13 nmol NO is released, and this level remains stable 

for a long time (> 500 seconds) (Figure 6, curves ● and ●). The solution of DNIC#6 in the 

composition of nanoparticles continues to release nitric oxide (10 nmol) stably even after 20 

min (Figure 6, curve ●). Even after 40 min, the DNIC#6 solution in the composition of 

nanoparticles releases about 8 nmol of nitric oxide, and the generation of nitric oxide remains 

at the same level (Figure #6, curve ●). These data indicate that a significant stabilization of the 

DNIC#6 complex is observed in the composition of nanoparticles, which leads to a prolonged 

release of nitric oxide with a high yield. 

4. Conclusions 

In this work, we prepared multilayer nanoparticles consisting of a chitosan biopolymer 

carrier and a hyaluronic acid delivery vector, and then doxorubicin or DNIC was encapsulated 

into these nanoparticles. We assume that the specificity of the action of these nanoparticles 

(hyaluronic acid-chitosan) will be carried out using three types of targeting: tissue, cellular and 

molecular.  

Tissue targeting will be carried out due to the fact that we have developed a method for 

obtaining nanoparticles of a special size (100–400 nm), with a surface layer in the form of 

hyaluronic acid, which will allow nanoparticles to selectively bind to tumor tissue and increase 

the circulation time of nanoparticles in the blood vessels of tumors. As a carrier in 

nanoparticles, we used chitosan, an amino sugar, a derivative of a linear polysaccharide whose 

macromolecules consist of randomly linked β-D-glucosamine units and N-acetyl-D-

glucosamine [28]. Chitosan is a highly cationic, non-toxic, biocompatible, and biodegradable 

compound [29]. Due to its cationic nature, chitosan is able to form insoluble complexes with 

the anionic polysaccharide hyaluronic acid. This ability allows it to be used as a carrier in 

nanoparticles. These chitosan-based nanoparticles are able to perform the necessary function 

in the human body for a long time and then decompose and are excreted from the body without 

causing harm to a person [30, 31].  

The cell-targeting strategy makes it possible to deliver drugs directly to tumor cells, 

rather than being concentrated in the kidneys and liver and then excreted from the body by the 

reticuloendothelial system. To this end, to increase the targeted efficiency of nanoparticles, we 

used the concept of active targeted delivery, which consists of the biomolecular recognition of 

molecules on the cell surface, leading to a higher degree of specificity. In this case, we 

decorated the nanoparticles with a biologically targeted molecule. As such a molecule, we used 

HA, the main component of the extracellular matrix in the bone marrow, connective, epithelial, 

and nervous tissues [32, 33]. HA is a non-sulfonated glycosaminoglycan, a negatively charged 

polymer that is biocompatible, non-toxic, and readily biodegradable [34]. In addition, HA can 

protect the delivered drug and improve the solubility of hydrophobic drugs. This biopolymer 

regulates various cellular processes, including proliferation, differentiation, motility, 

invasiveness, cell adhesion, and gene expression in cancer cells [35-38]. HA is a physiological 

ligand for CD44 and RHAMM receptors. Therefore, HA will specifically interact with CD44 

and RHAMM receptors on the surface of the tumor cell membrane, providing selective delivery 
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of the drug into the cell [39-42]. Hyaluron-binding receptors (CD44 and RHAMM) are 

promising targets for developing a new generation of HA nanoparticles [43, 44]. It is now 

known that CD44 and RHAMM receptors are synthesized in excess in aggressive cancer cells 

such as breast cancer, prostate cancer, solid tumors, blood cancer, myeloid leukemia, multiple 

myeloma, and a number of others [45-47]. At the same time, this receptor is contained in 

insignificant amounts in normal cells. Therefore, HA-based nanoparticles will increase the 

efficiency of targeted drug delivery and accelerate their intracellular delivery due to 

endocytosis since all cells express endogenous receptors for this polymer (CD44 and RHAMM 

receptors) [48]. In addition, HA has a negative charge, which ensures the rapid passage of 

nanoparticles through the cytoplasmic membrane, which is also negatively charged [49]. By 

selecting different ratios of chitosan and HA, we obtained nanoparticles with a negative surface 

charge (-47.22 meV and -45.6 meV). Such nanoparticles will be able to more easily penetrate 

cancer cells since the membranes of tumor cells have a more negative charge than normal cells 

[50]. This will provide additional selectivity for drug delivery to cancer cells. It is known that 

overexpression of the CD44 receptor is observed in macrophages and HeLa tumor cells [51]. 

Previously, various methods have been developed to analyze the intracellular localization of 

nanoparticles and changes in physical parameters inside the cell [52, 53]. In particular, we 

developed a GFP-based manometry method to analyze temperature changes induced by a 

chemical reagent that allows one to distinguish between local heating variations within 

different cellular compartments [52]. 

In addition, the multi-photon fluorescence lifetime imaging microscopy (MP-FLIM) 

method was developed to evaluate the delivery systems of anti-cancer drugs [53]. In particular, 

MP-FLIM has been used to monitor the therapeutic effect of elesclomol,  an anti-cancer drug, 

to track NAD(P)H cofactors with sub-cellular resolution on live cells exposed to an anti-cancer 

nanocarrier [53]. 

In our work, using confocal and FLIM microscopy, we showed that the nanoparticles 

obtained by us pass through the cytoplasmic membrane and are localized inside HeLa cancer 

cells and inside Vero cells. Additionally, cellular enzymes (hyaluronidases) are able to break 

down HA inside the cell, thereby releasing the drug directly into the cancer cell [54]. This 

strategy allows specific, cell-targeted delivery of anti-cancer drugs. Polysaccharide-coated 

nanoparticles are a new trend in drug delivery systems. Active targeted delivery of drugs 

associated with HA is a promising approach in biomedicine. 

We believe that the nanoparticles obtained by us will also act through molecular 

targeting, the essence of which is the encapsulation of highly effective drugs into nanoparticles 

that purposefully affect the molecular target inside the cancer cell. Such particles can also carry 

and deliver various drugs with antitumor activity (for example, doxorubicin, paclitaxel, etc.) 

into the cell. In this work, we encapsulated doxorubicin, a well-known antitumor drug [55], 

into nanoparticles and showed by confocal and FLIM microscopy that these nanoparticles 

penetrate tumor cells and localize in the cytoplasm. Thus, the nanoparticles we obtained can 

deliver anti-cancer drugs directly to cancer cells. In addition, enzyme inhibitors/activators 

(matrix metalloproteinase, histone deacetylase, myeloperoxidase, polyadenine ribose 

polymerase, etc.) can be used as drugs. 

It should be noted that compounds that are donors of nitric oxide (NO) are currently 

used in oncology to treat oncological diseases [56-64]. Diazenium diolates, which are direct 

NO donors, are known to regulate the activity of endothelial nitric oxide synthase [65, 66]. 

These compounds exhibit antitumor activity against lung, liver, and breast cancer [66, 67]. 
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However, the main problem with these drugs is that they are poorly soluble and unstable in 

water, nonspecific, and have a number of side effects [68, 69]. 

We have previously shown that DNICs are effective inhibitors of such enzymes as 

myeloperoxidase, renin, matrix metalloproteinase, and poly(ADP-ribose)  polymerase [70-72]. 

DNICs are synthetic analogs of natural highly reactive nitrosyl cellular intermediates formed 

in vivo in reactions of endogenous NO with active centers of non-heme proteins and 

demonstrate high biological (including antitumor) activity [68-74]. The stabilization and 

targeted delivery of DNIC is a very urgent task. In our work, we encapsulated DNIC into 

nanoparticles and studied the stability of DNIC and the generation of nitric oxide over time. 

Our study showed that the encapsulation of DNIC in the composition of nanoparticles 

significantly increases the stability of this compound, prolongs the generation of NO, and 

increases the yield of nitric oxide, thereby probably increasing the effectiveness of this 

compound. 

Thus, we have shown that the nanoparticles we created are capable of tissue, cellular, 

and molecular targeting to ensure the specificity of the action of anti-cancer drugs. Such 

nanoparticles, which deliver targeted drugs directly to a cancer cell, will qualitatively and 

effectively improve the treatment of oncological diseases. Currently, there are many 

publications on the creation of inorganic and organic nanoparticles to deliver anti-cancer drugs. 

Examples of inorganic nanoparticles include gold nanoparticles, magnetic iron oxide, quantum 

dots, and carbon nanotubes [75, 76]. In addition, nanoparticles are based on organic materials, 

such as polymer nanoparticles, nanogels, and peptide nanoparticles [77, 78]. The undoubted 

advantage of our nanoparticles is that we use the natural biopolymer chitosan as a 

nanostructural material, which is a biocompatible and biodegradable material [28, 30]. It should 

be noted that the nanoparticles we obtained are water-soluble, biocompatible, biopermeable, 

and easily biodegradable, capable of releasing the drug inside the cell due to HA cleavage by 

hyaluronidases. 

Such nanoparticles will undoubtedly be of interest to the pharmaceutical industry since 

they are a combination of safe biomaterials, ideal for encapsulating cationic hydrophilic drugs, 

able to provide intracellular drug delivery, and can perform the necessary drug delivery 

function for a long time without causing adverse side effects for the human body, can be 

produced simply and easily on a large scale in nanotechnology, and finally are stable. However, 

further studies of these nanoparticles in animal models in vivo are needed. 
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