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Introduction: Solid lipid nanoparticles (SLN) have been considered lately as promising drug delivery system in treatment of many
human diseases including cancers. We previously studied potential drug compounds that were effective inhibitors of PTP1B
phosphatase — possible target for breast cancer treatment. Based on our studies, two complexes were selected for encapsulation into
the SLNs, the compound 1 ([VO(dipic)(dmbipy)] - 2 H,O) and compound 2 ([VOO(dipic)](2-phepyH) - H,O). Here, we investigate
the effect of encapsulation of those compounds on cell cytotoxicity against MDA-MB-231 breast cancer cell line. The study also
included the stability evaluation of the obtained nanocarriers with incorporated active substances and characterization of their lipid
matrix. Moreover, the cell cytotoxicity studies against the MDA-MB-231 breast cancer cell line in comparison and in combination
with vincristine have been performed. Wound healing assay was carried out to observe cell migration rate.

Methods: The properties of the SLNs such as particle size, zeta potential (ZP), and polydispersity index (PDI) were investigated. The
morphology of SLNs was observed by scanning electron microscopy (SEM), while the crystallinity of the lipid particles was analyzed
by differential scanning calorimetry (DSC) and X-ray diffraction (XRD). The cell cytotoxicity of complexes and their encapsulated
forms was carried out against MDA-MB-231 breast cancer cell line using standard MTT protocols. The wound healing assay was
performed using live imaging microscopy.

Results: SLNs with a mean size of 160 £ 25 nm, a ZP of —34.00 + 0.5, and a polydispersity index of 30 + 5% were obtained.
Encapsulated forms of compounds showed significantly higher cytotoxicity also in co-incubation with vincristine. Moreover, our
research shows that the best compound was complex 2 encapsulated into lipid nanoparticles.

Conclusion: We observed that encapsulation of studied complexes into SLNs increases their cell cytotoxicity against MDA-MB-231
cell line and enhanced the effect of vincristine.

Keywords: solid lipid nanoparticles, stability of nanoparticles, oxovanadium(IV) and dioxovanadium(V) complexes, triple-negative
MDA-MB-231 breast cancer cell line, live imaging microscopy

Introduction

Solid lipid nanoparticles (SLNs) are currently one of the newest and most effective pharmaceutical delivery systems. Due to their
small size and application properties, lipid nanoparticles have become a frequent subject of research on modified drug release.'
SLNs are characterized by a number of beneficial properties, including that their structure is based on lipids, which are well
tolerated by the human organism, high stability, as well as the ability to transfer hydro- and lipophilic compounds. However, the
greatest advantage of SLNs is safeguarding the stability of the encapsulated compound, increasing the bioavailability of the
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injected drug and their non-toxicity, which is the result of the biodegradable lipid structure.> Many scientific studies prove the
increase of the cytotoxic potency of compounds after their encapsulation into lipid nanoparticles.” It is suggested that one of the
mechanisms releasing therapeutic compounds from SLNSs is liposome disintegration due to low pH in cancer cells.*’

Protein tyrosine phosphatases (PTPs) are enzymes that control cell adhesion and migration. The mechanism of phosphoryla-
tion and dephosphorylation of the tyrosine residues of proteins has fundamental significance in the control of cell physiology,
including proliferation, differentiation, migration, and tumorigenesis.® In the last decade, there have been many papers
suggesting that protein tyrosine phosphatases may be a molecular target in new therapeutic strategies. Compounds containing
vanadium were shown to be one of the most effective inhibitors of PTPs.'’

The first researches about the use of PTPs inhibition strategies focused on the treatment of type II diabetes, insulin resistance
and obesity. This is due to the fact that the protein tyrosine phosphatase PTP1B is a physiological regulator of glucose homeostasis
and plays a particularly important role in the regulation of the insulin receptor.'’ As a result of the fact that vanadium compounds
have been shown to suppress the activity of protein tyrosine phosphatases and to have an insulin-mimetic action, vanadium-based
compounds are now being researched for their potential in the treatment of these metabolic disorders.'*'? The initial stage of the
clinical studies included the use of two inorganic salts: vanadyl sulfate and ammonium metavanadate. Unfortunately, poor
absorption and significant gastrointestinal discomfort prevented further investigation on these substances in antidiabetic
treatment.'*'> The vanadium(IV) complex (bis(ethylmaltolato)oxidovanadium(IV)) has been examined in other clinical studies.
The pharmacokinetic characteristics and bioavailability were enhanced by the addition of organic ligand in the coordination
sphere. Unfortunately, despite the promising outcomes, the effectiveness of tested compound fluctuated.'> On the other hand,
abnormal tyrosine phosphorylation shows a pro-oncogenic effect and can lead to an aggressive malignancy.'®'? Literature data
indicate that compounds containing vanadium have been shown to have anti-cancer properties, such as the ability to inhibit
cellular tyrosine phosphatases or reactive oxygen species (ROS) generation, via controlling a number of important signaling
pathways, including oxidation of cysteine residue in PTPs.'*!"

Despite over thousand vanadium compound medical patents, still none of them is used as a medicine due to the side effects
shown.?® One of the strategy to eliminate the side effects of pharmaceuticals is to improve their selectivity through the use of drug
delivery systems. Among the possibilities is the encapsulation of biologically active substances into solid lipid nanoparticles.
Researchers focus on solid lipid nanoparticles because they can penetrate physiological barriers, have great skin compatibility,
stratum corneum penetration, mechanical and chemical flexibility, biodegradability, and active ingredient protection from external
influences.>! Moreover, it is indicated that SLNs can selectively deliver active compounds to cancer cells.”> >> An example of
a drug used in the treatment of breast cancer encapsulated in SLNs is doxorubicin and tamoxifen. Encapsulation of these drugs into
SLNs increased its accumulation in tumors, which elevated antitumor activity, but at the same time reduced side effects and
improved its pharmacokinetic properties.****’

According to the best of our knowledge, this work is one of the first in which vanadium complexes have been incorporated into
lipid nanoparticles. In the article of Cacicedo et al, Metvan ([V"Y O(Me,phen),(SO4)] was incorporated into the lipid nanoparticles.
The incorporation of this compound into SLN enhanced its cytotoxicity against bone cancer cells. In conclusion, the extension and
stabilization of the complex were also discussed.”® Studies on protein tyrosine kinase (PTK) inhibitors have also shown an
increase in the cytotoxic impact by increasing the bioavailability of the compounds. PTK are antagonists to tyrosine phosphatase
and their dysregulation also promotes oncogenesis.*’

In our last study five oxovanadium(IV) and dioxovanadium(V) complexes were identified as possible PTP1B inhibitors with
anticancer efficacy against the MCF-7 breast cancer cell line, the triple negative MDA-MB-231 breast cancer cell line, and the
human keratinocyte HaCaT cell line.>® We discovered that all of the compounds examined were potent PTP1B inhibitors, which
correlates with anticancer activity. In this article, based on our previously obtained result, we present the most potent inhibitors on
PTP1B phosphatase, [VO(dipic)(dmbipy)]-2 H,O (compound 1) and [VOO(dipic)](2-phepyH)-H,O (compound 2), which have
been incorporated into lipid nanoparticles to assess its effect on the stability and cytotoxicity of these compounds (1.27, 1.40, and
1.52 times stronger for compound 1 and 2.17, 1.96, 1.73 times stronger for compound 2, at concentration 25, 50 and 100 uM of

active compounds).
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Materials and Methods

Chemicals and Reagents

POLOXAMER 188 Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) and 2-Phenylpyridine
(2-phephyH) was purchased from MERCK, Darmstadt, Germany. SOFTISAN 601 (Glycerides, C12-C18 mono- and di-,
Glyceryl Stearate) was purchased from AZELIS, Poznan, Poland. 2,6-pyridinedicarboxylic acid (dipic), 4,4'-dimethoxy-2,2"-
bipyridine (dmbipy), Dimethylsulfoxide (DMSO), Fetal bovine serum (FBS), 3-(4-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), para-nitrophenyl phosphate (pNPP) were purchased from Sigma-Aldrich. Dulbecco’s Modified Eagle’s
Medium (DMEM) and Phosphate-buffered saline (PBS) were purchased from PAN-biotech, Aidenbach, Germany.

Synthesis of Complexes

The dipicolinate oxovanadium(IV) and dioxovanadium(V) complex compounds with 4,4'-dimethoxy-2,2'-bipyridyl and
2-phenylpyridine (Figure 1) were synthesized in the same way as described in the publications:*' for [VO(dipic)
(dmbipy)] - 2 H,0 and** for [VOO(dipic)](2-phepyH) - H,O.

[VO(dipic)(dmbipy)] - 2 H,O was synthesized in powder form and subjected to physico-chemical analysis. The
results of elemental analysis of oxovanadium(I'V) for [VO(dipic)(dmbipy)] - 2 H,O are 47.46% C, 3.69% H, and 8.77%
N, where analysis calculations are the following: 47.10% C, 3.93% H, and 8.68% N. All the results concerning the
analysis of the physicochemical properties of this complex are described in the literature.*’ However, the second
compound complex, ie, [VOO(dipic)](2-phepyH) - H>O was synthesized as crystals and for this reason it was subjected
to XRD analysis. The complete crystallographic characterization of the obtained dipicolinate complex of dioxovanadium-
(V) with 2-phenylpyridine has been described in the publication.**

Synthesis of Solid Lipid Nanoparticles (SLN)

Synthesis of Hollow SLN-Type Lipid Nanoparticles Using HPH

Two phases were prepared: an aqueous phase (Poloxamer™188 (1.25% w/w) and demineralized water (95.75% w/w)) and
a lipid phase, containing Softisan®601 (3.00% w/w). Both phases were heated to a temperature of 45°C, mixed with each
other, and then subjected to initial high-speed homogenization for 30 seconds. Using an Ultra-Turrax *DI25 homogenizer.
Then the obtained microemulsion was subjected to hot high-pressure homogenization with a Panda Plus 2000 homo-
genizer for 3 minutes (Set pressure 500 bar, temperature 45°C).

Synthesis of SLN-Type Lipid Nanoparticles with Active Substance Using HPH

Two phases were prepared: water, an aqueous phase, consisting of Poloxamer®188 (1.25% w/w) and demineralized water
(95.25% w/w), and a lipid phase, containing Softisan®601 (3.00% w/w) and active substance (0.5% w/w). Both phases
were heated to a temperature of 45°C, mixed with each other, and then subjected to high-speed preliminary homo-
genization for 30 seconds using an Ultra-Turrax“DI25 homogenizer. Then the obtained microemulsion was subjected to
hot high-pressure homogenization with a Panda Plus 2000 homogenizer for 3 minutes. Set pressure 500 bar, temperature
45°C.

Lyophilization - Part of the Test Samples

The lyophilization process consisted in placing the preparation in a lyophilization chamber. As a result, the obtained
lyophilizates (in powder form) were carefully protected against moisture absorption so that they could be stored at room
temperature without cooling. Thus, thanks to the freeze-drying process, the risk of damage to the substance has been
significantly reduced — compared to other methods of dehydration (at higher temperatures).

Characteristics of Synthesized Solid Lipid Nanoparticles

The physicochemical characteristics of the obtained lipid nanoparticle dispersions included both the assessment of the
basic textural and structural parameters (SEM; DSC and XRD) and the assessment of the stability of the obtained lipid
nanoparticle formulations using the dynamic method (DLS) and electrophoretic light scattering (ELS).
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(1) @) N

Figure | Simplified structural formulas of (1) [VO(dipic)(dmbipy)] -2 H,O and (2) [VOO(dipic)](2-phepyH) - H,O (2D above, 3D below).

Investigation of the Stability of the Obtained Lipid Nanoparticles

The stability of the obtained dispersions of lipid nanoparticles was tested with the use of the Zetasizer Nano ZS device
(Malvern Instruments). The stability study included the measurement of three parameters of the physicochemical character-
istics — mean particle size (Z-Ave), polydispersity index (PDI), zeta potential (ZP) and consisted of placing 1 mL of the
prepared sample into the measuring cell, which was then inserted into the device. The stability of the obtained dispersions of
lipid nanoparticles was tested at room temperature after the synthesis and after 7 and 28 days. For each test sample, the
procedure was repeated three times, and the arithmetic mean and standard deviation were calculated from the obtained results.

Characteristics of the Lipid Matrix of the Obtained Lipid Nanoparticles
The study of the degree of crystallinity and polymorphs of the lipid matrix of the obtained lipid nanoparticles was carried
out based on the results of diffraction analysis obtained with the use of the D8 Advance powder diffractometer with
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a Johansson monochromator (Bruker). For each tested sample, the procedure was performed once, using the high angle
range (20 = 6.0-60.0°) and obtaining results in the form of diffractograms.

The study of polymorphic variants of the lipid matrix of the obtained lipid nanoparticles was also carried out based on
the results of the DSC thermal analysis obtained with the use of the DSC 8500 differential scanning calorimeter (Perkin
Elmer, USA). The measuring principle was to gradually heat the sample from 25°C to 90°C in nitrogen flow (20 mL/min)
at a scanning rate of 5°C per minute, keep the sample at 90°C for 1 minute, and then cool it to 25°C with similar
parameters. For each tested sample, the procedure was performed once, obtaining results in the form of DSC curves (a
graph of the relationship between the measured difference of heat fluxes and temperature) and the determined melting
point and reaction enthalpy.

The morphology of lipid nanoparticles was determined using a scanning electron microscope (SEM).

Cell Lines and Culture

MDA-MB-231 breast cancer cell line was purchased from the American Type Culture Collection (ATCC, Manassas, VA,
USA). The cell lines were grown in Dulbecco’s Modified Eagle Medium with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin as supplements. The cells were grown in a 37°C, 5% CO, atmosphere.

Cell Viability Assay

An MTT test, which measures cell viability, was carried out in accordance with the standard methodology.**>*>’ Briefly,
cells (1.2:10° cells/mL) were treated to serial solutions of tested compounds. In a growth medium containing 1%
penicillin/streptomycin, the compounds were dissolved. MTT solution (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-
tetrazolium bromide) was added at 0.5 mg/mL after 24 hours. Once the purple precipitate was clearly visible under
the microscope, 100 pL of DMSO was added to each well. The absorbance at 492 nm was measured using a microplate
reader (Biogenet, Jozefow, Poland) and DigiRead Communication Software (Asys Hitech GmbH, Eugendorf, Austria).
The percentage of untreated cells was the unit of data expression (control).

Live Imaging Microscopy - Scratch Assay

The scratch test was performed to investigate cell migration in vitro. For this purpose, the CytoSMART LUX2
microscope was used, which enables the visualization of the progress of the gap closing.>*>° The tests were carried
out in culture conditions, in an incubator with standard parameters (37°C, 5% CO, atmosphere). The test was carried out
for 24 hours with snapshot every 5 minutes.

Statistical Analysis

The results of triplicate experiments are provided as mean + SD. Best-fit linear regression was used. Data was entered
into GraphPad Prism (GraphPad Software, v.4, La Jolla, CA, USA).>**737 Regression analysis was used. This study also
used one-way ANOVA combined with Dunnett. The data were expressed as mean = SD. P < 0.05 indicated significant
mean differences.

Results and Discussion
The Dipicolinate Complexes of Oxovanadium(lV) and Dioxovanadium(V) with N,

O-Donor Ligands
The dipicolinate complexes of oxovanadium(IV) and dioxovanadium(V) with 4.4’-dimethoxy-2,2'-bipyridyl and 2-phe-
nylpyridine (Figure 1) are known as precatalysts for 2-propen-1-ol, 2-chloro-2-propen-1-ol, and norbornene oligomer-
izations. These complexes exhibit high catalytic activity upon activation by modified methylaluminoxane MMAO-12.
The values of catalytic activity of [VO(dipic)(dmbipy)] - 2 H,O and [VOO(dipic)](2-phepyH) - H,O in the 2-chloro-
2-propen-1-ol oligomerization are 522.07 and 281.56 g mmol ' h™', respectively.®'

In addition, the dipicolinate dioxovanadium(V) complex with 2-phenylpyridine has valuable properties from
a biological point of view, namely, it has antioxidant capacity against superoxide anion radical. [VOO(dipic)]

International Journal of Nanomedicine 2023:18 hetps: 2511
Dove:


https://www.dovepress.com
https://www.dovepress.com

Kostrzewa et al Dove

(2-phepyH) - H,O has stronger antioxidant activity than L-ascorbic acid. The equivalent of L-ascorbic acid equal 0.68 for
superoxide radical scavenging in the case of [VOO(dipic)](2-phepyH) - H,0.%

Investigation of the Stability of the Obtained Lipid Nanoparticles

Analyzing the data obtained from the stability assessment of the studied lipid nanoparticle dispersions (non-incorporated
(empty) and incorporated with samples of compound 1 and 2), it was observed that the most favorable physicochemical
parameters (Figure 2) in terms of mean particle size and polydispersity index were obtained in the case of lipid
nanoparticles containing the compound 2 (the lowest PDI, highest absolute value of ZP). The zeta potential determines
the potential stability of the studied dispersion of lipid nanoparticles based on the analysis of the movement process of
dispersed particles. In theoretical terms, it is defined as the electrical potential existing at the outer boundary of the
electric double layer of the particle, contributing to the electrostatic repulsion of particles of the same charge,
conditioning the appropriate degree of dispersion. The absolute value of the potential at a level higher than |+ 30 mV|
defines dispersions of lipid nanoparticles as stable, showing no tendency to aggregation and other changes of unstable
nature.*” The obtained results (mean particle size ~ 160 nm, polydispersity index ~ 30%, zeta potential: |£36.00] +
0.5mV) were considered favorable from the point of view of subsequent medical application.

A positive effect of the incorporation of active substances on physicochemical parameters (1 ZP) on the long-term
stability of lipid nanoparticles containing them was observed.*' Additionally, the polydispersity index (PDI) is an
indication of particle quality with respect to the size distribution.

The term “polydispersity” (or “dispersity” as recommended by IUPAC) is used to describe the degree of non-
uniformity of a size distribution of particles.*? Controlling and validating this parameter is of key importance for the
effective clinical applications of carriers. Thus, the PDI of 0.3 and below is considered to be acceptable and indicates
a homogenous population of lipid vesicles*’ and other nanocarriers.**

Characteristics of the Lipid Matrix of the Obtained Lipid Nanoparticles

The lipid matrix of the obtained lipid nanoparticles was characterized using three compatible research techniques (SEM,
DSC and XRD), obtaining information on the morphology, degree of crystallinity and polymorphic form of the lipid
used.

Scanning Electron Microscope

The images obtained because of the SEM analysis (Figure 3) made it possible to assess the shape and morphology of the
investigated dispersions of lipid nanoparticles. The analysis of the images confirmed the spherical-continuous shape of
the obtained lipid nanoparticles and their size in the range of 2 pm (up to 200 nm), predisposing them to be used as
components of medical products. The images show that the high-pressure homogenization method produces
a polydisperse sample with a wide size distribution.*> Moreover, some of the particles formed large “clusters”
(agglomerates). This is a characteristic phenomenon due to the “sticky” nature of the lipid, especially after long-term
storage. This effect has already been observed many times in other studies on the synthesis of SLNs incorporated with
active substances of different origins [as above].

Differential Scanning Calorimetry

On the DSC curves (Figure 4) of the carrier systems containing compound 1 and compound 2, a characteristic exothermic
peak (for cooling) was observed, at higher temperatures than for pure lipid, and an increase in enthalpy (heat of reaction)
confirming the effective incorporation of active compounds into the nanoparticles, not disturbing the expected structure
(B’ form) of the lipid matrix. The detailed results of the parameters determined during the DSC analysis are presented in
the table above (Table 1). DSC analysis of lipid nanoparticles concerned in particular the study of thermal properties of
lipids (included in the tested SLN), ie, the analysis of thermal phenomena potentially occurring in lipids (eg, crystal-
lization, melting, thermal oxidation.*® On this basis, it was possible to identify polymorphism (polymorphism) frequently
present in lipids.*” The incorporation of compound 1 and compound 2 into the lipid matrix influenced the course of
thermal processes.
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Figure 2 Comparison of average particle size (Z-Ave, a), zeta potential (ZP, b), and polydispersity index (PDI, c) of solid lipid nanoparticles (SLN) measured on the day of
synthesis — 0 day, and on the 7th, and 28th day after synthesis.
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Figure 3 SEM images of SLNs (A) “empty” (B) containing compound |, and (C) containing compound 2.

Powder X-Ray Diffraction

Typical diffraction reflections at angles 20=19.1° and 23.4° were observed on the diffractograms of the studied lipid
nanoparticle dispersions, confirming the B’ polymorph, characteristic for lipids based on triacylglycerols in the colloidal
state (Figure 5). In comparison with the diffractogram of the solid lipid, a reduced intensity of diffraction of the identified
signals was noted, which was, in turn: (i) “empty” lipid nanoparticles — 4784 a.u. and 3502 a.u.; (ii) lipid nanoparticles
incorporated compound 1-2934 a.u. and 1980 a.u.; (iii) lipid nanoparticles incorporated compound 2-2436 a.u. and 1876
a.u., respectively, for 20 = 19.1° and 23.4°. As a result, it was again concluded that both the reference sample and SLNs
incorporated with active substances have a slightly ordered structure and are in the p’ form.*®

The Cytotoxicity Against MDA-MB-231 Breast Cancer Cell Lines

Cytotoxicity against MDA-MB-231 breast cancer cell line was performed for VO(dipic)(dmbipy)] - 2 H,O (compound 1) and
[VOO(dipic)](2-phepyH) - HO (compound 2) and also for their encapsulated form, in concentration of 25, 50 and 100 uM of
tested compounds. The concentration of the active compound in the lipid nanoparticle was determined on the basis of weight
percentage (10,52% by Weight).

According to the obtained results (Figure 6), complex 1 ([VO(dipic)(dmbipy)- 2 H,O]) at concentrations of 25-100 uM
decreased cell viability by 28.40 + 8.62%, 40.19 + 3.02% and 51.23 + 9.64%, respectively, while its encapsulated form
([VO(dipic)(dmbipy)] SLN) at the same concentration of active substance reduced cell viability by 43.54 + 4.32%, 57.25 +
3.56% and 67.90 + 4.63%, respectively. With increasing complex content, the cytotoxicity ratio (defined as the ratio of cell
viability after treatment with non-encapsulated compound to lipid nanoparticles containing active substance) was 1.27, 1.40, and
1.52, respectively.

In the case of complex 2 ([VOO(dipic)(2-phephy) - H,O]), we noticed a decrease in cell viability of 25.84 + 4.45%,
32.01 + 6.32%, and 47.16 + 4.45%, respectively, whereas the encapsulated form ([VOO(dipic)(2-phephy)] SLN)
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Table | Melting Point and Enthalpy Values for the Materials Obtained

Melting Temperature [°C] | Enthalpy [J/g]
Lipid 35.87 —-11.98
“Empty”’ lipid nanoparticles 40.23 —10.99
SLN + compound | 42.90 —10.43
SLN + compound 2 40.98 —8.80

decreased cell viability by 67.82 + 4.65%, 68.51 + 2.01%, and 71.64 + 2.42%, respectively. The ratio of non-
encapsulated to encapsulated cytotoxicity for compound 2 was 2.17, 1.96, 1.73, respectively.

The obtained results indicate that the encapsulated forms of the active compound showed a stronger cytotoxic effect on MDA-
MB-231 cells, with the most noticeable effect being compound 2. As an effective inhibitor of several phosphate metabolizing
enzymes, orthovanadate(V), an orthophosphate analogue, has been widely employed to study the processes of various enzymes.*
Vanadium is capable of existing in a wide variety of oxidation states, in addition to the oxyanions and oxycations generated by
dissolved in a solution. The chemistry of vanadium is significantly more complicated than that of many other metals, because of its
many oxidation states, accessible availability for hydrolysis, and potential for polymerization. There are two forms of vanadium
that are able to dissolve in natural waters: V(IV) and V(V). The nutritional qualities and toxicity properties of these forms are
distinct from one another. The binding of vanadium to proteins in biological samples is extremely sensitive to changes in their
local environment. The redox properties, permeability and bioavailability are crucial to study the effect of vanadium-based
compounds.”®>" Chemically attaching lipids to pharmaceuticals in the process known as lipid-drug conjugation (LDC) is an
efficient method for increasing the liposolubility of pharmaceuticals. Encapsulation of compounds undergoing redox reactions
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Figure 5 Powder X-Ray Diffraction for lipid (red line), “empty” SLN (gray line), SLN incorporated compound | (blue line) and SLN incorporated compound 2 (green line).
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Figure 6 The cytotoxicity of compounds |, 2 and theirs formula incorporated into SLN at concentration 25, 50 and 100 pM against breast cancer MDA-MB-231 cell line.
The results were presented as a percentage of the control (mean = SD, n = 3, *p < 0.0001; ***p < 0.01).
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into SLNs improves its properties.’>>* Similar properties have been investigated for encapsulated epigallocatechin gallate.>* In

our earlier research, we found that PTP1B inhibition may be one of the molecular mechanisms by which green tea polyphenols
exhibit their cytotoxic effects on breast cancer cells MCF-7.® Comparing the cytotoxicity of epigallocatechin gallate against
MCF-7 cells, encapsulation of this compound resulted in an approximately 2-fold decrease in the ICs, value.**>

In our research encapsulated form of complexes, in the same concentrations of active compounds, shows stronger
cytotoxicity effects. In our opinion, based on our research, the lipid nanoparticles protected the stability of the
encapsulated compounds, selectively delivered them inside the cell, where their structure was biodegraded, and as

a result of these, the complexes could show their biological properties.

Cell Migration

The scratch assay studies cell migration in vitro. Creating a scratch in a cell monolayer, capturing pictures at different time
intervals to monitor gap closure, and quantifying gap closure and/or cell migration rate are the first steps of a wound healing test. In
our studies, using real-time microscopy, we observed the growth of cells treated with the compound at a concentration of 10 uM,
both non-encapsulated form and encapsulated form of complexes. Snapshots were taken by the microscope every 5 minutes for 24
hours. Based on artificial intelligence algorithms, the surface of the uncovered scratch was calculated. The percentage of
overgrowth was calculated as the ratio of the scratch area to the initial area at the representative images.

In the study of complexes not encapsulated into lipid nanoparticles (Figure 7), compound 1 showed no significant differences
from the control. However, cells treated with compound 2 stopped growing at 27% free space after 24 hours. In the study of
encapsulated forms of compounds into lipid nanoparticles (Figure 8), we also tested empty nanoparticles as a control. Compound
2 deserves attention again. Encapsulation of this compound and testing the activity at a concentration of 10 uM of active substance
caused stop growing cells after 24 hours and reaching a confluence of 35%, whereas compound 1 showed 57% of confluence.

Protein tyrosine phosphatases, also known as PTPs, are the enzymes that are responsible for regulating the tyrosine
phosphorylation process. This mechanism is what controls cell adhesion and migration. Aberrant tyrosine

0000 B ET

CONTROL

Compound 1

Compound 2

Figure 7 Representative images for the wound healing assay against MDA-MD-231 breast cancer cell line for compound | and 2 at concentration 10 uM.
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SLN
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SLN
+ Compound 1
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Figure 8 Representative images obtained from wound healing assay against MDA-MD-231 breast cancer cell line for encapsulated form of compound | and 2 at
concentration of active substances 10 uM.

phosphorylation may cause cancer with abnormal growth and metastasis.'®'”3*>” PTPIB, an ubiquitously expressed
nonreceptor PTPs localizes in the endoplasmic reticulum, may be a therapeutic target for the prevention and treatment of
breast cancer.”®>° This enzyme increases growth of HER2-positive and triple-negative breast cancer cells, because it
promotes the proliferation, and suppresses the apoptosis.®” The movement of individual cells, cell sheets, and cell clusters
from one place to another is known as the cell migration.® PTP1B is responsible for cell adhesion and migration of
cancer.%? These processes are related to prognosis, tumor growth rate and the potential for metastasis. The wound healing
assay can be used to extrapolate results from in vitro to in vivo conditions.®*** The effect of reducing the migration and
proliferation of cancer cells can be used in supportive therapy and inhibition of PTP1B appears to be an effective
adjuvant treatment option.

Recent studies indicate that dietary vanadium may have cancer-preventative properties.'®**3'*3 Our research
demonstrates that the encapsulation of compounds into lipid nanoparticles may affect the speed of cancer cell growth
(Figure 9). Compounds which were encapsulated into SLNs were selected as inhibitors of PTP1B (based on our previous
research; compound 1 ICsy 185.4 + 9.8 nM; Ki 74.2 + 4.1, compound 2 ICsy 167.2 + 8.0 nM; Ki 66.7 + 3.3 nM).30
Interestingly, the cell growth was stopped in both the encapsulated and non-encapsulated forms of this compound.
However, the effect was almost twice as strong for the compounds encapsulated into lipid nanoparticles. What needs to
be emphasized, also empty SLNs show an anti-migration effect, which is the same as for compound 1. Additionally,
Compound 2 showed a large discrepancy in activity in the first 6 hours of action. This may be related to the unstable
oxidation form of the vanadium(V) complex. Probably, the encapsulation of this complex resulted in maintaining the
stability of the compound. In light of this, we propose that lipid nanoparticles could serve as an effective delivery system
for vanadium compounds to pass through the membrane, where they can interact with molecular targets.
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Figure 9 MDA-MB-231 cell line speed grow for (a) non-encapsulated form of compound | and 2; (b) empty SLNs and encapsulated form of compound | and 2. The results
were presented as difference of cell area ratio over time (mean + SD).

The Influence of the Tested Compounds on the Cytotoxicity of Vincristine

Vincristine is a drug that is used to treat breast cancer in advanced stages. Unfortunately, it has many side effects.®® To
reduce the toxicity of the utilized chemotherapeutic drugs, attempts are thus undertaken to lower the dosages. Because of
this, treatments with a synergistic effect are frequently employed, allowing the dosages of the pharmaceuticals to be used
to be decreased. For this reason, we present the results for the co-incubation of tested vanadium complexes with
a selected concentration of vincristine, which showed a low cytotoxic effect. In our research, we examined the effect
of co-incubation of complex compounds in concentration of 10 uM of active substance (forms non-encapsulated and
encapsulated into lipid nanoparticles) with vincristine at concentration of 250 nM (Figure 10).

Cell viability after 250nM vincristine treatment was 76.57 £+ 5.86% and for compound 1 and 2 in concentration of 10
uM was 82.31 + 5.44% and 92.69 + 5.18%, respectively. Encapsulation of these compounds into SLNs resulted in an
increase in cytotoxicity by 17.8 £+ 2.04% for compound 1 and 31.53 = 7.18% for compound 2. Vincristine co-incubation
with complexes increased the cytotoxic potency. For compound 1 cell viability was 62.16 = 2.71% and for compound 2
53.46 = 4.35%. For encapsulated forms, cell viability was respectively: 45.03 + 3.02% and 42.66 + 2.63%. Encapsulation
of compounds into lipid nanoparticles resulted in an increase in cytotoxic potency by 17.11% for compound 1 and
10.81% for compound 2.

In our opinion, this study confirms that compounds that have inhibitory properties against PTP1B can be considered
as potential strategies to complement standard treatment. The obtained results are promising, but further preclinical and
early phase studies are needed. In addition, it is necessary to conduct research in relation to normotypic cells. However,
based on many studies, appropriately selected or modified lipid nanoparticles show cytocompatibility and safety against

E 150~
g @ 100 M Compound 1
g 'g =1 SLN+ Cormpound 1
=% N Compound 2
8 X 50 = SLN + Compound 2
W Vincristine 250 nM
0=
‘& 10 uM of tested compounds Vincristine 250 nM
(f# + 10 uM of tested compounds

Figure 10 Cytotoxicity of vincristine at concentration 250 nM and in co-incubation with compounds |, 2 and their’ formula incorporated into SLN at concentration 10 uM
against breast cancer MDA-MB-231 cell line. The results were presented as a percentage of the control (mean = SD, n = 3, *p < 0.0001; **p < 0.001).

International Journal of Nanomedicine 2023:18 hetps: 2519
Dove:


https://www.dovepress.com
https://www.dovepress.com

Kostrzewa et al Dove

healthy cells.””** Based on our research, co-incubation of substances with lipid nanoparticle-encapsulated substances
increased their cytotoxicity against breast cancer cell line. We believe that this kind of therapeutic approach can be taken
in designing new therapeutic protocols that also use treatment-supporting substances.

Conclusions

Despite observable advances in cancer treatment, contemporary medicine continues to struggle with the issue of
completely successful chemotherapy. Consequently, there is a pressing need for a greater application of existing knowl-
edge in the field of the development and synthesis of new compounds as well as the method of their delivery to the body,
which will be characterized by appropriate efficacy, selectivity, and specificity of action on cancer cells. Research in
bioinorganic chemistry has recently focused on designing and synthesizing new compounds with the aim of treating
human diseases. Compounds based on metals or capable of binding metal ions, such as vanadium-based compounds, are
particularly promising. Vanadium complexes are one of the compounds that inhibit protein tyrosine phosphatase. The
chemical form (oxidation state, ligand type, and geometric arrangement) of vanadium-based complexes affects their
physicochemical and biological properties. The fact that inorganic PTP inhibitors are typically non-specific and can have
an effect on a diverse selection of human enzymes is the greatest disadvantage associated with these compounds. In our
latest work, we presented five oxovanadium(IV) and dioxovanadium(V) complexes as potential PTP1B inhibitors with
anticancer activity against MCF-7 breast cancer cells, triple negative MDA-MB-231 breast cancer cells, and human
keratinocyte HaCaT cells. All compounds inhibited PTP1B, corresponding with anticancer action. Compounds presented
in this paper, compound 1 ([VO(dipic)(dmbipy)] - 2 H,O) and compound 2 ([VOO(dipic)](2-phepyH) - H,0), caused the
highest inhibitory effect, with ICsy 1854 £ 9.8 and 167.2 + 8.0 nM, respectively. To investigate the effect of
encapsulation on the cytotoxicity activity against MDA-MB-231 cell line, we chose these substances, which had the
greatest activity against PTP1B, to encapsulate into solid lipid nanoparticles. The stability evaluation data showed that
lipid nanoparticle dispersions containing compound 2 had the best physicochemical parameters. As a result of the
conducted experiments, we noticed that the encapsulation of these compounds increased also their cytotoxic activity
against the MDA-MB-231 cell line. Encapsulated forms of compounds showed significantly higher cytotoxicity (1.27,
1.40, and 1.52 times stronger for compound 1 and 2.17, 1.96, 1.73 times stronger for compound 2, at concentration 25, 50
and 100 pM of active compounds), also in co-incubation with vincristine. In addition, these compounds showed a better
anti-migration effect. In the future, it is necessary to conduct other studies to compare the toxicity to normotypic cells.
Thanks to this, it will be possible to determine the safety of the lipid nanoparticles used.
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