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Abstract One of the most important tendencies for the development of modern
chemistry is related to the new trends in biomedicine and pharmacy. Today, signif-
icant advances have been made in the development of biodegradable and biocom-
patible polymer materials and the synthesis of corresponding polymer nano-
micelles. In this work we aimed to synthesize new biodegradable and biocompatible
block copolymers based on poly(lactide-co-glycolide) (PLGA) and poly (ethylene
glycol) (PEG) with linear (ABA-type) architecture, to investigate their ability to
form nanosized micelles and its aptitude to acts as carriers of combretastatin-like
antitumor agents. The synthesis of linear PLGA pgo-PEGg00-PLGA g0 block
copolymer was carried out in line with standard procedures. The size and morphol-
ogy of the obtained micelles were determined by transmission electron microscopy
(TEM) and dynamic light scattering (DLS). The capability of obtained micelles to
adsorb and deliver combretastatin-like antitumor agents into living cells was also
demonstrated. We showed that the obtained copolymers formed nanosized micelles
with the combretastatin-like antitumor agent 16Z. In vitro biocompatibility results
denote that all tested blank-nano-micelles are devoid of cytotoxic effects and may be
used as non-toxic drug carriers to target cells. Cellular uptake of 16Z-loaded
PLGA 000-PEG000-PLGA | oo micelles by HepG2 cells showed continuous uptake
up to 72 h and a delay in the cytotoxic effect of 16Z. In an attempt to design new
biomimetic analogs of natural combretastatin A-4 (CA-4) and its synthetic amino-
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derivatives, we selected benzothiazolone heterocycles as a scaffold for a bioisosteric
replacement. In silico, drug-likeness and toxicity predictions showed better proper-
ties of benzothioazolone CA-4 analogs. The obtained results are very promising and
need future detailed investigations.

Keywords Nano-micelles - Combretastatin - Drug-likeness - Toxicity

36.1 Introduction

Cancer is one of the most life-threatening diseases and the second major cause of
death worldwide. A series of changes brought by cancer cells via DNA modifica-
tions gives them an advantage over normal cells. Despite the advancement, combat-
ing cancer remains to be a challenge and thus, a prime focus nowadays.

The cellular microtubule system is essential for many important cellular processes
such as cell division, formation and maintenance of cell shape, regulation of motility,
cell signaling, secretion and intracellular transport [1]. Microtubules are generally
recognized as an attractive target for the development of potential new anticancer
agents [2]. Among the tubulin targeting agents, combretastatin A-4, derived from the
bark of the South African tree Combretum caffrum [3, 4], is one of the well-known
natural tubulin-binding molecules. CA-4 is a very attractive leading compound
because of its simple structure, as well as its high cytotoxicity against a variety of
human cancer cell lines, including the multi-drug resistance phenotype [5]. CA-4
strongly inhibits the polymerization of tubulin by binding to the colchicine site and
displays selective toxicity toward tumor vasculature by inhibiting their blood supply
[6]. However, the application of CA-4 as an anticancer agent is limited by its poor
solubility. This failing led to the development of a water-soluble phosphate deriva-
tive as a prodrug, which is currently in human clinical trials. The obtained hopeful
results encouraged the synthesis of a large number of CA-4 analogs [7].

Recently, we designed, synthesized and studied a series of styrylbenzoxazolones
as new analogs of combretastatin A-4 with potential anticancer properties [8]. These
styrylbenzoxazolones also have pure water solubility, similar to more than 40% of
the new chemical entities developed in the pharmaceutical industry [9]. To overcome
the pure water solubility, different nanocarrier-based drug delivery systems continue
to gain considerable attention due to their potential to improve the bioavailability
and efficacy of the drugs [10]. Several nanocarriers such as biologically erodible
microspheres [11], micelles [12], different nanoparticles and quantum dots [13—15]
have been investigated as potential drug delivery systems.

The FDA has approved copolymers containing polyethylene glycol and poly-
lactic-glycolic acid blocks for human use. They are attracting great interest both in
academia and industry for biomedical applications due to their biodegradable nature
and biocompatible properties [16, 17]. In our study, we have used PEG and PLGA as
block copolymer compounds for the synthesis of polymeric nano-micelles to make
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an in-vitro evaluation of the biological responses obtained when micelles are loaded
with 16Z, the newly synthesized structural analogs of the CA-4.

36.2 Experimental

36.2.1 Preparation of PLGA-PEG-PLGA Micelles
and Determination of Critical Micelle Concentration

The synthesis of 16Z and the preparation of PLGA 400-PEG000-PLGA (g triblock
copolymers are described in detail in Gerova et al. [8] and Ivanova et al. [18],
respectively. The obtained PLGA 90o-PEG;000-PLGA 9o triblock copolymer was
lyophilized (Cryodos, Telstar) to dryness and then dissolved in an appropriate
amount of water to obtain a stock solution with a concentration of 500 pM. To
achieve the full dissolution of the polymer, the mixture was stirred for 24 h at 4 °C.

The critical micelle concentration (CMC) of PLGA 00o-PEG;000-PLGA 000
block copolymers was determined using 1,6-diphenyl-1,3,5-hexatriene (DPH,
98%) as a hydrophobic probe. The obtained series of copolymer solutions
(0.250-500 pM) were spiked with a standard solution of DPH in methanol. The
final concentration of DPH was 4.0 pM. All samples were kept in the dark at room
temperature for 24 h to reach the solubilization equilibrium of DPH in the aqueous
phase before analysis with UV-VIS spectroscopy (A = 285 nm; Beckman L-80 UV—
Vis spectrometer, Beckman-Coulter, USA).

36.2.2 Formation of 16Z-Loaded PLGA-PEG-PLGA
Triblock Copolymer Micelles

The loading of 16Z into the polymeric micelles was realized by diluting a stock
solution of 16Z with a predetermined volume of aqueous PLGA yn0-PEG;go-
PLGA g9 triblock copolymer solution. The final concentration of polymer in the
micellar solution was kept constant (300 pM) and that of 16Z varied from 0.5 pM to
1.5 pM. The resulting solutions were shaken and kept in the dark at 4 °C for 24 h.
Then they were allowed to equilibrate at room temperature for 2 h. The obtained
solutions were filtered through 0.22 pm Teflon membrane filters to separate the
insoluble matter.

The particle diameter of the formed micelles was measured with Brookhaven
instruments 90plus at 37 °C (angle = 90.00, wavelength = 657.0 nm). The mor-
phology of the polymeric micelles was studied by transmission electron microscopy.
A sample from the micellar solution was dropped on copper Formvar coated grid and
naturally air-dried for several hours at room temperature. The experiments were
performed on a JEOL (JEM-100B) microscope with an accelerating voltage of
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80 kV. TEM size and morphology of 16Z loaded micelles were analyzed with
ImageJ [19].

36.2.3 Determination of Drug Encapsulation Efficiency
and Loading Capacity

16Z-loaded micelles were dissolved in ethanol to measure 16Z concentration
through UV spectrophotometry. This method was used to determine the content of
16Z in the micelle solution. The encapsulation efficiency (EE) and drug loading
(DL) were calculated according to Chen et al. [20]. Since 16Z is not soluble in water,
its content in water was ignored when compared with the loading content of 16Z into
the micelles. Thus, the content of free 16Z in water was not included when
calculating the loading content and entrapment efficiency.

36.2.4 In Vitro 16Z Release Study

16Z-loaded micelles and 16Z were dispersed in 2 ml PBS solution in a dialysis
membrane and placed at 37 °C incubator. Aliquots of the solution were removed and
placed in Eppendorf tubes after 2, 6, 8, 24, 48, 72, and 96 h. Before determination of
the drug concentration by HPLC (Proteome Lab PF2D, Beckman-Coulter, USA;
C18 column, a linear gradient of acetonitrile in water from 0% to 100%, 30 min), the
solution was centrifuged at 10000 rpm at 20 °C for 5 min and the supernatants were
tested. The released drug concentrations against time were plotted into a curve.

36.2.5 Cytotoxicity Assay

Human liver hepatocellular carcinoma cell line (HepG2) was obtained from Amer-
ican Type Culture Collection (HB-8065) and maintained in DMEM (Dulbecco’s
Modified Eagle Medium, Applichem, Germany) supplemented with 10% (v/v) FBS
(BioWhittaker, USA), penicillin (100 pg/ml), streptomycin (100 pg/ml), and
4.0 mM L-glutamine at 37 °C in a humidified atmosphere of 5.0% CO, and 95% air.

The cell proliferation inhibitory effect of 16Z-loaded micelles was assayed by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method. The
MTT proliferation assay is based on the ability of live cells to reduce the yellow
MTT dye to purple formazan crystals. Logarithmic growing HepG2 cells were
plated at a density of 1.0 x 10* cells/well in 100 pl DMEM. Twenty-four hours
later, the growth medium was changed with a growth medium containing
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16Z-loaded micelle (16Z concentrations of 250, 500, 750 nM, and 150 uM micelles)
and the cells were further incubated up to 72 h. Following the incubation period and
a change with 100 pl/well of fresh media, 10 pl of MTT solution (5.0 mg/ml) was
added to the wells and incubated for further 3 h. 16Z was prepared by dissolving in
dimethyl sulfoxide (DMSO) and subsequent dilution with medium to different
concentrations in the range of 25 pM to 10 nM. DMSO in the medium never
exceeded 0.1%. Cells were also treated with a mixture of 100 nl DMEM with
DMSO or 16Z as controls. The formed MTT-formazan product was dissolved in
isopropanol and the absorption at 550/630 nm was measured on a vertical spectro-
photometer (Bio-Tek Instruments Inc., USA). For each concentration tested, a set of
3 independent experiments of eightplicates was performed.

36.2.6 In Silico Drug-Likeness and Toxicity Predictions

In an attempt to design new biomimetic analogs of natural CA-4, we selected
benzothiazolone heterocycle as a scaffold for a bioisosteric replacement of the
CA-4 ring B (Fig. 36.2b). Following the main strategy of bioisosterism, we proffer
the synthesis of novel CA-4 benzothiazolone hybrids S19, S21, S23, and RS10 with
potential antitumor effects. The in silico drug-likeness and toxicity predictions of the
designed CA-4 analogs were carried out using OSIRIS Property Explorer 2017 and
the estimated partition coefficients were calculated with the SwissADME program
(http://www.swissadme.ch/).

36.2.7 Statistical Analysis

The data were evaluated by analysis of variance (ANOVA) followed by Tukey’s
post-hock test. Differences in the results at the level of p < 0.05 were considered
statistically significant. The statistical analysis was carried out using the PASW 18.0
statistical software package (IBM) for Windows.

36.3 Results and Discussion

36.3.1 Preparation and Characterization of 16Z-Loaded
Micelles

The CMC research was carried out to prove the formation of the PLGA g0~
PEG00-PLGA | g0 nano-micelles in aqueous media. DPH was used as a probe in
the measurement of CMC. The plot of DPH’s absorption maximum at 285 nm as a


http://www.swissadme.ch/

454 G. Atanasov et al.

0.35+

>

0.304 ;
0.254

0.204 -

L g
coseiBesa=e" gt
0454 o . W..e-e- - £ CMC = 100 M

Absorbance (a. u.)

N ' ' r ' —
70 65 60 55 50 45 40 -35
Log C [M]

Fig. 36.1 Characterization of PLGA-PEG-PLGA-based micelles and its 16Z-loaded forms. (a)
DPH absorbance at 285 nm vs. 1gC for PLGA yp9-PEG009-PLGA 100 in water; (b) TEM micro-
graph of 16Z-loaded micelles (scale bar 100 nm)

function of the polymer content is shown in Fig. 36.1a. The CMC was obtained from
the intersection of the tangent to the curve at the inflection with the horizontal
tangent through the points at low concentrations. It revealed that the CMC of
PLGA 1000-PEG000-PLGA 990 Was 100 pM in aqueous solutions, suggesting that
when the concentration of PLGA gpo-PEG00o-PLGA 999 conjugates was above
100 pM, nanomicelles would spontaneously form in aqueous solutions. This low
CMC value indicated that there is a strong capacity to form micelles at a lower
concentration.

The size distributions are known to affect pharmacokinetics and endocytosis in a
polymeric drug delivery system. In our research, particle sizes and size distributions
of 16Z loaded PLGA 9pp-PEG00o-PLGA 9o micelles were measured by particle
size analyzer in an aqueous solution at room temperature. Table 36.1 shows the size
distributions of the micelles for the observed in batch dispersions. The blank
PLGA 1000-PEG000-PLGA | oo micelles showed a narrow size distribution (polydis-
persity index Pdi: 0.106) with main effective diameter of micelles of ca. 70 nm. An
increasing amount of 16Z does not influence the micelles’ size. The dispersions of
16Z-loaded micelles are dominated by a single mode with a peak-size close to
110 nm. In some batch dispersions, there was a second mode (by number) in size-
range around 50-70 nm, probably revealing a presence of non-loaded micelles. The
size results suggested a possible efficient passive targeting potential to tumor tissue.

TEM image was used to observe further the morphology and size of the micelles.
As shown in Fig. 36.1b, the shapes of 16Z loaded PLGA ¢00-PEG000-PLGA 1000
micelles were almost spherical with diameters ranging from 80 nm to 130 nm, which
confirmed the shell-core structure of the polymeric micelles. The smaller sizes of
80 nm observed by TEM as compared to those measured by the particle size analyzer
might attribute to evaporation shrinkage of the PEG shell during the drying process
of the TEM sample preparation.
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Table 36.1 Characterization of 16Z loaded micelles

Micelles | 16Z Effective Polydispersity Encapsulation Loading

(UM) (uM) | diameter (nm) | index (Pdi, nm) efficiency (%) efficiency (%)
300 0 71.0 £2.2 0.106 + 0.002 - -

300 0.5 1152+ 54 0.205 4+ 0.003 56 + 1 24 + 1

300 1.0 111.7+ 7.5 0.214 4+ 0.005 69 +2 26+ 1

300 1.5 109.4 + 4.7 0.218 4+ 0.003 70 £ 2 25+2

Furthermore, we also found that increasing the concentration of 16Z from 0.5 pM
to 1.5 pM has a small impact on the encapsulation and loading efficiencies. The
encapsulation efficacy increased from 56% to 70%, however, the 16Z’s drug loading
efficiencies stayed constant at approximately 25%. These results indicated that the
capacity of the triblock polymer influenced drug loading and encapsulation effi-
ciency with only slight increases when drug concentrations increased.

36.3.2 In Vitro Drug Release Profiles and Effect on HepG2
Viability

To exploit the utility of 16Z-loaded micelles for an effective drug delivery system,
we employed the in vitro drug release of 16Z from PLGA ¢po-PEG000-PLGA 00
micelles at different time intervals and compared the results to that of 16Z.
The release profiles of 16Z micelles were investigated in PBS solution at 37 °C.
The cumulative in vitro release of 16Z was significantly different from that of the
micelles. Compared to the fast release of 16Z in dissolution medium, 16Z-loaded
micelles exhibited a slow release in the initial 8 h (40%). 60% of 16Z was released
from the micelles at 24 h, which was followed by the gradual and sustained release of
16Z up to 72 h (80%). The observed slow-release stage might result from a slow
degradation of micelles, whereas the sustained release was attributed to the release of
the encapsulated 16Z from the micelles. Recently, the two-step release pattern was
observed in other drug-loaded micelle formulations [21]. Thus, our results proved
that the release of 16Z from the PLGA 9po-PEG1009-PLGA g9 micelles in a con-
trolled manner is beneficial for prolonging the drug release behavior.

We determined the anti-proliferative properties of 16Z-loaded micelles in HepG2
cells. As shown in Fig. 36.2a, blank micelles do not show cytotoxicity at 150 pM
concentrations (48 and 72 h), which confirms that the PLGA {500-PEG1000-PLGA 1000
micelles have good biocompatibility. Moreover, Fig. 36.2a indicates that HepG2
cells exposed to 16Z after 48 h of treatment exhibited significant cytotoxicity in a
dose-dependent manner. Although there was a similar cytotoxicity between 16Z and
16Z-loaded micelles at the concentration studied (250 nM, 500 nM, and 750 nM), a
notably greater degree of cytotoxicity was observed at a lower dose (250 nM) of
16Z-loaded micelles when compared to 16Z alone. We might speculate that this
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Fig. 36.2 In vitro cytotoxicity against HepG2 cells after incubation with 16Z-loaded PLGA 900~
PEG 000-PLGA |g00 micelles at different concentrations for 48 and 72 h is shown in (a) and
schematic representation of the compounds 16Z, CA-4, S19, RS10, S21 and S23 in (b).
*p < 0.01 versus blank micelles and control group; #p < 0.05 versus 16Z. CA-4: combretastatin
A-4; 16Z@micelles: 16Z-loaded micelles

effect is possibly observed by increased 16Z-loaded micelle solubility and enhanced
micelle-mediated cellular uptake at lower concentrations. Probably the dissolution of
the polymer into water improves the capacity of the solution to dissolve drugs
directly. Furthermore, when concentration increased to 500 or 750 nM, the cytotox-
icity of 16Z on HepG-2 cells was higher than that of 16Z-loaded micelles, thus
indicating a different mechanism of drug release from the micelles. No differences
between the effect of the free 16Z and 16Z-loaded micelles were observed following
72 h of treatment.

One of the common difficulties with intravenous drug delivery is the low solu-
bility of the drug. In our study, a better solubility of 16Z was accomplished because
the drug has a high solubility in the micelle and the PLGA ¢00-PEG000-PLGA 1000
micelles have a high solubility in the cell culture media. The phase segregation of
polymer-blocks into micellar morphology creates an environment, where 16Z can
dissolve in the hydrophobic core. PEGs are commonly employed as biocompatible
hydrophilic polymers and PLA and PGA degrade over time into acids that can be
safely eliminated from a living system, thus allowing us to perform future research
for testing the possible anti-cancer effect of 16Z-loaded micelles in vivo.
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36.3.3 In Silico Results of Risks and Drug-Likeness
of Ligands

As a part of our ongoing research program to discover novel anticancer agents, we
previously reported CA-4 analogs with benzoxazolone scaffold as potent anticancer
agents [8]. In continuation of these efforts for development of selective tubulin
polymerization inhibitors as potential chemotherapeutic agents, we have designed
4 (S19, RS10, S21, S23) new compounds structurally based on CA-4 and
benzothiazolone moiety (Fig. 36.2b). The benzothiazolone was chosen based on
its special significance in synthetic chemistry, pharmaceutical chemistry, as well as
its anti-tumor properties, and cardiotonic activity.

ChemDraw was used to generate the simplified molecular-input line-entry system
further used in OSIRIS Property Explorer [22] for calculation of the drug-likeness as
a prediction that determines, whether a particular pharmacological agent has prop-
erties consistent with being an orally active drug [23-25]. It also provides informa-
tion on the hydrophilicity of the compound (cLogP), solubility (LogS), molecular
weight, drug-likeness and drug score. All four compounds (S19, RS10, S21 and
S23) had molecular weights less than 500, which showed that they are likely to be
absorbed and can reach the place of action when administered as oral drugs
(Fig. 36.2b). All six compounds including 16Z and CA-4 had cLogP values less
than 5, suggesting good absorption and permeation across cell membranes
[26]. Among the six compounds, CA-4 had the highest value of drug score (0.48).
All other compounds had a drug score of less than 0.2, which could be a result of
introducing benzoxazolone and benzothiazolone scaffolds. The higher drug-likeness
was calculated for S19 (73.3). The LogS prediction of —5.38 (S19), —5.34 (RS10),
—5.22 (S21), —4.50 (16Z) and —2.25 (CA-4) indicated that all the compounds
should be moderately soluble in water. Low hydrophilicity and therefore high logP
values cause poor absorption or permeation. It has been shown that S19, RS10, S21
and S23 compounds have a reasonable probability of well absorbing, since their
cLogP value is not greater than 5.0. In general, the drug-likeness value of compound
S19 (6.65) is bigger than that of 16Z (—0.53) and CA-4 (4.66). S19 exhibited good in
silico ADMET properties but possessed high mutagenic, irritant, and reproductive
effective toxicity risks and therefore, it has to be studied in detail in vitro before
considering S19 for in vivo drug testing.
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