
Ultrasonically Assisted Polysaccharide Microcontainers for Delivery
of Lipophilic Antitumor Drugs: Preparation and in Vitro Evaluation
Roman Akasov,*,†,‡ Tatiana Borodina,‡ Ekaterina Zaytseva,† Anastasia Sumina,† Tatiana Bukreeva,‡,§

Sergey Burov,∥ and Elena Markvicheva†

†Polymers for Biology Laboratory, Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of Sciences,
117997, Miklukho-Maklaya 16/10, Moscow, Russia
‡Laboratory of Bioorganic Structures, Shubnikov Institute of Crystallography of the Russian Academy of Sciences, 119333, Leninskii
Prospekt 59, Moscow, Russia
§National Research Centre, Kurchatov Institute, 123182, Akademika Kurchatova Ploshchad 1, Moscow, Russia
∥Synthesis of Peptides and Polymer Microspheres Laboratory, Institute of Macromolecular Compounds of the Russian Academy of
Sciences, 199004, Bolshoy Prospekt 31, Saint-Petersburg, Russia

ABSTRACT: High toxicity, poor selectivity, and severe side
effects are major drawbacks of anticancer drugs. Various drug
delivery systems could be proposed to overcome these
limitations. The aim of this study was to fabricate
polysaccharide microcontainers (MCs) loaded with thymo-
quinone (TQ) by a one-step ultrasonication technique and to
study their cellular uptake and cytotoxicity in vitro. Two MC
fractions with a mean size of 500 nm (MC-0.5) and 2 μM
(MC-2) were prepared and characterized. Uptake of the MCs
by mouse melanoma M-3 cells was evaluated in both 2D
(monolayer culture) and 3D (multicellular tumor spheroids) models by confocal microscopy, flow cytometry, and fluorimetry.
The higher cytotoxicity of the TQ-MC-0.5 sample than the TQ-MC-2 fraction was in good correlation with higher MC-0.5
accumulation in the cells. The MC-0.5 beads were more promising than the MC-2 particles because of a higher cellular uptake in
both 2D and 3D models, an enhanced antitumor effect, and a lower nonspecific toxicity.
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1. INTRODUCTION

As well-known, most of anticancer drugs used in clinics suffer
from poor drug solubility in water and low selectivity and
bioavailability. Usage of surfactants in drug formulations allows
one to improve drug solubility but may lead to severe side
effects. Thus, the docetaxel-based formulation Taxotere
contains a rather high amount of Tween 80 (40 g/L), which
provokes hypersensitivity, possible hemolysis, and cumulative
fluid retention.1 The paclitaxel-based formulation Taxol
contains Cremophor EL, which can induce hypersensitivity
reactions, reducing paclitaxel uptake and, as a result, decreasing
drug efficacy.2 Presently, numerous research groups are focused
on design of new anticancer drug delivery systems, in order to
reduce these side effects, improve drug solubility, and provide
targeted drug delivery as well as sustained/controlled drug
release.
There are a lot of techniques commonly used for preparation

of various drug delivery systems, such as liposomes, polymer-
based systems (PCL−PEG, PLGA, PLGA−PEG nanospheres),
micelles, micro- and nanoemulsions, nanogels, and solid lipid
nanoparticles.3 Ultrasonication is an alternative promising
technique that is based on an acoustic cavitation deriving
from the continuous formation, growth, and implosive collapse

of bubbles in a liquid.4 This approach is characterized by the
complete avoidance of toxic cross-linking chemicals and
emulsifiers, environmentally harmful volatile organic com-
pounds, or metal-based catalysts, which are used in other
techniques. Moreover, the ultrasonically induced encapsulation
technique is less time and energy consuming, while using rather
compact equipment. Ultrasonication was first proposed by
Grinstaff and Suslick for preparation of protein microspheres
from bovine and human serum albumins.5 Since this
publication, a number of research groups have used this
approach to fabricate various ultrasonic-induced particles.6 It
has been claimed that one-step sonochemical encapsulation is
extremely promising to produce a core−shell structure with
high drug loading.7 Recently, we developed a new class of
microcontainers based on chitosan (CS) and xanthan gum
(XG) by a low-frequency ultrasonication.8 Both polymers
belong to natural polysaccharides, which are biocompatible,
biodegradable, and widely employed for fabrication of micro-
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capsules.9,10 Additionally, polysaccharides can stabilize the shell
of microcontainers (MCs) within a broad pH range.
In this study, chitosan/xanthan gum MCs were proposed for

delivery of lipophilic anticancer drug. Although chitosan-based
or xanthan-gum-based delivery systems are not approved by
FDA for intravenous injection, they could be administrated
intratumorally, orally, or transdermally.11−13 Both of these
polymers are widely reported for development of various drug
delivery systems, in particular, chitosan nanoparticles for
melanoma treatment.14,15 Natural compounds with antitumor
properties are of great interest, since they are rather cheap and
nontoxic for normal cells. Thymoquinone (TQ), which was
selected here as a model lipophilic drug, is the main active
component of black seed essential oil. It was found to possess
both anti-inflammatory and anticancer effects due to inhibiting
both tumor metastasis and angiogenesis.16,17 TQ is unstable in
aqueous medium, particularly at an alkaline pH, and light
sensitive.18 Encapsulation could not only increases the TQ
bioavailability but also protect the drug from degradation
caused by external factors, limiting its diffusion to normal
tissues and preventing rapid release.19 The aim of the current
study was to fabricate ultrasonically induced polysaccharide
microcontainers loaded with thymoquinone and to study
cellular uptake and cytotoxicity of the obtained MCs under
both 2D (monolayer culture) and 3D (tumor spheroids)
conditions.

2. EXPERIMENTAL SECTION
2.1. Materials. Low molecular weight chitosan [20−300 cps, 1 wt

% in 1% acetic acid (25 °C), 75−85% deacetylated], xanthan gum
[from Xanthomonas campestris, 800−1200 cps, 1% in H2O (25 °C)],
soybean oil, Nile Red (NR), thymoquinone (2-isopropyl-5-methyl-1,4-
benzoquinone, 99%), Hoechst 33258, MTT (Thiazolyl Blue
Tetrazolium Bromide, 98%), poly-L-lysine (PLL) with molecular
weight of 40 000−60 000 Da, and DiO fluorescent dye (3,3′-
dioctadecyloxacarbocyanine perchlorate, 97%) were from Sigma-
Aldrich. DMSO (dimethyl sulfoxide, 99.5%), Trypan Blue solution,
phosphate-buffered saline (PBS, pH 7.4), 0.25% (v/v) trypsin-EDTA
solution, and Dulbecco’s modified Eagle’s medium (DMEM) were
purchased from PanEko (Moscow, Russia), and fetal bovine serum
(FBS) was from PAA. Cyclo-RGDfK(TPP) (MW 1029) was obtained
by covalent attachment of triphenylphosphine (TPP) to cyclo-RGDfK
peptide, which was synthesized according to standard solid-phase
peptide synthesis protocols, as previously described.53

2.2. Preparation of the Microcontainers. In the preparation of
chitosan solution, chitosan was dissolved at 0.25% w/v in 0.1 M HCl,
whereas xanthan gum solution was prepared by dissolving 0.25% (w/
v) in deionized water. In both cases, the pH was adjusted to 2 with 0.1
M HCl (the acidic pH of the solutions is prerequisite to avoid
electrostatic interaction between the polysaccharides in the mixture).
Chitosan/xanthan gum MCs were obtained as described earlier.8

Briefly, equal volumes (2 mL) of chitosan and xanthan gum solutions
(0.25% w/v, pH 2) were mixed, and then soybean oil containing TQ
(100 mg/mL) or NR (10 mg/mL) was added, and the mixture was
exposed to high-intensity ultrasound using a 7 mm diameter titanium
sonotrode (56 W·cm−2, 20 kHz, 5 min) (Ultrasonic Processor
UP400S, Hielscher Ultrasonics GmbH). An oil/water ratio of 1:150 or
1:30 was used to generate MCs 0.5 and 2 μm in diameter, respectively.
The obtained MCs were separated from the reaction mixture by
centrifugation (6.708g, 5 min) and washed three times with Milli-Q
water. The encapsulated TQ content was estimated by determining
the difference in drug concentration in the solution before and after
MC synthesis using UV−vis spectroscopy at 257 nm (PerkinElmer
Lambda 650). The encapsulation efficiency was up to 95%. To modify
the MC surface with poly-L-lysine, 100 μL of the MC solution was
added to 1 mL of a 0.2% (w/v) PLL solution in 0.15 N NaCl, and the
mixture was shaken for 15 min (IKA MS3 basic, IKA Works Inc.).

Then, the obtained MCs were separated by centrifugation (6.708g, 5
min) and washed with Milli-Q water.

2.3. Characterization of the Microcontainers. An average MC
diameter, particle homogeneity (polydispersity index, PI), and a
surface charge (ζ-potential) were measured by DLS using a ZetaSizer
Nano equipped with a 4 mW He−Ne laser (Malvern Instruments). A
mean ζ-potential value was calculated from three subsequent
measurements (each was 15 runs), while the mean size of the MCs
was determined from five subsequent measurements (each was 20
runs).

2.4. Cryo-Scanning Electron Microscopy. Microcontainer
morphology was studied by cryo-scanning electron microscopy
(cryo-SEM) according to Borodina et al.8 Briefly, each sample was
frozen by plunging it into a nitrogen slush at atmospheric pressure.
Samples were freeze-fractured at −150 °C, etched for 60 s at −98 °C,
sputtered with platinum in a GATAN Alto 2500 Cryo preparation
chamber, and then transferred into a cryo-SEM system.

2.5. Cell Culture and Formation of Tumor Spheroids. Mouse
melanoma M3 cell line (Cloudman S91 melanoma) was used as a
model in this study. Cells were cultivated in DMEM supplemented
with 10% FBS in a 5% CO2 humidified atmosphere at 37 °C. The cells
were detached after treatment with a 0.25% (v/v) trypsin−EDTA
solution, and the medium was replaced every 3−4 days. Multicellular
tumor spheroids (MTSs) were obtained as described previously.53

Briefly, cells (50 000 cells/mL) were seeded in a 96-well plate (100
μL/well) and incubated at 37 °C for 2−3 h until the cells attached to
the plate bottom. Then the medium was replaced with 100 μL of full
DMEM containing a cyclo-RGDfK(TPP) peptide (40 μM). Finally,
the plate was transferred to a CO2-incubator, and RGD-induced MTS
formation was observed in 2−3 days.

2.6. Cytotoxicity Study. Cells were seeded in a 96-well plate
(5000 cells/well) followed by overnight incubation. A TQ stock
solution was prepared as a 1% (w/v) TQ solution in DMSO, and
working dilutions (0.1, 1, 10, 50, 100 μg/mL) were prepared in
DMEM (10% FBS) immediately prior to experiments. Aliquots (100
μL) of these TQ dilutions, TQ-loaded MC suspensions (1, 10, 50,
100, 200, 300 μg/mL), or blank MC (1, 2.5, 5, 7.5, 10 μL/mL) were
added to each well with the cells, and the plates were transferred to the
CO2-incubator for 24, 48, and 72 h. After treatment, the cells were
stained with a 0.05% (w/v) MTT solution in DMEM for 4 h. Then, to
dissolve formed formazan crystals, the medium was replaced with 100
mL of DMSO, and the absorbance (570 nm) was measured with an
absorbance reader (Thermo Scientific, Multiskan FC). The half-
maximal inhibitory concentration (IC50) was determined as the drug
concentration leading to 50% inhibition of cell growth.

2.7. Cellular Uptake of the Microcontainers. 2.7.1. Confocal
Microscopy. The cellular uptake and localization was observed using a
confocal laser microscope (Leica TCS SP). Cells in the monolayer
culture or MTSs were incubated with NR-loaded microcontainers
resuspended in serum-free DMEM (0.25 μL of MC per mL) in a 5%
CO2 humidified atmosphere at 37 °C. To visualize nuclei and
cytoplasm, the cells were stained with Hoechst solution (50 μM, 10
min) and Calcein AM solution, respectively. In some experiments, in
order to inhibit active cell metabolic processes, the cells were
incubated with NR-loaded MCs at 4 °C, or a cell membrane was
visualized with an another dye, namely, DiO (50 μM, 15 min of
incubation in serum-free DMEM). The rest of the manipulations were
as described above. Finally, the cells were washed three times with PBS
(pH 7.4), mounted in a CC/Mount fluorophor protector, and
observed with a Leica confocal microscope. Excitation wavelength
values were 360, 488, and 543 nm for Hoechst, DiO, and NR,
respectively, while fluorescence signals were collected at 380−460,
500−530 and 560−650 nm for Hoechst, Calcein AM, and NR,
respectively. The images were processed in ImageJ software.

2.7.2. Flow Cytometry. For flow cytometry analysis, a BD
FACSCalibur fluorescent-activated flow cytometer and BD CellQuest
software were used. To prepare samples, NR-loaded MCs resuspended
in serum-free DMEM (0.25 μL of MC suspension per mL of medium)
were added to the monolayer culture and placed to the CO2-incubator
for 5 and 30 min and 2 h. To remove the MCs that were not
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internalized by cells, the plates were washed three times with PBS (pH
7.4), and then the cells were detached from the plate bottom by
trypsinization. After centrifugation (125g, 5 min), the cells were
resuspended in a 0.4% (w/v) Trypan Blue solution in Hank’s balanced
salt solution (HBSS) to quench extracellular fluorescence,20 thus
enabling further observation of those MCs that were actually
internalized. Finally, the treated samples were subsequently washed
twice with PBS (pH 7.4) and analyzed by flow cytometry with at least
10 000 cells being measured in each sample. Fluorescence intensity
was quantified in relation to the background fluorescence of
nontreated cells.
2.7.3. Fluorimetry. To quantify the MC accumulation inside the

tumor spheroids, the NR-loaded MCs resuspended in DMEM (0.25
μL of MC suspension per mL of medium) were added to the MTSs in
the plates, and the plates were transferred to the CO2-incubator for 30
min and 2, 4, 8, and 24 h. Then the MTS were washed with PBS (pH
7.4) and treated with DMSO, and fluorescence was measured using a
Promega GloMax-Multi detection system at 525 nm for excitation and
580−640 nm for emission. Uptake data were expressed as a percentage
of fluorescence associated with the cells versus fluorescence of the feed
solution.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of Micro-
containers. In this study, chitosan and xanthan gum have
been selected for fabrication of the MCs loaded with lipophilic
drug. Chitosan is widely used for production of drug delivery
vehicles due to its unique characteristics. First of all, chitosan
active primary amino groups are available for chemical
modification. Second, chitosan mucoadhesion properties
facilitate penetration of chitosan-based particles and conjugates
across mucosal and dermal barriers.21,22 Xanthan gum is also
widely employed in food, pharmaceutical, and cosmetic
industries due to its mechanical and stabilizing properties.10

Here, thymoquinone, which exhibits anti-inflammatory and
anticancer effects, was chosen as a model lipophilic drug. Thus,
TQ was encapsulated in biodegradable PLGA nanopar-
ticles,23,24 chitosan nanoparticles,25 PHA-mPEG copolymer
nanocontainers,26 liposomes,27 self-assembled cyclodextrin
nanoparticles,28 and solid lipid nanoparticles (SLNs).29,30 In
the current research, TQ was dissolved in soybean oil and
loaded to CS/XG microcontainers by ultrasonication. This
technique is based on an acoustic cavitation arising during the
ultrasonication and inducing production of highly reactive free
radicals, mainly OH• and H•. The radicals react with polymer
moieties located at the interface between the dispersed phase
and the dispersion medium, leading to cross-linking and
formation of a stable structure. As a result, the oil phase
spontaneously emulsifies in the polymer water phase with
formation of a cross-linked polymer shell on an emulsion
droplet surface. The mechanism of the microcontainers’
formation has been described in detail earlier.8 As shown in
Table 1, two TQ-loaded MC fractions with a mean diameter of

0.5 μm (TQ-MC-0.5) and 2 μm (TQ-MC-2) were obtained by
varying the oil/water ratio (1:150 and 1:30, respectively). The
TQ solubility in soybean oil was up to 400 mg/mL. The TQ
content in the soybean oil was found to influence the MC
diameter and surface charge only in a minor way. Thus, the ζ-
potential value of the TQ-loaded MCs slightly increased
without distinct size variability. Modification of the MC surface
by PLL polycation adsorption resulted in the surface charge
changing, namely, a negative charge rather than a positive one.
Cryo-SEM images of the MC-0.5 and MC-2 fractions are

shown in Figure 1. The core−shell structure of the MCs
(Figure 1C) was described in detail earlier.8 MCs did not
aggregate in water solutions, which could be explained by rather
high negative surface charge, which is a key factor to stabilize
colloidal dispersions. However, the negative surface charge
could make the accumulation of MCs in tumor cells difficult.
Thus, as well-known, tumor cells have a bigger negative surface
charge compared to normal cells due to sialic acid expression31

and the abundance of heparin sulfate.32 Moreover, tight
junctions between epithelial cells and cells of stratium corneum
in the skin are also negatively charged.21 So, we supposed that
the positively charged MCs could be preferable for adhesion on
the skin cells. The MC surface was modified with PLL by
electrostatic adsorption. PLL is commonly used for modifica-
tion of DNA/RNA carriers,33 including particles for targeted
delivery.34 The TQ-loaded MCs demonstrated rather good
stability in complete culture medium (DMEM +10% FBS).
After 24 h incubation of the MCs in the medium, the mean
MC-0.5 size increased from 512 ± 80 to 552 ± 50 nm, while
the ζ-potential changed from −55 to −48 mV. This could be
explained by adsorption of serum proteins on the MC surface.

3.2. Accumulation of the Microcontainers in a
Monolayer Culture. Cellular uptake and intracellular local-
ization of the MCs were assessed using mouse melanoma M-3
cells by confocal microscopy and flow cytometry (Figure 2). To
visualize the microcontainers, a NR lipophilic dye was
entrapped in the MC oil core. As seen in Figure 2A,D, both
the MC-0.5 and MC-2 samples were found in cell membranes,-
even after 5 min incubation. A significant enhancement of the
MC accumulation was observed in 30 min and 2 h (Figure
2B,C,E,F). However, the MC-0.5 and MC-2 accumulation
within the cells differed. Thus, after 2 h incubation, the
fluorescence intensity of the MC-0.5 sample was 2-fold higher
than that of the MC-2 fraction (Figure 2G). Most of the MCs
were found to be localized in the cell membrane, and an
obvious engulfment of the MCs in a cytosol was observed only
after 2 h incubation (Figure 2F, see an inset). The MCs
maintained stablity in the cytoplasm at least for 2 h, which was
confirmed by their dotlike fluorescence.
We could suggest that rather rapid accumulation on cell

membranes and subsequent rather slow penetration of the MCs
into the cytoplasm could be explained by a two-stage
mechanism of this process. At the first stage, MC adsorption
occurred at the cell surface due to rather strong electrostatic
interactions. At the second stage, the MCs could be transferred
from the cell membranes to the cytosol in a time- and energy-
dependent manner. To verify this hypothesis, the MCs were
incubated with the cells at low temperature (4 °C), which
inhibited all cellular activities, including endocytosis. As seen in
Figure 3A,B, at 4 °C the NR-loaded MC-0.5 were obviously
colocalized with the membranes marked with DiO lipophilic
dye but not with the cytoplasm, which was stained with Calcein
AM. Since we did not observe the engulfed MCs in the

Table 1. Mean Size and ζ-Potential Values of the
Microcontainers as a Function of Oil/Water Ratio

sample oil/water ratio size, nm ζ-potential, mV

MC-0.5 1/150 512 ± 80 −55
TQ-MC-0.5 530 ± 50 −50
PLL-TQ-MC-0.5 520 ± 80 +20
MC-2 1/30 2051 ± 200 −52
TQ-MC-2 1952 ± 250 −48
PLL-TQ-MC-2 2130 ± 150 +20
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cytoplasm after 2 h incubation at 4 °C, we supposed that the
energy-dependent path occurred. The observed two-stage
process is in good agreement with previously reported
internalization pathways of polyelectrolyte multilayer capsules
into mammalian cells.35 The above mentioned two-step
mechanism allows one to rapidly incorporate rather large
amounts of an active agent directly into cellular membrane with
the following prolonged MC transportation into the cells.
Modification of nanoparticles with PLL was found to

enhance intracellular delivery.36 As was expected, in our case
modification of the MC surface with PLL resulted in the double
MC accumulation increase within the cells after 2 h incubation
(Figure 3 C).
3.3. Accumulation of the Microcontainers in Multi-

cellular Tumor Spheroids. For the past 30 years, 2D cell-
based assay models have dominated preclinical cancer drug
discovery efforts. 2D cell-based models fail to predict in vivo
efficacy, contributing to a lower success rate and higher cost
required to translate an investigational new drug to clinical

approval. Technological advances in 3D cell culture models
bridge the gap between 2D and in vivo models to improve
upon the current success rates for cancer drug discovery.
Multicellular tumor spheroids are considered as a promising 3D
in vitro model in tumor biology.37 The main advantages of
MTSs as a 3D growth system are their chemically and spatially
defined 3D network of extracellular matrix components, cell-to-
cell and cell-to-matrix interactions which govern differentiation,
proliferation, and cell function in vivo.38,39 All of these factors
can hinder efficacy of both drug and drug nanocarriers either by
mass transport limitations or by promoting drug resistance.40

Recently, we used microencapsulated MTS as a tool to test
novel anticancer nanosized drug delivery systems in vitro41 and
to study the effects of photodynamic therapy.42 In the current
study, we are focused on evaluation of the MC penetration and
accumulation within tumor spheroids. Generally, a penetration
of drug-loaded vehicles into solid tumors is limited, since they
have to pass through several cellular layers, such as smooth
muscle cells and fibroblasts, before they reach tumor cells.

Figure 1. Cryo-SEM images of the MC-0.5 (A) and MC-2 (B) particles and a container with a broken shell (C).

Figure 2. Uptake of the Nile Red-loaded microcontainers (MC-0.5 and MC-2) by mouse melanoma M-3 cells in 5 and 30 min and 2 h: confocal
microscopy images (A−F) and flow cytometry data (G). Cell nuclei and cytoplasm were stained with Hoechst (in blue) and Calcein AM (in green),
respectively. Insets on the upper right show the NR signal distributed in the MCs, insets on the bottom right show cell and nucleus signals, while
larger pictures on the left show both signals merged. The scale- bar is 10 μm. Flow cytometry data are expressed as median fluorescent intensity
divided by the background intensity of control (nontreated cells) after 30 min and 2 h incubation with MCs (2.5 μL of MC suspension per mL of
medium). A right shift of the intensity curves indicates the MC accumulation in the cells.
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Consequently, rather high cell density in tumors makes the
penetration of drug delivery systems difficult, since they are
able to infiltrate only three to five cell diameters into the
tumor.43 To evaluate the MC penetration ability, tumor
spheroids (120−180 μm) were generated from M-3 cells by a
novel, highly reproducible technique recently developed in our
lab.53 Accumulation of MC-0.5 microcontainers within the
tumor spheroid is shown in Figure 4. As can be seen, the cells
in spheroids were arranged in a compact, dense structure and
were alive, which was revealed using Calcein AM staining. No
necrotic core was found in the center of spheroids. This is in
good agreement with the knowledge that a necrotic core
appears in spheroids that are larger than 400−500 μm in
diameter.44,45

Both MC-0.5 and MC-2 samples were found to penetrate
into the spheroids in a time-dependent manner, but the
penetration depth was different. Thus, MC-0.5 were observed
in the spheroid outer layer after 1 h incubation, while after 4 h

they reached already the cells in the spheroid center (Figure
5A,B). As for MC-2 sample, the penetration depth was smaller
compared to that of MC-0.5, especially after 4 h (Figure 5D,E).
Moreover, fluorescence levels of the MC-0.5 sample were
doubly higher compared to that of the MC-2 sample after 8 and
24 h incubation (Figure 5F). This observation confirmed the
idea that MC-0.5 particles could be more promising for drug
delivery. The MC localization in the spheroids was similar to
that previously observed for monolayer culture (see Figure 2);
namely, the MCs were mostly found in the cell membrane
(Figure 5C).

3.4. Cytotoxicity Study. Melanoma is considered as the
most dangerous form of skin cancer, causing 90% mortality.46

Recently, the TQ antitumor effect against human and mouse
melanoma cells in vitro as well as the TQ ability to inhibit
metastasis in a mouse melanoma model were reported.47 It
should be noted that the TQ antitumor effect could be related
to multiple mechanisms. For instance, TQ was found to induce

Figure 3. Uptake of the Nile Red-loaded MC-0.5 and PLL-MC-0.5 by M3 cells: confocal microscopy images (A, B) and flow cytometry data (C).
For confocal microscopy, the cells were incubated with NR-loaded MC-0.5 for 2 h at 4 °C. The cells were stained with Hoechst (cell nuclei, in blue)
and Calcein AM (cytoplasm, in green) in image A and with DiO (cell membrane, in green) in image B. Insets on the upper right show the NR signal
in the MCs, and insets on the bottom right show cell and nuclei signals, while larger pictures on the left show both signals merged. The scale bar is
10 μm. Flow cytometry data are expressed as median fluorescent intensity divided by the background intensity of control (nontreated cells) after 5
and 30 min and 2 h incubation (0.25 μL of MC suspension per mL of medium). A right shift of intensity curves indicates the MC localization within
the cells.

Figure 4. Confocal images of a tumor spheroid cross section after 4 h incubation with NR-loaded MC-0.5 particles. The images were obtained with
3D Viewer plugin (ImageJ software) from a series of stepwise confocal snapshots (one step was about 1 μm). MCs were loaded with Nile Red (A−
C, in red), cell nuclei were stained with Hoechst (B−C, in blue), and cytoplasm of alive cells was stained with Calcein AM (C, in green). The scale
bar is 50 μm.
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generation of a reactive oxygen species48,49 and to decrease
glutathione levels in a dose-dependent manner.50 Moreover,
TQ has been also shown to inhibit telomerase and to induce
telomere shortening and apoptosis in glioblastoma cell lines.51

Finally, it inhibits microtubule polymerization by tubulin
binding and causes mitotic arrest following apoptosis in
nonsmall cell lung carcinoma A549 cells.52 Here, to study the

cytotoxicity of the TQ-loaded microcontainers, murine
melanoma M-3 cells were used. First, we evaluated the
cytotoxicity of the blank MCs as a function of the MC size
(Figure 6A−C). The use of MC-0.5 did not cause any cell
death until a concentration of 10 μL of the MC suspension per
1 mL of DMEM. As for the MC-2 sample, we revealed rather
weak but statistically significant cytotoxicity of these micro-

Figure 5. Distribution (A−E) and accumulation (F) of the NR-loaded microcontainers in M-3 cells-based tumor spheroids: surface plots of the
spheroids treated with MC-0.5 (A−C) and MC-2 (D, E) samples after 1 and 4 h of incubation and fluorimetry data of uptake of the MCs by the cells
in the spheroids (F). Cell nuclei were stained with Hoechst (in blue). Fluorimetry data are expressed as percent of fluorescent intensity compared to
that of the MCs in feed suspension.

Figure 6. Viability of M-3 cells after incubation with blank MCs (A−C) and TQ-loaded MCs (D−F). MTT assay data. The control (nontreated
cells) was taken as 100%. Values are means ± SD of three independent experiments; two-tailed P-values were calculated by the unpaired t test (*
indicates a P-value <0.05).
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containers at a concentration of 7.5 μL per mL of DMEM after
48 and 72 h incubation. The higher cytotoxicity of the MC-2
sample compared to that of the MC-0.5 particles most probably
could be related to the greater oil content in each MC-2 bead
than in each MC-0.5 particle.
As seen in Figure 6E,F, the TQ-loaded MCs were able to

inhibit melanoma cell growth. The cytotoxicity was found to
depend upon of the MC size and incubation time. Thus, in the
case of TQ-MC-2, the IC50 values were 193.0 ± 2.0, 170.1 ±
1.7, and 166.0 ± 2.3 μg/mL after 24, 48, and 72 h incubation,
respectively, while for TQ-MC-0.5 the IC50 values were lower,
namely, 144.9 ± 1.4 and 134.1 ± 1.1 μg/mL in 24 and 48 h,
respectively (Figure 6E,F). The higher cytotoxicity of the TQ-
MC-0.5 fraction compared to the TQ-MC-2 sample is in good
correlation with the better accumulation of the MC-0.5 in the
cells. As seen in Figure 4D, the anticancer effect of free TQ was
higher compared to that of the drug loaded in the MC. In
particular, IC50 values of free TQ were 22.1 ± 1.4, 20.7 ± 1.5,
and 15.2 ± 1.1 μg/mL in 24, 48, and 72 h. A lower efficacy of
the TQ-loaded MCs compared to that of the free drug could be
explained by the time-dependent TQ release from the
microcontainers.

4. CONCLUSIONS

The ultrasound-induced chitosan−xanthan gum microcon-
tainers were fabricated and characterized in terms of their
size and ζ-potential. Accumulation of two MC fractions with a
mean size of 500 nm (MC-0.5) and 2 μM (MC-2) loaded with
Nile Red dye into mouse melanoma M-3 cells was evaluated by
confocal microscopy, flow cytometry, and fluorimetry. Mod-
ification of the MCs with PLL allowed one to get double the
MC accumulation within the cells. The MC were loaded with
thymoquinone, and their cytotoxicity was tested. The MC-0.5
particles were more promising as drug delivery systems than
MC-2 beads because of their higher cellular uptake both in 2D
and 3D models, an enhanced antitumor effect, and a lower level
of nonspecific toxicity.
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