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Abstract: Glioblastoma (GBM) is a primary malignant tumor of the central nervous system responsible
for the most deaths among patients with primary brain tumors. Current therapies for GBM are
not effective, with the average survival of GBM patients after diagnosis being limited to a few
months. Chemotherapy is difficult in this case due to the heterogeneity of GBM and the high efficacy
of the blood–brain barrier, which makes drug absorption into the brain extremely difficult. In
a previous study, 3′,4′,3,4,5-trimethoxychalcone (MB) showed antiproliferative and anti-invasion
activities toward GBM cells. Polymersomes (PMs) are an attractive, new type of nanoparticle for drug
administration, due to their high stability, enhanced circulation time, biodegradability, and sustained
drug release. In the present study, different MB formulations, PEG2000-PCL and PEG5000-PCL,
were synthesized, characterized, and compared in terms of 14-day stability and in vitro cytotoxicity
(hCMEC/D3 and U-373 MG).

Keywords: synthesis; chalcones; glioblastoma; nanotechnology; polymersomes

1. Introduction

More than 10 million cancer cases are reported each year, and cancer is one of the most
devastating diseases [1]. Concerning brain cancer [2], approximately 189,000 individuals
die annually on a global scale, and glioblastoma (GBM) is the most common and aggressive
form of central nervous system tumor [3–6]. The median overall survival for GBM patients
remains around 15 months [5,6]. The prognosis tends to be poor due to some treatment
limitations and particularities of this disease, such as being highly invasive and non-
localized, having diffuse characteristics, and poorly responding to local drug activity [4–6].
The prevalence of this ailment is more commonly observed in males over the age of
45 years than in females and younger ages [7].

The available chemotherapy is not successful due to the blood–brain barrier (BBB)
efficacy as well as the heterogeneity of brain cancers [8]. The first step in the treatment of
GBM is surgery, followed by radiation and combined therapy with temozolomide (TMZ).
TMZ is the standard drug for chemotherapy in GBM [9], reaching “blockbuster” status in
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2010 [10], after being approved by the Food and Drug Administration (FDA) in 2005 [11].
TMZ has been already incorporated into liposomes for the treatment of brain tumors [12],
with nanocarriers being considered a promising strategy to treat GBM [13]. A new genera-
tion of drug delivery system (DDS), namely, polymersomes (PMs), was reported for the
first time by Hammer and Discher [14], who described the physical properties of polymeric
structures of poly (ethylene oxide)-block-poly (ethylene) di-block copolymers (PEO-b-PEE)
that are self-assembled in aqueous environments. PMs are hollow vesicles with an internal
environment that is separated from the surrounding aqueous medium by a bilayer of am-
phiphilic polymers [15]. PMs have emerged as a compelling novel category of nanoparticles
in the field of drug delivery owing to their ability to encapsulate both hydrophilic and
hydrophobic molecules within their aqueous cavity or hydrophobic membrane. These
particles have better physicochemical properties than liposomes, including higher stability,
enhanced circulation time, biodegradability, and sustained drug release [14]. Moreover,
they can vary in dimensions and charge, and some have been already demonstrated to be
biocompatible and biodegradable [16]. PMs can contain chemical groups available on their
surface for conjugation with targeting moieties, without compromising their functional-
ity. The anti-cancer drugs doxorubicin and paclitaxel were simultaneously loaded within
PMs composed of poly(ethylene glycol)-poly(ε-caprolactone) PEG-PCL and poly(ethylene
glycol)-poly-lactic acid PEG-PLA copolymers [17,18]. These PMs delivered these drugs
to tumors implanted in mice, and a 50% size reduction in tumors was reported five days
after the drug injection. Besides cancer therapy, PMs can be utilized as carriers for gene
delivery, enabling the transport of genetic material such as DNA or RNA into cells. The
encapsulation of nucleic acids within PMs protects them from degradation and facilitates
their efficient uptake into cells, enabling gene therapy applications [19,20].

Natural and synthetic chalcones have attracted the scientific community’s attention
due to their broad array of reported biological activities, including antitumor activity,
which is produced through the inhibition of diverse molecular targets [21–25]. Our research
group has identified several chalcones with notable growth-inhibitory activities in human
tumor cell lines [26–28]. Among them, 3′,4′,3,4,5-trimethoxychalcone (MB) was found to
be one of the most potent in vitro growth inhibitors of several cancer cell lines [27]. In
particular, 3′,4′,3,4,5-trimethoxychalcone (MB) displayed potent antiproliferative activity
against different cancer cells, and this effect was associated with antimitotic activity [27]. In
another work, chalcone MB inhibited the cell metabolic activity of two GBM cell cultures,
i.e., human glioblastoma astrocytoma (U87) and murine glioma (GL261), more effectively
than other structurally related chalcones [28]. Moreover, the non-tumor endothelial cell
line bEnd.3 showed high resistance toward chalcone MB, with a decrease in metabolic
activity only at 100 µM, demonstrating some selectivity of MB to GBM cell cultures and
not non-tumor cell line bEnd.3 [28]. Another study assessed its ability to reduce the critical
hallmark features of GBM and to induce apoptosis and cell cycle arrest and showed that
MB successfully reduced the invasion and proliferation capacity of tumor cells, promoting
G2/M cell cycle arrest and apoptosis in GBM cell lines [28]. Interestingly, the incorporation
of MB into liposomes maintained the inhibitory activity against U 87 [28]. Nevertheless,
as liposomes have some disadvantages such as low encapsulation efficiency and poor
physical and chemical stability, PMs were developed in this study as alternative DDSs
for the inclusion and sustained delivery of this promising anti-GBM compound. For the
preparation of PMs, PEG-PCL copolymers were synthesized based on previous research
methods published on the preparation of PMs and the encapsulation of anti-cancer drugs
such as paclitaxel [29], docetaxel [30], and doxorubicin [31]. After the characterization of
the prepared PMs, their cytotoxic effects on the growth of the most representative GBM cell
line [32], U-373 MG, and on the growth of a healthy brain endothelial cell line (hCMEC/D3)
were evaluated. In this study, free MB was also evaluated for the first time against these
two cell lines.
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2. Materials and Methods
2.1. General Information

Chalcone MB was synthesized and characterized by the Laboratory of Organic and
Pharmaceutical Chemistry, Department of Chemical Sciences, Faculty of Pharmacy/CIIMAR
research group, as previously described [27]. Methoxy PEG 2000, Methoxy PEG 5000,
ε-caprolactone, and Sn(oct)2 were acquired from Sigma-Aldrich Co. (Sintra, Portugal)
and methanol (HPLC grade) from VWR chemicals. IR spectra were obtained in a KBr
microplate in an FTIR spectrometer Nicolet iS 10 from Thermo Scientific with the Smart
OMNI-Transmission accessory (Software OMNIC 8.3, Thermo Scientific, Madison, WI,
USA). 1H and 13C NMR spectra were recorded in the Department of Chemistry at the
University of Aveiro, Portugal, on a Bruker Avance 300 instrument (Bruker Biosciences
Corporation, Billerica, MA, USA) (1H: 300.13 MHz; 13C: 75.47 MHz). 13C NMR assignments
were made in bidimensional HSQC and HMBC experiments (long-range C, H coupling
constants were optimized to 7 and 1 Hz). Chemical shifts are expressed in ppm values
relative to tetramethylsilane (TMS) as an internal reference and coupling constants are
reported in hertz (Hz). HPLC was performed on a Dionex Ultimate 3000 (Thermo Scientific,
Darmstadt, Germany).

2.2. Synthesis and Preparation of Polymersomes

The amphiphilic PEG-PCL diblock copolymer was synthesized via ring-opening
polymerization using a microwave-assisted procedure. Briefly, the reaction was carried out
under microwave irradiation: firstly, 2.5 g of PEG2000 and methoxyPEG5000 was dried at
120 ◦C and 1000 w for 10 min; then, 6.55 g ε-Caprolactone (PCL) and 10 µL Sn(oct)2 were
added to the dried methoxyPEG; the reaction continued at 130 ◦C for 25 min while stirred
at 30 rpm and under 1000 w irradiation. For purification, the synthesized copolymer was
dissolved in chloroform and then precipitated by adding an adequate amount of diethyl
ether. This procedure was repeated three times and then the precipitate was freeze-dried to
remove residual water; following that, the obtained copolymer was kept at −20 ◦C. The
NMR spectrum of PEG-PCL diblock was acquired at room temperature in CDCl3.

Self-assembled structures were prepared using the film rehydration method. Briefly,
20 mg of the copolymer and 5 mg of MB in 2 mL of dichloromethane were transferred
into a round-bottomed flask. The solvent was evaporated under vacuum using a rotary
evaporator. The thin, dried polymer film was hydrated through the addition of 2 mL
distilled water at 60 ◦C and stirred continuously overnight under 1250 rpm. The polymer
dispersion was sonicated for 30 min at 25 ◦C followed by extrusion 20 times through a
homogenizer (FPG12800 Pressure Cell Homogeniser, Unit 5 New Horizon Business Center
Barrows Road Harlow Essex CM19 5FN UK).

2.3. Characterization of Polymersomes
2.3.1. Particle Size and Polydispersion Index

We prepared 40 µL of PMs in 1960 µL purified water and analyzed the samples
using dynamic light scattering (DLS) with a ZetaPALS apparatus (Brookhaven Instruments
Corporation, Holtsville, NY, USA). The data collected, mean diameter and PDI, through
PALS Particle Sizing Software (Version 5, Brookhaven Instruments Corporation, Holtsville,
NY, USA) were expressed as mean ± standard deviation.

2.3.2. Thermal Behavior

MB–excipient and excipient–excipient compatibility studies were performed using
a DSC 200 F3 Maia (Netzsh–Gerätebau GmbH, Selb, Germany). MB, excipients, and for-
mulations of PMs were weighed directly in DSC aluminum pans and scanned in a range
of temperatures of −40 to 340 ◦C under a nitrogen atmosphere with a 40 mL/min flow.
A heating rate of 10 ◦C/min was used, and the thermograms obtained were observed
for any interaction. An empty aluminum pan was used as a reference. The onset and
peak maximum temperatures were calculated using Proteus Analysis software (Version 6.1,
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Netzsh-Gerätebau GmbH, Selb, Germany). The DSC cell was calibrated (sensitivity and tem-
perature) with Hg (m.p. −38.8 ◦C), In (m.p. 156.6 ◦C), Sn (m.p. 231.9 ◦C), Bi (m.p. 271.4 ◦C),
Zn (m.p. 419.5 ◦C), and CsCl (m.p. 476.0 ◦C) as standards.

2.3.3. Negative-Staining Transmission Electronic Microscopy

For negative-staining transmission electron microscopy, 10 µL of samples was mounted
on Formvar/carbon film-coated mesh nickel grids (Electron Microscopy Sciences, Hatfield,
PA, USA) and left standing for 2 min. The liquid in excess was removed with filter paper,
and 10 µL of 1% uranyl acetate was added to the grids and left standing for 10 seconds,
after which the liquid in excess was removed with filter paper. Visualization was carried
out on a JEOL JEM 1400 TEM at 120 kV (Tokyo, Japan). Images were digitally recorded
using a CCD digital camera Orious 1100W Tokyo, Japan at the HEMS/i3S of the University
of Porto. Transmission electronic microscopy was performed at the HEMS core facility at
i3S, University of Porto, Portugal.

2.3.4. Entrapment Efficiency

The obtained formulations were centrifuged (4500 rpm for 15 min) (Model 5804,
Eppendorf, Hauppauge, NY, USA). The supernatants were diluted in methanol (1:2) to
promote the release of MB encapsulated in PMs. The obtained samples were analysed with
HPLC. Chromeleon 7.2 software was used for data acquisition. The chromatographic con-
ditions included a commercially available AcclaimTM 120 C18 (100 × 4.6 mm) column with
a particle size of 5 µm from Thermo Fisher Scientific (Bremen, Germany). The optimized
mobile phase was water: methanol (25:75, v:v) following an isocratic flow of 1.0 mL/min
for 10 min, and the temperature of the column was set at room temperature. The injection
volume was 10 µL, and the detection was performed at 238 nm. A calibration curve for MB
was prepared in methanol from five standard solutions: 28 µg/mL, 32 µg/mL, 40 µg/mL,
56 µg/mL and 61 µg/mL. Through interpolation of the calibration curve, the MB concentra-
tion in the supernatant was obtained. The theoretical concentration of MB was calculated
considering the initial amount of MB added and the dilutions performed throughout the
procedure. Thus, the encapsulation efficiency (EE) was calculated as follows:

EE(%) =
NPC
TC

× 100

where TC is the theoretical concentration of the MB if the entrapment efficiency is 100%
(µg/mL) and NPC is the final concentration of the MB in the nanoparticle (µg/mL).

2.3.5. Stability Study

A stability study was performed for the PM formulations with and without MB.
Samples were periodically evaluated regarding mean diameter and PDI at time 0 and after
1, 7 and 14 days at 4 ◦C.

2.3.6. MTT Cell Viability Assay

Cell reagents were purchased from Gibco (Invitrogen Corporation, Life Technologies,
Renfrew, UK). Immortalized human brain capillary endothelial cells (hCMEC/D3 cell line)
were kindly donated by Dr. PO Couraud (INSERM, Paris, France). The human astrocytoma
U-87 MG cell line was purchased from the American Type Culture Collection (ATCC).
The human glioblastoma astrocytoma derived from a malignant tumor (U-373 MG) was
obtained from Sigma-Aldrich. For hCMEC/D3, U-87 MG, and U-373 MG, passages 48–49,
53–56 and 16–17 were used, respectively. Cells were cultivated as reported by and Teixeira
et al. [33].

For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,
cells were seeded in 96-well plates (25 × 103 cells/mL) and exposed to different concentra-
tions (0.1, 1, 10, 100 µM) of PEG2000-PCL, PEG5000-PCL, PEG2000-PCL-MB, PEG5000-PCL-
MB, and MB for 24 h. Following the removal of the formulations from each well, cells were
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washed with HBSS. The number of viable cells was determined by adding MTT reagent
and incubating for 3 h at 37 ◦C. DMSO was used to solubilize the crystals. Triton X-100
1% (w/v) and culture medium were used as negative and positive controls, respectively.
The absorbance was read at 590 nm with background subtraction at 630 nm. Results were
expressed as percentages of cell viability.

2.3.7. In Vitro Chalcone MB Release

In vitro chalcone MB release studies were performed using a cellulose dialysis bag
diffusion technique (Spectra/Por 3 molecular porous membrane tubing) filled with 1 mL
of PEG5000-PCL-MB in isotonic phosphate buffer solution (PBS) at pH 6.3. The dialysis
membranes were placed in 80 mL of PBS under magnetic stirring at 100 rpm, maintained at
37 ◦C for 24 h. At fixed time intervals (T0, T1, T2, T3, T4, T5, T24 h), 1 mL of the PBS solutions
was withdrawn and the solution obtained was analyzed using HPLC (same conditions
described in Section 2.3.4). A calibration curve was prepared from seven standard solutions
of MB in methanol (0.02 µg/mL, 0.05 µg/mL, 0.083 µg/mL, 0.12 µg/mL, 0.23 µg/mL,
0.55 µg/mL, and 1.32 µg/mL).

The same procedure was applied to free MB. The studies were performed in triplicate
and the cumulative percentage of the released compound was determined by calculating
the mean, indicating the standard deviations.

2.4. Statistical Analysis

The results are shown as the mean ± standard deviation of three batches of the same
formulation (n = 3). The results of mean diameter, EE, and cell viability were statistically
analyzed using ANOVA, after confirming the normality and homogeneity of the variance
with the Shapiro–Wilk and Levene tests. Significance was set at p < 0.05. Differences
between groups for ANOVA were compared with a post hoc test (Tukey’s HSD), and
different letters in the same sample represent significant differences between different
concentrations. All the statistical analyses were performed with IBM SPSS Statistics for
Windows (Version 28.0., IBM Co., Armonk, NY, USA).

3. Results
3.1. Synthesis and Characterization of PEG-PCL Diblock Copolymer

The amphiphilic PEG2000-PCL and PEG5000-PCL diblock copolymers were obtained
using the ring-opening polymerization (ROP) method (Scheme 1). The most commonly
used catalyst, stannous octoate (Sn(Oct)2), was selected [34,35]. The macroinitiator, methoxy
polyethylene glycol (methoxyPEG2000 and methoxyPEG2000), was dried at 120 ◦C with
microwave irradiation [36] and ε-caprolactone (PCL) was then added [37–39].
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Scheme 1. Synthesis of PEG2000-PCL and PEG5000-PCL through ring-opening polymerization. PCL,
ε-caprolactone.

The structure of the diblock copolymers was established using 1H and 13C NMR
(Figure 1), according to Zavvar, T. et al. [40]. The characteristic OCH2CH2O of the PEG
block was assigned to the chemical shift at δH 3.6 ppm (green, Figure 1). The triplet at
δH 4.1 ppm was assigned to the CH2 alpha carbonyl of the PCL block (blue, Figure 1).
The -CH2 CH2 CH2- protons of the PCL block appeared at δH 1.6 (grey, Figure 1) and
1.4 ppm (purple, Figure 1) as multiplets. Figure 2 shows the 13C NMR spectrum of the
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PEG5000-PCL di-block. Regarding the PEG segment, the aliphatic carbons were detected at
δC 77.4 and 77.3 ppm (green, Figure 2) and the methylene carbon at δC 64.2 ppm (yellow).
Regarding the PCL segment, the signals at δC 173.6 (red), 76.8 (grey), and 34.2 (blue) ppm
were assigned to the carbonyl of the ester -COO-, the carbon linked to the hydroxy, and the
CH2 alpha carbonyl groups, respectively. The signals of aliphatic carbons were observed at
δC 28.4, 25.6, and 24.7 ppm (pink).
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When using Equation (2) to calculate the number of monomers (NMs), we can see
that the reaction proceeded successfully, with PEG2000-PCL presenting 45 monomers
of PEG2000 and 83 monomers of PCL, while PEG5000-PCL presents 114 monomers of
PEG5000 and 108 of PCL. This shows that the polymerization of ε-caprolactone occurred.

NM = (
∫

CL)/[(Protons of CL/Protons of PEG) ×
∫

PEG] × Mw PCL
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where
∫

CL = sum of NMR signals of CL (10.39); Mw PCL = molecular weight of PCL
(114 g/mol); Protons of CL = number of theoretical protons of one unit of CL (10); Protons
of PEG = number of theoretical protons of one unit of PEG (4);

∫
PEG = sum of NMR signals

of PEG (4.39).

3.2. Particle Size and Polydispersion Index

The mean diameter and polydispersion index (PDI) of PMs are summarized in Table 1.
Overall, the mean diameter was less than 200 nm. Empty PEG2000-PCL PMs were larger
than PEG5000-PCL PMs, at 128.56 nm and 112.13 nm, respectively. The presence of MB
in the PEG5000-PCL and PEG2000-PCL PMs increased the mean diameter of the particles
(p > 0.05). The ability of particles to effectively travel to the interstitial space through tumor
vessel walls depends on the particle size/opening size ratio. In general, the decrease in the
particle size improves the transport through tumor vessel walls. A decrease in nanoparticle
size is observed with higher molecular weight of the polymer, due to lipophilicity increase in
the polymer with the molecular weight [41,42]. Due to the rapid and irregular angiogenesis
of tumor tissues, fenestrations and deterioration of blood vessels are common [43,44].
These are open doors for smaller particles; therefore, the smaller the PMs, the greater
the possibility of leaking into the tumor interstitial fluid, leading to accumulation and
eventually destruction of tumor cells.

Table 1. Effective mean diameter and PDI for PM particles of diblock copolymers prepared using the
film rehydration method.

Formulation Effective Mean Diameter
(nm) PDI

PEG2000-PCL 129 ± 2 0.369 ± 0.002

PEG2000-PCL-MB 192 ± 7 0.317 ± 0.010

PEG5000-PCL 112.1 ± 0.9 0.168 ± 0.009

PEG5000-PCL-MB 224 ± 6 0.284 ± 0.001
PEG = methoxy polyethylene glycol; PCL = ε-caprolactone; PDI = polydispersion index. Values are expressed as
mean ± standard deviation (n = 3).

The PDI values of 0.1 to 0.3 represent nearly monodisperse preparation, whereas
PDI > 0.4 suggests a broad distribution of macromolecular sizes in solution [45]. For all
formulations studied, the PDI was less than or around 0.3, which is generally indicated as
a limit for monodisperse preparations.

3.2.1. Thermal Behavior

DSC thermograms of the PM components are shown in Figure 3A. For the PEG2000
and PEG5000, the onset temperatures were 52 ◦C and 60 ◦C and the maximum temperature
peaks were 59 ◦C and 67 ◦C, respectively. Regarding PCL, the onset was −11 ◦C and the
maximum temperature peak was 3 ◦C. For the PEG2000-PCL copolymer, the onset and
maximum temperatures for the first peak were 32 ◦C and 44 ◦C, respectively, and for the
second peak were 51 ◦C and 53 ◦C, respectively. For PEG5000-PCL, the onset temperatures
were 52 ◦C and 55 ◦C and the maximum peak temperatures were 52 ◦C and 59 ◦C. Here, the
different onsets indicate that the crystalline structure was modified for both PCL and PEG.
The onset of pure MB was 126 ◦C and the maximum temperature peak was 130 ◦C. The PM
formulations with MB are shown in Figure 3B. PEG2000-PCL-MB and PEG5000-PCL-MB
presented only a peak with the onset, at 48 ◦C and 53 ◦C, respectively. These results suggest
that MB is molecularly dispersed in the formulations, which can be attested by the absence
of its maximum peak. Overall, there was a significant change in the crystalline forms of
PEG2000-PCL and PEG5000-PCL with the inclusion of MB.
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Figure 3. A mixture of empty diblock PMs and their constituents (A) and diblock PMs with MB (B).
PCL—ε-caprolactone; MB—3′,4′,3,4,5-trimethoxychalcone.

3.2.2. Negative-Staining Transmission Electron Microscopic Study

The transmission electron microscopy (TEM) technique was used for imaging the PMs
prepared with the film rehydration method to evaluate their morphology.

Figure 4A shows a circular shape for the PEG5000-PCL PMs. The size was verified
using DLS. In Figure 4B, it is possible to observe that the inclusion of MB does not interfere
with the shape or size of the PMs.
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Regarding the PEG2000-PCL (Figure 4C) and the PEG2000-PCL-MB (Figure 4D) PMs,
the morphology of the particles remains spherical and there is no evidence that MB alters
their shape.

3.2.3. Entrapment Efficiency

The entrapment efficiency (EE) of chalcone MB in PMs was determined through
indirect measurement of the compound that was encapsulated in the formulation, as
conducted via HPLC. Data were fitted to the least squares linear regression, and a calibration
curve was obtained: y = 0.0534x − 0.8284. The correlation coefficient was 0.9997, which
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demonstrates the good linearity in the tested range for MB. Both PMs of PEG5000-PCL-MB
and PEG2000-PCL-MB had high EE (98% and 83%, respectively).

3.2.4. Stability Study

The aqueous formulations were stored at 4 ◦C and showed no relevant change after 1,
7 and 14 days, indicating the stability of the prepared PMs (Figure 5).
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After 1 day, the PEG5000-PCL-MB PMs increased in mean diameter from 223.83 nm to
277.27 nm (p = 0.0002), while after 7 days, a mean diameter of 218.87 nm (p = 0.0013) was
observed. Nevertheless, after 14 days, the particles with and without MB showed sizes of
199.10 nm (p = 0.050) and 122.06 nm (p = 0.482), respectively. For the PEG5000-PCL PMs,
the mean diameter without MB did not show significant differences over time (p = 0.444).

Concerning PEG2000-PCL-MB PMs, after 1 day of their preparation, the mean diameter
increased from 191.87 nm to 225.77 nm (p = 0.014); after 7 days, the formulations showed
a mean diameter of 232.37 nm (p = 0.478); and after 14 days, the mean diameter was
227.83 nm (p = 0.398). PEG2000-PCL PMs without MB did not present significant differences
(p = 0.323) after 1 day of their preparation. However, after 7 days, the mean diameter
increased from 135.83 nm to 218.73 nm (p = 0.0006). After 14 days, the particles then
showed a mean diameter of 165.87 nm (p = 0.155).

3.2.5. Cell Viability Assay

The viability of the glioblastoma U-373 MG cell line and brain endothelial cell line
hCMEC/D3 after exposure to PEG2000-PCL and PEG5000-PCL PMs, with and without
MB, was evaluated using an MTT assay and compared with the free compound. The U-373
MG cell line was selected for this work since it is a more representative cellular line of the
GBM compared to U87 [32].

The free compound decreased the viability of the glioblastoma cell line at all tested
concentrations (0.1 µM (18.41% ± 4.77), 1 µM (10.70% ± 3.81), 10 µM (8.67% ± 4.37),
and 100 µM (3.01% ± 1.91)), while we only observed a decrease in the brain endothelial
cell viability at the highest concentrations tested (10 µM (50.54% ± 9.06) and 100 µM
(26.15% ± 3.15)) (Figure 6).
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The encapsulation of MB on PMs of PEG2000-PCL and PEG5000-PCL protected the
brain endothelial cells from the cytotoxic effect of MB (Figure 7A), while the cell growth
of glioblastoma cells decreased significantly at concentrations ≥ 0.01 mg/mL (Figure 7B).
The IC50 values of PEG2000-PCL-MB and PEG5000-PCL-MB PMs for U-373 MG were
0.093 mg/mL and 0.067 mg/mL, respectively. It is important to highlight that the cell
growth of brain endothelial cell lines was not affected in the presence of empty PMs, at
any concentration.
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Figure 7. Viability of hCMEC/D3 and U-373MG cell lines (MTT assay) after exposure to different
concentrations of PMs with and without MB on the viability of hCMEC/D3 (A) and U-373 MG
(B) cell lines. Values are expressed as mean ± standard deviation (n = 3). Different letters (a,b,c) in the
same sample represent significant differences (p < 0.05) between different concentrations, according
to Tukey’s HSD test.

Overall, the prepared PMs were able to preserve the viability of the hCMEC/D3
brain endothelial cell lines, which were affected in the presence of free MB, increasing the
selectivity for the glioblastoma cell line.

3.2.6. In Vitro Chalcone MB Release

An in vitro release study of chalcone MB was performed to evaluate the release of the
compound from PMs of PEG5000-PCL at pH 6.3 (GBM pHs) over time up to 24 h. Between
0 h and 5 h, slowly increasing amounts of free MB were detected in the outer phase of
the membrane bag containing PEG5000-PCL-MB (Figure 8). Moreover, the amount of MB
detected in the outer phase of the membrane bag containing PEG5000-PCL-MB was lower
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than the amount detected when free MB was placed in the bag. The sustained release of
lipophilic drugs, such as MB, can be attributed to its entrapment in the hydrophobic part
of the PMs (Figure 9) [46]. In vitro studies have shown that drug release depends on the
block length of the hydrophobic segment and the crystallinity of the copolymer [47]. PMs
have a much slower drug release rate, which is dependent on block length. Certain drugs
have been found to release up to 90% after 20 days [47]. Another study showed that the
maximum drug release was obtained after a period of 120 h [48].
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4. Conclusions

In a previous work, the chalcone derivative MB was successfully incorporated into
liposomes, while maintaining an inhibitory activity against glioblastoma cell lines. Consid-
ering that liposomes have some disadvantages related to low encapsulation efficiency, poor
physical and chemical stability, as well as low chemical versatility, more stable particles
were obtained in this work—polymersomes (PMs). Diblocks were successfully synthesized
via ROP. PEG5000-PCL and PEG2000-PCL PMs showed a mean diameter of about 200 nm.
The stability of PMs was tested, and PEG5000-PCL PMs showed no significant changes
after 1, 7, and 14 days, while PEG2000-PCL PMs were slightly modified over time. Both
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formulations presented spherical particles, with a uniform morphology and similar size.
Moreover, both formulations exhibited high EE. The chalcone MB displayed cytotoxicity at
10 and 100 µM in the HcMEC/D3 cell line, while the PEG2000-PCL and PEG5000-PCL PMs,
with and without MB, did not show any cytotoxicity for this healthy brain endothelial cell
line. On the other hand, the PEG2000-PCL-MB and PEG5000-PCL-MB PMs maintained
cytotoxicity against the U-373MG glioblastoma cell line at all tested concentrations. There-
fore, the prepared PMs with MB were highly selective for the glioblastoma cell line. PMs
with the chalcone MB released this compound at pH 6.3; however, a sustained release was
observed. This can be attributed to the drug entrapment in the hydrophobic part of the PM.

Overall, the prepared PMs seem highly attractive nanocarriers for the sustained release
of MB. In the future, the crossing of the BBB by these PMs may be studied and, if needed,
BBB permeation can be optimized by functionalizing these PMs with transferrin.
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19. Spain, S.G.; Yaşayan, G.; Soliman, M.; Heath, F.; Saeed, A.O.; Alexander, C. 4.424—Nanoparticles for Nucleic Acid Delivery. In
Comprehensive Biomaterials; Ducheyne, P., Ed.; Elsevier: Oxford, UK, 2011; pp. 389–410.

20. Aguilar, Z.P. Chapter 5—Targeted Drug Delivery. In Nanomaterials for Medical Applications; Aguilar, Z.P., Ed.; Elsevier: Amsterdam,
The Netherlands, 2013; pp. 181–234.

21. Moreira, J.; Almeida, J.; Saraiva, L.; Cidade, H.; Pinto, M. Chalcones as Promising Antitumor Agents by Targeting the p53
Pathway: An Overview and New Insights in Drug-Likeness. Molecules 2021, 26, 3737. [CrossRef]

22. Thapa, P.; Upadhyay, S.P.; Suo, W.Z.; Singh, V.; Gurung, P.; Lee, E.S.; Sharma, R.; Sharma, M. Chalcone and its analogs: Therapeutic
and diagnostic applications in Alzheimer’s disease. Bioorg. Chem. 2021, 108, 104681. [CrossRef]

23. Kar Mahapatra, D.; Asati, V.; Bharti, S.K. An updated patent review of therapeutic applications of chalcone derivatives (2014-
present). Expert. Opin. Ther. Pat. 2019, 29, 385–406. [CrossRef] [PubMed]

24. Rammohan, A.; Reddy, J.S.; Sravya, G.; Rao, C.N.; Zyryanov, G.V. Chalcone synthesis, properties and medicinal applications: A
review. Environ. Chem. Lett. 2020, 18, 433–458. [CrossRef]

25. Jasim, H.A.; Nahar, L.; Jasim, M.A.; Moore, S.A.; Ritchie, K.J.; Sarker, S.D. Chalcones: Synthetic Chemistry Follows Where Nature
Leads. Biomolecules 2021, 11, 1203. [CrossRef]

26. Fonseca, J.; Marques, S.; Silva, P.M.; Brandão, P.; Cidade, H.; Pinto, M.M.; Bousbaa, H. Prenylated Chalcone 2 Acts as an
Antimitotic Agent and Enhances the Chemosensitivity of Tumor Cells to Paclitaxel. Molecules 2016, 21, 982. [CrossRef]

27. Pinto, P.; Machado, C.M.; Moreira, J.; Almeida, J.D.P.; Silva, P.M.A.; Henriques, A.C.; Soares, J.X.; Salvador, J.A.R.; Afonso, C.;
Pinto, M.; et al. Chalcone derivatives targeting mitosis: Synthesis, evaluation of antitumor activity and lipophilicity. Eur. J. Med.
Chem. 2019, 184, 111752. [CrossRef] [PubMed]

28. Mendanha, D.; Vieira de Castro, J.; Moreira, J.; Costa, B.M.; Cidade, H.; Pinto, M.; Ferreira, H.; Neves, N.M. A New Chalcone
Derivative with Promising Antiproliferative and Anti-Invasion Activities in Glioblastoma Cells. Molecules 2021, 26, 3383.
[CrossRef] [PubMed]

29. Zhang, L.; Zhu, D.; Dong, X.; Sun, H.; Song, C.; Wang, C.; Kong, D. Folate-modified lipid-polymer hybrid nanoparticles for
targeted paclitaxel delivery. Int. J. Nanomed. 2015, 10, 2101–2114. [CrossRef]

30. Conte, C.; Moret, F.; Esposito, D.; Dal Poggetto, G.; Avitabile, C.; Ungaro, F.; Romanelli, A.; Laurienzo, P.; Reddi, E.; Quaglia, F.
Biodegradable nanoparticles exposing a short anti-FLT1 peptide as antiangiogenic platform to complement docetaxel anticancer
activity. Mater. Sci. Eng. C 2019, 102, 876–886. [CrossRef]

31. Hu, C.; Fan, F.; Qin, Y.; Huang, C.; Zhang, Z.; Guo, Q.; Zhang, L.; Pang, X.; Ou-Yang, W.; Zhao, K.; et al. Redox-Sensitive
Folate-Conjugated Polymeric Nanoparticles for Combined Chemotherapy and Photothermal Therapy Against Breast Cancer. J.
Biomed. Nanotechnol. 2018, 14, 2018–2030. [CrossRef]

32. Allen, M.; Bjerke, M.; Edlund, H.; Nelander, S.; Westermark, B. Origin of the U87MG glioma cell line: Good news and bad news.
Sci. Transl. Med. 2016, 8, 354re353. [CrossRef]

33. Teixeira, M.I.; Lopes, C.M.; Gonçalves, H.; Catita, J.; Silva, A.M.; Rodrigues, F.; Amaral, M.H.; Costa, P.C. Formulation,
Characterization, and Cytotoxicity Evaluation of Lactoferrin Functionalized Lipid Nanoparticles for Riluzole Delivery to the
Brain. Pharmaceutics 2022, 14, 185. [CrossRef] [PubMed]

https://doi.org/10.1021/nn203749v
https://doi.org/10.1080/15384047.2019.1599662
https://doi.org/10.3390/ph7070797
https://doi.org/10.1016/j.jconrel.2022.08.024
https://www.ncbi.nlm.nih.gov/pubmed/35985493
https://doi.org/10.1016/j.ijpharm.2018.12.065
https://www.ncbi.nlm.nih.gov/pubmed/30599226
https://doi.org/10.3389/fphar.2017.00166
https://www.ncbi.nlm.nih.gov/pubmed/28408882
https://doi.org/10.1126/science.284.5417.1143
https://doi.org/10.1016/j.ijpharm.2016.07.066
https://doi.org/10.1016/j.jconrel.2011.10.005
https://doi.org/10.1021/mp050103u
https://doi.org/10.1016/j.jconrel.2006.07.012
https://doi.org/10.3390/molecules26123737
https://doi.org/10.1016/j.bioorg.2021.104681
https://doi.org/10.1080/13543776.2019.1613374
https://www.ncbi.nlm.nih.gov/pubmed/31030616
https://doi.org/10.1007/s10311-019-00959-w
https://doi.org/10.3390/biom11081203
https://doi.org/10.3390/molecules21080982
https://doi.org/10.1016/j.ejmech.2019.111752
https://www.ncbi.nlm.nih.gov/pubmed/31610374
https://doi.org/10.3390/molecules26113383
https://www.ncbi.nlm.nih.gov/pubmed/34205043
https://doi.org/10.1016/j.jconrel.2017.03.185
https://doi.org/10.1016/j.msec.2019.04.054
https://doi.org/10.1166/jbn.2018.2647
https://doi.org/10.1126/scitranslmed.aaf6853
https://doi.org/10.3390/pharmaceutics14010185
https://www.ncbi.nlm.nih.gov/pubmed/35057079


Brain Sci. 2024, 14, 82 14 of 14

34. Alibolandi, M.; Sadeghi, F.; Sazmand, S.H.; Shahrokhi, S.M.; Seifi, M.; Hadizadeh, F. Synthesis and self-assembly of biodegradable
polyethylene glycol-poly (lactic acid) diblock copolymers as polymersomes for preparation of sustained release system of
doxorubicin. Int. J. Pharm. Investig. 2015, 5, 134–141. [CrossRef] [PubMed]

35. Deng, Y.; Chen, H.; Tao, X.; Trépout, S.; Ling, J.; Li, M.-H. Synthesis and self-assembly of poly(ethylene glycol)-block-poly(N-3-
(methylthio)propyl glycine) and their oxidation-sensitive polymersomes. Chin. Chem. Lett. 2019, 31, 1931–1935. [CrossRef]

36. Meng, F.; Engbers, G.H.M.; Feijen, J. Biodegradable polymersomes as a basis for artificial cells: Encapsulation, release and
targeting. J. Control. Release 2005, 101, 187–198. [CrossRef] [PubMed]

37. Ahmed, F.; Hategan, A.; Discher, D.E.; Discher, B.M. Block Copolymer Assemblies with Cross-Link Stabilization: From Single-
Component Monolayers to Bilayer Blends with PEO−PLA. Langmuir 2003, 19, 6505–6511. [CrossRef]

38. Hruska, Z.; Hurtrez, G.; Walter, S.; Riess, G. An improved technique of the cumylpotassium preparation: Application in the
synthesis of spectroscopically pure polystyrene-poly(ethylene oxide) diblock copolymers. Polymer 1992, 33, 2447–2449. [CrossRef]

39. Shahriari, M.; Taghdisi, S.M.; Abnous, K.; Ramezani, M.; Alibolandi, M. Synthesis of hyaluronic acid-based polymersomes for
doxorubicin delivery to metastatic breast cancer. Int. J. Pharm. 2019, 572, 118835. [CrossRef]

40. Zavvar, T.; Babaei, M.; Abnous, K.; Taghdisi, S.M.; Nekooei, S.; Ramezani, M.; Alibolandi, M. Synthesis of multimodal polymer-
somes for targeted drug delivery and MR/fluorescence imaging in metastatic breast cancer model. Int. J. Pharm. 2020, 578, 119091.
[CrossRef]

41. Altmeyer, C.; Karam, T.K.; Khalil, N.M.; Mainardes, R.M. Tamoxifen-loaded poly(L-lactide) nanoparticles: Development,
characterization and in vitro evaluation of cytotoxicity. Mater. Sci. Eng. C Mater. Biol. Appl. 2016, 60, 135–142. [CrossRef]

42. Musumeci, T.; Ventura, C.A.; Giannone, I.; Ruozi, B.; Montenegro, L.; Pignatello, R.; Puglisi, G. PLA/PLGA nanoparticles for
sustained release of docetaxel. Int. J. Pharm. 2006, 325, 172–179. [CrossRef]

43. Adepu, S.; Ramakrishna, S. Controlled Drug Delivery Systems: Current Status and Future Directions. Molecules 2021, 26, 5905.
[CrossRef] [PubMed]

44. Kargozar, S.; Baino, F.; Hamzehlou, S.; Hamblin, M.R.; Mozafari, M. Nanotechnology for angiogenesis: Opportunities and
challenges. Chem. Soc. Rev. 2020, 49, 5008–5057. [CrossRef] [PubMed]

45. Bartenstein, J.E.; Robertson, J.; Battaglia, G.; Briscoe, W.H. Stability of polymersomes prepared by size exclusion chromatography
and extrusion. Colloids Surf. A Physicochem. Eng. Asp. 2016, 506, 739–746. [CrossRef]

46. Wu, D.Q.; Chu, C.C. Biodegradable hydrophobic-hydrophilic hybrid hydrogels: Swelling behavior and controlled drug release. J.
Biomater. Sci. Polym. Ed. 2008, 19, 411–429. [CrossRef]

47. Tamboli, V.; Mishra, G.P.; Mitra, A.K. Novel pentablock copolymer (PLA-PCL-PEG-PCL-PLA) based nanoparticles for controlled
drug delivery: Effect of copolymer compositions on the crystallinity of copolymers and in vitro drug release profile from
nanoparticles. Colloid. Polym. Sci. 2013, 291, 1235–1245. [CrossRef]

48. Danafar, H. Preparation and Characterization of PCL-PEG-PCL Copolymeric Nanoparticles as Polymersomes for Delivery
Hydrophilic Drugs. Iran. J. Pharm. Sci. 2018, 14, 21–32. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.4103/2230-973X.160846
https://www.ncbi.nlm.nih.gov/pubmed/26258054
https://doi.org/10.1016/j.cclet.2019.12.026
https://doi.org/10.1016/j.jconrel.2004.09.026
https://www.ncbi.nlm.nih.gov/pubmed/15588904
https://doi.org/10.1021/la034178l
https://doi.org/10.1016/0032-3861(92)90544-7
https://doi.org/10.1016/j.ijpharm.2019.118835
https://doi.org/10.1016/j.ijpharm.2020.119091
https://doi.org/10.1016/j.msec.2015.11.019
https://doi.org/10.1016/j.ijpharm.2006.06.023
https://doi.org/10.3390/molecules26195905
https://www.ncbi.nlm.nih.gov/pubmed/34641447
https://doi.org/10.1039/C8CS01021H
https://www.ncbi.nlm.nih.gov/pubmed/32538379
https://doi.org/10.1016/j.colsurfa.2016.07.032
https://doi.org/10.1163/156856208783719536
https://doi.org/10.1007/s00396-012-2854-0
https://doi.org/10.22034/IJPS.2018.37541

	Introduction 
	Materials and Methods 
	General Information 
	Synthesis and Preparation of Polymersomes 
	Characterization of Polymersomes 
	Particle Size and Polydispersion Index 
	Thermal Behavior 
	Negative-Staining Transmission Electronic Microscopy 
	Entrapment Efficiency 
	Stability Study 
	MTT Cell Viability Assay 
	In Vitro Chalcone MB Release 

	Statistical Analysis 

	Results 
	Synthesis and Characterization of PEG-PCL Diblock Copolymer 
	Particle Size and Polydispersion Index 
	Thermal Behavior 
	Negative-Staining Transmission Electron Microscopic Study 
	Entrapment Efficiency 
	Stability Study 
	Cell Viability Assay 
	In Vitro Chalcone MB Release 


	Conclusions 
	References

