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A novel strategy for glioblastoma treatment combining
alpha-cyano-4-hydroxycinnamic acid with cetuximab using
nanotechnology-based delivery systems
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Abstract
Combination therapy that uses multiple drugs against different molecular targets should be considered as interesting alternatives
for treating complex diseases such as glioblastoma (GBM). Drugs like alpha-cyano-4-hydroxycinnamic acid (CHC) and the
monoclonal antibody cetuximab (CTX) are already explored for their capacity to act against different hallmarks of cancer.
Previous reports suggest that the simultaneous use of these drugs, as a novel combining approach, might result in additive or
synergistic effects. Therefore, advances in nanotechnology-based delivery systems will inevitably bring nano-mediated thera-
peutic gains to the proposed combination since they enable the association of different drugs into a single carrier. The current
study provides indications that the new dual therapeutic strategy proposed, in association with nanotechnology, provides signif-
icative improvements when compared to the use of isolated drugs. Nanotechnological tools were employed by developing
polymeric nanoparticles based on poly(lactic-co-glycolic acid) and chitosan for CHC encapsulation. Furthermore, these struc-
tures were conjugated with CTX by supramolecular forces. In summary, the encapsulation of the CHC drug into the nanoparticles
increased its individual therapeutic capacity. In addition, conjugation with CTX seemed to enhance therapeutic efficacy, espe-
cially for U251 GBM cells. In conclusion, developed nanostructured delivery systems exhibited a set of favorable attributes and
potential to be applied as a promising new alternative for GBM treatment.
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Introduction

Malignant primary brain tumors comprise a heteroge-
neous group of diseases that arise from central nervous

system (CNS) cells. Gliomas, more specifically, make up
75% of all primary brain tumors diagnosed in adults [1,
2]. Histological subtypes include astrocytomas with dif-
ferent malignant grades, in which glioblastoma (GBM)
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(grade IV) represents the most malignant and lethal form
[3–5].

GBM is extremely aggressive, highly invasive, and neuro-
logically destructive in its most hostile manifestation, with an
average life expectancy ranging from 12 to 16 months and,
despite the notable evolution of drug discovery, molecular
biology, and technology, this statistical data has hardly
changed over recent years [3, 6].

Awide range of drugs have shown potential activity against
GBM, but only a few chemotherapy agents are currently ap-
proved for treatment. Although new molecular pathways are
published every day, which improves our knowledge about
the biology and the invasive ability of GBM cells, transposi-
tion of basic science into clinical practice has not followed this
trend [5]. The biggest challenge for the scientific community
today is to transpose these advances into effective treatments
that take into consideration the complexities of GBM.

Sus ta in ing pro l i fe ra t ive s igna l ing , metabol ic
reprogramming, induction of angiogenesis, activation of inva-
sion, and the occurrence of metastasis are all well-known hall-
marks of cancer, which motivate scientists to develop new
drugs or new therapeutic strategies that can improve existing
treatments [7–9].

Alpha-cyano-4-hydroxycinnamic acid (CHC) and the
monoclonal antibody cetuximab (CTX) are already explored
for their therapeutic benefits against the aforementioned con-
cepts [10, 11].

GBM cells exhibit a high rate of aerobic glycolysis (glu-
cose metabolism) and, consequently, lactic acid efflux is re-
quired for pH maintenance. CHC is an aromatic chemical
substance of 189.2 g mol−1, which has been extensively in-
vestigated for its capacity to inhibit monocarboxylate trans-
porter (MCT) activity, especially MCT1 [12]. Their reported
therapeutic benefits consist of antitumoral and antiangiogenic
activity, caused by lactate buildup, which alters intracellular
pH, collapses glycolytic metabolic flow, and results in glioma
cell death [10, 13, 14].

Additionally, several signaling pathways are commonly
disrupted in GBM [15]. Abnormal activation of the epidermal
grow factor receptor (EGFR), for example, occurs in approx-
imately 40–60% of GBM cases and its deregulated expression
or activity is directly associated to tumor development, pro-
gression, metastatic spread, and high mortality rates [5,
15–20].

CTX has been pointed out as promising drug that targets
EGFR-expressing tumors [21]. Its main therapeutic effects
include inhibition of cell cycle progression, increased apopto-
sis, inhibition of invasion and metastases, and induction of
antibody-dependent cell-mediated cytotoxicity, as well as in-
hibition of angiogenesis [22, 23].

Accumulating evidence suggests that combining two or
more drugs that exhibit different action or resistance mecha-
nisms can provide additive or synergistic effects. Previously

published studies have confirmed that activation of EGFR in
GBM increases both glucose uptake and lactate production,
evidence that a self-regulating relationship might exist.
Increased expression of different rate-limiting glycolytic
genes plays a critical role in the EGFR-induced Warburg ef-
fect, which leads to an increased glucose uptake and higher
lactate production in the presence of oxygen, enhancing brain
tumor development [24].

Although a series of therapeutic protocols that use drug
combinations have been tested, association of CTX and
CHC aiming to inhibit EGFR and MCTs has not yet been
studied. There is an important relationship between EGFR
and tumor cell metabolism, which is particularly interesting
in the context of GBM [12]. Thus, the proposed associated
therapy must be thoroughly investigated.

To become a successful clinical therapy, agents must over-
come not only the difficulties of reaching the anatomical lo-
cation of GBM cells but also the physiologic barriers encoun-
tered on the way. Technological tools, such as nanotechnolo-
gy, may be able to address such obstacles as they are proven to
facilitate or even transport drugs across the blood-brain barrier
(BBB) through systemic administration. Furthermore, this
technology also enables the modulation of drug transportation
through mucosal surfaces, which provides mucus/nanocarrier
interactions and improves mucoadhesion or penetration, en-
abling new opportunities for more effective treatments.
Another advantage of the aforementioned tools is their struc-
tural and conformational versatility, which allows the associ-
ation of different drugs into a single carrier [25–27].

Applying nanoparticles to GBM treatment can be benefi-
cial due to their biocompatibility, tumor-specific targeting,
nanostructured organization, drug encapsulation and elevated
protection from degradation, ability to self-assemble, en-
hanced permeation and retention effect, the possibility of
modifying surfaces, and physicochemical manipulation that
attends to specific therapeutic needs [28, 29].

Recently, nanostructured particles of poly(lactic-co-
glycolic acid) (PLGA) and chitosan (CS) were proven to pro-
vide effective nose-to-brain transportation, attracting signifi-
cant research attention as carrier materials for different drugs.
Their unique properties contribute to the improved bioavail-
ability of the drug in the brain [30–34].

Taking into consideration all the aforementioned chal-
lenges, and attempting to stimulate the development of new
therapeutic strategies that can improve patient outcomes, the
present study was undertaken to investigate the possibility of a
new combined therapy using CHC and CTX against GBM
cells. Furthermore, nanoparticles (NPs) based on PLGA and
trimethyl chitosan were employed to efficiently encapsulate
CHC into nanostructures. The physicochemical properties of
CHC-loaded NPs were analyzed to measure particle size, zeta
potential, surface morphology, drug loading capacity, stability,
and crystallinity. CHC-loaded NPs were combined with CTX
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through supramolecular forces, attempting to create a novel
delivery system. Finally, the proof of concept was investigated
by the analysis of therapeutic performance in vitro using cell
culture carried out on SW1088 and U251 glioma cell lines.

Materials and methods

Determination of CHC and CTX IC50 and their
combined effect against glioma cell lines

Cell lines and cell culture

Glioma cell lines U251 and SW1088, known to express
MCT1 and MCT4 and overexpress the EGFR protein, were
used for these studies [20, 35]. Cell line SW1088was obtained
from the American Type Culture Collection and U251 was
provided by Professor Joseph Costello, California
University, Neurosurgery department, San Francisco.
Authentication was performed at IdentiCell Laboratories
(Department of Molecular Medicine at Aarhus University
Hospital Skejby, Arhus, Denmark). The cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM 1×, high
glucose; Gibco, Invitrogen), supplemented with 10% fetal bo-
vine serum (FBS; Gibco, Invitrogen) and 1% antibiotic
penicillin/streptomycin (Pen-Strep; Gibco, Invitrogen) in a
humidified atmosphere at 37 °C and 5% CO2.

Chemicals

Stock solutions of CHC (Sigma-Aldrich, St. Louis, USA), and
Erbitux® (Merck KGaA, Darmstad, Germany), which con-
tains the active substance CTX, were prepared by solubilizing
them in dimethyl sulfoxide (DMSO, Sigma-Aldrich, St.
Louis, USA) and DMEM, supplemented with 0.5% FBS
and 1% Pen-Strep solution. The final concentration of
DMSO was maintained at a maximum of 1%. All negative
controls were performed using DMSO and DMEM.

Cell viability

Cell viability was assessed through the sulforhodamine B col-
orimetric assay (SRB) 72 h after treatment, according to the
manufacturer’s recommendations. Firstly, cells were plated
into 96-well plates at densities of 2 × 103 for U251 and 3 ×
103 for SW1088 using DMEM 10% and left to adhere over-
night. Afterwards, cells were treated with increased concen-
trations of CHC and CTX in DMEM 0.5% FBS. Absorbance
was measured using the Varioskan Flash multimode reader
(Thermo Scientific, Finland), at 490 nm. The IC50 (value that
inhibits cell growth in 50%) was calculated from at least 3
independent experiments (n = 3) by nonlinear regression
using GraphPad Prism Software.

Combined effect of CHC and CTX against glioma cell
lines

The combined effect of CTX and CHC against U251 and
SW1088 was assessed by using the cell viability assay as
described above. For this purpose, the treatments used in the
present study consisted of the amount of CHC previously
determined to induce 50% of cell death; the amount of CTX
previously determined to induce 50% of cell death; and both
dosages applied simultaneously as a single solution.

Development of CHC-loaded PLGA-trimethyl chitosan
NPs using the nanoprecipitation technique

PLGA-chitosan NPs were prepared using a previously de-
scribed nanoprecipitation method with modifications [35,
36]. First, the PLGA polymer and CHC were dissolved in
2mL acetone. The solution was then added into 5 mL aqueous
solution containing Pluronic® 188 50 mg and trimethyl-
chitosan 5 mg, using a 5-mL syringe coupled with a 0.45 ×
13 26G1/2 BD® needle and magnetic stirring. The resultant
milky colloidal suspension was later evaporated to remove the
acetone solvent. NPs were collected after 20 min of centrifu-
gation at 16,000 rpm, using a Spectrafuge 16M, Labnet,
Brazil, and washed with purified water to remove the
unencapsulated CHC drug. For comparative purposes, empty
NPs (absent of CHC drug) were obtained following the same
procedure described above.

Nanoparticle characterization

Particle size, polydispersity index, zeta potential,
and entrapment efficiency

Particle size and the polydispersity index (PDI) were measured
using photon correlation spectroscopy (dynamic light scattering
(DLS)) on a Zetasizer NanoZS (Malvern Instruments, Malvern,
UK). DLS was measured on a wavelength of 532 nm at 25 °C
and a detection angle of 173°. This analysis was conducted
using 50 μL of NP samples diluted in 1 mL of purified water.
Zeta potential (ZP) values were measured at 25 °C using
Zetasizer NanoZS (Malvern Instruments, Malvern, UK) equip-
ment with electrophoretic mobility. The amount of CHC encap-
sulated by the NPs was determined by using UV-VIS
Spectroscopy Cary 60 (Agilent Technologies, USA), at
325 nm, using a previously obtained standard calibration curve
(y = 113.15x + 0.0016; r2 = 0.999), applying validated method-
ology. A known amount of CHC-loaded NPs were placed in
Amicon® MWCO 100 kDa Ultra-15 Centrifugal Filter Units
and centrifuged at 3000 rpm using Excelsa® II Centrifuge
(Fanem®, Brazil) for 10 min. Quantification of CHC was car-
ried out by measuring the amount of free particles deposited on
the bottom of the Amicon® filter. Results are exhibited here as
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the mean of tree independent determinations (n = 3) and their
standard deviations.

Long-term NP stability

After preparation, NPs were stored in a refrigerator (8 °C) and
periodically (at least once a week) analyzed for size, PDI, and
zeta potential using the Zetasizer NanoZS (Malvern
Instruments, Malvern, UK). Samples were appropriately di-
luted using ultra-purified water (1:100) and data was obtained
by calculating the average of all three measurements (n = 3)
and standard deviation.

Attenuated total reflectance Fourier transform infrared
spectroscopy

Infrared spectroscopy of trimethyl chitosan, PLGA, empty
NPs, and CHC-loaded NPs was performed using Fourier
transform infrared (FTIR) spectrometer Vertex 70 (Bruker,
Massachusetts-USA) equipped with a Golden Gate single-
reflection attenuated total reflectance (ATR) accessory and a
DLaTGS detector to investigate polymer-CHC interactions.
Powdered samples were scanned over a wave region of
400–4000 cm−1.

X-ray diffraction

X-ray diffraction (XRD) analyses of trimethyl chitosan, PLGA,
empty NPs, and CHC-loaded NPs were conducted using a
D5000-DIFFRAC PLUS XRD Commander (Siemens®,
Germany) with monochromatic Cu-Kα radiation (λ =
15,406Å), operating at 40 kVand 30mA. Sampleswere analyzed
with a detector resolution in 2θ (diffraction angle) of between 4°
and 70° at room temperature with a scan step time of 0.05/min.

Field emission scanning electron microscopy

Field emission scanning electron microscopy (FEG-SEM)
was performed on empty NPs and CHC-loaded NPs to ana-
lyze size and morphology. Samples were diluted (1:100 v/v),
placed on a metallic holder, and left to dry at room tempera-
ture. Afterwards, samples were covered with carbon, and pho-
tomicrographs were taken at different magnifications using a
JOEL-JSM-7500F coupled to the Joel Pc-100 ver.2.1.0.3.
Software.

CHC-loaded NP association with CTX
through supramolecular forces

PLGA-trimethyl chitosan (PLGA/TMC) NPs were combined
with CTX through supramolecular association. For this pur-
pose, 500 μL of NPs was added to 250 μL of CTX, pH was
adjusted to 4.5 and 6.5, and the solution was left under

magnetic stirring for 12 h. After this time period, the system
was placed into an Amicon® MWCO 100 kDa filter and
centrifuged for 10 min at 9000 rpm using a Heraeus
Multifuge 3L-R Centrifuge (Thermo Electron Corporation,
Germany). Free CTX was collected from the bottom part
and quantified to calculate conjugation efficiency (%) by the
indirect method, applying previous developed and validated
methodology which uses reversed-phase high-performance
liquid chromatography (RP-HPLC).

Biological performance

Evaluation of NP therapeutic efficacy

To evaluate therapeutic efficacy, cells were plated into 96-well
plates at densities of 2 × 103 and 3 × 103 for U251 and
SW1088, respectively, using DMEM 10% and left to adhere
overnight. Thereafter, different treatments were applied using
DMEM 0.5% FBS as negative control to compare functional-
ized NPs (containing 4 mM of CHC and 8.3 μg of CTX) to
CHC-loaded NPs and the respective concentrations as free
drug. Cell viability was assessed 72 h after treatment by the
sulforhodamine B (SRB) assay. All results were normalized
using their respective controls and all necessary dilutions were
carried out using DMEM 0.5% of FBS.

Metabolism assay (extracellular glucose and lactate)

Quantification of extracellular glucose and lactate was carried
out to evaluate the effect of the developed system on U251
and SW1088 cell metabolism. To do so, cells were plated and
allowed to adhere overnight in 48-well plates at a density of 2
to 3 × 104 cells per well. After 24 h, cells were treated with
DMEM without glucose for 30 min for glucose starvation.
Then, different treatments were applied (DMEM as negative
control, NPs, CHC-loaded NPs, associated NPs, free CHC,
and free CTX). After 24 and 48 h, lactate and glucose contents
were analyzed in the cell culture medium using commercial
kits (Spinreact, respectively), as previously described [37–39].
Total protein, expressed as total biomass, was assessed using
the SRB assay for the aforementioned time points. Results are
expressed as total μg/total biomass.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
Software, Version 6.0 (GraphPad Software Inc.). Differences
between groups were compared using one-way analysis of
variance (ANOVA), followed by the Tukey post hoc test.
Results are shown as a mean ± standard deviation from a
minimum of three independent experiments (n = 3).
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Differences are considered significant at **p < 0.05 and
***p < 0.01.

Results and discussion

Effect of α-cyano-4-hydroxycinnamic acid
and cetuximab on glioma cell viability

Cell viability analysis was used to evaluate the effectiveness of
alpha-cyano-4-hydroxycinnamic acid (CHC) and cetuximab
(CTX) cytotoxic concentrations on U2518 and SW108 glioma
cell lines: the first cell line being previously described as the
most sensitive to CHC treatment and the second as the least
sensitive to the same treatment [37]. Our results show that in
the range of 2.5–15 mM of CHC, total biomass decreased as
dosages increased for both glioma cell lines (Fig. 1a).

Furthermore, when analyzing cell viability while increasing
concentrations of CHC (mM), results clearly demonstrate that
viability reduction was more significant between 1 and 3 mM
of CHC in U151 cells and between 1 and 9 mM for SW1088
cells. Nonetheless, it is likely that increasing CHC concentra-
tion above the highest dosage applied in this studywould result
in further cell viability decrease.

CHC IC50 results obtained in the present study are in agree-
ment with previous publications in which U251 cells present-
ed greater sensitivity to CHC treatment [37].When comparing
these two cell lines, results showed that the IC50 of SW1088
for CHC was almost twice the value of U251 IC50.

Regarding CTX treatment (Fig. 1b), cell viability analysis,
used to investigate cytotoxic concentrations, showed the
highest effective total biomass decreases at concentrations of
250 and 500 μg/mL for U251 and SW1088, respectively. IC50

was expressed as micrograms per milliliter, following

Fig. 1 a Cell viability values and
calculated IC50 of U251 and
SW1088 glioma cells in response
to 72-h treatments using different
concentrations of CHC. b and
different concentrations of CTX.
Values were calculated from 3
independent experiments (n = 3)
by nonlinear regression using
GraphPad Prism Software
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previous published studies, for comparative purposes [40, 41].
Differing from the results observed for the CHC regimen,
treatments with increased doses of CTX did not appear to
reduce cell viability in a dose-dependent manner. In fact, bio-
mass decrease seemed to reach a plateau, where increased
dosages did not result in reduction. However, biomass reduc-
tion did reach 50% and IC50 was calculated.

The calculated IC50 for CTX was approximately 500 μg/
mL for U251 and 640 μg/mL for SW1088, values that corre-
spond to 0.00343 and 0.00436 mM, respectively. Once again,
the lowest IC50 for CTX was observed for U251 cells, while a
less significant CTX effect was noticed for SW1088.

U251 and SW1088 sensitivity levels seem to follow a dif-
ferent pattern for each applied treatment. For instance,
Martinho and co-workers, when calculating the IC50 for ima-
tinib, sunitinib, and cediranib against U251 and SW1088,
found that SW1088 exhibited the highest sensitivity to ima-
tinib. Regardless of sensitivity, the main advantage of treat-
ment with CTX, an antibody against wild type-EGFR, is that
cytotoxic effects are expected for all GBM cell lines, which
amplifies EGFR, even when the EGFRvIII mutation occurs
[42]. Therefore, the use of such treatment seems to be very
promising. After establishing the individual therapeutic poten-
tial of CHC and CTX on different glioma cell lines, we inves-
tigated their combined effect by measuring total biomass
using the SRB assay.

We observed that for both cell lines, the treatment that
combined the calculated IC50 for CHC and for CTX resulted
in lower cell viability than the treatments with isolated drugs
(± 50%) (Fig. 2). In addition to the fact that the combination
was effective in both cell lines, the greatest promise of this
treatment is based on the fact that, although cell line SW1088
was the least sensitive to both CHC and CTX drugs, herein,
the combination of the two appeared to be more effective.

To the best of our knowledge, there are no published GBM
treatment investigations that aim to inhibit EGFR by using
CTX in association with a MCT inhibitor, such as CHC.
Thus, the obtained results may represent a promising alterna-
tive to be further explored.

Nevertheless, it is very important to address that GBM treat-
ment displays peculiar challenges which need to be carefully
evaluated and studied to ensure positive results.We cannot forget
that, apart from the heterogeneity of GBM, the blood-brain bar-
rier and mucosal surfaces are also major hurdles for drug perme-
ability that should not be neglected. This fact might explain why
a series of new treatments are suggested daily, but few of them
show promising results in clinical trials.

To overcome these obstacles, advances in material engineer-
ing and pharmaceutical technology may offer valuable tools to
explore new routes for drug administration as intranasal route.
When a chemical substance is included into a new carrier mate-
rial, such as polymeric nanoparticles, it acquires new properties,
oftentimes, distinct from the isolated drug. That said, the ap-
proach studied here can improve drug stability, solubility, absorp-
tion, and even therapeutic efficacy, due to the novel characteris-
tics provided by the carrier platform. Given the complexity of
GBM, new therapeutic protocols must be associated or improved
through new insights in pharmaceutical technology to provide
strongly relevant and favorable therapies.

Evidences that nanotechnology can enhance the direct
transport to CNS are noticeable and crucial, since it not only
allows drug protection, but, most importantly, it improves the
uptake by the olfactory mucosa [43–47].

CHC-loaded PLGA-trimethyl chitosan NPs

The main challenge in the development of new polymeric
systems for drug delivery applications is the control of all

Fig. 2 Combined effect of using both CHC and CTX against glioma cell
lines U251 and SW1088. Results are expressed as mean –SD; n = 6. CHC
group received the amount of drug that induce 50% of cell death; CTX
group received the amount of drug to induce 50% of cell death and CHC+

CTX received both dosages applied simultaneously as a single solution.
One-way analysis of variance followed by Tukey’s multiple comparison
test was used for statistical analysis (p <0.05). Differences p <0.05 were
considered statistically significant (**)
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critical attributes involved in obtaining these systems.
Modification of some parameters cause crucial changes in
characteristics such as size, drug entrapment, zeta potential,
and so on [48]. Thus, preliminary tests were employed to
evaluate the PLGA ratio of lactide versus glycolide, CHC
concentration, temperature, and stirring speed used for the
production of NPs. After this screening, NPs were produced
using PLGA 85:15, 60 °C, stirring speed of 1000 rpm, and
CHC concentration of 2 mg mL−1, an experimental condition
that generates stable particles with low PDI, zeta potential
values between + 30 and + 50 mV, and high CHC entrapment.

NP characterization

Particle size, polydispersity index, zeta potential,
and entrapment efficiency

Particle size and polydispersity index (PDI) are critical at-
tribute for NP development as it can determine important
properties such as surface area and packing density [49]. In
addition, they may affect the in vivo performance and dis-
tribution of NPs [50]. Developed systems of unloaded CHC
(referred to as empty NPs throughout the manuscript) ex-
hibited a size close to 250 ± 28 nm, while CHC-loaded NPs
exhibited an increased size of 350 ± 40 nm. For PDI results,
values were noticeably higher for CHC-loaded NPs (0.35 ±
0.03) than for empty NPs (0.2 ± 0.05). Low PDI is desired in
this case since it characterizes homogeneous particle size
distribution [51]. In fact, the nanoprecipitation technique
applied to develop polymeric nanoparticles often enables
the formation of small structures with narrow unimodal dis-
tribution [52].

Zeta potential (ZP) is a critical parameter that is related to
the occurrence of supramolecular interactions in particle dis-
persion and stability of colloidal systems [53]. Since ZP
values close to zero indicate high tendency for agglomeration
[54], our interest was to obtain values around or even higher
than + 30 mV, which is important for system stability and
distributes chitosan polymers on the outermost particle sur-
face, leading to the formation of cationic particles [55]. The
empty NPs exhibited a ZP value of 50 ± 8 mV, while CHC-
loaded NPs presented a ZP value of 45 ± 3 mV. Measuring
entrapment efficiency (EE%) is fundamental to determine sys-
tem applicability and therapeutic efficacy; the applied meth-
odology provided around 87 ± 8.5% of drug entrapment. The
high drug entrapment rate obtained here was expected, since
the hydrophobic drugs were encapsulated using the
nanoprecipitation method [56, 57].

Long-term NP stability

The stability of NPs can be reflected by their morphology,
average size, and size distribution. Thus, periodically over a

3-month period, portions of empty NPs and CHC-loaded NPs
were taken, diluted using Milli-Q water, and measured for
characteristics of physical stability using DLS (size, PDI,
and ZP) (Fig. 3). According to the results, while empty NPs
exhibited a size close to 250 nm throughout the 3-month anal-
ysis, the CHC-loaded NPs exhibited a size of 350 nm. In
regard to size variability among the different weeks of analy-
sis, size stability of empty NPs was acquired after 2 weeks and
was maintained until the end of the 3-month analysis period.
On the other hand, when CHC was loaded, the stabilization
period was longer, only being acquired around week 6 of the
analysis period. Furthermore, NP size appears to have had the
same profile over the 3-month period, regardless of CHC
loading. For PDI results, significantly higher values were
found in the presence of the CHC drug, which was expected
once increased size was noticed along the analyzed period.

The variability of ZP was observed from the very begin-
ning of the analysis period (between + 30 and + 55 mV), em-
phasizing system stability and presence of chitosan TMC on
the outermost particle surface. Unlike previous results, empty
NPs exhibited reduction in ZP between weeks 4 and 8.
However, this reduction did not reach critical levels that could
possibly affect stability. On the other hand, CHC-loaded NPs
did not show any significant changes.

Its well-known that nanoparticulate systems may have their
properties modified over the time. CHC-loaded NPs appeared
to show more stable values during the evaluated period than
empty NPs, leading us to believe that the interaction between
the CHC drug and the developed particle could provide addi-
tional stability, modifying the kinetic aspects of stabilization
[58].

Attenuated total reflectance Fourier transform infrared
spectroscopy

Fourier transform infrared (FTIR) analysis was conducted as a
preliminary evaluation of the molecular structure of NP con-
stituents and of the possible chemical interactions between
NPs and the CHC drug. The CHC drug spectrum showed
broad and strong signals of the –OH hydroxyl group, at
around 3300 cm−1, and it also exhibited stretching of –
COOH carboxylic acid as a strong broad signal ranging be-
tween 2500 and 3300 cm−1 (Fig. 4). These signs were also
overlapped by an intermediate –CH stretching of alkene (C
showing sp2 hybridization). Nitrile –CN exhibited a typically
weak sign, stretching at 2200 cm−1. Signals assigned to C–C
and C–H bands were observed between 1567 and 1295 cm−1,
corroborating with previously published CHC data [59]. From
the PLGA spectrum, a C–O–C stretching peak was observed
at around 1088 cm−1. C–H stretching in methyl groups was
noticed at around 1460 cm−1, while C=O stretching vibration
was noticed at 1750 cm−1. C–H, –CH2, and –CH3 resulted in
subtle signals between 2800 and 3000 cm−1 [60].
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Methylation of chitosan amino groups to acquire TMCwas
accomplished by using methyl at an elevated temperature and
a strong alkaline environment to bind the acid generated dur-
ing the reaction [61]. Main bands are considered to character-
ize TMC. One of them, around 3400 cm−1, is assigned to the
OH group stretching vibration [62]. This region also encom-
passes amine N–H stretching; thus, tertiary amines are easily
differentiated from primary and secondary amines. Since
TMC is synthesized by substituting its amino group, when a
high degree of substitution is achieved, this signal becomes
very subtle or may even disappear, as we can observe from the
results presented in this study.

The FTIR spectra of empty NPs (Fig. 4(d)) showed peaks
similar to those of PLGA and TMC. For instance, C=O
stretching vibration at 1750 cm−1, which occurred in the

PLGA spectrum, also appeared for empty NPs. Regardless
of the presence or not of CHC, new significant peaks appeared
at 2880 cm−1 and 1090 cm−1, which indicates that they are
associated to the PLGA-TMC interaction.

CHC-loaded NPs presented a spectrum similar to the emp-
ty NPs. The typical signal for CHC, around 2200 cm−1, is
associated with the vibrational CN and does not appear in
CHC-loadedNP spectrum. Therefore, the drugmay have been
associated into the polymer chains interacting with the poly-
mer matrix by supramolecular forces.

X-ray diffraction

In order to comparatively study the crystallinity of CHC,
PLGA, TMC, OCS, and developed NPs, X-ray diffraction

Fig. 3 Long-term stability of empty NPs (white bars) and CHC-loaded
NPs (filled bars). Periodically, an aliquot of prepared NPs was pulled,
diluted using MiliQ water, and assessed for the stability if their physical

properties using DLS. a Size (nm), b PDI, and c Zeta Potential (mV).
White columns represent empty NPs and dotted columns represent CHC-
loaded NPs
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(XRD) analyses were carried out and the patterns observed are
presented below. According to Fig. 5, with the exception of
the CHC drug, patterns of all isolated materials showed few
peaks and wide halos, indicating typical behavior of amor-
phous materials. Generally, PLGA is recognized as an amor-
phous material [63]. On the other hand, CHC exhibits several
intense and well-defined peaks due its crystalline characteris-
tics. Peaks are displayed mainly in low values of 2θ, at about
19.4°, 24.6°, and 27.95°. However, one peak was noticed at
57.9°. In regard to TMC, a semi-crystalline structure with a
very low crystallinity level is expected usually where crystal-
line regions do not exhibit sufficiently detectable X-ray scat-
tering intensities.

The pattern of empty NPs shows two peaks in low values
of 2θ, at 19.1 and 23.1°, highlighting the occurrence of struc-
tural changes for NP formation, which probably occurred due
to the rearrangement of the polymer chains, resulting in the
development of structures with higher levels of organization.
For CHC-loaded NPs, the XRD pattern clearly shows an in-
tense and well-defined peak at 2θ = 27.9°, which indicates the
presence of CHC in the polymeric structure.

Field emission scanning electron microscopy

Representative images of empty NPs and CHC-loaded NPs at
different magnifications, shown in Fig. 6, highlight the forma-
tion of spherical and uniformly shaped particles, including a
mixed population of sizes. Acquisition of empty NPs through
the recorded image was in the range of 150 nm. PLGA usually
provides, because of its amphiphilic character, formation of
core-shell spherical structures due to its micelle-like behavior.

Especially for nanoprecipitation technology, nanoparticle as-
sembly is a direct function of block size and phase separation,
which can be reasonably predicted a priori. Thus, size and
morphology of the developed nanoparticles can be controlled
by tuning the block lengths [64].

Encapsulation of the CHC drug into the NPs (CHC-loaded
NPs) resulted in formation of larger particles which, contrarily
to the empty NPs, do not exhibit perfect spherical, well-
defined shapes. These results are in agreement with size and
PDI determinations that had been previously recorded using
DSL measurements. Interestingly, regardless of CHC pres-
ence, size, measured by SEM, was lower than hydrodynamic
particle size recorded fromDLS. This fact can be explained by
the presence of hydrated layers found in NPs evaluated by
light scattering, but absent in dry conditions imposed by
SEM. Differences in particle size measured by DLS and
SEM were previously reported and attributed to distinctions
in measurement conditions for sample preparation [63, 65].

Association between CHC-loaded NPs and CTX
by supramolecular forces

Over the last few years, substantial efforts have been made to
develop delivery systems that contain target molecules at-
tached to their surface. Several studies have focused on anti-
body conjugates to develop highly specific systems [66].
Since such molecules are naturally polyelectrolytes, supramo-
lecular associations can be considered for the conjugation pro-
cedure. Supramolecular interactions are non-covalent forces
that, although less energetic than covalent bonds, enable a
wide set of advantages to design drug delivery systems and

Fig. 4 ATR-FTIR spectra of a
CHC, b PLGA, c TMC, d empty
NPs, and e CHC-loaded NPs−1
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can be responsible for the organization of nanostructured sys-
tems at the nanobiointerface [67]. These interactions are weak
by nature and are significantly affected by pH. Therefore, we
explore the association between CHC-loaded NPs and CTX at
pH 4.0 and 6.0.

Interactions at pH 4.0 resulted in about 53% of CTX
associated with the system. On the other hand, the increase

in pH improved these interactions reaching an efficiency of
85% at pH 6.0. The acquired results may be advantageous
for the intended application, since tumor microregions and
nasal environment tend to show slightly acidic pH values
(around 6.0) when compared to most physiological pH
[68]. Therefore, we selected this condition of preparation
for future studies.

Fig. 5 X-ray diffraction patterns of isolated materials. a CHC; b PLGA; c TMC, and developed d empty NPs, e CHC-loaded NPs
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Biological performance

Understanding NP interactions with cells and how those inter-
actions can modulate biological performance is essential to
explore NP applications. This assessment can help NP design
efficiently and can be used as a starting point to investigate
new alternatives for drug administration.

NPs are able to interact with cells and extracellular envi-
ronments promoting a series of biological effects that depend
on physicochemical characteristics, which further determine
the efficacy of intended outcomes. Evaluating biocompatibil-
ity becomes essential to assure safe use of the intended treat-
ments [69]. As stated by all regulatory agencies, it is important
that drug delivery systems, nomatter how attractive they seem
to be, because of the therapeutic effect they provide, hold no
weight unless considered adequately biocompatible.
Importantly, drug delivery systems are considered biocompat-
ible when cell viability is equal or greater than 80% [69].

Firstly, we determined cell biocompatibility and cell viabil-
ity of developed nanoparticles by using increased concentra-
tions (0.5 to 1.5 μL of NPs) after 72 h. We chose to work with
nanoparticle amounts, since this will facilitate the future use of
different drugs and concentrations. Herein, empty NPs as well
as CHC-loaded nanoparticles were used in an attempt to find a
specific dosage where empty NPs would not reduce cell via-
bility and CHC-loaded nanoparticle would result in significant

reduction of total biomass (Fig. 7a). As we can observe, for
volumes of up to 5 μL of empty NPs, there was no significant
reduction of cell viability for both U251 and SW1088 cell
lines. Notably, increasing concentrations (0.5, 1, and 5 μL)
of NPs did not promote cell viability reduction for the U251
cell line, suggesting that the reduction observed for CHC-
loaded NPs may be attributed to CHC encapsulation rather
than the NPs’ components.

For SW1088, the results described above were also no-
ticed. Among all applied concentrations of NPs, none was
able to promote a significant cell viability decrease, reinforc-
ing system biocompatibility. On the other hand, 5 to 15 μL of
CHC-loaded PLGA/TMC NPs resulted in considerable cell
viability decrease (50% or more). Importantly, these results
reinforce, once again, that SW1088 is less sensitive than
U251.

Following the investigation of biological performance,
conjugated NPs (5 μL) were further examined to determine
if the therapeutic effect they provide is more or less efficient
than CHC-loaded NPs and free drugs, at the same concentra-
tion. According to the acquired data (Fig. 7b), the encapsula-
tion of the CHC compound into developed NPs alone resulted
in significant increase of therapeutic activity for both U251
and SW1088 cell lines, higher than that of the free CHC drug
at the same concentration. However, the reduction of cell vi-
ability was more pronounced for U251 cells. The superiority

Fig. 6 SEM micrographs exhibit
surface morphology of both
empty and CHC-loaded NPs at
different magnifications
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observed for CHC-loaded NPs can be correlated with the
CHC solubility or mechanism of action. According to its hy-
drophobic nature, obtaining a homogeneous CHC solution
can be difficult. Therefore, the developed NP structures, as well
as other previously proposed delivery systems, may allow the
slow release of CHC, increasing drug bioavailability and, so far,
increasing potency [70]. Another hypothesis consists on the fact
that NPs could promote CHC entry into the cell. In this way,
CHC probably will compromise the entry of pyruvate into the
mitochondria and normal cell respiration at much lower concen-
trations [71]. A combination of the aforementioned effects is also
a possibility that should not be excluded.

Comparing both free drugs (CHC and CTX), no significant
statistical difference was found for cell viability reduction or for
the respective controls. Contrarily, conjugated NPs resulted in a
considerable decrease of cell viability in both studied cell lines.
Interestingly, conjugation with CTX seemed to improve thera-
peutic efficacy for U251, while neither CHC-loaded NPs nor
conjugated NPs presented any statistical evidences of treatment
improvements for SW1088 cells. Once again, the higher sensi-
tivity of U251 to the applied treatments was clearly observed.

Concerning the reduction in cellular viability produced by
the simultaneous application of free CHC and CTX in the
initial studies, two hypotheses can be further investigated.

Fig. 7 a Cell biocompatibility
and cell viability results of empty
NPs and CHC-loadedNPs against
glioma cell lines U251 and
SW1088. b Conjugated NPs
therapeutic efficacy against
glioma cell lines U251 and
SW1088 compared to isolated
treatments. Results are expressed
as mean –SD; n = 6. Differences
p <0.05 between the control and
applied treatment were
considered statistically significant
(**)
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On the one hand, encapsulation of CHC may have enhanced
its therapeutic activity and, as a result, conjugation with CTX
did not provide significant benefits. On the other hand, taking
into account that CTX acts in the transmembrane of cell do-
mains, its association with nanoparticles by supramolecular
forces did not provide the full site of action availability. In this
particular case, an alternative CTX conjugation procedure that
uses new protocols to ensure a novel antibody assembly into
the nanostructure (e.g., covalent bonds) may effectively in-
crease therapeutic benefits.

Next, extracellular glucose and lactate levels were analyzed
to explore the spectrum of encapsulated CHC activity over
cell metabolism. Regarding U251 cells, at 24 h, CHC and
conjugated NPs exhibited higher glucose consumption than
their respective negative controls. This behavior can be asso-
ciated with initial efforts to compensate metabolic pathways
(Fig. 8a). On the other hand, at 24 h, extracellular lactate was
higher for all applied treatments than their respective controls,

with the exception of free CHC. The acquired results were
expected since CHC, when used as a free drug, acts as a
competitive lactate inhibitor outside the cell. However, when
encapsulated and also internalized into GBM cells, it may
inhibit mitochondrial functions and stimulate glycolysis [71].

Glucose consumption was higher at 48 h than at 24 h for
CHC-loaded NP and CHC treatments, although this increase
is also evident for empty NPs and for conjugated NPs. No
significant difference was found between 24 and 48 h for
extracellular lactate. Since U251 cells are known to be highly
glycolytic, the glucose consumption noticed for CHC-loaded
NPs and CHC between 24 and 48 h should be accompanied
by higher production of extracellular lactate. As this fact was
not observed, lactate efflux to the extracellular environment
could have been hampered by CHC activity, which may be
related to the drug initially released from NPs.

For the SW1088 cell line (Fig. 8b), at 24 h, glucose con-
sumption was notoriously low for CTX treatment, but higher

Fig. 8 Glucose consumption and extracellular lactate (μg) /total biomass
of (a) U251 and (b) SW1088 cells applying different treatments. CTR:
negative control received DMEM 10% FBS; CTR DMSO: DMEM 10%
FBS + 1% DMSO; NPs: empty NPs diluted in DMEM 10% FBS; CHC-
loaded NPs: CHC-loaded NPs diluted in DMEM 10% FBS; Conjugated
NPs: CTX conjugated CHC-loaded NPs; CHC: free CHC diluted in

DMEM 10% FBS + 1%DMSO; CTX: free CTX diluted in DMEM
10% FBS. Results are representative of the three independent
experiments, each one in triplicate; **p < 0.05 Treatment versus
control. # p < 0.05 24 and 48 h. Dotted line represents that glucose
concentration was lower than quantification limit
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at 48 h. Concerning extracellular lactate quantification at 24
and 48 h, while an increase could be noticed for the CTR
DMSO, CHC-loaded NPs exhibited reduction of extracellular
lactate levels, likely due to the aforementioned CHC activity.

Analyzing these results together, the increased glucose
consumption between 24 and 48 h appeared to be more evi-
dent for U251 than for SW1088. On the other hand, extracel-
lular lactate for both cell lines remained markedly unchanged
between 24 and 48 h, with the exception of CHC-loaded NPs
applied to SW1088 cells.

Conclusions

The present study has provided the first in vitro investigation of a
dual therapeutic strategy combining CHC and CTX against gli-
oma cell lines SW1088 and U251. According to the acquired
results, the applied combinatory regimen provided significantly
greater cell viability reduction than the isolated drugs.

Nanotechnology has brought many important advances to the
field of cancer treatment, providing greater therapeutic efficiency
when compared to the use of isolated drugs. Considering that
nanostructured systems are able to optimize therapeutic effect,
especially for complex pathological processes such as GBM, we
successfully designed an innovative polymeric delivery system
based on PLGA/trimethyl chitosan for CHC encapsulation by
the nanoprecipitation technique. The developed CHC-loaded
NPs contained chitosan on its outermost surface, resulting in a
positive ZP, and a high percentage of CHC was loaded into the
NPs. SEM images revealed a spherical morphology with uni-
form shape of several nanosizes. Furthermore, CHC-loaded
NPs were optimally conjugated with CTX through supramolec-
ular forces at pH 6.0. In vitro protocols showed that encapsula-
tion of CHC into polymeric NPs results in a significant increase
in therapeutic activity for both of the cell lines studied. Regarding
the conjugated NPs, therapeutic gains were more evident for
U251 cells. However, an apparent decrease in cell viability also
seems to occur for SW1088 cells. Additional aspects can be
modulated in an attempt to deeper investigate this effect further.

Analysis of cell metabolism by extracellular glucose and
lactate quantification established that encapsulated CHC may
have acted by different mechanisms. As a free drug initially
released from NPs, they could impair lactate efflux. However,
when internalized, CHC exhibited intracellular activity,
compromising normal mitochondrial activity at much lower
concentrations. Therefore, the applied innovation may poten-
tiate its therapeutic capacity.

Taking into consideration all of the aforementioned results,
we anticipate that the developed CHC-loaded NPs and conju-
gated NPs exhibit a set of favorable attributes that make them
promising alternatives to be further explored and considered
in GBM treatment. Importantly, future studies should evaluate

release profiles, as well as in vivo performance of the clinical
application of the proposed treatments.
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