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ABSTRACT: Novel nanoparticles based on Poloxamer 407
and vegetable oil were produced by high pressure homoge-
nization. Functionalization of those nanoparticles was made by
incorporation of folic acid (FA)−Poloxamer 407 conjugate.
These nanoparticles showed suitable characteristics for intra-
venous therapeutic applications similarly to PEGylated
albumin-based nanoparticles, previously described by our
research group. Here, we found that the absence of albumin
at the interface of Poloxamer 407-based nanoparticles
improves the overall process of in vitro cellular uptake and
nanoparticle disruption inside cancer cells (folate receptor, FR,
positive cells). The results presented here suggest that
interfacial composition of those nanoparticles is of paramount importance for drug trafficking inside cancer cells.

KEYWORDS: folic acid−Poloxamer 407 conjugate, folic acid−Poloxamer 407 nanoparticles, nanoparticle disruption,
specific drug release, cancer therapy

■ INTRODUCTION

Polymer-based nanotechnology is growing as a promising area
in pharmaceutical research.1 Block copolymers represent
suitable agents for therapeutic applications,2,3 the Pluronic
block copolymers (also known as “Poloxamers”) being greatly
proposed for controlled drug delivery.1,2 Poloxamers are widely
used to facilitate gene/drug delivery, as emulsifying agents, or
as agents helping in healing damaged cell membranes. Several
advantages, such as nontoxic nature and high solubility in water,
also increase the application of Poloxamers.4 Moreover, a
pronounced sensitization to various anticancer agents was
observed due to the interaction of these block copolymers with
multidrug resistant (MDR) cells or tumors.5−7 Pluronic block
copolymers disturb various drug resistance mechanisms such as
microviscosity modification of the cellular membrane, abolish-
ment of drug sequestration in cytoplasmic acidic vesicles,
inhibition of drug efflux transporters, and inhibition of the
glutathione/glutathione S-transferase detoxification system.5,8,9

Furthermore, these copolymers selectively affect MDR cells
inducing a decrease in ATP levels, this reduction being one
potential cause for chemosensitization of MDR cells.5,8

Poloxamers comprise hydrophilic poly(ethylene glycol)
(PEG) and hydrophobic poly(propylene oxide) (PPO) blocks
organized in a triblock PEG−PPO−PEG structure. The PEG
and PPO chain lengths can vary, producing Poloxamers with
different properties and functions. Their effect on cancer cells is
affected by molar mass ratio between the PEG and PPO blocks
and chemical compositions.9

Pluronic F127 (Poloxamer 407) has gained extensive
consideration in biomedicine.10 The long PEG hydrophilic
chains of Poloxamer 407 triblock copolymer improve its
physical stability due to PEG repulsive property.6,11 Moreover,
these long hydrophilic chains can enhance the blood circulation
time in vivo of nanoparticles.11 Lipophilic drugs can be
incorporated in the hydrophobic core, PPO part, of Poloxamer
407. These structural characteristics of Poloxamer 407 promote
its application as a vehicle for drug delivery. Moreover, this
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block copolymer can disturb various processes in the cells such
as gene expression, mitochondrial respiration, activity of drug
efflux transporters, and apoptotic signal transduction.12

In the present study, we report the role of interfacial albumin
on nanoparticle composition. Poloxamer 407-based nano-
particles (prepared in the absence of albumin) were developed
using a methodology previously described by us.13 The novel
functionalized nanoparticles were produced by incorporation of
a conjugate of Poloxamer 407 with folic acid (FA). Poloxamer
407-based nanoparticles were compared with PEGylated
albumin-based nanoparticles, previously developed by our
research group, by evaluation of in vitro cellular uptake and
nanoparticle disruption.

■ EXPERIMENTAL SECTION
Conjugation of FA with Bovine Serum Albumin (BSA).

The production of FA−BSA conjugate was performed as
previously described.14 Dialysis (cutoff molecular weight 14
kDa, against PBS for 8 days) was performed to remove the
excess of FA and other reactants from the conjugate. Then, the
solution was also purified using a gel filtration chromatography
column (GE Healthcare, U.K.).
The quantitation of FA in conjugate was performed by

measuring the absorbance at the maximum wavelength of FA
(350 nm). The quantitation of BSA in conjugate was carried
out using the Lowry method.15 The total protein concentration
is shown by a color change of the sample solution in proportion
to protein concentration, which can then be quantified by
measuring the absorbance at 750 nm, using a Synergy Mx
Multi-Mode Reader (BioTek, USA).
Conjugation of FA with Poloxamer 407. The con-

jugation of FA with Poloxamer 407 (Sigma-Aldrich, USA) was
performed between the hydroxyl group of Poloxamer 407 and
the carboxyl group of FA, via an esterification reaction. In brief,
FA (0.4589 g), N,N′-dicyclohexylcarbodiimide (DCC, Sigma-
Aldrich, USA) (0.2159 g), and 4-(dimethylamino)pyridine
(DMAP, Sigma-Aldrich, USA) (0.131 g) were dissolved
together in 20 mL of anhydrous dimethyl sulfoxide (DMSO,
Sigma-Aldrich, USA). The solution was stirred at 30 °C in the
dark for 2 h to activate the carboxylic groups of FA. After
addition of 1.46 g of Poloxamer 407, the solution was stirred at
30 °C overnight. The precipitates in the solution were filtered.
The solution was dialyzed (cutoff molecular weight 2 kDa)
against PBS to remove the unreacted FA. After dialysis, the
precipitates in the solution were removed by centrifugation at
6000 rpm for 30 min. Then, the solution was purified through a
gel filtration chromatography column (GE Healthcare, U.K.).
The quantitation of FA conjugated with Poloxamer 407 was

performed by measuring the absorbance at the maximum
wavelength of FA (350 nm) using a Synergy Mx Multi-Mode
Reader (BioTek, USA). The conjugate was also characterized
by proton nuclear magnetic resonance (1H NMR), Fourier
transform infrared spectroscopy (FTIR), and matrix-assisted
laser desorption/ionization with time-of-flight (MALDI-TOF).

1H NMR Analysis. Poloxamer 407, FA, and FA−Poloxamer
407 conjugate were characterized by 1H NMR spectroscopy,
using a Bruker Avance III 400 (400 MHz). DMSO-d6 was used
as deuterated solvent, using the peak solvent as internal
reference.
FTIR Analysis. FTIR spectra were obtained with a Jasco

FT/IR-4100 spectrophotometer. Poloxamer 407, FA, and FA−
Poloxamer 407 conjugate (previously lyophilized) were mixed
with potassium bromide (KBr), which was used as matrix.

Before collection, background scanning was performed using
KBr powder, and then KBr pellets were analyzed. The spectra
were obtained in the region of 400−4500 cm−1 with a
resolution of 4 cm−1 at room temperature.

MALDI-TOF Analysis. Mass/charge of Poloxamer 407, FA,
and FA−Poloxamer 407 conjugate was verified by MALDI-
TOF using super-2,5-dihydroxybenzoic acid (super-DHB) as
matrix (≥99.5%). The mass spectra were acquired on an
Ultraflex MALDI-TOF mass spectrophotometer (Bruker
Autoflex Speed, Daltonics GmbH, Germany) equipped with a
337 nm nitrogen laser. Each sample, previously dissolved in
30% acetonitrile/70% trifluoroacetic acid (TA30), was mixed
(1:1) with a saturated solution of super-DHB in TA30. Each
mixture (2 μL) was spotted onto the ground steel target plate
(Bruker part no. 209519) and analyzed using the linear positive
mode.

Nanoparticle Preparation. A high-pressure homogenizer
(APV-2000, Denmark) was used for the nanoparticle
preparation. BSA and Poloxamer 407 were dissolved in PBS
(pH 7.4) at concentrations of 10 and 5 mg/mL, respectively.
The aqueous solution was mixed with the vegetable oil and
subjected to high pressure homogenization. Poloxamer 407-
based nanoparticles were produced by the emulsification of an
aqueous solution of Poloxamer 407 at 5 mg/mL with vegetable
oil.
FA−BSA conjugate solution, previously prepared, was added

at 1:100 ratio (m/m) to the aqueous phase to obtain FA-tagged
albumin-based nanoparticles. FA−Poloxamer 407 conjugate
solution was also added to the Poloxamer 407 solution equaling
the same initial concentration of FA used for albumin-based
nanoparticle production.
Nanoparticles containing a fluorescent dye were produced by

the introduction of the cationic dye Hoechst 34580 (Sigma-
Aldrich, USA) or 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocar-
bocyanine perchlorate (DiI, Sigma-Aldrich, USA) in the oil
phase. The free dye was separated from the nanoparticles by
passage through a gel filtration chromatography column (GE
Healthcare, U.K.). A Synergy Mx Multi-Mode Reader (BioTek,
USA) was used to perform the quantification of the free dye.

Physicochemical Characterization. Size distribution and
zeta-potential of nanoparticles were analyzed as previously
reported.14 Stability studies of these physicochemical character-
istics were performed as before described.13

Nanoparticles were also characterized by nanoparticle
tracking analysis (NTA), using a Malvern NanoSight NS500
instrument (Salisbury, U.K.), measuring both particle size
distribution and concentration. The measurements were
performed at room temperature, and the samples were
10000× diluted with water.

Cells and Culture Conditions. Human skin fibroblasts
(BJ5ta cell line) (ATCC, CRL-4001) and a subclone of HeLa
cells (KB cell line) (ATCC, CCL-17) were obtained from
American Type Culture Collection (LGC Standards, U.K.).
The cultures were maintained as previously described.13

Cell Viability Assay. BJ5ta cell viability was analyzed using
the Promega CellTiter 96 AQueous Non-Radioactive Cell
Proliferation (MTS) assay (Promega, USA) as previously
reported.13

Confocal Microscopy. The cellular internalization and
disruption of nanoparticles were analyzed using nanoparticles
loaded with DiI and Hoechst 34580, respectively. The KB
cancer cell line, FR positive cells, was used in this study. The
seeding of the cells was performed in 24-well tissue culture
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polystyrene plates (TPP, Switzerland) at a density of 5 × 104

cells/well. Nanoparticles containing or not FA at the surface
were diluted in FA-free Hanks balanced salt solution (HBSS
medium) (Lonza, Belgium). After wash the cells with PBS
buffer, 150 μg/mL of nanoparticles (based on Poloxamer 407
concentration) was added to the monolayer and incubated for 2
h at 37 °C. Cells were washed two times with acid (pH 3.5)
and neutral (pH 7.4) PBS to remove nanoparticles that were
not internalized. Cells were fixed with 4% (v/v) paraformalde-
hyde, for 30 min, and washed with PBS, and the coverslips were
placed on slides coated with Permafluor mounting medium
(Thermo Scientific, U.K.). For internalization evaluation of
nanoparticles containing DiI, the Permafluor contained 5 μg/
mL of Hoechst. Samples were analyzed using an inverted Zeiss
confocal laser scanning microscope (Olympus Fluoview
FV1000).
Fluorescence Analysis. 2D maximum projections were

used for the fluorescence analysis. Using ImageJ (v1.50e, NIH),
each cell was selected and the area, the mean fluorescence, and
the integrated fluorescence were measured, along with several
adjacent background readings. The corrected total cellular
fluorescence (CTCF) = integrated density − (area of selected
cell × mean fluorescence of background readings), was

calculated for the different conditions. At least 25 cells were
considered for each experimental condition. Statistical analysis
(Shapiro−Wilk test for normality followed by Kruskal−Wallis
test, p < 0.05) was performed using GraphPad Prism 5.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of FA−Poloxamer 407

Conjugate. The development of specialized nanoparticles for
the treatment of cancer has been greatly exploited. The
presence of a targeting agent in a nanoparticle surface can
induce their accumulation in the tumor, in the tumor-bearing
organ, in the individual cancer cells, in specific molecules of
cancer cells, or in intracellular organelles.16 FA is a great
targeting agent for cancer tissues due to its high binding affinity
to FRs at cell surfaces, which are overexpressed in several types
of human cancers and have limited expression on normal
tissues.16,17

Poloxamer 407 has been greatly evaluated for diverse
biomedical applications mainly due to its terminal hydroxyl
groups. The chemical and/or covalent modification of these
groups is often performed to attain active functionalities for
targeted applications and improve the physical stability.12,18,19

Thus, in order to produce Poloxamer 407-based nanoparticles

Scheme 1. (A) Scheme of the Proposed Mechanism of FA−Poloxamer 407 Conjugate Synthesis and (B) Schematic Illustration
of the Preparation of FA−Poloxamer 407 Nanoparticles
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that can be used for cancer therapy, we produced a FA−
Poloxamer 407 conjugate to incorporate into an initial
formulation for nanoparticle production.
In Scheme 1A is represented a proposal scheme of the

mechanism of conjugation between FA and Poloxamer 407.
FA was conjugated to Poloxamer 407 via an esterification

reaction between the carboxyl group of FA and the hydroxyl
group of Poloxamer 407 using DMAP as the activator and
DCC as the coupling agent. Considering the described
accessibility of the γ-activated carboxyl group of FA,20,21 we
propose that the esterification reaction occurred via the γ-
carboxyl group of FA when the γ-activated derivate was
produced. An intermediate compound was produced, which

reacted with Poloxamer 407. The products resulting from this
reaction were the FA−Poloxamer 407 conjugate and urea, as
subproduct.
After synthesis, the purified FA−Poloxamer 407 conjugate

was characterized by 1H NMR spectroscopy. Comparing the
spectrum obtained (Figure 1) with the spectrum of FA, the
main differences are related to the disappearance of one of the
carboxylic group peaks (δH ≈ 12 ppm). In the spectrum of the
conjugate product, the only peak corresponding to this group is
assigned at δH 11.98 ppm (j). Regarding the aliphatic protons, a
and b, both showed up in a very similar place, only with a slight
deviation to a higher value. Proton c is assigned at higher
chemical shift (δH 4.74 ppm) comparing to the starting material
(δH 4.38 ppm). Concerning the aromatic protons of the phenyl
group, e protons showed up at δH 7.41 ppm and f protons at δH
6.60 ppm. In FA, these protons can be observed at δH 7.64 and
6.63 ppm, respectively. Aromatic amines (i) of the fused
aromatic ring showed up at δH 7.31 ppm instead of δH 6.92
ppm. All other protons have the same chemical shift as in the
original FA. Poloxamer 407 signals are in exactly the same
place, indicating a large amount of unreacted Poloxamer 407. In
stacked spectra (in Figure S1) it is possible to observe the
differences among the reactants and the conjugate product.
These results indicated that FA−Poloxamer 407 conjugate was
achieved via the esterification reaction described.
The synthesis of FA−Poloxamer 407 conjugate was also

confirmed by FTIR and MALDI-TOF analysis. Figure 2 shows
the FTIR spectra of FA, Poloxamer 407, and FA−Poloxamer
407 conjugate. The spectrum of FA−Poloxamer 407 presents
the characteristic absorption peaks of FA and Poloxamer 407. A
deviation of the CO stretching vibration absorption of FA (ν
= 1693.19 cm−1) was observed in the spectrum of FA−

Figure 1. 1H NMR spectrum of FA−Poloxamer 407 conjugate in DMSO-d6. The peaks labeled in bold lowercase letters correspond to the protons
indicated in the structure of FA.

Figure 2. FTIR spectra of FA, Poloxamer 407, and FA−Poloxamer
407 conjugate.
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Poloxamer 407 conjugate (ν = 1644.98 cm−1), confirming the
formation of the FA−Poloxamer 407 conjugate. Moreover, a
deviation of the OH stretching vibration absorption of
Poloxamer 407 from ν = 3483.78 cm−1 to ν = 3442.31 cm−1

in the spectrum of the conjugate was also observed. These
results evidence the occurrence of an ester linkage between FA
and Poloxamer 407.

By analysis of MALDI-TOF spectra one could infer that
11.65% of the Poloxamer 407 molecules were modified with a
molecule of FA (Figure 3). Apparently, just one molecule of FA
was conjugated with each molecule of Poloxamer 407 since the
mass difference between Poloxamer 407 and FA−Poloxamer
407 was very low. The mass difference obtained was lower than
the molecular weight of FA because the sample was analyzed
using the linear positive mode. In this detection mode, the ions
of identical mass arrive at the detector at slightly different time
points, causing peak broadening and limiting the resolution of
the mass spectrum. From this spectrum we can only infer the
value of medium molecular mass.

Preparation and Characterization of Poloxamer 407-
Based Nanoparticles. Poloxamer 407-based nanoparticles
were produced by high pressure homogenization of Poloxamer
407 aqueous solution with vegetable oil, using the optimized
conditions previously described by Loureiro et al.13 for
albumin-based nanoparticle production. The characterization
of these nanoparticles using DLS (Table 1) evidenced that
Poloxamer 407-based nanoparticles and PEGylated albumin-
based nanoparticles presented similar physicochemical charac-
teristics. Nanoparticles showed narrow and small size, neutral
surface charge (zeta-potential values close to zero), and high
stability during storage (>20 weeks), making them suitable for
intravenous application.
For the production of nanoparticles containing FA as

targeting agent, purified FA−BSA and FA−Poloxamer 407
conjugates were added to BSA solution containing Poloxamer
407 and Poloxamer 407 solution, respectively. The FA−BSA

Figure 3. MALDI-TOF mass spectra of Poloxamer 407 and FA−Poloxamer 407 conjugate, acquired in linear positive mode.

Table 1. Physicochemical Characterization of Nanoparticles Evaluated by DLS and NTA Measurementsa

DLS NTA

Z-average
(d.nm)

polydispersity ińdex
(PDI)

zeta-potential
(mV) mean (nm) std dev (nm)

concn (E12 particles/
mL)

PEGylated albumin nanoparticles 87.59 (±0.84) 0.149 (±0.008) −1.23 (±0.73) 81.67 (±2.08) 28.67 (±0.58) 6.47 (±0.24)
FA−PEGylated albumin
nanoparticles

76.35 (±2.32) 0.167 (±0.003) −1.45 (±0.27) 85.00 (±2.65) 31.67 (±1.53) 6.45 (±0.27)

Poloxamer 407 nanoparticles 82.40 (±0.62) 0.108 (±0.007) −1.30 (±0.19) 84.00 (±4.24) 32.25 (±2.06) 6.15 (±0.39)
FA−Poloxamer 407 nanoparticles 77.18 (±1.27) 0.131 (±0.003) −0.33 (±0.28) 81.67 (±1.15) 28.33 (±2.31) 6.39 (±0.31)
aComparison with previously reported PEGylated albumin nanoparticles. Values represent the mean ± SD of three independent experiments.

Figure 4. BJ5ta cell line viability after 72 h of contact with different
concentrations of Poloxamer 407-based nanoparticles prepared with
and without FA−Poloxamer 407 conjugate, compared with cells
(negative control) and cells incubated with 30% (v/v) of DMSO
(positive control), determined by MTS assay. Values are the mean ±
SD of two independent experiments.
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conjugate was produced by coupling of FA to BSA via
carbodiimide linkage between the carboxylic acid groups of FA
and the 30−35 lysines containing primary amines that can react
with the amine reactive intermediate compound, as previously
described by our research group.14 Scheme 1B shows a
schematic illustration of the preparation of FA−Poloxamer 407
nanoparticles. The physicochemical characterization of nano-
particles containing FA showed that the values of size, PDI, and
zeta-potential are very similar to that of nontargeted nano-
particles (Table 1). The quantification of FA at the nanoparticle
surface, performed by RIDASCREENFAST Folic Acid test kit,
revealed a higher FA concentration on Poloxamer 407-based
nanoparticles than on the PEGylated albumin nanoparticles.
Despite the use of the same initial concentration of FA on both
formulations, Poloxamer 407-based nanoparticles presented
more FA molecules at their surface. One possible explanation is

that FA was linked to hydroxyl groups of PEG hydrophilic
chains of Poloxamer 407, which naturally remains more
exposed to the nanoparticle surface.
NTA results corroborate the data obtained by DLS analysis

(Table 1). NTA allowed us to quantify the nanoparticle
concentration on each sample, and similar concentrations of
particles per mL were measured for both PEGylated albumin-
based nanoparticles and Poloxamer 407-based nanoparticles.
A key requirement for the application of nanoparticles as

drug delivery systems is related to their cytotoxic behavior. This
evaluation, using immortalized human normal skin fibroblasts,
demonstrated that Poloxamer 407-based nanoparticles (con-
taining or not FA) did not induce loss of cell viability even after
72 h of contact with different concentrations of nanoparticles
(Figure 4), similar to the results described for PEGylated
albumin-based nanoparticles.13

Figure 5. (A) Confocal images of nanoparticle internalization in KB cell line, after 2 h of incubation. Blue: Hoechst 34580 staining of cell nucleus.
Red: nanoparticles loaded with DiI fluorescent probe. (B) CTCF of the cells incubated with the different types of nanoparticles (NPs). Fluorescence
intensity was analyzed relatively to DiI.
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Evaluation of Cellular Uptake and Nanoparticle
Disruption. Cellular uptake of nanoparticles loaded with DiI
was evaluated by confocal laser scanning microscopy. All
samples were prepared using the same solution of vegetable oil
containing 4 mg/mL of DiI. After passage through a gel
filtration chromatography column we observed the absence of
free dye (loading efficiency ≈ 100%), which ensures that all
nanoparticles present a similar amount of DiI. The nano-
particles incubated in cell culture medium demonstrated high
stability, maintaining their size, PDI, and zeta-potential.
Moreover, no free dye was detectable after 2 h of incubation
in cell culture medium. KB cells incubated with Poloxamer 407-
based nanoparticles exhibited more red fluorescence, evidenc-
ing that these nanoparticles are more efficiently internalized by
cells than PEGylated albumin-based nanoparticles (Figure 5).
The lipid-like amphiphilic nature of Poloxamers allows their
effective incorporation into cellular membranes.22 Moreover, it
has been described that, due to the interaction with plasma
membrane, Poloxamers accelerate phospholipid’s flip-flop rate
and decrease membrane microviscosity, promoting cellular
uptake of various small molecules and biomacromolecules.23−25

Thus, the well described ability of Poloxamers to bind with cell
membrane can be responsible for the efficient internalization of
Poloxamer 407-based nanoparticles observed. The presence of

albumin on previously reported PEGylated albumin-based
nanoparticles can obstruct the interaction of Poloxamer
molecules with the cellular membrane, reducing nanoparticles’
internalization into cancer cells. Protein molecules may hinder
this Poloxamer’s ability by decreasing accessibility to the
phospholipidic cell membrane.
The release and distribution of the drug into the cells is not

usually addressed, only the direct visualization of labeled
nanoparticles inside the cells being assessed. In a previous
study, our research group effectively verified that Hoechst
34580 encapsulated in nanoparticles can be used as a model to
evaluate the in vitro drug release.26 This approach described a
correlation between the intensity of dye fluorescence and the
disruption of the nanoparticles and consequent drug delivery in
cell cytoplasm. In this way, Hoechst 34580 was encapsulated in
PEGylated albumin-based nanoparticles and Poloxamer 407-
based nanoparticles and then the nanoparticle disruption was
evaluated. The same solution of vegetable oil containing 1 mg/
mL of Hoechst 34580 was used for the nanoparticle
preparation. After passage of the nanoparticles through a gel
filtration chromatography column, we observed the absence of
free dye (loading efficiency ≈ 100%), which guarantees that all
samples present the same concentration of Hoechst 34580.
This dye is normally used for staining the nuclei of cells because

Figure 6. (A) Confocal images of fluorescent nanoparticle internalization and disruption in KB cells, after 2 h of incubation. Blue: Hoechst 34580
staining of cell nucleus. (B) CTCF of the cells incubated with the different types of nanoparticles (NPs). Fluorescence intensity was analyzed
relatively to Hoechst 34580.
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its fluorescence is enhanced upon binding to double-stranded
DNA. Thus, the internalization and disruption of the
nanoparticles were evaluated in terms of nucleus staining.
Figure 6 shows that KB cells incubated with FA−Poloxamer
407 nanoparticles showed stronger blue fluorescence than cells
incubated with nontargeted Poloxamer 407-based nanoparticles
and with PEGylated albumin-based nanoparticles. These results
indicate that FA−Poloxamer 407 nanoparticles have ability to
targeted release of the encapsulated compounds, suggesting an
efficient interaction between the FA at the surface of
nanoparticles and the FR at the cellular surface, promoting
FR-mediated endocytosis.
Poloxamer 407-based nanoparticles, compared with

PEGylated albumin-based nanoparticles, have lower composi-
tion complexity and higher available surface FA concentration.
Previous studies demonstrated that a higher concentration of
FA does not induce significant differences in nanoparticle
internalization.14 In this way, we may speculate that the
differential cellular uptake and intracellular disruption of
nanoparticles is due to the lower composition complexity
(absence of albumin) of Poloxamer 407-based nanoparticles,
which can present more easily the FA molecules to FR.
Compared with the previously developed nanoparticles,
Poloxamer 407-based nanoparticles, when internalized, can be
more easily degraded by the cell machinery. The presence of
albumin in nanoparticle composition would be an additional
barrier to achieve the nanoparticle disruption.

■ CONCLUSION

In summary, we successfully produced a FA−Poloxamer 407
conjugate by an esterification reaction. Poloxamer 407-based
nanoparticles with suitable characteristics for intravenous
therapeutic application were developed. Poloxamer 407-based
nanoparticles were more efficiently internalized in vitro by
cancer cells than PEGylated albumin-based nanoparticles. This
result is explained by the well-known capacity of Poloxamers to
interact with the cell membrane, potentiating the application of
these Poloxamer 407-based nanoparticles as drug delivery
systems. Although these new nanoparticles potentiate an
efficient interaction with the cell membrane, presenting a
higher internalization, our data revealed that only the
Poloxamer 407-based nanoparticles containing FA at the
surface present an efficient disruption inside the cancer cells.
Therefore, the absence of albumin in formulations results in a
more effective cellular uptake and nanoparticle disruption,
inducing a specific release inside cancer cells.
The developed FA−Poloxamer 407 nanoparticles present

suitable characteristics for application as drug delivery systems
and are demonstrated to be more effective for application in
cancer therapy than the previously developed PEGylated
albumin-based nanoparticles. Their production involves lower
costs, due to the removal of albumin, resulting in more efficient
nanoparticles to interact with MDR cancer cells.
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