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Abstract Lauryl gallate loaded in superparamagnetic poly
(methyl methacrylate) nanoparticles surface modified with
folic acid were synthesized by miniemulsion polymerization
in just one step. In vitro biocompatibility and cytotoxicity
assays on L929 (murine fibroblast), human red blood, and
HeLa (uterine colon cancer) cells were performed. The
effect of folic acid at the nanoparticles surface was eval-
uated through cellular uptake assays in HeLa cells. Results
showed that the presence of folic acid did not affect sub-
stantially the polymer particle size (~120 nm), the super-
paramagnetic behavior, the encapsulation efficiency of
lauryl gallate (~87 %), the Zeta potential (~38 mV) of the
polymeric nanoparticles or the release profile of lauryl
gallate. The release profile of lauryl gallate from super-
paramagnetic poly(methyl methacrylate) nanoparticles pre-
sented an initial burst effect (0–1 h) followed by a slow and

sustained release, indicating a biphasic release system.
Lauryl gallate loaded in superparamagnetic poly(methyl
methacrylate) nanoparticles with folic acid did not present
cytotoxicity effects on L929 and human red blood cells.
However, free lauryl gallate presented significant cytotoxic
effects on L929 and human red blood cells at all tested
concentrations. The presence of folic acid increased the
cytotoxicity of lauryl gallate loaded in nanoparticles on
HeLa cells due to a higher cellular uptake when HeLa cells
were incubated at 37 °C. On the other hand, when the
nanoparticles were incubated at low temperature (4 °C)
cellular uptake was not observed, suggesting that the uptake
occurred by folate receptor mediated energy-dependent
endocytosis. Based on presented results our work suggests
that this carrier system can be an excellent alternative in
targeted drug delivery by folate receptor.
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Graphical Abstract

1 Introduction

Superparamagnetic polymeric nanoparticles have showed a
high potential for various biomedical applications such as
drug delivery, controlled drug release, and hyperthermia [1–
7]. For these applications, nanoparticles must combine high
magnetic saturation, superparamagnetic properties, and
biocompatibility [8, 9]. The superparamagnetic behavior is
very important for biomedical applications, which, without
an external magnetic field their overall magnetization value
is randomized to zero, preventing active behavior of the
particles when there is no applied field [6, 7, 10], resulting
in an excellent strategy to drug delivery [6, 11, 12] and
cancer treatment by hyperthermia [4, 9]. Several strategies
have been proposed in the literature to encapsulate iron
oxide in polymeric nanoparticles being miniemulsion
polymerization a very attractive technique for biomedical
applications [13] as it allows the incorporation of iron oxide
in just one step in different polymerization systems such as
step-growth [14] and free radical polymerization [4, 5]. The
very flexible nature of miniemulsion polymerization allows
the incorporation of several compounds inside the

polymeric nanoparticles as well as the surface modification
to improve the efficacy of targeted drug delivery [15, 16].

Folic acid (FA) has been used to modify the surface of
polymeric nanoparticles increasing the efficiency of tar-
geted drug delivery in cancer treatment [17–20] as the folate
receptor is significantly overexpressed on the surface of
different human cancer cells [16, 18, 19, 21, 22]. Folate
receptor-mediated drug delivery is based on conjugation
with FA, which promotes drug uptake by folate receptor-
mediated endocytosis [21, 23, 24]. The main advantage of
using FA as binding agent is their absent expression on non-
tumor cells [16, 22]. The encapsulation of anticancer drugs
in superparamagnetic polymeric systems can be an excellent
strategy in cancer treatment, ensuring selective drug deliv-
ery with controlled release and reducing possible toxic
effects [6, 11, 25]. Other advantage of the super-
paramagnetic polymeric systems is the combination of
hyperthermia with other cancer treatment methods, such as
chemotherapy, that could increase the efficacy of cancer
therapy [26].

Gallic acid (GA) is a natural antioxidant, which is obtained
from the hydrolysis of natural plant polyphenols [27].
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GA and its ester derivatives, such as octyl and lauryl gallate,
have been shown to be involved in a wide variety of bio-
logical actions. The biological activity of GA and its deri-
vatives has been described in the literature as antimalarial
[28], antioxidant [27, 29, 30], anticancer [30, 31], and
antibacterial [31]. The difference among the ester deriva-
tives is found in the number of carbon atoms in the aliphatic
side chain, giving them different physicochemical char-
acteristics, especially lipophilicity evaluated by the partition
coefficient value [27, 32]. These ester derivatives, especially
those with eight or more carbon atoms in the side-chain,
were more efficient than GA in antiviral, antifungal, anti-
oxidant, and antitumoral activities [32]. Although some of
these ester derivatives showed a high cytotoxic activity, the
chemical derivatization decreased their water solubility,
constituting a disadvantage for intravenous administration
[33]. According to Ximenes and collaborators [34], GA and
ester derivatives could interact and disrupt the red blood
cells membrane. Another disadvantage involving the use of
GA and it is derivatives is their poor pharmacokinetic
profile (low bioavailability) and toxicity when in vivo
administered [35]. Therefore the lauryl gallate loaded in
superparamagnetic poly(methyl methacrylate) (PMMA)
nanoparticles with FA could be guided by an gradient of
magnetic field [6, 10, 22], increasing the site-specific drug
delivery (increased bioavailability) and reducing undesir-
able side effect. Furthermore, magnetic nanoparticles can
induce cells death by hyperthermia [4, 10, 36]. In addition,
these magnetic polymeric systems can improve intravenous
administration, as they can be dispersed in water preventing
undesired effects, protect drug against degradation provid-
ing an excellent strategy for cancer treatment [9, 36–38].

Aiming to improve site-specific drug delivery and reduce
undesirable side effects, lauryl gallate loaded in super-
paramagnetic PMMA nanoparticles with the surface mod-
ified with FA was synthesized by miniemulsion
polymerization in just one step. The polymeric nano-
particles were characterized and the release profile of lauryl
gallate was determined at 37 °C and different pH (7.4 and
5.5). Lastly, in vitro assays were performed to verify the
biocompatibility, cytotoxicity, and cellular uptake (at 4 and
37 °C).

2 Experimental section

2.1 Materials

For synthesis of magnetic nanoparticles coated with oleic
acid (MNPs-OA), the following reagents were used (high
purity grade): ferrous sulfate (FeSO4⋅4H2O), iron (III)
chloride hexahydrate (FeCl3⋅6H2O), ammonium hydroxide
(99 %), and oleic acid (OA), all purchased from Vetec,

Brazil. For the preparation of polymeric nanoparticles, the
following reagents were used: methyl methacrylate (MMA),
purchased from Arinos Chemistry, azobisisobutyronitrile
(AIBN) and FA purchased from Vetec. Lauryl gallate, 6-
coumarin, and N-methylpyrrolidone, purchased from Sigma
Aldrich, lecithin purchased from Alpha Aesar, and croda-
mol purchased from Croda. Distilled water was used
throughout the experiments.

2.2 Methods

2.2.1 Synthesis of MNPs-OA

MNPs-OA were prepared by co-precipitation in medium
aqueous as described by Feuser and collaborates [4].
Briefly, FeCl3.6H2O and FeSO4.7H2O (mole ratio of
1:1.2) were dissolved in a beaker containing distilled
water under mechanical stirring in the 800 rpm range.
Then an ammonium hydroxide solution (11 mL) was
rapidly added to the solution. After 1 h, 30 mL was added
to the OA and the stirring process continued (800 rpm)
for 30 min. The MNPs-OA produced were centrifuged
and washed three times with ethanol to remove unreacted
OA.

2.2.2 Synthesis of lauryl gallate loaded in superparamagnetic
PMMA nanoparticles (MNPsG12PMMA)

MNPsG12PMMA nanoparticles were prepared by mini-
emulsion polymerization as described by Feuser and
collaborates [5]. Initially 1 mL of N-methylpyrrolidone
containing 40 mg of lauryl gallate (lauryl gallate) was
added dropwise into a beaker containing 20 mL of dis-
tilled water (aqueous phase) under sonication with an
amplitude of 70% (Fisher Scientific, Sonic Dismembrator,
500W). Then, the organic phase containing 2 g of MMA
(monomer) coated 0.4 g of MNPs-OA, 0.1 g of lecithin
(surfactant), 0.1 g of crodamol (costabilizer), and 0.04 g of
AIBN (initiator) was added dropwise under higher shear to
the previous aqueous lauryl gallate dispersion. The soni-
cation was continued for 5 min (10 s on and 1 s off) in a
beaker immersed in an ice bath to avoid a temperature
increase during sonication. The miniemulsion was trans-
ferred to glass tubes (10 mL) at 70 °C, for polymerization
during 3 h. Afterwards, the material was cooled, cen-
trifuged, and washed three times with phosphate buffered
saline (PBS) at pH 7.4. Subsequently, polymeric nano-
particles were transferred to glass vials, frozen in liquid
nitrogen, and lyophilized (FreeZone 4.5-L Benchtop Freeze
Dry System; Labconco, Kansas City, MO, USA). The
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lyophilized powder was stored at room temperature before
analysis.

2.2.3 Synthesis of lauryl gallate (lauryl gallate) loaded in
superparamagnetic PMMA nanoparticles surface
modified with FA (FA-MNPsG12PMMA)

FA-MNPsG12PMMA nanoparticles were obtained by
miniemulsion polymerization. Initially 1 mL of N-
methylpyrrolidone containing 40 mg of lauryl gallate was
added dropwise into a beaker containing 20 mL of distilled
water and 0.002 g of FA (aqueous phase) under sonication
with an amplitude of 70 % (Fisher Scientific, Sonic Dis-
membrator, 500W). Next, the organic phase containing
2 g of MMA (monomer) coated with 0.4 g of MNPs-OA,
0.1 g of lecithin (surfactant), 0.1 g of crodamol (costa-
bilizer), and 0.04 g of AIBN (initiator) was added drop-
wise under higher shear to the previous aqueous lauryl
gallate dispersion. The next steps were the same as
described previously.

2.3 Characterization

The superparamagnetic polymeric nanoparticles morphol-
ogy was observed using a transmission electron microscope
(TEM), model JEM 2100F, operating at 100 kV. For TEM
analysis, several drops of the diluted sample (1:10) was
placed on a 200 mesh Formvar/carbon copper grid (Electron
Microscopy Science). After drying, samples were sputter-
coated with a thin layer of carbon film to avoid the degra-
dation of the PMMA under the electron beam and observed
at 80 kV. Average particle size and polydispersity index
(PdI) were also measured by dynamic light scattering and
the surface charge of the nanoparticles was investigated
through zeta potential measurements (in both cases using
the same Zetasizer). All samples were analyzed three times,
from which we calculated the average and standard devia-
tion (SD). X-ray diffraction (XRD) experiments were per-
formed to identify the crystallographic structure of the free
drug and superparamagnetic polymeric nanoparticles.
Fourier transform infrared spectroscopy (FTIR) was used to
confirm the chemical structure of the superparamagnetic
polymeric nanoparticles using a KBr pellet.
Ultraviolet–Visible (UV–Vis) spectrum was performed to
verify the FA adsorption in superparamagnetic PMMA
nanoparticles. Nanoparticles were measured through TGA
runs under a nitrogen atmosphere at a heating rate of
10 °C/min. A Lakeshore vibration sample magnetometer
was used to measure the hysteresis loops of MNPs-OA and
lauryl gallate loaded in superparamagnetic PMMA nano-
particles surface modified with FA in the temperature range
of 300–80 K, while a QUANTUN DESIGNS MPMS-5
SQUID magnetometer was used for the measurements of

thermal dependence of magnetization in Field-Cooling (FC)
and Zero-Field-Cooling modes (ZFC). For FTIR and TGA
analyses the samples were centrifuged (13,400 rpm) and
lyophilized (Lyophilizer, FreeZone 4.5-L Benchtop Freeze
Dry System Labconco, Kansas City, USA). For magneti-
zation measurements, the lyophilized nanoparticles where
dispersed in a polymeric matrix (polyethylenimine) in the
concetrations of 2.7 % for lauryl gallate loaded in super-
paramagnetic PMMA nanoparticles and 6.7 % for MNPs-
OA in order to avoid the mechanical rotation of the nano-
particles with the applied field and to reduce the effects of
interparticle interactions. The graph was plotted using Ori-
ginPro 8 software.

2.3.1 Encapsulation efficiency (EE) of lauryl gallate

The EE(%) of lauryl gallate was analyzed using UV–Vis
spectrophotometry [5], where 10 mg of superparamagnetic
polymeric nanoparticles were dissolved in N-methylpyr-
rolidone, the common solvent for both drug and polymer.
The determination coefficient (R2) exceeded 0.997, with
excellent linearity. The lauryl gallate concentration was
measured at 273 nm (ultraviolet region of the electro-
magnetic spectrum) using a calibration curve with differ-
ent concentrations of lauryl gallate (0.2–2 µg/mL)
dispersed in N-methylpyrrolidone. The EE(%) of lauryl
gallate was calculated from Equation (1):

EE %ð Þ ¼ M1

Mt
´ 100 ð1Þ

where EE is the lauryl gallate encapsulation efficiency, M1

is the mass of lauryl gallate in nanoparticles, and Mt is the
mass of lauryl gallate used in formulation. The experiments
were run in triplicate (n= 3).

2.3.2 Controlled and kinetic release

The release was carried out in the diffusion cell. Super-
paramagnetic polymeric nanoparticles (15 mg) were
weighed and placed in the donor compartment of the dif-
fusion cell. A cellulose acetate membrane (cellulose
membrane tubing dialysis, Follow-Aldrich, Ref D9652-
100TF) was used for separating donor compartments
containing the nanoparticles of the receptor compartment
that contained 20 mL of PBS (pH 7.4) with 0.5 % Sodium
dodecyl sulfate (SDS) or PBS (pH 5.5) with 0.5 % SDS. A
release study with acidic medium receptor (PBS pH 5.5
with 0.5 % SDS) was carried out to simulate the medium
lysosomal of tumor cells. The membrane is thin and por-
ous allowing free diffusion of the solvent and drug.
Receptor medium was continuously stirred (100 rpm) and
the temperature was maintained at 37 °C in a thermo-
statically controlled water bath. The release studies
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followed the sink conditions. At 1, 2, 4, 6, 24, 48, 72, 96,
and 120 h, an aliquot was withdrawn from the receptor
medium of the release studies. The release study was
performed in triplicate (n = 3). The drug released in the
receptor medium was quantified by spectrophotometry
using the visible region of the spectrum (273 nm). The
analytical curve was made in the concentration range from
1.6 to 8.8 µg/mL with a determination coefficient of 0.999.
The release profile was obtained by associating the per-
centage of drug released with time. The release data were
fitted using the mathematical models of zero order (Qt =
Q0 + K0t), first order (ln Qt = lnQ0 + K1t) and Higuchi (Qt
=KHt

1/2) described by Costa and Lobo [39], and the
determination coefficient (R2) and straight line equation
were determined using the software Excel. The mathe-
matical model with best fit is the model that provides the
highest value of determination coefficient. The graph was
plotted using OriginPro 8 software.

2.3.3 Biocompatibility assay on L929 (murine fibroblast)
cells

The L929 cell lines were selected to evaluate cytotoxicity
as a direct contact test, as recommended by ISO 10993
[40] for in vitro toxicity. The cells were cultured in Dul-
becco’s Modified Eagle’s medium supplemented with 10 %
fetal bovine serum, penicillin (100 units/mL), streptomy-
cin (100 mg/mL), and 4 mM/L of glutamine at 37 °C in
tissue culture flasks with 5 % CO2. For experimental pur-
poses, trypsinized cells were adjusted to a concentration
of 1 × 104 cells/well and plated in a 96-well flat bottom
culture plate. After 24 h, the cells were treated with a
medium containing free lauryl gallate (dissolved in
dimethyl sulfoxide (DMSO)), lauryl gallate loaded in
superparamagnetic PMMA nanoparticles with or without
FA (dissolved in PBS 7.4) at five concentrations: 1, 4, 8,
12, and 16 µg/mL (all assays were performed at equivalent
lauryl gallate concentrations) (5 % CO2, 37 °C). After of
incubation time (24 h) the free lauryl gallate and nano-
particles were washed three times with PBS and cell via-
bility was assessed using the classical (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)
(MTT) assay (Sigma, MO, USA).

2.3.4 In vitro cytotoxicity assay on HeLa (human cervical
cancer cells) cells

HeLa cell lines were obtained from the Adolfo Lutz Institute
(São Paulo). HeLa cells were grown in MEM medium con-
taining 7.5% fetal bovine serum and maintained at 37 °C in a
humidified incubator containing 5% CO2. The HeLa cells
were seeded at 1 × 104 cells/well in 96-well plate. After 24 h,
the cells were treated with a medium containing free lauryl

gallate (dissolved in DMSO), lauryl gallate loaded in super-
paramagnetic PMMA nanoparticles with or without FA
(dissolved in PBS 7.4) at five concentrations: 10, 11, 12, 13,
and 14 µg/mL (all assays were performed at equivalent lauryl
gallate concentrations). After 24 h of incubation the cells were
washed three times with PBS (7.4) and the MTT cell viability
assay was performed. The cytotoxicity assay was carried out
in triplicate with three wells for each condition.

2.3.5 MTT viability assay

The MTT cell proliferation assay was employed to assess
cell viability after both the cytotoxic assays. Briefly, 200 μl
aliquots of MTT solution (5 mg/mL) were added to each
well and incubated for 3 h (37 °C and 5% CO2), to allow
the formazan-formation reaction. Following incubation, the
medium containing the MTT solution was removed, and the
formazan crystals were dissolved in DMSO. The absor-
bance was measured at 550 nm using an Infinite 200
TECAN microplate reader. The results are presented as
survival percentage (100 %), where the control group con-
tained 0.1 % DMSO (v/v).

2.3.6 Hemolysis assay

This study was approved by the medical ethics committee
of Polydoro Ernani de São Thiago University Hospital
(Florianopolis, Brazil) as described previously [17]. Citrate-
stabilized human blood was freshly collected and used
within 3 h of being drawn. 4 mL of whole blood was added
to 8 mL of a sterile solution of sodium chloride in water
(saline) and the human red blood cells were isolated from
serum by centrifugation at 10,000 × g for 5 min. The human
red blood cells were further washed five times with saline
solution. Following the last wash, the human red blood cells
were diluted in 2 mL of saline solution and then 120 µL of
the diluted human red blood cells suspension was added to
880 µL of water or saline. The free lauryl gallate dissolved
in DMSO (0.1 %), lauryl gallate loaded in super-
paramagnetic PMMA nanoparticles surface modified with
FA dissolved in PBS (pH 7.4) were treated at concentrations
10, 25, and 50 µg/mL (all assays were performed at
equivalent lauryl gallate concentrations). All samples were
prepared in triplicate and the suspension was briefly vor-
texed before gentle stirring at 37 °C for 60 min. After that,
the mixture was briefly vortexed again and centrifuged at
10,000 × g for 5 min. 100 μL of supernatant from the sample
tube was transferred to a 96-well plate. The absorbance
value of hemoglobin at 570 nm was measured with the
reference wavelength at 540 nm. The 120 µL of diluted red
blood cells suspension incubated with 880 µL of water and
saline was used as the positive and negative control,
respectively. The hemolysis percentage (%) was calculated
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using Equation (2):

Hemolysis %ð Þ ¼ sample absorbance � negative controlð Þ
positive control� negative controlð Þ

´ 100%

ð2Þ

2.3.7 Cellular uptake assay by laser scanning confocal
microscopy

The internalization of carrier systems labeled with 6-
coumarin (MNPsG12PMMA and FA-MNPsG12PMMA)
were evaluated with laser scanning confocal microscopy.
HeLa cells (5 × 104) were cultured on 13mm diameter glass
coverslips in 24 well plates for 72 h. Cells were then treated
with 10 µg/mL (lauryl gallate concentration) of lauryl gallate
loaded in superparamagnetic PMMA nanoparticles labeled
with 6-coumarin [17] with and without FA (in PBS), and
incubated for 1 h, at 37 °C. In order to block the endocytotic
(energy-dependent) pathways of lauryl gallate loaded in
superparamagnetic PMMA nanoparticles with or without FA
(dissolved in PBS) were also incubated for 1 h at 4 °C. After
the incubation, cells were washed with PBS (three times),
fixed with 2 % paraformaldehyde (Electron Microscopy
Science) in PBS, for 20 min at 22 °C. Coverslips were then
mounted using Prolong Gold with nuclear stain DAPI (4′,6-
diamidino-2-phenylindole) (Thermo Fisher) and examined
by laser scanning confocal microscopy A1RSi+MP (Nikon
Corp, Tokyo, Japan). Fluorescence imaging was acquired
exciting 6-coumarin using laser 488 nm and emission was
captured using filter 515/30 (500–530 nm bandpass). DAPI
was excited with laser 405 nm and the emission was cap-
tured using filter 450/50 (425–475 nm bandpass). Cells were
observed by DIC (differential interference contrast) image
(using the illumination with laser 488 nm and capture of
images in transmitted light detector). The resulting images
were analyzed using Fiji software.

2.3.8 Cellular uptake assay by flow cytometry

HeLa cells (103) were cultured in 12 well plates for 24 h.
Cells were then treated with 10 µg/mL of lauryl gallate
loaded in superparamagnetic PMMA nanoparticles surface
modified with and without FA, both labeled with 6-
coumarin and incubated for 1 h, at 37 °C. As fluorescence
control, HeLa cells were incubated without super-
paramagnetic PMMA nanoparticles. After incubation, the
cells were harvested by trypsinization and washed with PBS
(three times). Cellular uptake efficacy was evaluated by
flow cytometry using a BD FACScalibur cytometer (Becton
Dickinson and Company, San Diego, CA, USA). 6-
coumarin was excited with laser 488 nm and the emission

captured at FL-1H channel (530/30). The results were
analyzed using Flowing software 2.

2.3.9 Statistical analysis

Data are presented as the mean± SD of three determinations
performed in triplicate. One-way ANOVA followed by the
Tukey’s test as a post hoc comparison. Statistical analysis
was performed using GraphPad Prism v. 5.04 computer
program (GraphPad Software, Inc. CA, USA). The statistical
significance level was set at P< 0.05 for all analysis.

3 Results

3.1 Characterization of lauryl gallate loaded in
superparamagnetic PMMA nanoparticles

Lauryl gallate loaded in superparamagnetic PMMA nano-
particles surface modified with FA were obtained by mini-
emulsion polymerization with a EE(%) of approximately
87± 4%. TEM analysis (Figs. 1b, d) showed that the incor-
poration of lauryl gallate and MNPs-OA did not affect the
morphology of nanoparticles. The nanoparticles without FA
and surface modified with FA presented spherical morphol-
ogy and a mean size of 100 nm, approximately. Some darker

Fig. 1 Particle size distribution obtained by dynamic light scattering:
lauryl gallate loaded in superparamagnetic PMMA nanoparticles with
(a) and without FA (c). TEM images lauryl gallate loaded in super-
paramagnetic PMMA nanoparticles with (b) and without FA (d)

 185 Page 6 of 15 J Mater Sci: Mater Med  (2016) 27:185 



regions of very small size, around 5–14 nm in diameter are
attributed to the core formed by iron oxide, as can be
observed in Figs. 1b and d [41].

Dynamic light scattering analysis (Figs. 1a, c) showed
that the superparamagnetic polymeric nanoparticles with
and without FA have intensity average particle diameters of
125± 4 nm and 106± 3 nm and a PdI of 0.19± 0.03 and
0.15± 0.02, respectively. FA adsorption on the super-
paramagnetic PMMA nanoparticles increased the average
size by approximately 19 nm, when compared to nano-
particles without FA. The zeta potential of nanoparticles
with (-38 mV± 5) and without FA (-40 mV± 4) did not
present significant difference.

The XRD patterns of free lauryl gallate and lauryl gallate
loaded in superparamagnetic PMMA nanoparticles with and
without FA are shown in Fig. 2. The XRD profile of free
lauryl gallate exhibited several characteristic peaks, con-
firming the crystalline form of lauryl gallate [42]. However,
these peaks were not observed in the diffractograms when
the lauryl gallate was encapsulated in superparamagnetic
PMMA nanoparticles. The peaks observed at 2θ: (220),
(311), (400), (422), (511), and (440) are characteristic of
iron oxide encapsulated in PMMA nanoparticles [4, 17].

FTIR analyses were performed to verify the incorpora-
tion of lauryl gallate and MNPs-OA in the PMMA

nanoparticles. In addition, the FTIR technique can indicate
FA adsorption on nanoparticles. In Fig. 3a, the peaks at
1736 cm−1 and 3000–2800 cm−1 correspond to C=O groups

Fig. 3 FTIR spectrum of free lauryl gallate, FA, and lauryl gallate
loaded in superparamagnetic PMMA nanoparticles with FA and
without FA (a and b) and UV–Vis spectrum of FA adsorbed on
superparamagnetic PMMA nanoparticles (c)

Fig. 2 X-ray powder diffraction patterns of free lauryl gallate, PMMA,
and lauryl gallate loaded in superparamagnetic PMMA nanoparticles
with and without FA
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and stretching of C–H bonds, characteristic of PMMA
nanoparticles [5]. The peak at 577 cm−1 is related to the
vibration of the Fe–O bond, which matches well with the
characteristic peak of iron oxide [14, 19, 43]. FTIR spec-
trum of FA presented peaks at 1680, 1590, 3540, 3423, and
3315 cm−1 corresponding to amide I, amide II, ring O–H,
NH2, and secondary NH2 groups [20, 23]. The appearance
of bands at 3400 cm−1 and 1688 cm−1 as can be seen in
Fig. 3b (small scale), can be indicative of FA adsorption. It
is worth mentioning that the superparamagnetic PMMA
nanoparticles without FA (Fig. 3b) did not present bands at
1688 cm−1. To confirm these results a UV spectrum
(Fig. 3c) was performed.

TGA analyses (Fig. 4a) were performed to determine the
total concentration of iron oxide in the formulation [43].
The total concentration of iron oxide obtained by the co-
precipitation method was 55 %, as described by Feuser and
collaborates [4]. In the case of lauryl gallate loaded in
superparamagnetic PMMA nanoparticles surface modified

with FA the mass loss is gradual and it can be clearly
observed that the polymer is completely degraded when
reaching a temperature about 430 °C [4, 5, 17].

Figures 4b and c show the Langevin plot (M vs. H/T) for
samples MNPs-OA and lauryl gallate loaded in super-
paramagnetic PMMA nanoparticles surface modified with
FA, respectively. First, lauryl gallate loaded in super-
paramagnetic PMMA nanoparticles presents saturation
magnetization (Ms) values of 35 emu/g. This sample also
exhibits the superparamagnetic behavior in the entire tem-
perature range studied, reflected as the superposition of all
curves. From the Langevin fit, we obtain a moment value of
the whole particle that indicates a higher magnetization than
the measured (about 60 emu/g), indicating that the real
magnetic mass must be considered. Interestingly, the
MNPs-OA present a distinct behavior: first, we did not
observe the saturation, with a linear contribution at high
field; second, we observe only the superposition of
the magnetization curves up to 250 K, and for 300 K

Fig. 4 TGA analysis of lauryl gallate loaded in superparamagnetic
PMMA nanoparticles with FA (a). Magnetization curves plotted as M
vs. H/T (Langevin plot) of MNPs-OA (b) and lauryl gallate loaded in

superparamagnetic PMMA nanoparticles surface modified with FA
(c). ZFC–FC curves of MNPs-OA and lauryl gallate loaded in
superparamagnetic PMMA nanoparticles surface modified with FA (d)
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a reduction of the magnetic moment is verified. Figure 4d
presents the ZFC–FC curves for both samples, indicating
for sample of lauryl gallate loaded in superparamagnetic
PMMA nanoparticles surface modified with FA an energy
barrier distribution expected for blocked-superparamagnetic
regime (with mean blocking temperature around 15 K from
obtained from the plot of (1/T)d(MZFC–MFC)/dT vs. T,
corresponding to an anisotropy energy of 5 × 10−12 erg, and
a temperature of irreversibility of 150 K, corresponding to
the higher blocking temperature present in the system). For
sample MNPs-OA, blocking-superparamagnetic regime is
also observed.

As expected from the superparamagnetic behavior of
lauryl gallate loaded in superparamagnetic PMMA nano-
particles, a low remanent magnetization (Mr)/Ms ratio and a
small coercive field (Hc) values are observed for this sam-
ple, as shown in Table 1. Similar values are observed for
MNPs-OA system, despite it presents a more complex
magnetic behavior.

3.2 Release kinetics of lauryl gallate from FA-
superparamagnetic PMMA nanoparticles

A release study was performed at different pH (7.4 and 5.5),
in order to evaluate the release profile of lauryl gallate
loaded in superparamagnetic PMMA nanoparticles. The
release profiles of lauryl gallate in pH 7.4 and 5.5 exhibited
initial burst effect. From 1 h, in both samples and pH con-
ditions, it was observed a slow and sustained release
(Fig. 5), following a biphasic release profile. In the range
1–8 h, release occurred at higher speed than in the range of
8–120 h. The release of lauryl gallate from super-
paramagnetic PMMA nanoparticles was more accelerated in
pH 5.5 than pH 7.4. Results also showed that lauryl gallate
was released more quickly of superparamagnetic PMMA
nanoparticles without FA (Fig. 5).

The zero order, first order and Higuchi mathematical
models were used in this study to evaluate the release
kinetics. Mathematical models were applied to the release
data. The choice of model was based on the highest coef-
ficient of determination (R2). The kinetics of release at
physiological and lysosomal pH conditions was best
explained by Higuchi model followed by the zero-order
model and finally the first order model (Table 2). The
release profile showed that lauryl gallate flux is constant and
it was released almost immediately from superparamagnetic

PMMA nanoparticles with a high lag time (time required for
initial drug release), as can be seen in the Table 2.

3.3 In vitro cytotoxicity in L929 and red blood cells
assays

In this study the biocompatibility of free lauryl gallate and
lauryl gallate loaded in superparamagnetic PMMA nano-
particles was evaluated in L929 cells. Mouse fibroblast
(L929) is a popular cell line recommended by ISO 10993-5
[40] for polymer cytotoxicity testing. As shown in Fig. 6a,
free lauryl gallate significantly inhibited the L929 cells
growth in a dose-dependent manner. However, when the
lauryl gallate was encapsulated in superparamagnetic
PMMA nanoparticles it was not observed any cytotoxic
effects in L929.

The hemolysis assay is another important test for
assessment of cytotoxicity on the red blood cells [24, 44].
According to the criterion of Standard Test Method for
Analysis of Hemolytic Properties of Nanoparticles (ASTM
E2524-08), a percentage hemolysis >5% indicates that the
tested material causes damage. Hemolysis assays of free
lauryl gallate showed a high hemolytic percentage at all
tested concentrations. The hemolytic percentage reached 16,
25, 33, and 99 % when the human red blood cells were
treated with 10, 20, 40, and 80 µ/mL, respectively. On the
other hand, the lauryl gallate loaded in superparamagnetic

Table 1 Magnetic properties of
MNPs-OA and lauryl gallate
loaded in superparamagnetic
PMMA nanoparticles with and
without FA

Samples Ms (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms

MNPs-OA 62 2.0 × 10−4 0.5 1.7 × 10−5

FA-MNPsG12PMMA 38 7.8 × 10−5 0.1 2.0 × 10−5

Fig. 5 Release profiles of lauryl gallate loaded in superparamagnetic
PMMA nanoparticles with and without FA at 37 °C and different pH
(pH 7.4 and 5.5). Data refers to mean± SD (n= 3). Statistical analysis
was performed using one-way ANOVA followed by Tukey’s test
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PMMA nanoparticles surface modified with FA did
not exceed 5 % at concentrations of 10 µg/mL (3.5 %),
20 µg/mL (4.2 %), and 40 µg/mL (4.8 %) of lauryl gallate.
When the human red blood cells were exposed to a high
concentration (80 µg/mL) a small percentage (17 %) was
hemolyzed.

3.4 In vitro cytotoxicity of lauryl gallate in HeLa cells

The cytotoxic effects of free lauryl gallate and lauryl gallate
loaded in superparamagnetic PMMA nanoparticles with and
without FA were evaluated in HeLa cells and observed
through MTT assay. The aim of this study was to compare
the cytotoxic effects of free lauryl gallate and lauryl gallate
loaded in superparamagnetic PMMA nanoparticles with and
without FA. As can be seen in Fig. 7 the free lauryl gallate
did not present any cytotoxic effects on HeLa cells at
concentrations of 10 and 11 µg/mL. Lauryl gallate loaded in
superparamagnetic PMMA nanoparticles without FA,
induced a decrease in cells viability (19 %) at concentration
of 11 µg/mL. The cytotoxic effect at concentrations of 10
and 11 µg/mL was more pronounced in lauryl gallate loaded

in superparamagnetic PMMA nanoparticles surface mod-
ified with FA, which promoted significant reduction in cell
viability, 14 and 30 %, respectively. The free lauryl gallate

Fig. 6 Cytotoxicity assays of
free lauryl gallate, lauryl gallate
loaded in superparamagnetic
PMMA nanoparticles with and
without FA were performed in
L929 cells at different
concentrations (a). Hemolysis
assay (b and c). Relative rate of
hemolysis in human red blood
cells upon incubation with free
lauryl gallate and FA-
MNPslauryl gallatePMMA at
different concentrations. Data
represent mean± SD (n= 3).
(*P< 0.05) one-way ANOVA
followed by Tukey’s test

Table 2 Mathematical models
and kinetic parameters

Mathematical models R2 R2 Flux Flux Lag time Lag time

pH 7.4 pH 5.5 pH 7.4 pH 5.5 pH 7.4 pH 5.5

MNPsG12PMMA

Zero order 0.960 0.774 0.490 0.427 33.963 h 57.552 h

First order 0.876 0.662 0.004 0.662 1.538 h 1.745 h

Higuchi 0.981 0.894 5.820 5.395 23.252 h1/2 45.884 h1/2

FA-MNPsG12PMMA

Zero order 0.884 0.739 0.471 0.428 47.945 h 53.313 h

First order 0.789 0.680 0.003 0.003 1.677 h 1.715 h

Higuchi 0.985 0.905 5.789 5.520 36.646 h1/2 42.287 h1/2

Fig. 7 In vitro cytotoxicity of free lauryl gallate, lauryl gallate loaded
in superparamagnetic PMMA nanoparticles surface modified with and
without FA at different concentrations. Data represent three indepen-
dent experiments, each being performed in triplicate. Significant dif-
ferences: ***P< 0.0001, **P< 0.0001, and *P< 0.0001 one-way
ANOVA followed by Tukey’s test
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induced cell death at concentration range of 12–14 µg/mL,
with a decrease in cell viability of 18–39 %, respectively.
However, higher cytotoxic effects were observed when
HeLa cells were incubated with lauryl gallate loaded in
superparamagnetic PMMA nanoparticles surface modified
with FA at concentrations range of 12–14 µg/mL decreasing
the cell viability of 40–60 %, respectively.

3.5 Cellular uptake study by confocal microscopy

To evaluate nanoparticles cellular uptake, HeLa cells were
incubated with superparamagnetic PMMA nanoparticles
loaded with lauryl gallate with or without surface modified
with FA and labeled with 6-coumarin at two different
temperatures. Figure 8a shows images of confocal scanning
microscopy, at maximum projection of optical slices and
merged with DIC.

Superparamagnetic PMMA nanoparticles (green label)
incubated at 4 °C cannot be observed inside the cells in
Fig. 8a. Note that the nuclei are labeled in blue (with DAPI)
and the cells are observed by DIC. When super-
paramagnetic PMMA nanoparticles were incubated for 1 h
at 37 °C, it was observed cellular uptake of both super-
paramagnetic PMMA nanoparticles (labeled in green) as

can be seen in Fig. 8a. To confirm that the nanoparticles
were actually internalized and not just bounded to cell
surface membrane, an optical slice, containing the nuclei
region (labeled with DAPI, blue) was evaluated (Figs. 8b,
c). It is clear that the nanoparticles (labeled with 6-cou-
marin, green) and the nuclei are at the same plan. To
reinforce these data, Figs. 8b and c show also an orthogonal
view (2D representation of a 3D image). Optical sections
xy-projections (inferior panel) and yz-projections (right
panel) show the internalized nanoparticles, as they appear at
the same plane as the nuclei. Quantification of nanoparticles
inside HeLa cells was held by flow cytometry assays. The
fluorescence intensity (Fig. 8d) and its corresponding
uptake percentage (Fig. 8e) corroborated with confocal
microscopy analysis.

4 Discussion

Lauryl gallate loaded in superparamagnetic PMMA nano-
particles surface modified with FA were successfully obtained
by miniemulsion polymerization with a high EE(%), narrow
particle size distribution and spherical morphology, which are
considered important parameters for biomedical application

Fig. 8 Cellular uptake of lauryl gallate loaded in superparamagnetic
PMMA nanoparticles (a). Cells were incubated for 1 h at 4 °C or
37 °C. Orthogonal view of cells incubated at 37 °C with lauryl gallate
loaded in superparamagnetic PMMA nanoparticles surface modified

with (b) and without FA (c). Observe the nuclei in blue (DAPI) and the
nanoparticles in green. Histogram of fluorescence (d) and quantifica-
tion (%) (e)
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[36, 45]. The high negative zeta potential contributes to an
excellent colloidal stability of superparamagnetic PMMA
nanoparticles [45]. The negative surface charge of nano-
particles can be attributed to the carboxylic groups (OA and
PMMA) and the surfactant (lecithin) on the super-
paramagnetic PMMA nanoparticles surface [4].

The XRD analysis (Fig. 2) showed that the lauryl gallate
is molecularly dispersed in the polymeric matrix in its
amorphous state [5, 35, 36], as can be observed at an angle
between 10° and 20°, characteristic of an amorphous
polymer [46]. Additionally, six peaks, characteristic of iron
oxide [4, 17], were observed in the diffractogram of lauryl
gallate loaded in superparamagnetic PMMA nanoparticles
without FA and surface modified with FA.

FTIR analysis of lauryl gallate loaded in super-
paramagnetic PMMA nanoparticles confirmed that there
was not significant interaction between lauryl gallate and
polymer, indicating that the lauryl gallate was embedded
into a polymeric matrix. Additionally, the peak at 577 cm−1

confirmed the encapsulation of iron oxide. These results
were corroborated by XRD analyses. The appearance of two
bands (Fig. 3b) characteristic of FA can be indicative of FA
adsorption on the nanoparticles surface, due to the interac-
tion of hydrogen bonds [47, 48]. The UV spectrum, as
shown in Fig. 3c, confirmed the FA adsorption with the
appearance of the band at 284 nm [7, 47, 49].

TGA analysis determined the total concentration of
polymer, OA and iron oxide in formulation. The presence of
two peaks at around 200 and 440 °C (40 %) are attributed to
the OA (different species) on the surface of iron oxide [4,
50]. The residual concentration of approximately 19 %,
corresponds to the iron oxide and the others 81 % corre-
sponds to the PMMA and OA adsorbed on the surface of
iron oxide [50].

The lauryl gallate loaded in superparamagnetic PMMA
nanoparticles surface modified with FA presented super-
paramagnetic behavior and a Ms value lower than the bulks
values of iron oxide (90–100 emu/g of Fe3O4 and
60–80 emu/g of maghemite (γ-Fe2O3)), which is probably
related to the encapsulation of the MNPs [4, 50].

Interestingly, the MNPs-OA presented a distinct beha-
vior with a linear contribution at high field. However, it was
only observed the superposition of the magnetization curves
up to 250 and 300 K. These results indicate that a more
complex magnetic order was verified for these nanoparticles
in comparison to the first ones: the MNPs-OA system could
be seen as a major magnetic monodomain (with super-
paramagnetic behavior at higher temperatures) with
important contributions of surface effects and interparticle
interactions. Probably, this sample presented a lower crys-
tallinity degree and/or stronger surface effects [51]. The
higher magnetization verified in the curves of the later
sample is probably related with a lower amount of organic

mass, reducing its effect in the normalized value of mag-
netization. The ZFC–FC curves, as can be seen in Fig. 4d,
evidences that the energy barrier distribution is not well
defined, similarly to systems with high surface effects and
magnetic disorder even at low temperatures [51, 52], and
reinforcing the results obtained from magnetization curves.
As expected, the nanoparticles and MNPs-OA presented a
low Mr/Ms and small Hc typical of a superparamengnetic
behavior (Table 1). It is important to mention that the FA
adsorbed and the encapsulation of lauryl gallate in PMMA
nanoparticles did not affect the Ms values and magnetic
behavior [4, 17].

4.1 Controlled release and mathematical models

The release studies of lauryl gallate from super-
maparamagnetic PMMA nanoparticles in physiological (7.4)
and lysosomal (5.5) pH conditions [19, 52], presented a
biphasic release profile, with an initial burst effect following
a slow and sustained released, as can be seen in Fig. 5. This
biphasic pattern can be attributed to a distribution difference
of lauryl gallate entrapped within the polymeric matrix.
There is, possibly, a greater amount of drug encapsulated in
the surface layer than in the inner portion of the polymer
matrix. The biphasic pattern can be an excellent strategy in
the development of targeted drug systems, where the drug is
released during two periods: (I) immediate drug release to
maintain the constant drug concentration in the blood plasma
for a prolonged period, followed by a slow and sustained
release in the target tissue, consequently improving patient
compliance (decreases the number of daily administrations)
and therapeutic efficacy [53–56].

Based on the studies of mathematical models shown in
Table 2, the release kinetics was best explained by Higuchi
model. The Higuchi model describes the drug release from a
solid matrix by diffusion based on Fick’s law [39, 46].
Generally, diffusion is the mechanism that controls the drug
release in delivery systems produced with non-
biodegradable polymers, such as PMMA and conse-
quently factors, such as concentration gradient, location of
the drug in the polymer matrix, diffusion distance, and the
degree of swelling can influence the profile and the release
rate [56–58]. Thus, we can conclude that the release of
lauryl gallate from the superparamagnetic PMMA nano-
particles followed the Higuchi model and the mechanism
that controls the release is the diffusion.

4.2 In vitro cytotoxicity in L929 and red blood cells

Lauryl gallate loaded in superparamagnetic PMMA nano-
particles without FA and surface modified with FA did not
present any cytotoxic effect on L929 and red blood cells,
whereas free lauryl gallate demonstrated cytotoxicity on
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L929 and red blood cells as already observed in other stu-
dies with free GA derivatives [32, 59]. These results indi-
cate that PMMA nanoparticles provided a drug protection
decreasing its cytotoxic effects [36, 38]. In hemolysis assays
(Figs. 6b, c) the lauryl gallate encapsulated in super-
paramagnetic PMMA nanoparticles surface modified with
FA did not exceed 5 % hemolysis in three different con-
centrations. When red blood cells were exposed to a higher
concentration a small percentage was hemolyzed.

The non-hemolytic character at the concentrations range
10–40 µg/mL of lauryl gallate confirms the hemocompat-
ibility, ensuring the protection of drug when encapsulated in
superparamagnetic PMMA nanoparticles [9, 38]. In others
words, they are similar to the original plasma, which indi-
cates that the superparamagnetic polymeric nanoparticles
did not have obvious activation or coagulation factors and
thrombin generation [44]. Lastly, superparamagnetic
PMMA nanoparticles surface modified with FA provides
protection to the drug (lauryl gallate), decreasing toxic
effects in non-tumor cells with potential application for
controlled intravenous delivery of lauryl gallate.

4.3 In vitro cytotoxicity and cellular uptake

Cytotoxicity assays of lauryl gallate on HeLa cells showed
that the FA adsorption on the nanoparticles surface pro-
moted a higher reduction in cell viability than free lauryl
gallate and nanoparticles without FA. These results can be
related with an increase in cellular uptake, due to the
interaction of FA with the folate receptor overexpressed on
the surface of HeLa cells [25, 60, 61]. Based on the results
of cytotoxicity and cellular uptake assays, confocal micro-
scopy and flow cytometry analysis were carried out, as can
be seen in Fig. 8. All assays performed corroborate with
cytotoxicity assays, in which a higher uptake cellular was
observed when the lauryl gallate loaded in super-
paramagnetic PMMA nanoparticles surface modified with
FA was incubated at 37 °C. When the nanoparticles were
incubated at 4 °C, assuming that the energy-dependent
pathways are inhibited, the nanoparticles were not able to
diffuse at 4 °C, suggesting that the nanoparticles were
uptake by some energy-dependent pathways [62–64].
Lastly, our results suggest that the higher cellular uptake
observed by confocal microscopy and flow cytometry of
lauryl gallate loaded in superparamagnetic PMMA nano-
particles surface modified with FA were delivered into
HeLa cells via folate receptor-mediated endocytosis.

5 Conclusion

The synthesis by miniemulsion polymerization of lauryl
gallate loaded in superparamagnetic PMMA nanoparticles

with the surface modified with FA resulted in a polymeric
system with superparamagnetic behavior, excellent colloi-
dal stability, and high EE. The release profile of lauryl
gallate showed an initial burst effect, followed by a slow
and sustained release, indicating a biphasic release system.
The lauryl gallate loaded in superparamagnetic PMMA
nanoparticles did not present any cytotoxic effect on non-
tumoral cells (L929 and human red blood cells). However,
free lauryl gallate presented cytotoxicity in both cells,
suggesting that the polymeric system protected against
possible toxic effects. Cytotoxicity and cellular uptake
studies on HeLa cells showed that lauryl gallate loaded in
superparamagnetic PMMA nanoparticles covered by FA
was much more efficient than lauryl gallate loaded in
superparamagnetic PMMA nanoparticles without FA and
free lauryl gallate, suggesting that those nanoparticles were
targeted to HeLa cells by folate receptor-mediated endo-
cytosis. Lastly, our studies demonstrated that these super-
paramagnetic polymeric systems could be an excellent
alternative in cancer treatment with targeted drug delivery
and controlled release of encapsulated drugs.
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