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ABSTRACT: To improve traditional cancer therapies, we
synthesized polylactide (PLA) spheres coencapsulating mag-
netic nanoparticles (MNPs, Fe3O4) and an anticancer drug
(doxorubicin, DOX). The synthesis process involves the
preparation of Fe3O4 NPs by a coprecipitation method and
then PLA/DOX/Fe3O4 spheres using the solvent evaporation
(oil-in-water) technique. The Fe3O4 NPs were coated with
oleic acid to improve their hydrophobicity and biocompati-
bility for medical applications. The structure, morphology and
properties of the MNPs and PLA/DOX/Fe3O4 spheres were
studied using various techniques, such as FTIR, SEM, TEM,
TGA, VSM, UV−vis spectroscopy, and zeta potential
measurements. The in vitro DOX release from the spheres
was prolonged, sustained, and pH-dependent and fit a zero-order kinetics model and an anomalous mechanism. Interestingly, the
spheres did not show a DOX burst effect, ensuring the minimal exposure of the healthy cells and an increased drug payload at the
tumor site. The pronounced biocompatibility of the PLA/DOX/Fe3O4 spheres with HeLa cells was proven by a WST assay. In
summary, the synthesized PLA/DOX/Fe3O4 spheres have the potential for magnetic targeting of tumor cells to transform
conventional methods.
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1. INTRODUCTION

As cancer continues to be among the leading causes of human
mortality globally, more efficient drug delivery systems are
required to revolutionize the present chemo- and radio-
therapies. Improvements in targeting include greater specificity
to cancer cells, nontoxicity to normal cells,1,2 and sustained
drug release. The idea of magnetic drug targeting (MDT) as an
alternative therapy dates back to the 1970s, but to date, only a
few MDT treatments have been approved for clinical
application by the Food and Drug Administration (FDA).3,4

MDT entails the conjugation of therapeutics onto the surface of
magnetic nanoparticles (MNPs)5−8 or active targeting through
the attachment of high-affinity ligands.9,10 The unique carrier is
directed to the pathological site via external magnetic field
modulation.3,4 Compared with traditional systems, MDT offers
optimal controlled drug dosage and tumor cell specificity.3,11

Importantly, as the deleterious side effects caused by the
exposure of normal or healthy cells to toxic drugs are
minimized, patient compliance is maintained throughout the
treatment.3,11

Iron oxide NPs are gaining popularity as vectors for MDT
due to their high biocompatibility, small size, ease of
preparation, and magnetic properties.12,13 Superparamagnetic

(SPIO) and ultrasmall superparamagnetic (USPION) colloidal
iron oxide NPs have already been used in MDT, magnetic
resonance imaging (MRI),14,15 hyperthermia studies,16,17

biosensing,18 and detoxification of biological fluids.19 However,
in their pristine state, they tend to aggregate due to their large
surface-to-volume ratio and dipole−dipole interactions.20 To
prevent this, their surface has to be modified to mitigate
agglomeration and attain colloidal stability in biological
environments, particularly to increase plasma half-life and to
circumvent the reticuloendothelial system (RES).11,12,20 A
number of stabilizers ranging from polymers to bioactive
materials have been used to attain colloidal stability of NPs,13

and some of these, for example, dextran-coated SPION, have
already been approved for clinical use by the FDA.21,22

Several studies have applied Fe3O4 NPs and biodegradable
polymers in anticancer drug delivery applications. For example,
Li et al.23 reported that the anticancer drug curcumin loaded
into magnetic poly(lactic acid) microspheres resulted in the
sustained release of the drug in simulated physiological blood.
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Jia et al.24 also found sustained release of the relatively toxic
doxorubicin (DOX) encapsulated with Fe3O4 NPs within
biodegradable poly(lactic-co-glycolic acid) (PLGA) spheres
during in vitro studies. They also tested the cytotoxicity of
the carrier in vitro on murine Lewis lung cancer carcinoma
cells, in which it induced apoptosis. The DOX-magnetic NP
spheres showed even higher antitumor activity in vivo in mice
injected with murine LLC cells into their backs than free DOX
in the presence of an external magnetic field (neodymium iron
boron).
In this study, a single-step emulsion evaporation method

involving the coencapsulation of Fe3O4 NPs (MNPs) and a
model anticancer drug (DOX) into a PLA matrix was used to
prepare hybrid spheres. The synthesized Fe3O4 NPs were made
hydrophobic by coating with oleic acid, which has been
reported to further enhance the magnetic properties of Fe3O4.

25

DOX is an anthracycline antibiotic that was originally produced
by Streptomyces peucetius var. caesius.26 DOX exerts its cytotoxic
effect as a DNA-intercalating agent to inhibit further DNA and
RNA biosynthesis.27 Therefore, DOX has been widely used
independently or in combination with other chemotherapeutic
regimes for various types of solid tumors.24,28 However, dose-
limiting toxic side effects, such as cardiotoxicity, myelosup-
pression, mucositis, and alopecia, limit the clinical application of
DOX due to nonspecific distribution in healthy tissues.
Therefore, recent studies have focused on the development
of targeted drug delivery systems and administration.
This study investigated the application of PLA, in contrast to

the extensively used hydrophobic PLGA, which is a copolymer
of PLA and polyglycolide.24,29−32 PLA is a biodegradable,
biocompatible, and bioabsorbable thermoplastic polyester
approved by the U.S. FDA for clinical application. PLA can
easily degrade under physiological conditions by simple
hydrolysis of the ester backbone, and its degradation products
are easily excreted through the kidneys or eliminated in the
form of carbon dioxide and water through metabolic processes
in animals. In addition, PLA exhibits surface erosion, and this
property is extremely important for the development of a
controlled delivery system (especially for cancer drugs) because
the kinetics of surface erosion and the rate of drug release must
be highly reproducible.
Both synthesized and OA-modified MNPs were used for the

preparation of DOX-loaded PLA/Fe3O4 NP spheres. The
magnetism of the Fe3O4 NPs was measured using a Lake Shore
VSM. The physicochemical properties of the spheres were
characterized in terms of chemical structure, surface charge and
morphology, Fe3O4 NPs and DOX loading content. The in
vitro release profiles of DOX from the spheres were studied in
both acidic and basic environments, and various mathematical
models were used to elucidate the release mechanism of DOX
from the spheres. WST assay tests were conducted to study the
proliferation of human epithelial carcinoma (HeLa) cells.
Finally, the uptake of Fe3O4 NPs by the HeLa cells was
visualized using a transmission electron microscope.

2. EXPERIMENTAL SECTION
2.1. Materials. PLA (PLA2002D) was supplied by Nature Works

LLC (Minnetonka, MN). Characteristically, it has ∼4 wt % D-isomer, a
weight-average molecular weight of 235 kg/mol, a 1.24 g/cm3 density,
a glass transition temperature (Tg) of ∼60 °C and a melting point
(Tm) of ∼153 °C. Analytical standard DOX; anhydrous ≥99.8%, 50−
150 ppm amylene stabilizer, total impurities ≤0.001% water
dichloromethane (DCM); ≥ 99.9% anhydrous chloroform (CHCl3);

dialysis bags with an average flat width of 35 mm (1.4 in.) and MWCO
12 000 Da pore size; phosphate buffer solution (1.0 M, pH 7.4);
acetate buffer solution (pH 4.6 ± 0.2); 97% reagent grade iron(III)
chloride (FeCl3); 99.99% trace metal basis iron(II) sulfate (FeSO4),
ACS reagent, 28−30% NH3 basis ammonium hydroxide solution
(NH4OH); and greater than 99% hydrolyzed poly(vinyl alcohol)
(PVA) were all purchased from Sigma-Aldrich, South Africa. The
solvents were used as received without further purification. HeLa cells
were purchased from the American Type Culture Collection
(Manassas, VA). WST quick cell proliferation assay kit II was received
from BioVision (Milpitas, CA). Dulbecco’s minimal essential medium
(DMEM), 1% (w/v) nonessential amino acids and 1% (w/v)
glutamine; trypsin 0.25% EDTA; and penicillin-streptomycin-neo-
mycin (PSN) antibiotic mixture were supplied by Thermo Fisher
(Waltham, MA). Standardized fetal bovine serum (FBS), EU-approved
and heat inactivated, was supplied by Gibco (Gaithersburg, MD).

2.2. Synthesis of Fe3O4 NPs by Coprecipitation Method.
Colloidal NPs used for clinical application are mainly synthesized by
the coprecipitation method, predominantly because it is the simplest
and most efficient method.12,20 The ferric and ferrous salts were
coprecipitated in a 2:1 ratio in aqueous basic media (NH4OH), with
continuous mechanical stirring at 60 °C. The resulting black NPs were
filtered, washed with distilled water and ethanol, and subsequently
dried at 60 °C in a vacuum oven, modified from the method of Ma et
al.33

2.3. Synthesis of Fe3O4−OA NPs. Hydrophobic Fe3O4 NPs were
prepared by adding oleic acid to the precipitation of ferric and ferrous
salts prepared in the previous steps, modified from Zhang et al.34 The
Fe3O4−OA NPs were filtered, washed and dried in a vacuum oven at
60 °C.

2.4. Encapsulation of Fe3O4 NPs and DOX into PLA Spheres.
The classical solvent evaporation oil-in-water (o/w) emulsion
technique was used for the preparation of PLA/DOX/Fe3O4 and
PLA/DOX/Fe3O4−OA spheres. For the preparation of PLA/DOX/
Fe3O4 spheres, 1 mg of DOX, 100 mg of PLA, and 4 mg of Fe3O4 NPs
were suspended in 20 mL of volatile solvent, either DCM or CHCl3,
providing an oil phase. This oil phase was subsequently introduced
into an aqueous phase consisting of 0.1% (w/v) PVA and
ultrasonicated for 10 min by means of an UP400s horn at ambient
temperature. Subsequently, the oil and aqueous phases were
mechanically stirred at ambient temperature for 3 h to evaporate the
solvents. The resulting spheres were separated, washed with distilled
water and ethanol using a centrifuge, and freeze-dried for storage. The
PLA/DOX/Fe3O4−OA spheres were synthesized using a similar
approach but with a few modifications. The organic phase was
prepared by suspending 2 mg of DOX, 100 mg of PLA (as above) and
4 mg of Fe3O4−OA in 3 mL of DCM, which was then added to 0.2%
(w/v) PVA and ultrasonicated for 10 min in an ice bath.

2.5. Study of DOX Encapsulation Efficacy. The percentage
encapsulation efficacy (% EE) of the drug within the spheres was
measured after dissolving ∼3 mg of sample in 5 mL of DCM,
determining the DOX concentration using UV−vis spectroscopy at λex
= 485 nm and using the following formula:

= ×
⎛
⎝⎜

⎞
⎠⎟%EE

amount of DOX in spheres
amount of feeding DOX

100
(1)

2.6. In Vitro Drug Release Kinetics. To study the in vitro
kinetics of the release of DOX from the PLA/DOX/MNP spheres,
two pH levels were simulated, namely, physiological blood (7.4, using
phosphate buffer) and endosomes (4.6, using acetate buffer). In each
drug release experiment, approximately 2 mg of freeze-dried spheres
was sealed in dialysis bags with 2 mL of donor buffer. The sealed
dialysis bags were immersed into 30 mL of receptor buffer in tubes.
The tubes were capped and shaken at 200 rpm horizontally in a
JULABO SW22 water bath at 37 °C. At predetermined time intervals
(every 2 h for 8 h on the first day and 24 h intervals for the rest of the
experiment), 4 mL of the receptor donor was sampled and replaced
with the same amount of fresh buffer. The concentration of DOX
released was analyzed using UV−vis spectroscopy at λex = 480 nm.
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Data obtained were fitted to mathematical models (Supporting
Information) that determine and explain the mechanism of the drug
release from the system.
2.7. In Vitro Cytotoxicity of PLA/DOX/MNPs. The HeLa cells

were maintained and cultured according to routine cell culture
procedures. The cells were cultured at 37 °C and 90% humidity in a
5% CO2 (g) atmosphere in complete medium [DMEM (1% (w/v)
nonessential amino acids, 1% (w/v) glutamine), and 10% (v/v) FBS].
The cytotoxic effect of Fe3O4, Fe3O4−OA, free DOX and PLA/DOX/
MNP composites was determined using a WST quick cell proliferation
assay kit II, which was performed according to the manufacturer’s
instructions. The assay is based on the cleavage of the tetrazolium salt,
forming formazan by cellular mitochondrial dehydrogenase. Therefore,
the amount of dye produced via the activity of dehydrogenase is
directly proportional to the number of living cells. The assay was
performed in quadruplicate as follows: HeLa cells were seeded in 96-
well plates at a density of 1 × 106 cells/well in 100 μL of complete
medium [DMEM, 10% (v/v) FBS]. The plates were incubated for 24
h to attain 70−80% confluence. Subsequently, the cells were exposed
to different concentrations (0.1, 0.01, and 0.001 mg/mL) of the metal
oxides, DOX and spheres and incubated in a 90% humidity
atmosphere. After 24 h, each well was washed 3 times with 100 μL
PBS and filled with 100 μL complete medium and 10 μL of assay
medium. The plates were shaken gently to mix the contents and
incubated for 1 h at 37 °C. A Tecan plate reader at 492 nm
(measurement wavelength) and 620 nm (reference wavelength) was
used to measure the plates’ absorbance.
2.8. TEM Imaging of the HeLa Cells Treated with the PLA/

DOX/Fe3O4 Spheres. To study the uptake of the carriers/NPs, we
seeded 1 × 106 HeLa cells into 96-well plates using the same protocols
for in vitro cytotoxicity studies. The cells were treated with 0.1 mg/mL
PLA/DOX/Fe3O4 carrier (8 wells). The plates were incubated for 48
h as in the above section, harvested into Eppendorf tubes and pelleted.
The pellets were prefixed in 2.5% glutaraldehyde in 100 mM
phosphate buffer (pH 7.2) for an hour. After washing with phosphate
buffer, they were postfixed in 1% osmium tetroxide in 100 mM
phosphate buffer for an hour. Subsequently, they were dehydrated
using a graded series of ethanol solutions, infiltrated with epoxy resin
and cured in an oven using conventional techniques. Ultrathin sections
(c. 70 nm) of HeLa cells were obtained using a Leica Ultramicrotome,
mounted on 200 mesh Cu grids and imaged unstained using a JEOL-
JEM 2100 high-resolution transmission electron microscope
(HRTEM).
2.9. Characterization. The surface topography and focused ion

beam (FIB) cross sections of the spheres were imaged using a Zeiss
Auriga field-emission scanning electron microscope (FESEM, Zeiss,
Germany). Elemental analysis and mapping were done using an
Oxford EDS system fitted on that instrument. HRTEM was used to
study the morphology of the Fe3O4 NPs supported on holey carbon-
coated grids. The crystallinity of the MNPs was studied using a
PANalytical X’pert Pro X-ray diffractometer (PANanlytical, The
Netherlands). The system was operated with the subsequent settings:
2 theta = 5° start angle and 80° end angle; step size of 0.026; 61.20
time per step; 0.1099419 scan speed; and 11 min 59 s exposure time.
A PerkinElmer Spectrum 100 FTIR spectroscope (PerkinElmer,
Waltham, MA) was used to attain spectra between 4000 and 400
cm−1 wavenumbers at a 4 cm−1 resolution. Magnetic properties of the
Fe3O4 NPs were measured using a Lake Shore Vibrating Sample
Magnetometer (VSM). The stability of the materials was measured
using a Malvern Zetasizer Nano series (Nano-Zs, Malvern, U.K.). The
MNPs and spheres were dispersed in distilled water and adjusted to
desired pH levels (2, 4, 6, 8 and 12) using NaOH and HCl solutions.
Measurements were recorded at 25 °C. The zeta potential was
calculated using Smoluchowski’s model. The drug content in the
spheres and release medium was measured using a PerkinElmer
Lambda 7500 Ultraviolet and Visible (UV−vis) spectrometer
(PerkinElmer, Waltham, MA). The absorbance of the 96-well plate
was read using a F500 Tecan plate reader at 492 nm and a 620 nm
reference wavelength. The average size of the spheres from SEM
images was measured using pro premier analyzer software. The

diameters of the spheres were measured (≥20 spheres), both smaller
and larger ones.

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology of MNPs. The structure

of MNPs was characterized using XRD. Powder XRD patterns
for Fe3O4 and Fe3O4−OA NPs, Figure S1 (Supporting
Information), respectively, confirmed crystalline phases in
synthesized NPs. In the diffractograms, the 2-theta peaks
appearing at 30, 36, 44, 57, 63, and 74° are respectively
assigned to the 220, 311, 400, 511, 440, and 620 planes,
matching standard bulk Fe3O4 JCPS no.79-0416, and are in
agreement with Qu et al.35 The crystallite sizes calculated from
the peaks (2θ = 36°) were 11.4 and 18 nm for Fe3O4 and
Fe3O4−OA, respectively. With the inclusion of the oleic acid
coating onto the surface of the Fe3O4, the size increased to 18
nm, endorsing the inclusion of a coating on the Fe3O4 surface.
The morphology and size of the synthesized MNPs were

evaluated using TEM and SEM. Expectedly, synthesized MNPs
tend to aggregate due to their large surface-to-volume ratio and
dipole−dipole interaction (Figure 1a), which underscores the

need for surface modification to render colloidal stability and
improve dispersity.20 The oleic acid coating minimized the
agglomeration of the MNPs, as evidenced by the semi-
agglomerated MNPs (Figure 1b).
The average sizes of the Fe3O4 and Fe3O4−OA NPs

measured using TEM were 11 ± 4.52 and 18 ± 1.71 nm,
respectively, which agrees with XRD (2θ = 36°, Supporting
Information) crystallite size measurements of 11.4 and 18 nm
for Fe3O4 and Fe3O4−OA, respectively. The increase in the size
of the Fe3O4−OA NPs was due to the oleic acid coating; Lan et
al.36 observed the same trend. Dense packing of Fe3O4 NPs
resulted in an apparent continuous layer in the SEM image
(Figure 1c), whereas individual particles were more visible after
coating with oleic acid (Figure 1d), suggesting decreased
aggregation.

Figure 1. High-resolution transmission and scanning electron
micrographs of (a and c) Fe3O4 and (b and d) Fe3O4−OA
nanoparticles. The oleic acid coating increased the size and improved
the Fe3O4 dispersion.
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3.2. Magnetic Property. The magnetism of synthesized
Fe3O4 was studied using a Lake Shore VSM and a magnet at
room temperature. The VSM hysteresis loop for the NPs is
shown in Figure S2 (Supporting Information). The magnet-
ization saturation for Fe3O4 was 17.904 emu/g. The size,
method of synthesis, and shape possibly influence the
magnetization. Particles smaller than 20−30 nm are reported
to have lower superparamagnetism,37 which explains the lower
magnetism of the Fe3O4 NPs, which are approximately 11 nm
in size. Furthermore, they had a coercivity (Hei) of 21.874 G, a
30.805E−3 squareness, and a remanence of 0.51903 emu/g. The
NPs were also subjected to a magnetic field at room
temperature, and pictures were taken in the absence or
presence of a magnetic field (Figure S3, Supporting
Information). Magnetism was displayed only in the presence
of the magnetic field. This was because the remanence
measured using VSM was very low. For magnetic targeting,
the carriers are modulated to the site of preference by the
inclusion of a magnetic field, and upon reaching the site, the
magnetism of the iron oxide is not required. This implies that
loss of magnetism in the absence of a magnetic field is a good
property for drug delivery applications. Typically, MNPs with
diameters less than 30 nm possess superparamagnetic proper-
ties at room temperature.38

3.3. Sphere Morphology. The present study prepared
PLA-based spheres coencapsulating the anticancer drug DOX
and MNPs for the MDT of tumor cells to improve traditional
therapies. The morphology and size of the synthesized PLA/
DOX/MNP spheres were evaluated using SEM. Figure 2 shows
the SEM images of the PLA/DOX/MNP spheres. The

calculated sizes (using ImageJ software) of the spheres were
0.8 ± 1.3, 0.5 ± 0.6, and 0.6 ± 0.6 μm for PLA/DOX/Fe3O4−
OA (DCM; Figure 2a), PLA/DOX/Fe3O4 (DCM; Figure
2b,c), and PLA/DOX/Fe3O4 (CHCl3; Figure 2d,e) spheres,
respectively (Table 1). It can be seen that the former spheres

(prepared with Fe3O4−OA) had a bigger size compared to the
latter spheres (prepared with Fe3O4); this is due to the
additional oleic acid coating on the Fe3O4 surface. In the case of
the PLA/DOX/Fe3O4 spheres, there was almost no influence
of the nature of the solvent on the obtained sphere sizes. In
some instances, it was possible to observe smaller spheres
seemingly encapsulated within microspheres, as shown by the
red arrows in Figure 2c,e. In addition to minimizing
agglomeration, the PLA matrix is also reported to minimize
toxicity by enveloping toxic drugs, attain controlled and
sustained drug release, degrade in a biocompatible manner
and evade opsonization, which can hinder the delivery of drug
to tumor sites.12,21

Figure 2. Scanning electron microscopic images of (a) PLA/DOX/Fe3O4−OA spheres synthesized in DCM, (b and c) PLA/DOX/Fe3O4 spheres
synthesized in DCM, and (d and e) PLA/DOX/Fe3O4 spheres synthesized in CHCl3.

Table 1. Sphere Size and Percentage Encapsulation Efficacy
of the Drug within Spheresa

PLA/DOX/MNPs spheres size μm ± std % EE ± std

PLA/DOX/Fe3O4 (DCM) spheres 0.5 ± 0.6 57.5 ± 54.4
PLA/DOX/Fe3O4 (CHCl3) spheres 0.6 ± 0.6 59 ± 26.9
PLA/DOX/Fe3O4−OA spheres 0.8 ± 1.3 59 ± 43.8

aThe standard deviation value suggests that spheres of different sizes
were prepared, ranging from nanospheres to microspheres.
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3.4. FTIR and EDS Analyses. The inclusion of oleic acid
on the Fe3O4 NPs was also supported by FTIR analysis. Figure
3 shows the functional groups of the Fe3O4, Fe3O4−OA, DOX,

PLA, and PLA/DOX/MNP spheres. Uncoated Fe3O4 showed
functional groups typical for pure Fe3O4, free of OH groups
δ(3401 cm−1) from adsorbed moisture, and Fe−O ν(583, and
431 cm−1), as reported previously.39,40 Andrade et al.41 assigned
590 and 450 cm−1 to magnetite and maghemite, respectively.
Fe3O4−OA spectra evidently display inclusion of C−H
νa,νs(2925, 2844 cm−1) from oleic acid. The characteristic
Fe3O4 peak appearing at 1627 cm−1 shifted to 1526 cm−1 in
Fe3O4−OA, and the shift is associated with the combination of
CO with Fe atoms. The observed trend of Fe3O4−OA NPs
is in accordance with the observation of Lan et al.,36 namely,
the strong CH2 bands at 2924 cm−1 (νa C−H), 2853 cm−1 (νs
C−H), and 1405 cm−1(δs C−H). The DOX characteristically
showed N−H, νs(3450 cm−1) and δ(1618, 1521 cm−1); OH

groups, νs(3330 cm−1); C−H, νs(2910 cm−1); C−O, νs(1730
cm−1); C−C, νs(1410 cm−1); and C−O−C, νs(1270, 990
cm−1), in line with the observation made by Kayal et al.42 PLA
typically showed C−H, νa(2996 cm−1), νs(2935 cm

−1), δ(1445,
1365 cm−1); CO, ν(1749), from the ester bond; and C−O−
C, νa,νs(1181, 1090 cm−1). The PLA/DOX/MNP spheres
displayed the same functional groups but with overlapping PLA
and DOX peaks, which further supports the inclusion of DOX
into the PLA-based spheres. The formation of DOX
encapsulated PLA/MNP spheres was further supported by
EDS analysis. The EDS spectra for Fe3O4, Fe3O4−OA, and
PLA/DOX/MNPs are shown in Figure S4, Supporting
Information. The higher carbon intensity of PLA/DOX/
Fe3O4−OA was due to the presence of the extra oleic acid
coating on the Fe3O4 surface.

3.5. Zeta Potential Measurement. The zeta potential (ξ)
determines the cellular interactions of the carriers and the
environment to which they are exposed.43 Figure 4 details the ξ
of Fe3O4, Fe3O4−OA and PLA/DOX/MNPs with a change in
pH from basic to acidic. A shift from positive to negative ξ with
an increase in pH was observed, especially for Fe3O4−OA and
PLA/DOX/Fe3O4 compared with Fe3O4. In contrast, when
PLA/DOX/Fe3O4−OA was compared with Fe3O4−OA, ξ
shifted to lower values only at lower pH values (2 and 4) and
increased with increasing pH. The shift observed suggests the
incorporation of additional compounds into the pure Fe3O4.
Xu44 reported that materials with ξ values higher than 25−30
mV are stable; in line with this prediction, our compounds
showed stability at basic pH. The inclusion of oleic acid coating
and PLA enhanced the stability of the bare Fe3O4. Steric
stabilization of ceramics using polymers is reported to attain
stability, decrease toxicity, and lower agglomeration.45

Inorganic stabilizers also yield more stable and less agglom-
erated ceramics.4,12 Interestingly, the PLA/DOX/MNP carriers
showed stability at pH 7.4, that is, the physiological blood pH.
Stability at physiological blood pH will ensure the carriers’
increased plasma half-life while traversing to the tumor site.
The isoelectric points (pHIEP) extrapolated from the graphs for

Figure 3. FTIR spectra of PLA, DOX, MNP, and PLA/DOX/MNP
spheres. The PLA/DOX/MNP spectra showed PLA, DOX, and MNP
functional groups, confirming encapsulation.

Figure 4. Zeta potential plots for Fe3O4, Fe3O4−OA, PLA/DOX/Fe3O4, and PLA/DOX/Fe3O4−OA.
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Fe3O4, Fe3O4−OA, PLA/DOX/Fe3O4, and PLA/DOX/
Fe3O4−OA were 5 for Fe3O4 and 2 for the others. The change
in pHIEP can be ascribed to the inclusion of the oleic acid and
PLA coating on the Fe3O4. Hence, stabilization of the MNPs by
PLA and oleic acid is confirmed.
3.6. In Vitro Drug Release by Carriers. The % EE of

DOX in the spheres was as follows: PLA/DOX/Fe3O4 (DCM),
57.5 ± 54.4%; PLA/DOX/Fe3O4 (CHCl3), 59 ± 26.9%; and
PLA/DOX/Fe3O4−OA, 59 ± 43.8% (Table 1). The DOX
release from PLA/DOX/Fe3O4 (CHCl3) followed a sustained
pattern (Figure 5) and no burst effect, indicating the drug had

been successfully incorporated into the core of the spheres.
DOX was released in three stages, as shown by the cumulative
drug release plot (Figure 5). Between 0 and 276 h, only 5% of
the drug was slowly released, possibly by simple diffusion, as
the surrounding medium was still penetrating the PLA chains.
After 276 h, a rapid and sustained DOX release was observed,
which was highest at pH 4.7, reaching a plateau after 636 h. The
release fitted a zero-order kinetics model and an anomalous
mechanism. Table 2 shows the release constants, correlation

coefficient, and release exponent. A zero-order release
advantageously favors prolonged pharmacological action.46

During the second stage, DOX continued to be released by
simple diffusion and the gradual onset of PLA erosion affording
sustained release. An anomalous mechanism has been reported
for systems that release drugs through both diffusion and
polymer degradation.47 The degradation of the spheres is also
confirmed by SEM images, imaged after 660 h of drug release
(Figure 6). Figure 6 confirms the onset of the sphere
degradation, as they showed more porosity (parts b and c)

compared to the control (part a), which shows MNPs dispersed
on their surfaces, perhaps blocking the pores. The prolonged
DOX release from the carriers can be attributed to the strong
interaction between the hydrophobic domains of PLA and the
drug, causing it to be released slowly.48 The dispersion of the
MNPs within the PLA matrix can also hinder the movement of
DOX through the carrier shell and thus the speed of release.34

The PLA/MNP carriers can be used to attain sustained drug
release at a targeted site, minimizing unstable plasma drug
levels that could also cause side effects. The drawback of the
lack of tumor-cell specificity could be addressed through
magnetic modulation, delivering sufficient drug dosages at the
pathological site, minimizing medical cost, and increasing
patient compliance.

3.7. Cytotoxicity Studies. Figure 7 shows the proliferation
percentage of the cells determined by the WST assay. Fe3O4
treated cells’ viability increased with an increase in dosage. At
high dosage (0.1 mg/mL), the NPs were agglomerated and
their cell uptake was hindered. The uncoated MNPs showed
pronounced cytotoxicity to the HeLa cells. However, the oleic
acid coating enhanced the biocompatibility of the Fe3O4,
evidenced by an increase in cell viability compared to uncoated
Fe3O4. The PLA/DOX/Fe3O4−OA spheres showed a dosage-
dependent inhibitory effect, and unlike Fe3O4, cell viability
increased with decreasing dosage, emphasizing the stability and
heterogeneous dispersion of the NPs achieved by double
encapsulation (PLA and oleic acid). The PLA/DOX/Fe3O4
with one encapsulation modality (PLA) compared to PLA/
DOX/Fe3O4−OA had more cell lethality, 60% cell prolifer-
ation. Nonetheless, they still showed better compatibility
compared to Fe3O4. The PLA/DOX/MNP spheres displayed
less toxicity to the HeLa cells compared to the free drug,
affirming their biocompatibility and potential in biomedical
application and explaining the surge in research to transfigure
conventional therapeutics and attain tumor cell targeting.

3.8. Uptake of Fe3O4 NPs by HeLa Cells. Figure 8 show
resin-embedded treated HeLa cells in HRTEM images,
supporting the presence of NPs in both the extracellular
(ECF) and intracellular (ICF) fluid. Cells can internalize NPs
using one or more of the subsequent pathways: clathrin-
mediated endocytosis (CME), micropinocytosis, phagocytosis,
and caveolin-mediated endocytosis.48 Figure 8a, region 1,
shows microvilli entangled with the NPs. The arrows show
movement of the NPs from the microvilli to the surface of the
nucleus (region 2) and inside the nucleus (region 3). The NPs
are observed enclosed in endocytic vesicles and vacuoles
(Figure 8b). Hence, it is possible they were internalized by the
CME and/or caveolin-mediated endocytosis and maneuvered
into the nucleus via the endosome/lysosome pathway.
Alternatively, they traversed into the nucleus via the
endoplasmic reticulum (ER), as shown in Figure 8c,d. The
NPs were observed in the endoplasmic reticulum (Figure 8d,
region 4), and region 5 of the same image affirms the
penetration of the nucleus envelope by the NPs. The NPs
induced stress in the cells, proven by a lobed nucleus (Figure
8c). Shukla et al.49 observed mitochondrial aberrations due to
uptake of MNPs by HeLa cells. Conflictingly, the HRTEM
images revealed morphological changes mainly in the nucleus.
Possibly, several factors, such as the size, preparation method,
and carriers, determine the uptake of the NPs, which explains
the differences.
Figure 9 illustrates the proposed internalization pathway.

Typically, cancer cells have increased endocytic ability due to

Figure 5. Cumulative release profile for PLA/DOX/MNP spheres, n =
3. The DOX release profile is sustained, prolonged and pH-dependent.

Table 2. Kinetics Model Correlation Coefficient (R2),
Release Constants and Release Exponent (n) for PLA/DOX/
Fe3O4 Spheres

a

model 7.4 4.6

zero order R2 0.8781 0.9112
K0 0.0942 0.109

first order R2 0.7652 0.7647
K 0.002 0.002

Higuchi R2 0.7064 0.7489
KH 0.3084 0.2785

Korsmeyer−Peppas R2 0.8145 0.8092
KKP 0.815 0.7516
n 0.8 0.8

aR2 was used to determine the model that best fit the release.
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their high metabolic and proliferation rates.50 Once endocy-
tosed, the NPs/carriers remain in the endocytic vesicles/
vacuoles, which mature into endosomes. The endosomes will
fuse with lysosomes, exposing the NPs to digestive enzymes.
The enzymes will break down iron oxide into free ions, Fe2+

and ROS, through a Fenton reaction.51 Successively, the
lysosome will burst, empting the content into the cytosol. The
free ions and ROS will traverse through the cytosol and
accumulate in the nucleus and nucleolus, causing damages to
the DNA, resulting in apoptosis. Alternatively, the NPs will
move to the nucleus through the endoplasmic reticulum.

4. CONCLUSIONS

Improved PLA/DOX/MNP carriers for the magnetic targeting
of tumor cells were successfully synthesized in our laboratory. A
prolonged, pH-dependent, sustained DOX release from the
system was attained; that is, the same amount of drug was
released per unit time for a prolonged pharmacological action.
Advantageously, through such a release, highly toxic dosages of
drugs and fluctuations in the blood are eliminated, which is the
downfall of conventional methods. In addition, the system
exhibited no burst effect. The burst effect, which is the
premature release of drug from the surface of the spheres, can
result in exposure of even healthy cells to the toxic drug.

Figure 6. SEM images showing PLA/DOX/Fe3O4 spheres (a) control, before drug release experiment, and (b) pH 7.4 and (c) pH 4.7 spheres after
660 h of drug release. The spheres after the drug release experiment showed degradation, confirmed by porous morphology shown by red arrows,
whereas in the control, the pores are blocked by the MNPs dispersed on the surface.

Figure 7. In vitro HeLa cell line as shown by a WST assay, illustrating the effect of Fe3O4, DOX, and PLA/DOX/MNP spheres on the proliferation
percentage of the cells. Mean ± SD (n = 8), error bars indicate standard error of the mean, null hypothesis = 0.90 DOX cells (Student’s t test).
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However, in the absence of the burst effect, the carrier can be
magnetically modulated to the site of preference where
sustained release is anticipated and crucial. Through magnetic
targeting, healthy cells are spared from toxic drugs, and tumor
cells are concentrated with the drugs. The synthesized MNPs
showed superparamagnetic properties, essential to modulating
the system to tumor cells, attaining specificity and decreasing
side effects, patient incompliance, and medical cost. The
cytotoxicity of the PLA/DOX/MNP spheres was investigated

on HeLa cells, where they showed pronounced biocompatibility
after 24 h of treatment, highlighting the possibility of
application in the biomedical field. Currently, we are focusing
on the in vivo anticancer activity of the spheres in the absence
and presence of magnetic field.
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