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Magnetic polycaprolactone microspheres: drug encapsulation and control
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Rami Zaabalawic , Loaa El Zahard , Islam S. M. Khalile , and Mohamed E. Mitwallyb

aPharmaceutical Chemistry Department, Faculty of Pharmacy and Biotechnology, German University in Cairo, Cairo, Egypt; bMaterials
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ABSTRACT
Targeted drug delivery (TDD) systems have several advantages, especially with drugs having toxic
side effects such as lornoxicam (LX) which shows high hepatotoxicity and nephrotoxicity, espe-
cially with long-term use. This work represents an attempt to control magnetic microspheres
encapsulating LX and magnetite nanoparticles (MNPs) for potential targeted drug delivery of
LX. Superparamagnetic nanoparticles were fabricated via the co-precipitation method and
together with LX were encapsulated into polycaprolactone (PCL) microspheres through an oil-
in-water (O/W) emulsion solvent evaporation method. The effects of changing the amount of
drug, MNPs, and volume of the aqueous phase were investigated by preparing several micro-
sphere formulations. Increasing the amount of encapsulated MNPs increased the magnetization
of the microspheres without affecting the morphology. Doubling the volume of the aqueous
phase resulted in a higher encapsulation efficiency and drug loading; 83.9% and 10.7%,
respectively, while increasing the amount of drug had a negative effect on both drug loading
and encapsulation efficiency. Drug release from the microspheres was successfully achieved
and showed a biphasic nature. A system of four planar coils was then used to magnetically
control the movement of a cluster of capsules in a glycerin medium, as a simulation for the tar-
geting process. The microspheres were successfully controlled to move in a U-turn path with
sharp corners demonstrating their potential for TDD applications.

GRAPHICAL ABSTRACT

Abbreviations: TDD: targeted drug delivery; LX: lornoxicam; MNPs: magnetite nanoparticles; PCL:
polycaprolactone; O/W: oil in water; v/v: volume per volume; w/v: weight per volume; NSAIDs:
non-steroidal anti-inflammatory drugs; PLA: polylactide; RES: reticular endothelial system; VSM:
vibratory sample magnetometer; FTIR: Fourier transform infrared; DCM: dichloromethane; NODCAR:
National Organization of Drug Control and Research; PVA: polyvinyl alcohol; UPW: ultra-pure water;
XRD: X-ray diffractometer; HRTEM: high resolution transmission electron microscope; SEM: scan-
ning electron microscope; EDS: energy dispersive spectroscopy; BET: Brunauer–Emmett–Teller; PBS:
phosphate buffer saline
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1. Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are com-
monly used to alleviate acute or chronic inflammation such
as in the case of rheumatoid arthritis and osteoarthritis. In
the case of chronic diseases, long-term treatment is required.
Long-term treatments are associated with an increased risk
of gastrointestinal, liver, cardiac, and renal toxicities[1].
Loading the drugs into a carrier system offers increased
drug stability in plasma, enhanced tissue penetration, and
minimizes nonspecific distribution of the drug, thus avoid-
ing associated toxicities and allowing for long-term
usage[2,3]. Drug carriers are commonly fabricated from
either biocompatible and biodegradable polymers or bio-
genic materials. Biodegradable polymers used for drug deliv-
ery include hydrogels, polycaprolactone (PCL), and
polylactide (PLA) while examples of biogenic drug carriers
include human hair, squid-derived proteins, and
bovine sperm[4–9].

Targeting drug carrier vehicles to the site of action offers
localization of the drug at specific locations, thus avoiding
the systemic side effects the drug could cause and increasing
the efficiency of treatment. Moreover, improved patient
compliance is achieved via reducing the drug dose
needed[10]. As targeting moieties of drug carriers; antige-
n–antibody reaction, pH, temperature, and magnetic field
have been widely used[11–15]. In addition, different external
stimuli have been exploited to improve drug delivery as
ultrasound-assisted drug delivery, light-responsive drug
delivery, and chemically-triggered drug delivery[16–18].
Motion control of drug carriers on the other hand has been
demonstrated using light, ultrasound, electric fields, and
magnetic fields[19–22]. Magnetic fields offer several advan-
tages in controlling drug carriers. Magnetic control over
drug carriers requires low-strength fields which are harmless
to human cells and tissues. Moreover, electromagnetic and
magnetic manipulation systems have the capability to pro-
duce controlled magnetic fields and can be scaled to the size
of in vivo applications. To date, the most promising
manipulation system involves the use of a rotating perman-
ent magnet fixed to the end-effector of a robotic manipula-
tor to provide an open configuration and relatively large
workspace[23]. Another open configuration permanent mag-
net-based manipulation system was used by Neidert et al.
who demonstrated the first in vivo motion control and local-
ization of a tumbling microrobot using rotating magnetic
fields and ultrasound images, respectively[24]. An electro-
magnet-based manipulation system with a large workspace
was also successful in controlling a tetherless magnetic drug
carrier during in vitro retinal procedures with a potential for
drug delivery[25].

In the case of magnetic drug targeting, magnetic nano-
particles (MNPs), such as magnetite and maghemite, could
be suitably functionalized and loaded directly with the drug
either by conjugation reactions or strong physical adhesion
of the drug to the particles. However, there are several limi-
tations to this approach. Premature or fast drug release may
occur, the loading capacity is relatively low and it is highly
likely that the particles will be up-taken by the reticular

endothelial system (RES) before reaching the site of
action[11,26,27]. An alternative pathway to avoid such prob-
lems is loading both the drug and magnetic particles on
polymeric vehicles. This approach combines the advantages
of drug carrier systems and magnetic targeting. This com-
bination has been previously applied for different drugs that
can lead to toxic side effects and require localization at the
site of action such as the anti-cancer drugs; doxorubicin[28]

and 5-fluorouracil[5] A few studies have adopted this
approach for chronic diseases such as rheumatoid arthritis
and osteoarthritis[29–32] where most studies related to mag-
netic drug targeting are focused on the treatment of cancer.

Lornoxicam (LX), an NSAID of the oxicam class is a yel-
low crystalline solid used in the treatment of osteoarthritis
and rheumatoid arthritis with an analgesic effect comparable
to that of opioids[1]. LX exerts its anti-inflammatory and
analgesic activities through its inhibitory action on COX-1
and COX-2 enzymes and therefore inhibits prostaglandin
and thromboxane synthesis. Its short half-life (3–5 h) makes
the development of sustained release formulations highly
beneficial. Moreover, LX shows hepatotoxicity and nephro-
toxicity which are pronounced with long-term use, leading
to potential toxic effects[33]. Accordingly, using a magnetic
polymeric drug carrier vehicle to direct LX to the site of
action would eliminate undesirable side effects and could
also allow for sustained release of the drug.

In this study, LX was encapsulated along with Fe3O4 as
MNPs in PCL microspheres through an (O/W) emulsion
solvent evaporation method. The microspheres were charac-
terized in terms of shape and size using electron microscopy
and in terms of magnetism using a vibratory sample mag-
netometer (VSM). Fourier transform infrared (FTIR) ana-
lysis was used to confirm the composition. Drug loading,
encapsulation efficiency, and in vitro drug release profile
were determined. The ability to magnetically control the
microspheres was also investigated using a system consisting
of four electromagnetic coils in a planar configuration.

2. Materials and methods

2.1. Materials

LX standard was supplied by the National Organization of
Drug Control and Research (NODCAR). To fabricate the
drug-carrying microspheres, high molecular weight polycap-
rolactone (PCL) (Molecular weight ¼ 70,000–90,000 g/mol;
Sigma–Aldrich, Germany) was used. Other chemicals pur-
chased from Sigma–Aldrich were polyvinyl alcohol (PVA),
FeSO4�7H2O, FeCl3�6H2O, oleic acid, dichloromethane
(DCM), and ammonia solution (33%). For the dispersing
phase, ultra-pure water (UPW) purified in purelab UHQ
(ELGA) was used throughout this work.

2.2. Magnetic nanoparticles preparation and
characterization

MNPs coated with oleic acid were prepared via chemical co-
precipitation using a method adapted with modifications
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from Liang et al.[34]. This method was chosen due to its
simplicity, efficiency, and high yield[35]. Oleic acid was
chosen as a surfactant in order to increase the hydrophobi-
city of the particles which facilitates their dispersion in
organic media thus decreasing agglomeration and increasing
the stability of MNPs[36].

Briefly, FeSO4 �7H2O and FeCl3�6H2O in a molar ratio of
1:2 were dissolved in UPW under the flow of N2 gas. This
was followed by the dropwise addition of 20mL of concen-
trated ammonia solution (33%) at 80 �C under vigorous stir-
ring. After which, 4mL of oleic acid were added to the
resultant MNPs, followed by stirring for 30min at 80 �C.
Finally, the MNPs were washed with UPW followed
by drying.

The structure of the nanoparticles was investigated
using X’Pert3 Powder X-ray diffractometer (XRD) equipped
with a Cu-Ka source. The size and morphology of the
nanoparticles were characterized using a JEOL JEM-2100
high-resolution transmission electron microscope (HRTEM)
operated at 200 kV. The superparamagnetic behavior of the
fabricated MNPs was checked using a Lake Shore 7410
vibrating sample magnetometer (VSM). FTIR analysis
recorded in the range of 4,000–400 cm�1 using Nicolet
Avatar 380 spectrometer (Germany) was also used to char-
acterize the synthesized MNPs.

2.3. Polycaprolactone microspheres preparation and
characterization

The magnetic microspheres containing LX were prepared by
the O/W emulsion solvent evaporation technique[37]. The
organic phase was prepared by dissolving PCL in 10mL
DCM, followed by the addition of LX and MNPs, and then
the mixture was sonicated for 10min. The aqueous phase
was prepared by dissolving PVA 2% w/v, where two differ-
ent volumes of the aqueous phase were investigated; 20 and
40mL. The organic phase was then added to the aqueous
phase drop by drop under probe sonication in a time span
of 15min. The mixture was then left to shake in an orbital
shaker for 3 h to allow solvent evaporation. Finally, the
microspheres were left to dry for further use. Four different
formulations (F1, F2, F3, and F4) were synthesized as shown
in Table 1. A blank formulation (F0) was prepared in the
same way as F3 and F4 but without including LX in the
preparation.

The external and internal morphology of the micro-
spheres were characterized by a Quanta FEG250 Scanning
electron microscope (SEM) and JEOL, JEM-2100 HRTEM.
Energy dispersive spectroscopy (EDS) was performed to
determine the composition of the microspheres. The

magnetic behavior on the other hand was evaluated by Lake
Shore 7410 VSM. Brunauer–Emmett–Teller (BET) method
was employed to calculate the specific surface areas, while
pore size and volume were calculated using
Barrett–Joyner–Halenda (BJH) method via Quantachrome
INSTRUMENTS (USA).

2.4. Determination of encapsulation efficiency and
drug loading

The amount of drug entrapped in F3 and F4 microspheres
was calculated by dissolving 10mg of dry microspheres into
10mL 50% (v/v) formic acid. The amount of drug was cal-
culated by analyzing the solution using UV-Visible
Spectrophotometer (Jasco V630) at 375 nm (kmax) of LX. F0
was used as blank in the calculations. The encapsulation effi-
ciency and drug loading percentages were calculated using
Equations 1 and 2, respectively, as follows:

Encapsulation efficiency % ¼ Experimental drug content
Theoritical drug content

� 100

(1)

Drug loading % ¼ Experimental drug weight
Experimental capsule weight

� 100

(2)

2.5. In vitro drug release studies

In vitro release studies for formulated magnetic microspheres
were performed in phosphate buffer saline (PBS), pH 7.4. Ten
mg of F3 microspheres were suspended in 15mL of PBS in a
rotating water bath at 37 �C. At predetermined time intervals,
1mL of the sample solution was withdrawn and replaced with
the same volume of fresh buffer. The amount of drug released
in media was determined by measuring the absorbance using
a UV-Visible Spectrophotometer at 375 nm. The experiment
was done in duplicates.

To study the drug release kinetics and mechanism, the
cumulative release data obtained from in vitro release studies
were fitted to various models; zero order (Q vs. t), first
order (Log(Q0 � Q) vs. t), and Higuchi (Q vs. t1/2). Here Q
represents the cumulative percentage of drugs released in
time t and (Q0 � Q) is the cumulative percentage of drugs
remaining after time t. The nature of the release of the drug
from the formulated magnetic microspheres was explained
based on the correlation coefficients obtained from the plots
of the kinetic models. The model with the highest correl-
ation coefficient close to unity was taken as the appropri-
ate model.

2.6. Magnetic control of microspheres

A system consisting of four electromagnetic coils in one
horizontal plane shown in Figure 1 was used to control the
movement of a cluster of microspheres, shown in the inset

Table 1. Microspheres preparations.

Formulation
code

Drug
(mg)

PCL
(mg)

MNPs
(mg)

2% w/v
PVA solution (mL)

F1 50 250 60 20
F2 50 250 90 20
F3 50 250 90 40
F4 80 250 90 40
F0 250 90 40
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figure, in an open loop fashion via a joystick (Logitech-
Extreme 3D Pro). The cluster of microspheres (F3) was con-
trolled via external magnetic fields generated by the four
electromagnets in a glycerin medium. The control algorithm

uses a magnetic field strength of approximately 42mT.
The magnetic field direction changes when the joystick ref-
erence position changes. The magnetic field is measured
using a calibrated three-axis Hall magnetometer (Sentron
AG, Digital Teslameter 3MS1-A2D3-2-2T, Switzerland) as
shown in Figure 1.

2.7. Statistical analysis

The results of drug loading and encapsulation efficiency
were expressed as mean ± standard deviations. Statistical
significance was assessed with one-way ANOVA
(Tukey–Kramer multiple comparisons test) by employing
Graph Pad Instat (Graph Pad Software Inc., San Diego,
California USA). The samples were considered signifi-
cantly different when p< 0.05.

3. Results

In this paper, scalars are denoted by standard font (e.g., V),
and vectors are denoted by capital bold font (e.g., F).

3.1. Magnetic nanoparticles characterization

Structural investigation of MNPs via XRD showed the dif-
fraction spectrum in Figure 2. The diffraction peaks were
matching with reference peaks of Fe3O4 according to JCPDS
card No. 00-019-062. This is indicated by the (220), (311),
(400), (422), (511), and (440) characteristic peaks of Fe3O4

with the (311) peak having the highest intensity and occur-
ring at 2h¼ 35.3�.

TEM image (Figure 3A) of MNPs shows that they are
monodisperse, nearly spherical in shape with a size range
between 20 nm and 50 nm.

The magnetic behavior of MNPs tested at room tempera-
ture using VSM showed a magnetization saturation (Ms)
value of 79.6 emu/g as shown in Figure 4. The MNPs

Figure 1. Four planar coil system for magnetic targeting with the inset showing
the cluster of microspheres under investigation. A magnetometer is used to
measure the magnetic field strength.

Figure 3. TEM images of (A) MNPs and (B) F3 microsphere.

Figure 2. X-ray diffraction pattern of synthesized MNPs showing the different
planes to which the peaks correspond.
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showed small hysteresis and nearly had no remanence and
low coercivity.

FTIR analysis in the range of 4,000–400 cm�1 (Figure 5)
revealed symmetrical and asymmetrical C–H stretching
vibration peaks of oleic acid at 2,846 and 2,918 cm�1,
respectively. The bands at 1,569 and 1,404 cm�1 are attrib-
uted to –COO� stretching vibration. The peak at 526 cm�1

is attributed to Fe–O stretching vibration.

3.2. Polycaprolactone microspheres characterization

Four different formulations of microspheres were prepared
and characterized; F1, F2, F3, and F4. In F1 and F2 formula-
tions, the amount of magnetite was increased from 60 to
90mg, and all other parameters such as the amount of LX,
PCL, and volume of PVA solution were kept constant as
indicated in Table 1. The SEM images of F1 and F2,
Figures 6A and 6B, respectively, revealed that microspheres
were smooth and poly-disperse having a size ranging
between 800 and 2,000 nm. The images also revealed that
the microspheres were not well separated.

VSM analysis (Figure 4) revealed a high reduction in
magnetization values in comparison to MNPs that had a Ms

value of 79.6 emu/g. F2 prepared with 90mg MNPs showed
a higher Ms value (20.9 emu/g) compared to the Ms value
(15.0 emu/g) of F1 which was prepared with 60mg MNPs.
Thus, it was decided in the following formulations to keep
the amount of MNPs at 90mg.

F3 was prepared similarly to F2; the only difference was
that the volume of the aqueous phase was doubled while
keeping the percentage of PVA at 2% w/v. SEM image
(Figure 6C) revealed that the microspheres of F3 were better
separated compared to the heavily agglomerated F2 micro-
spheres. The F3 microspheres were smooth with an average
size of 1,500 nm.

F4 was prepared similarly to F3; the only difference was
that the amount of LX was increased to 80mg instead of

50mg. SEM image of F4 (Figure 6D) was similar to F3. The
microspheres were smooth, separated, and had an average
size of 1,600 nm. F0 blank microspheres prepared similarly
to F3 and F4 without adding LX revealed also similar
morphology (Figure 6E).

TEM was used to visualize the internal structure of the
microspheres. Figure 3B confirmed the encapsulation of
MNPs in the microsphere body.

F3 was further characterized using BET and BJH analysis;
the results revealed that the microspheres had an average
surface area of 7.61m2g�1, average pore volume of
0.02 cc g�1, and pore diameter of 3.38 nm.

FTIR in the range of 4,000–400 cm�1 was recorded for
F3, F0, and pure PCL (Figure 5). Bands appearing at 1,721,
2,865, and 2,942 cm�1 in pure PCL, F3, and F0, are assigned
to C¼O stretching of the ester carbonyl group and sym-
metric and asymmetric CH2 stretching vibrations of PCL
matrix, respectively[9]. The band at 574.36 present in F3 and
F0 is attributed to Fe–O stretching vibration. Two additional
bands at 1,647 and 1,533 cm�1 are seen in the F3 spectrum
but not in the F0 spectrum. The 1,647 and 1,533 cm�1 bands
correspond to the C¼O stretching and N–H bending vibra-
tion of LX, respectively[38].

EDS analysis was performed for F3, F4, and F0 micro-
spheres. The results are presented in Figure 7. Carbon and
Oxygen peaks are observed in all spectra (Figures 7A, 7B,
and 7C), this could be attributed to PCL structure. A peak
for Iron was also observed in all spectra while a peak for
Nitrogen was only observed in EDS of F3 and F4 and not in
EDS of blank formulation (F0).

3.3. Drug loading and encapsulation efficiency

The results of drug loading and encapsulation efficiency for
F2, F3, and F4 are shown in Table 2. The results reveal that
when the volume of the aqueous phase was doubled in the
preparation, both the drug loading content and the encapsu-
lation efficiency increased. This can be seen in Table 2

Figure 4. VSM data for MNPs, F1 and F2.

Figure 5. FTIR spectra in the range of 4,000–400 cm�1 for MNPs, PCL, F0,
and F3.
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Figure 6. SEM images of F1 (A), F2 (B), F3 (C), F4 (D), and F0 (E).

Figure 7. EDS analysis of microsphere fabricated using formulas; F3 (A), F4 (B), and F0 (C).
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showing F3 and F4 having higher average drug loading per-
centages and higher average encapsulation efficiency com-
pared to F2. However, increasing the amount of drug in F4
did not cause an increase in either the drug loading or the
encapsulation efficiency, rather, it had a negative effect on
both. It was observed during the preparation of F4 that not
all of the 80mg LX added to F4 was completely dissolved in
DCM. The highest drug loading (10.7%) and encapsulation
efficiency (83.9%) was obtained for F3 and thus it was
chosen to experiment with the release profile of the drug
from the microspheres. The statistical analysis showed that
there was a significant difference in drug loading and encap-
sulation efficiency between different formulations (p˂ 0.05).

3.4. In vitro drug release studies

The release profile of LX from F3 microspheres was studied
in PBS (pH 7.4) at 37 �C. It is evident from the release pro-
file shown in Figure 8 that the drug exhibits a biphasic
release. First, there is a fast release of almost 59.6% of the
drug content during the first 5 h followed by a sustained
slower release of the drug during the subsequent hours. The
remaining drug content was released slowly over a period of
5 days where the entrapped drug slowly diffuses out into the
release medium.

The kinetics of the drug release were examined using
various models. The two phases of drug release, fast release
during the first 5 h and slow release during the subsequent
hours, were each studied independently using the various

kinetics models. Results are shown in Table 3. The model
with the correlation coefficient closest to unity was chosen
as the optimum model to describe the release kinetics. For
the fast release phase, the Higuchi model best describes the
release which indicates that at the beginning the release is
diffusion controlled. For the slow release phase; first-order
kinetics best describes the release.

3.5. Magnetic control of microspheres

The microsphere cluster showed direction control in
response to applied external magnetic fields. The cluster of
microspheres had an elliptical shape with a length of 569mm
and a width of 154 mm as shown in the inset of Figure 1.
Open loop control was performed inside a glycerin medium.
The glycerin medium having a density (q) of 1,260 kg/m3

and dynamic viscosity (l) of 0.95 Pa s ensures that
Reynold’s number (Re ¼ quL

l ) is well within the order of
10�6, indicating laminar flow, where u and L are the velocity
and length of the cluster, respectively. Figure 9 shows the
location of the cluster at different times along a U-turn path
with sharp corners under open loop control. The cluster
travelled a total distance of 1,808mm along the U-turn path
in a time interval of 35 s. Accordingly, the average swim-
ming speed of the cluster is calculated to be 51.6 mm/s which
is about 0.09 body length per second. A supplementary
video is provided for the directional control along a U-turn
path with sharp corners.

4. Discussion

Fabricated MNPs showed comparable magnetic behavior to
that reported in the literature for MNPs fabricated via co-
precipitation chemical methods in terms of the Ms value
measured by VSM. Furthermore, the low coercivity value
coupled with an Ms value of 79.6 emu/g confirms the super-
paramagnetic behavior of the MNPs nanoparticles[4,34,39].
The size range of the MNPs observed via TEM is also com-
parable to reported sizes in the literature[4,34,39,40]. Such size
range is crucial in the encapsulation of MNPs in PCL
microspheres without having a significant effect on the size
distribution of the microspheres. TEM also reveals that
MNPs tend to aggregate due to their high surface area-to-
volume ratio. The XRD results on the other hand revealed
that no other iron oxide phases such as Fe2O3 were signifi-
cantly present indicating no oxidation occurring during the
fabrication process. FTIR results revealed the complex for-
mation between iron atoms and the carboxylate groups of
oleic acid, thus, confirming the attachment of oleic acid on
the surface of MNPs. This can be indicated by the presence

Table 2. Results of drug loading and encapsulation efficiency.

Formulation
number

Drug loading
(% ± SD)�

Encapsulation efficiency
(% ± SD)

F2 4.8 ± 0.21 37.5 ± 0.47
F3 10.7 ± 0.04 83.9 ± 0.36
F4 8.8 ± 0.35 46.5 ± 1.83
�Mean ± SD of three determinations.

Figure 8. Release profile of LX from F3. Inset figures show the microspheres ini-
tially incubated in PBS (right inset) and after 5 days of release (left inset), the
yellow color of LX is apparent in the release media.

Table 3. Kinetics of LX release from the microspheres.

Model Correlation coefficient� R2 Correlation coefficient�� R2

Zero order 0.8826 0.7925
First order 0.9369 0.9816
Higuchi 0.9751 0.8624
�Fast release phase; ��Slow release phase.
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of the bands at 1,569 and 1,404 cm�1 attributed to –COO�

stretching vibration[40,41].
Magnetic PCL microspheres were prepared via the O/W

emulsion solvent evaporation technique. This method was
chosen as it is a simple economic method having parameters
that could be easily controlled and optimized. In this work,
three parameters during microsphere preparation were opti-
mized; the amount of magnetite, the amount of drug, and
the volume ratio of the aqueous to the organic phase. The
increase in the amount of MNPs added during fabrication
from 60 to 90mg resulted in a higher magnetization satur-
ation. Thus, it could be concluded that on increasing the
amount of MNPs in the preparation, more MNPs were suc-
cessfully encapsulated in the microspheres. No, further
attempts to increase the amount of MNPs beyond 90mg
were conducted as the microspheres showed excellent direc-
tion control in response to applied external magnetic fields.
On doubling the volume of the aqueous phase, it was found
that microspheres were more defined, more separated, and
less entangled with each other, thus, the increase in the vol-
ume of the aqueous phase had a positive effect on the prep-
aration process, this most probably could be attributed to
the organic phase droplets formed during the emulsion pro-
cess possessing a bigger volume to spread in, thus, positively
affecting the final morphology of microspheres. Moreover,
both the drug loading and encapsulation efficiency were sig-
nificantly increased by doubling the volume of the aqueous
phase. It has been previously reported that an increase in
the volume of the continuous phase increases the encapsula-
tion efficiency, where a large volume of the continuous
phase leads to a fast solidification process as a result of pro-
viding a high concentration gradient of the organic solvent
across the phase boundary by diluting the solvent[42]. The
effect of increasing the drug content during the preparation
of the microspheres had no effect on the final morphology
of the microspheres but rather had a negative effect on

encapsulation efficiency, this could be attributed to the high
concentration gradient resulting in the drug diffusing out of
the polymer/solvent droplets to the external process-
ing medium[43].

The successful incorporation of MNPs and LX within
PCL microspheres was confirmed by both EDS and FTIR
analysis. EDS analysis showed the presence of Iron in all
formulations which is a confirmation of the successful
encapsulation of MNPs in the microspheres. Also, the pres-
ence of Nitrogen in EDS spectra of F3 and F4 microspheres
(Figures 7A and 7B) and its absence in the blank formula-
tion F0 (Figure 7C) is a confirmation of the presence of LX
in the F3 and F4 microspheres matrix. FTIR analysis con-
firmed the incorporation of MNPs within the microspheres
as indicated by the band at 574.36 cm�1 present in F3 and
F0 which is attributed to Fe–O stretching vibration. The
additional bands at 1,647 and 1,533 cm�1 seen in the F3
spectrum but not in the F0 spectrum are attributed to the
presence of LX in the F3 matrix, these bands correspond to
C¼O stretching and N–H bending vibration of LX, respect-
ively[38]. The C¼O is seen as a small shoulder due to the
overlapping of the dominant C¼O stretching of PCL at
1,721 cm�1[44]. The presence of the characteristic bands for
LX indicates that it is stable in the microspheres. It was also
observed that the BET and BJH analysis of F3 results for
surface area pore diameter and volume are in good agree-
ment with previous reports that used the same method in
the preparation of polymer microspheres[45].

The in vitro drug release profile of F3 showed a biphasic
release; the initial higher release rate observed may be attrib-
uted to having drug molecules available at the surface or
near the surface of the microspheres due to the presence of
MNPs embedded in the bulk of the microspheres. This
might have pushed the drug molecules nearer to the surface
of the microspheres. The kinetics of drug release was studied
using three mathematical models; zero-order, first-order,

Figure 9. Open loop control on the microspheres cluster (F3) in a U-turn path with sharp corners showing the cluster location at different times.
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and Higuchi to determine the most plausible release kinetics
of LX from PCL microspheres. The initial fast release phase
is best described by the Higuchi model. This model
describes the drug release mechanism as a diffusion process
based on Fick’s law, which depends on the square root of
time. Thus, this indicates that as the time of exposure to dis-
solution medium increases, the amount of drug released
decreases. The reason behind this is that the drug is released
initially from the surface region, which is the shortest diffu-
sion path[46,47]. The second phase of drug release, the slower
release phase is best described by first-order kinetics, which
indicates that the amount of drug released is proportional at
any time to the amount of drug remaining in the PCL
microspheres[48].

Owing to the encapsulated superparamagnetic Fe3O4

nanoparticles, the microspheres exhibited superparamagnetic
behavior as shown in Figure 4 which in turn allowed motion
control via external magnetic fields. The cluster of micro-
spheres is being pulled by a magnetic force according to FB
¼ (VM�$)B, where M is the induced magnetization of the
cluster, V is the volume, and B is the magnetic field.
Further, r is the gradient operator. Note that the magnetic
force, at any given cluster position, depends on the magnetic
moment and the gradient of the field. The magnetic force is
balanced by the hydrodynamic drag force (Fd) according to
FB þ Fd ¼ 0 assuming a sufficiently small mass and negli-
gible gravitational and buoyancy forces[49]. The microsphere
cluster shape remained intact during the journey along the
predefined U-turn path indicating strong attractive forces
between the individual microspheres. This would be due to
the high Ms value associated with the 90mg of MNPs used
in F3. This in turn helps in efficient drug delivery with no
significant microsphere or drug losses before reaching the
desired location.

5. Conclusions

Encapsulation of LX together with MNPs in PCL micro-
spheres was successfully achieved for the purpose of TDD.
MNPs were added to magnetize the microspheres to enable
their control via external magnetic fields. MNPs were first
fabricated via the co-precipitation method. TEM images
showed that MNPs were nearly spherical with a relatively
narrow size distribution ranging between 20 and 50 nm.
VSM results indicated their superparamagnetic behavior
with high magnetization saturation (79.6 emu/g).

Several microsphere formulations were investigated in order
to assess the effect of increasing the amount of MNPs, dou-
bling the volume of the aqueous phase, and increasing the
amount of the drug. All the microspheres showed smooth sur-
faces and had a size range between 800 and 2,000nm.
Increasing the amount of MNPs led to highly magnetized
microspheres as expected while increasing the volume of the
aqueous phase led to an improvement in microsphere separ-
ation as well as drug loading and encapsulation efficiency.
Increasing the amount of drug from 50 to 80mg, however, did
not show an improvement in drug loading or encapsulation
efficiency. The highest drug loading (10.7%) and encapsulation

efficiency (83.90%) were observed for F3. The in vitro drug
release profile was studied for F3, the results showed a biphasic
release nature characterized by an initial high release rate fol-
lowed by a steady slower release rate. Finally, open-loop con-
trol of the microspheres via external magnetic fields using a
four coil planar system was conducted. A cluster of micro-
spheres was successfully controlled to move in a U-shaped
path indicating the potential of such microspheres to be used
for targeted drug delivery. Future studies should be directed to
the assessment of cytotoxicity of the prepared microspheres,
the effect of applying an alternating magnetic field on the
release profile of LX from the microspheres, and in vivo testing
in rheumatoid arthritis-induced rat models. Closed loop con-
trol could also be applied in order to move drug carriers
between specific locations without user intervention during
the journey.
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