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Abstract

Magnesium (Mg) alloys have been studied for biomedical applications. In the present work, two
types of microcapsules (MCs) were produced: PCL (poly(ε-caprolactone) and polylactic acid (PLA)
microcapsules loaded with ibuprofen and ibuprofen and calcium, respectively. The encapsulation process
aims to control the release of the active compounds, through the protective polymer shell.

Relatively high encapsulation yields, between 55.9% and 76.1%, were obtained. The use of lower
polymer concentration (16.7 wt% PCL, 16.7 wt% PLA) and higher volume ratio of external aqueous
phase (W2) resulted in smaller core-shell MCs (between 69.8 µm ± 34.2 and 235µm ± 169) with higher
encapsulation yield. Fourier Transform Infrared Spectroscopy (FTIR), Ultraviolet-Visible Spectroscopy
(UV-Vis) and Atomic Absorption Spectroscopy (AAS) results showed that MCs were successfully pre-
pared. Different synthesis parameters resulted in different MCs´ morphologies, studied by optical
microscopy and SEM analysis. The release rate profile of ibuprofen showed an initial burst release,
followed by a non Fickian diffusion mechanism (Super Case-II transport). Electrochemical Impedance
Spectroscopy (EIS) revealed that the presence of MCs in different aqueous media (MEM, NaCl and PBS)
did not impact the corrosion rate of the Mg alloy, which allow us to conclude that they are a promising
anti-inflammatory strategy, when incorporated in coatings of metallic biodegradable implants.
Keywords: Microencapsulation, Biodegradable, Ibuprofen, Calcium, Polycaprolactone

1. Introduction

The preparation of bio-functional coatings contain-
ing drug-loaded microcapsules can not only im-
prove the corrosion resistance of Mg alloys, but
also provide anti-inflammatory properties through
the release of anti-inflammatory agents. This thesis
will focus on the production of biodegradable mi-
crocapules, their associated controlled drug release
and their effect on degradable metal alloys used in
biomedical applications.

Different types of metals have been used in bio-
applications and it is possible to divide them into
groups: Stainless Steel alloys, Cobalt-Chromium
alloys and Titanium and its alloys [1]. However,
drawbacks associated with the use of these mate-
rials are: incompatibility of mechanical properties
of the metallic alloys and natural bone that can
lead to stress shielding, mechanical wear and cor-
rosion, that results from the long-term implanta-
tion in the body, and consequent release of toxic
metal ions that may reduce the bicompatibility of
implants [2][3]. Furthermore, the need to surgically
remove the implant after healing increases associ-
ated health risks and costs.

Biodegradable materials, designed to degrade
over a predetermined implantation period when ex-
posed to biological activity, appeared as an alterna-

tive to traditional biomedical metallic biomaterials
[4][5][6]. Over time, the metallic elements used need
to be metabolized by the human body and need to
have an appropriate degradation rate and mode in
the environment of application [6][7][8]. Mg and
its alloys have been gaining interest from biomedi-
cal applications since this material is lightweight,
exhibits good mechanical properties, higher frac-
ture toughness than ceramic materials and an elas-
tic modulus and compressive yield strength similar
to those of natural bone. In addition, Mg is bio-
compatible and essential to human metabolism as
it is one of the most abundant ions in the human
body, mostly stored in bone tissue [9][10]. How-
ever, Mg and its alloys’ application is limited due
to a low corrosion resistance that results in an un-
controlled and fast degradation [9][10]. Limitations
due to the high corrosion rate at physiological pH
(7.4-7.6), resulting in the formation of H2 gas can
lead to balloon effect in vivo if rapidly absorbed.
Another concern for biomedical applications of Mg
alloys is the local increase of pH near the corrosive
surface [2].
To regulate the uncontrolled fast corrosion of Mg,
their composition can be optimized via alloying,
or polymeric coatings to improve the corrosion be-
haviour [2]. Coatings are mainly applied on surfaces
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for functional or protective purposes [11]. Besides
corrosion resistance of Mg alloys, polymer coat-
ings also provide diverse functionalities such as im-
proved biocompatibility, self-healing, drug-delivery
ability, osteoinduction, hydrophobicity and antibac-
terial performance [12]. Controllable biodegradabil-
ity achieved by the utilization of coatings reduces
the risk of implant failure in the early implantation
period.

2. Background

Microencapsulation consists of a process in which
micron sized solid, gases or liquids are entrapped by
a continuous film of polymeric material [13][14][15].

Microcapsules’ sizes can range from 1 µm to a
few millimeters leading to large surface areas. This
characteristic allows several chemical reactions to
occur on the surface area such as absorption, des-
orption, light scattering, etc [13][16]. Throughout
the years, the technology of microencapsulation has
been applied to many fields (pharmaceutical, agri-
cultural, oil industries, food industries, etc.) since
it has been generally accepted as a way to pro-
tect drugs from the surrounding environment and
as systems for controlled release of drugs [17]. Mi-
croencapsulation technology can be used to obtain
five different objectives: immobilization or entrap-
ment, protection, controlled release, structuration
and functionalisation [18].

This technique ensures the protection of the en-
capsulated material from the surrounding environ-
ment until it reaches the area of action, being used
to stabilize sensitive substances (providing protec-
tion against chemical, physiochemical and mechan-
ical environmental conditions). It also provides a
controlled release of the active compound and al-
low the conversion of liquids into free flowing solids,
to separate and eliminate incompatible components
[13][14][18].

Microencapsulation is a versatile, stable and cus-
tomizable technique when compared to other con-
trolled release systems (nanoparticles, vesicles or
cells). It becomes an interesting alternative to
provide safe and effective delivery of drugs and
biomolecules [19]. In pharmaceutical and biomed-
ical applications, there’s an additional concern in
the production of microcapsules, associated with
the need to guarantee biocompatibility and the need
to focus on sustained and targeted release of drugs.

Ibuprofen is a non-steroidal anti-inflammatory
drug (NSAID) with anti-inflammatory, analgesic
and antipyretic effects [20][21]. It is used to re-
lieve mild to moderate symptoms of pain related
with rheumatoid arthritis, primary dysmenorrhea,
headaches, migraines and soft tissue disorders [22]
[23]. It is a widely used medication as it is generally
tolerated and is considered to be one of the safest

NSAIDs. Nevertheless, ibuprofen may cause some
unwanted effects. The most commonly reported are
nausea, vomiting, decreased hemoglobin and hyper-
tension, but also ulcers and dyspepsia [24][25][26].
Although there’s no evidence of serious long-term
adverse effects, NSAIDs can induce gastrointestinal
side effects. A study from 2010 established a re-
lationship between the regular use of NSAIDs and
an increased hearing loss [25]. Better performance
and less severe secondary effects of NSAIDs can be
controlled by the type of drug delivery system. Op-
timal delivery systems need to ensure drug delivery
over an extended period of time, with a controlled
and sustained release profile [27].
Microcapsules or microspheres as drug carriers al-
low the control of the drug release profile in the time
interval until the target is reached [25][27]. Drug re-
lease from microcapsules can occur via three mech-
anisms: diffusion, chemical reaction and solvent ac-
tivation [28].

For small encapsulated molecule drugs, diffusion
is the most common release mechanism since the
molecules migrate from within the polymer deposit
to the surface area and then to the outside media.
Diffusion as a release mechanism is dependent on
the size of the encapsulated molecule and the size
of the polymer reservoir, since molecules need to
diffuse through polymeric materials [28][29].

Drug release by chemical reaction consists of the
erosion and degradation of polymeric matrices. The
hydrolysis of individual polymer chains, to lower
molecular weight molecules, describes a degrada-
tion process while erosion is related to the mass
loss from the polymer matrix. In commonly used
biodegradable polymers, surface erosion and bulk
erosion can occur [28].

Swelling of polymer or osmotic effects correspond
to a solvent activation release mechanism. Osmotic
potential gradients, across polymer barriers, gener-
ate pressurized chambers containing aqueous solu-
tions of the encapsulated material. The flow of said
solution relieves the pressure out of the delivery de-
vice [28][29].

The control of drug distribution in drug delivery
systems is of great importance. This is achieved
via precise drug delivery systems to minimize the
side effect of drugs [25]. Different types of diffusion
kinetics are depicted in four theoretical curves pre-
sented in Figure 1. The different types of release
behaviour are plotted as percentage of drug release
over time [25][30].

Plot A illustrates a constant rate release, rep-
resenting the release of encapsulated material
of a non-erodible, spherical MC by steady-state
diffusion through an uniform coating. Curve B
shows a similar release behaviour as A with an
initial burst release. Curve C represents a linear
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Figure 1: Theoretical curves of release behaviour.
Curve A - Spheric microcapsule free of lag time and
burst effects; Curve B - Equal to curve A with burst
effects; Curve C - Matrix or monolithic sphere with
square root time release; Curve D - First order ki-
netics [25][30].

plot between the percentage of drug release and
the square-root of time. In this case, the Higuchi
model (F = KH .t0.5) is valid up to 60% release if
the microsphere acts as a matrix of inert particles
where the core material is dispersed. Curve D
represents a first order release, when the plot of the
logarithm of the percentage of non-released core
material as a function of time is linear [25][30].

Various mathematical models were developed to
describe drug release from polymeric systems, from
simple empirical models, such as the Higuchi equa-
tion and Korsmeyer–Peppas model, to more com-
plex models that account the simultaneous diffu-
sion, swelling and dissolution processes [25][30]. Ko-
rsmeyer–Peppas’s model describing the release of
drugs from polymeric systems is represented by:

Mt

M∞
= K.tn (1)

where MT /M∞ corresponds to the ratio between
the percentage of drug released at each time point
and the percentage of release at equilibrium. K is
the constant of drug release, t is the time measured
and n is the diffusion exponent [25][30]. The dif-
fusion exponent is indicative of the mechanism of
drug release. For spherical geometry, if n is equal to
0.85, the rate of drug release is independent of time
(zero order kinetics). This mechanism is denomi-
nated as Case–II transport [25][30]. In this case,
the rate-controlling step is the relaxation process of
macromolecules due to the imbibition of water in
the system. The glass temperature of the polymer
decreases since the water acts as a plasticizer and
once Tg equals the set temperature, the polymer
chains transfer from a glassy to a rubbery state with
associated volume expansion and increased mobil-
ity of macromolecules [25][30]. Applying Eq. 1 for

spherical geometries, two special cases occur at n =
0.43 (diffusion controlled drug release) and at n =
0.85 (swelling controlled drug release). Diffusion ex-
ponents between 0.43 and 0.85 represent anomalous
transport which can be regarded as a superposition
of both phenomena (Table 1).

Table 1: Diffusion coefficient values and respective
drug delivery models [25].

Plane Surface Cylinder Sphere Drug Delivery systems

0.5 0.45 0.43 Fickian diffusion mechanism

0.5<n <1.0 0.45<n<0.89 0.43 <n <0.85 Anomalous diffusion

1.0 0.89 0.85 Non-Fickian diffusion mechanism

3. Materials and Methods

3.1. Materials

Ibuprofen 99% and calcium chloride 96% were sup-
plied by Alfa Aesar and used without chemical pu-
rification. Poly(ε-caprolactone) average Mw 45000
g/mol from Sigma-Aldrich, Polylactic Acid from
BASF, Dichloromethane (DCM) 99.8% supplied
by Fisher Chemical, Polyvynyl alcohol (PVA) 98-
99% from Alfa Aesar and Gum Arabic from Fisher
Chemical.

3.2. Preparation of ibuprofen microcapsules

Microencapsulation was achieved via double emul-
sion of water in oil in water (W1/O/W2), where W1

phase consists of Ibuprofen dissolved in 2-propanol
(15 wt%; 30 wt% or 40 wt%), organic phase of PCL
in DCM (16.7 wt% ) and W2 phase of 4 wt% PVA
solution and gum Arabic.

Microcapsules with three increasing concentra-
tions of ibuprofen were prepared, the overall con-
centration of ibuprofen in the prepared MCs was
16 wt%, 28 wt% or 34 wt%.

The simple emulsion (W1/O) is formed at room
temperature by mechanical stirring with an IKA
T 18 digital Ultra-Turrax, Germany, at 7800 rpm
for 5 minutes. Afterwards, the double emulsion is
generated by adding the simple emulsion to a con-
tinuous phase W2 under mechanical stirring (Hei-
dolph RZR 2102 control for medium-high viscosity
liquids with a stirring shaft with turbo propeller
from VELP Scientifica) at 610 rpm for 2.5 hours
until total evaporation of the the solvent, at room
temperature. Once the microencapsulation process
was complete, the formed MCs were filtered under
vacuum and washed with water. After filtration
process the microcapsules were left to dry for 48h
at environmental conditions.

3.3. Preparation of ibuprofen and calcium micro-
capsules

Microencapsulation via double emulsion of water
in oil in water (W1/O/W2), where W1 consists of
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ibuprofen and calcium in 2-propanol, O phase com-
prises PLA (16.7 wt%) in DCM and W2 a 4 wt%
PVA solution and gum Arabic. The experimental
process followed is equal to the one described for
the preparation of ibuprofen microcapsules.

3.4. Characterization

Optical Microscopy
A Kruss MSZ 5600 optical microscope (Hamburg,
Germany) was used to evaluate the emulsion sta-
bility and the size of the microcapsules produced.
Shell maturity was also evaluated during the syn-
thesis process, in order to perform a qualitative
evaluation of the MCs’ shell stiffness.
Scanning Electron Microscopy (SEM)
The microcapsules produced were assessed by SEM
to evaluate their morphology, roughness, porosity
and size. This analysis was carried out with a
JEOL JSM7001F (JEOL, Tokyo, Japan) field emis-
sion gun scanning electron microscope (FEG-SEM)
operating at 15 kV. Before the analysis, conduc-
tive double-sided adhesive tape was applied to im-
mobilize the samples in a sample holder. These
were then coated with a conductive Au/Pd thin
film, through sputtering using a Quorum Technolo-
gies sputter coater, model Q150T ES (Lewes Road,
Laughton, UK).
Fourier transform infrared spectroscopy
FTIR spectroscopy was used to assess the chemi-
cal structure of the molecules by identifying specific
characteristic groups, leading to the identification of
the compounds present in the shell and core of the
analysed microcapsules [31]. The equipment used
was a PerkinElmer Spectrum Two FTIR spectrom-
eter equipped with a Pike Technologies Miracle At-
tenuated Total Reflectance (ATR) accessory. The
spectra were obtained at 4 cm−1 resolution and 8
scans of data accumulation.
Thermogravimetric Analysis (TGA)
Through the thermograms and derivative curves
(DTG) obtained in thermogravimetric analysis it
is possible to quantify the amount of encapsulated
material and to evaluate the thermal stability of a
material by observing the variation of mass with
the increase of temperature. Thermogravimetric
Analysis was performed using a Hitachi STA 7200
Thermal Analysis System (Ibaraki, Japan) under a
controlled nitrogen atmosphere with a flow of 200
mL/min, at a heating rate of 10 ºC/min, in the
range of 25-600 ºC.
Drug Release Analysis
To analyse the kinetic release of ibuprofen and/or
calcium, a suspension of 100 mg of MCs in 200 mL
of deionized water was prepared, in triplicate, and
stirred continuously for 24 hours.
The drug release profile consists of a plot of the con-
centration of the drug as a function of time (prede-

termined intervals at which samples are retrieved).
The removed volume was replaced with fresh deion-
ized water.
UV/Vis Spectroscopy
The ibuprofen released from the MCs was quanti-
tatively determined by UV/Vis Spectrophotometer
(Shimadzu UV-3100 equipment with UVProbe 2.10
software) using Lambert Beer’s law that establishes
a linear relationship between the absorbance (Abs)
and the concentration (C). A spectrum from 200-
400 nm was obtained and maximum absorbance at
222 nm was studied.
Atomic Absorption Spectroscopy (AAS)
AAS is a technique based on the principle that free
atoms from an atomizer, absorb radiation at specific
wavelengths. To determine the amount of encapsu-
lated calcium, an Avanta GBC Scientific equipment
was used, knowing that calcium atoms absorb en-
ergy of 422.7 nm [32][33].
Eletrochemical Impedance Spectroscopy
EIS analyses the impedance of a corroding metal as
a function of frequency. Electrochemical Methods
in alternating-current circuits can provide insights
into corrosion mechanisms and/or on the effective-
ness of corrosion control methods [34][35].
EIS measurements were performed in a three-
electrode cell with the Mg alloy sample as the work-
ing electrode, a SCE as the reference electrode and
a platinum foil counter electrode. To avoid inter-
ference of external electromagnetic fields, the cell
was placed in a Faraday cage. Three different elec-
trolytes were used: 0.05 M NaCl aqueous solution,
10 mM PBS aqueous solution and minimum es-
sential medium (MEM). Measurements were per-
formed using a Gamry FAS2 Femtostat with PCI4
Controller. Scanning frequency ranged from 105 to
10−2 Hz with a 10 mV rms sinusoidal perturbation
with 7 points per frequency decade. Scans were per-
formed at different immersion times and all spectra
was recorded at open circuit potential.

4. Results

Different methods of microencapsulation via sol-
vent evaporation and different processing conditions
were tested to evaluate the adequate method to pro-
duce the desired MCs. The MCs formulation pro-
cess with double emulsion combined with solvent
evaporation method (W1/O/W2) allowed the eval-
uation of crucial parameters of the synthesis such
as polymer concentration, volume of W2 phase and
solvent used in W1 phase.
Initially, empty microcapsules were produced and
smaller sized microcapsules were obtained with
lower concentrations of PCL as the shell-forming
polymer. Higher polymer concentrations led to the
production of microcapsules of larger size and con-
centrations as high as 25 wt% of PCL did not pro-
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duce viable microcapsules. The higher the polymer
concentration the higher the viscosity of O phase of
the emulsion system which might compromise the
homogeneity of this phase and cause problems in
the stability of the emulsion and, consequently, may
result in a broader size distribution of MCs.
The second variable under analysis was the solvent
(water, 1-propanol and 2-propanol) used in phase
W1, where the encapsulated material would be dis-
solved. MCs prepared with 1-propanol have smaller
average size with uniform spherical shape. Sample
produced with 2-propanol as a solvent presents a
vast and generalized size distribution and microcap-
sules produced with water have, simultaneously, the
smaller polydispersity index and the largerst cap-
sule size.
The last variable in study corresponds to the vol-
ume of the extenal aqueous phase. An increase of
W2 phase volume and the use of 1-propanol allowed
the preparation of spherical and small microcap-
sules but the process with lower W2 volume has a
higher process yield and resulted in microcapsules
with a smaller size.
Another method of microencapsulation was tested,
consisting of a simple oil in water emulsion (O/W ).
Different compositions of phase W were tested to
understand its impact on the stability of the emul-
sion and on the final prepared MCs. MCs formula-
tion using higher concentration of PVA led to loose,
disaggregated and mostly spherical MCs. Gum
Arabic in the aqueous phase led to a majority of
spherical MCs however, larger MCs seem to be flat
with a round shape. Although the synthesis process
with gum Arabic in phase W has a lower yield, it
allows the preparation of a more monodisperse and
homogeneous sample with Mcs of smaller sizes.

Ibuprofen Microcapsules
Microcapsules encapsulating three different con-
centrations of ibuprofen, 16 wt%, 28 wt%, 34
wt%, were prepared and are designated as IBU 16,
IBU 28 and IBU 34, respectively.

Figure 2: SEM images of IBU 16 MCs.

Figures 2, 3 and 4 show SEM images that allowed
the assessment of MCs’ morphology, shell thickness
and size distribution.

Figure 3: SEM images of IBU 28 MCs.

Figure 4: SEM images of IBU 34 MCs.

Every synthesis led to the preparation of microcap-
sules with spherical core-shell morphologies how-
ever, thick shells are observed (Figure 3 and 4).
Higher concentrations of ibuprofen led to loose, dis-
aggregated MCs with a smoother outer shell while
with lower concentration MCs present a higher de-
gree of aggregation and an irregular outer shell.
Figure 3 and 4 show a detailed image of the MCs
shell interior. MCs with higher concentration of
ibuprofen have a smoother inner shell, where small
heterogenous pores with irregular size can be ob-
served. Lamellar structures with an irregular ori-
entation are detected, more significantly, in the in-
ner and outer shell of IBU 28 MCs which might be
attributed to the semicrystalline state of the PCL
polymer [36].

Table 2: Microencapsulation yield, Mean diameter
and Polydispersity index.

Figures 5, 6 and 7 display MCs’ size distribu-
tion which evidence a quite broad size distribution
revealing the polydispersity of the MCs. The ma-
jority of IBU 16 MCs sizes are comprised between
30 and 110 µm, most of IBU 28 MCs are found be-
tween 20-175 µm and IBU 34 MCs between 75 and
200 µm. The higher the concentration of ibupro-
fen, the larger in size are the MCs, the lower in
size polydispersity and higher encapsulation yield.
Small MCs are obtained with a low ibuprofen con-
centration despite the inhomogeneity of the sample
in terms of size distribution.

During MCs production, the evaporation of DCM
leads to polymer precipitation, enclosing the mate-
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Figure 5: Size distribution of IBU 16 MCs.

Figure 6: Size distribution of IBU 28 MCs.

Figure 7: Size distribution of IBU 34 MCs.

rial to be encapsulated in its interior. Therefore,
it is assumed that the obtained MCs are only com-
posed by the encapsulated ibuprofen and the pre-
cipitated PCL shell, and it is corroborated by FTIR
analysis.
Figure 8 shows FTIR spectra of the three MCs
produced, of the shell-polymer (PCL) and the en-
capsulated material (ibuprofen). The FTIR spec-
trum of ibuprofen contains characteristic bands ca.
1700-1750 cm−1 corresponding to the carbonyl-
stretching vibration in hydrogen-bonded dimers [37]
while bands between 2950–2850 cm−1 are assigned
to C-H vibrations [38]. Other ibuprofen vibrational

Figure 8: FTIR spectra of the as-prepared MCs
(IBU 16, IBU 28 and IBU 34) ibuprofen and the
shell-forming polymer (PCL).

stretching bands occur at 1506 cm−1 due to C-C
vibrational modes in phenyl ring and a band at 780
cm−1 attributed to the vibration of C-C groups
[38]. Simultaneous detection of these characteris-
tic bands in both ibuprofen and the prepared MCs,
proves the presence of ibuprofen in the loaded MCs.
The three MCs exhibit an increase of intensity on
the previously mentioned peaks, as expected due
to the different concentrations of the encapsulated
ibuprofen.
TGA analysis were conducted for the two MCs with
lower ibuprofen concentration to quantify the en-
capsulated ibuprofen in the obtained MCs and to
corroborate the results obtained from FTIR-ATR.

Figure 9: Thermogram of the prepared IBU 16 MCs
(left) and respective derivative curves (right).

Figure 9 and 10 show the thermograms and
derivative curves of IBU 16 MCs as well as ther-
mograms and DTG of the shell-forming polymer
(PCL) and the encapsulated ibuprofen. Ibuprofen
and PCL present a well-defined degradation step
with a degradation peak of ibuprofen at ca. 75-
250ºC and PCL’s degradation peak at ca. 350-
450ºC.

Both samples exhibit an initial degradation step
with an onset temperature of ca. 172ºC for IBU 16
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Figure 10: Thermogram of the prepared IBU 28
MCs (left) and respective derivative curves (right).

and ca. 176ºC for IBU 28, which correspond to
ibuprofen’s degradation. The higher degradation
temperature in the MCs’ profile might represent
the effect of the MCs’ shell in the degradation of
the encapsulated compound. The second degrada-
tion step corresponds to the PCL polymeric shell
degradation.

Table 3: Encapsulation efficiency of IBU 16 and
IBU 28 MCs.

TGA analysis were conducted to quantitatively
determine the encapsulated ibuprofen in the pre-
pared MCs (wt %). The amount of encapsulated
ibuprofen, for both MCs, is reported in Table 3.
A high degree of encapsulated ibuprofen was ob-
tained, revealing a successful encapsulation by dou-
ble emulsion system (W1/O/W2) combined with
solvent evaporation method.

Ibuprofen and Calcium Microcapsules
Core-shell microcapsules encapsulating both
ibuprofen and calcium were produced by a double
emulsion process with solvent evaporation.

Figure 11: SEM images of IBU Ca MCs.

Figure 11 shows the SEM photomicrographs of
the microcapsules. Spherical and disaggregated mi-
crocapsules with core-shell morphology were ob-
tained through this synthesis process. Superficial
heterogeneous pores, with irregular size, can be ob-
served in the outer and inner surface.

Figure 12: Size distribution of IBU Ca MCs.

Table 4: Microencapsulation yield, Mean diameter
and Polydispersity index.

MCs’ size distribution graph shows the polydis-
perse nature of the microcapsules which is evi-
denced by the multimodal distribution. The sample
presents a very broad size distribution, ranging from
10 to 500 µm, that might be due to the viscosity of
the O phase or the less homogeneous oil phase so-
lution which might destabilize the W1/O emulsion
and lead to coalescence during the synthesis pro-
cess.

Figure 13 shows the FTIR spectra of the prepared
MCs as well as the spectra of the shell-forming poly-
mer and the encapsulated ibuprofen and calcium
chloride. PLA’s most intense and distinct peak is
related to the carbonyl group (C=O) stretching vi-
bration at 1746 cm−1. Bands detected at 2995 and
2946 cm−1 correspond to -CH3 asymmetric and
CH3 symmetric stretching, respectively. Bands de-
tected in the range of 1500-1350 cm−1 are associ-
ated with bending vibrations of C-H bonds and the
stretching of C-O groups is identified at 1080 cm−1

[39].
The analysis of ibuprofen’s FTIR spectrum shows

an intense and well defined band at 1720 cm−1 at-
tributed to carbonyl-stretching vibrations [37] and
at ca. 2950-2850 cm−1 to the vibration of C-H
groups [38]. Vibrational stretching bands of ibupro-
fen at 1506 cm−1 corresponds to C-C vibrational
modes in phenyl rings and the band at 780 cm−1

is attributed to the vibration of C-C groups [38].
The simultaneous detection of these characteristic
bands in both ibuprofen and the prepared micro-
capsules, confirms the presence of ibuprofen in the
loaded MCs.
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Figure 13: FTIR spectra of IBU Ca MCs, ibupro-
fen, calcium chloride and the shell-forming polymer
(PLA).

Drug release
The drug release test was performed in order to

quantitatively determine the encapsulated material
by UV/Vis spectroscopy and Atomic Absorption
Spectroscopy. The release profiles depicted in fig-

Figure 14: Release profiles of the five prepared mi-
crocapsules during a 24h period.

ure 14 show a high burst release of ibuprofen im-
mediately after immersion in the aqueous medium
with the release of approximately 80% of the en-
capsulated content within the initial 5 hours. Plot
D in Figure 14 illustrates the release profile of en-
capsulated ibuprofen and calcium. An initial burst
release of both components is observed. After 5
hours, ibuprofen has already released 80% of the to-
tal amount of encapsulated material. Calcium has
a high release immediately after contact with aque-
ous medium and the total amount of calcium is re-
leased up to 5 hours. The release data points were
subjected to Korsmeyer–Peppas model, to evaluate
the kinetics and release mechanisms of both com-

pounds (ibuprofen and calcium) from the obtained
MCs. Using equation 1, the value of the exponent
n was calculated. This exponent is indicative of
the mechanism of drug release. All microcapsules
follow a similar trend. Exponent values over 0.85
for a spherical geometry show that ibuprofen and
calcium follow a non-Fickian diffusion mechanism,
known as Super Case-II transport. A non-Fickian
transport might be due to different factors, such as
swelling, structural changes and relaxation, temper-
ature and sample dimension, etc. [40].

Table 5: Estimated parameters (K) and n values ob-
tained from fitting drug release experimental data
to power law.

Eletrochemical Impedance Spectroscopy
Further characterization of the prepared MCs

was performed to test their behaviour when in con-
tact with the Mg1Ca alloy. Impedance tests were
performed on bare Mg1Ca alloys immersion in three
different media: MEM, PBS and NaCl. For the de-
sired application, MEM is the medium that best
resembles the conditions inside the human body.
The results obtained do not reveal any clear effect
or trends associated with the presence of the mi-
crocapsules and ibuprofen. The composition of the
electrolyte seems to be more relevant for the degra-
dation of Mg1Ca than the presence of the capsules.
This is in agreement with the literature [9].

5. Conclusion
This study describes the development of multi-
functional, biodegradable MCs, namely ibuprofen-
loaded PCL MCs and ibuprofen and calcium-loaded
PLA MCs. Microencapsulation, via solvent evapo-
ration using double emulsion (W1/O/W2) was used.
SEM and Optical Microscopy analysis led to the
conclusion that lower polymer concentrations (16.7
wt%), higher volume ratio of aqueous phaseW2 and
higher concentration of surfactants (4wt% PVA and
GA) resulted in less agglomerated and smaller MCs.
FTIR results showed the presence of the encapsu-
lated compounds and the correspondent polymer.
A high encapsulation efficiency was obtained: 95.8
% and 84.4 % for IBU 16 and IBU 28, respectively.
Drug release analysis show a non-Fickian diffusion
mechanism of release of both components. EIS re-
sults exhibit no negative effect of the presence of
MCs on the corrosion behaviour of Mg1Ca alloy
in the different media, which reveals that the pre-
pared MCs might be a promising anti-inflammatory
strategy, when incorporated within coatings of the
metallic biodegradable implants.
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