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Level A in vitro/in vivo correlation (IVIVC) of poly (ε-caprolactone) (PCL) microspheres for oral administration is
challenging since in vitro PCL dissolution takes longer. The aims of this study were: 1) to develop three compositionally equivalent formulations of PCL microspheres with a different release rate of 6-methylcoumarin
(6 MC), a drug candidate class IIc according to biopharmaceutical classification systems. 2) To develop a dissolution test for 6 MC-loaded PCL microspheres for oral administration. 3) To evaluate the influence of the PCL
microspheres on the pharmacokinetic parameters of 6 MC and 4) to investigate a possible level A IVIVC of the
6 MC-loaded PCL microspheres. 6 MC-loaded PCL microspheres with different release rate were prepared and its
physicochemical properties were evaluated as well as its release profiles. The pharmacokinetic parameters of the
microspheres were investigated in Wistar rats. As results, it was possible to develop three compositionally
equivalent 6 MC-loaded PCL microspheres with different release rate. Microspheres significantly affect pharmacokinetic parameters of 6 MC and a level A IVIVC was achieved for 6 MC-loaded PCL microspheres by using a
dissolution method that includes lipase in the release medium. Developed dissolution method was able to predict
the in vivo performance of 6 MC-loaded PCL microspheres in the investigated animal model.

1. Introduction
The oral route is the most preferred for drug administration, since is
painless, safer, allows for a wide range of physicochemical properties of
the drugs, and can be administered by the patients themselves. In addition, oral dosage forms have production costs than parenteral dosage
forms, justifying the investments and interest in the development of
oral pharmaceutical dosage forms. On the other hand, most conventional drugs, as well as recently discovered/invented ones, present poor
aqueous solubility, which affects their bioavailability following oral
administration [1], prompting the need for more sophisticated technologies to develop different dosage forms.
In this scenario, microparticles have been successfully employed to
improve bioavailability and reduce pharmacokinetic variability, especially for biopharmaceutical classification system (BCS) class II drugs,
in which absorption depends mainly on the drug dissolution and release
from the delivery system [1,2]. Polymeric delivery systems such as
microparticles (microcapsules and microspheres) have several
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advantages over conventional dosage forms, such as protecting the drug
from the bodily environment, better systemic degradation, elimination
of bitter tastes, and more controlled release [3,4]. Moreover, biodegradable polymers such as Poly(ε-caprolactone) (PCL) have been commonly used for particulate delivery system for oral and parenteral administration of different drugs, particularly BCS class II drugs, due to its
hydrophobic nature [5]. PCL is a biodegradable polymer, that it is more
stable than others (e.g. polylactides and polyglicolides) since it has less
frequent ester bonds per monomer and its hydrolyzation takes longer
[6]. Degradation of PCL in alkaline medium is faster than in an acidic
environment [7] and enzymatic degradation takes place by the action
of lipase enzymes [8,9].
FDA defines the in vitro/in vivo correlation (IVIVC) as a predictive
mathematical model able to describe the relationship between an in
vitro property of an extended release dosage form (usually the rate or
extent of drug dissolution or release) and a relevant in vivo response,
such as the plasma drug concentration or fraction of drug absorbed
[10]. The FDA establishes four levels of IVIVC: Levels A, B, C, and

Corresponding author. Departamento de Farmacia, Universidad Nacional de Colombia, A.A. 14490, Carrera 30 # 45-03, Bogotá, Colombia.
E-mail address: dmaragonn@unal.edu.co (D.M. Aragón).

https://doi.org/10.1016/j.jddst.2019.05.011
Received 28 January 2019; Received in revised form 4 May 2019; Accepted 5 May 2019
Available online 10 May 2019
1773-2247/ © 2019 Elsevier B.V. All rights reserved.

Journal of Drug Delivery Science and Technology 52 (2019) 632–641

P.A. Cárdenas, et al.

multiple level C. Level A IVIVC is considered the most informative
because represents a point-to-point correlation between the in vitro and
in vivo input rates (e.g. the in vivo dissolution of the drug from dosage
forms). The main aim of the IVIVC is the application of the dissolution
assay as a substitute in human trials, not only in bioequivalence studies,
but also as a tool in the design of dosage forms [10–12].
IVIVC have been developed for biodegradable polymer microparticles, mainly Poly (lactic-co-glycolic acid) PLGA based microspheres, loaded with different drugs including nalmefene, dexamethasone, naltrexone, progesterone, risperidone and norquetiapine,
all for parenteral administration [13–18]. With regards to PCL, IVIVC
had been development for PCL parenteral implants loaded with risperidone [19]. However, a Level A IVIVC for oral PCL microspheres has
not been reported.
One of the challenges in establishing an IVIVC is the selection of the
right dissolution media, particularly for BCS class II. Since the FDA
suggest that in the early stages of correlation development, dissolution
conditions may be altered to achieve Level A IVIVC (FDA, 1997), most
of the investigations focused on the selection of the release media for
poor water-soluble drugs [20]. However, hydrolysis or enzymatic degradation of the polymers present in the dosage forms have not been
considered, despite the key role played by polymeric degradation in
drug release mechanisms and kinetics [4].
Finally, some several coumarins have shown a wide range of
pharmacological activities, such anticancer, anticonvulsant, antimicrobial, antioxidant, MAO inhibitory and anti-inflammatory properties [21]. 6-methylcoumarin (6 MC) is a simple coumarin, that has
shown important anti-inflammatory activity both in vivo and in vitro
[22] and was classified as a class IIc compound in the BCS, as it is a
neutral compound with low aqueous pH-independent solubility [23]
and high permeability [24].
In view of the pharmacological potential of 6 MC, and the possibilities of improving its pharmacokinetic profiles through the drug dosage
form design, the aims of this study were to develop three compositionally equivalent formulations of PCL microspheres with different
release rates of 6-methylcoumarin (6 MC), to develop a dissolution test
for 6 MC-loaded PCL microspheres for oral administration, to evaluate
the influence of the elaborated PCL microspheres on the pharmacokinetic parameters of 6 MC, and lastly, to investigate a possible level A
IVIVC of the 6 MC-loaded PCL microspheres using the developed dissolution test.

stirred at 14500 rpm for 5 min to produce an o/w emulsion. This process was performed at a temperature of 4 °C. Organic solvent was removed by constant stirring at 500 rpm for 3 h at room temperature.
After this period, the microspheres were centrifuged (Hettich EBA-20
Germany), the supernatant was removed, and three successive washes
were performed with deionized water. Finally, the microspheres were
freeze dried for 24 h (Lanconco freeze drying system 77540, Labconco
Co, USA).
In order to obtain three compositionally equivalent 6 MC-loaded
PCL formulations with different release profiles, the same preparation
methodology was employed evaluating the effect of different molecular
weight PCL (14000 and 70 Da). In addition, the influence of pore
former agent was also studied by adding sodium chloride (0.5, 1.0 and
2.0%) to the initial 400 μL of PVA used for the w/o emulsion formation.
2.3. Characterization of 6-methylcuomarin microspheres
2.3.1. Entrapment efficiency and drug loading
The entrapment efficiency (EE) was determined using an indirect
method, to quantifying 6 MC in the microsphere preparation supernatant (AC), according to the method previously reported by Freiberg &
Zhu (2004) [26]. For this, an aliquot of the supernatant was taken after
final centrifugation; it was filtered through 0.45 μm membranes and
labeled AC. Dilutions were made for the quantification by UV spectrophotometer (Shimadzu® UV - 1800; Kyoto, Japan) at 275 nm. EE was
calculated by equation (1):

EE (%) =

Theoretical 6MC 6MC in AC
Theoretical 6MC

100

(1)

Drug loading, (DL) was expressed as the amount of 6 MC per mg of
microparticles (MPs) [27]. For this purpose, 10 mg of microparticles
were dissolved in 10 mL of DCM and sonicated for 30 min. Methanol
was used to dilute the sample. The solution was filtered through a
0.45 μm membrane (Millipore USA) and 6 MC was quantified by UV
spectrophotometry The DL was calculated by equation (2):

DL =

Weight of 6MC in MPs
Weight of MPs

(2)

2.3.2. Particle size and size distribution
Particle size and polydispersity index were determined by the dynamic light scattering method (DLS, por “Dynamic Light Scattering”)
using the Zetasizer Nano ZS (Malvern®, UK). Samples were diluted in
deionized water and 3 measurements/sample were taken, with 5 runs
of 10s/measurement at a temperature of 25 °C and a measured angle of
173°.

2. Materials and methods
2.1. Materials
6-Methylcuomarin (6 MC), Polycaprolactone (PCL; MW. 14000,
45000 and 70.000 Da), Poly(vinyl alcohol) (PVA; 87–89% hydrolyzed,
molar mass prom. 31.000–50.000 Da Sigma-Aldrich), and Lipase from
Pseudomonas sp. (≥15 units/mg) were purchased from Sigma- Aldrich
(St. Louis, USA). Dichlorometane (DCM), monobasic sodium phosphates, sodium hydroxide and isopropanol were purchased from Merck
(Darmstadt, Germany) and sodium chloride from Scharlau (Barcelona,
Spain). Milli-Q® water (Barnstead, Dubuque, IA) was used for all the
studies.

2.3.3. Calorimetric study
Thermal characterization was performed by differential scanning
calorimetry (DCS), using a Shimadzu DSC- 60 calorimeter (Kyoto,
Japan). The analysis was performed in sealed aluminum pans and with
a heating rate of 5 °C/min at a range of 20–250 °C. Nitrogen was used as
purge gas with a flow rate of 50 mL/min 2.0 mg of sample was accurately weighed. The equipment was calibrated to Indio standard.
2.3.4. Morphology
The morphology of the microparticles was determined using scanning electron microscopy (SEM). The dry microparticles were coated
with gold using a sputter SDC-050 (BALZERS) and examined by SEM
(FEI QUANTA 200, Netherlands).

2.2. Preparation of microspheres
PCL microspheres were prepared by the emulsification-evaporation
method, considering the solubility of 6 MC and PLC [25]. The described
factors were previously standardized using a statistical experimental
design. Briefly 100 mg of 6 MC and 200 mg of PCL (45000 Da) were
dissolved in DCM (4%). Then, 400 μL of PVA (2% in deionized water)
were emulsified in the organic phase at 7000 rpm using an Ultraturrax
T25® (IKA, Germany) for 1 min, to obtain a w/o emulsion. This primarily emulsion was immediately added to 50 mL of PVA solution and

2.3.5. Process yield
The yield of the microencapsulation process, was evaluated based
on the amount of microparticles obtained, and the amount of PCL and
6 MC employed (equation (3))
633
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Table 1
Factors evaluated in the dissolution method for 6 MC from PCL microspheres.
Condition

pH

Volume of medium (ml)

Stirring rate (rpm)

1
2
3
4
5
6
7
8
9
10
11
12

pH 1.2

100

100
200
100
200
100
200
100
200
100
200
100
200

200
pH 4.5

100
200

pH 6.8

100
200

Table 2
Mathematical models used to describe the drug dissolution curves of 6 MC from
PCL microspheres.

Weight microparticles obtained
Weight polymer + Weight 6MC

100

(3)

FDR =

Tt ) 2

0.5

x 100

Qt
Q0

Qt1/3 = Ks t

Qt = KH t
Qt
Q0

= at n

Ftot = FBIN (1

e kb t ) + 1 + FBIN )

1

e kt ktmax
ekt ktmax

Dmax T
D50 + T

(6)

2.6. Pharmacokinetics studies

(4)

Dt is the percentage dissolved at time t, %Dmax is the maximum
dissolved at the final time t, and AUC0-t is the area under the curve from
zero to t.

1
(Rt
n

( ) = Kt

where FDR is the fraction of drug dissolved at time T, Dmax is the
maximum fraction (cumulative) drug dissolved, D50 is the time required
for 50% of the drug to dissolve, T is time and γ is the sigmoidicity
factor.
In order to investigate release mechanisms of 6 MC from PCL microspheres, data were analyzed by the following mathematical models
usually reported for this purpose [31] (Table 2).
Since release profiles were used for IVIVC development, 6 MC was
quantified by a sensitive HPLC method. For this purpose, an Agilent
1100 series (Agilent, USA) was used, with a Bondclone C-18 column
(150 × 3.9 mm, 5 μm) (Phenomenex®, UK) as stationary phase. The
mobile phase was in composed by a 50:50 combination of A: Water:
Methanol: Acetic acid (95: 5: 2) and solvent B: Methanol: Acetic acid
(100: 2). Flow rate of 1 mL/min, injection volume of 20 μL and temperature of 40 °C. The detection was performed at 321 nm. The data
were processed using ChemStation® software.

In vitro release evaluation of 6 MC from PCL microspheres, was
conducted using a sample and a separate method [28,29], and the
factors were evaluated are shown in Table 1, to identify the method
with the best dissolution efficiency (DE) and f2 factor [30] (equations
(4) and (5)).

1+

Hixson – Crowell

Q01/3

ln

mathematically modeled by fitting the mean profile of 6 MC to the
following Hill equation (equation (6)):

2.5. In vitro release studies

f2 = 50 log

Qt = Q0 + K 0 t

Q0: initial amount of 6 MC in the PCL microparticles, Qt: amount of 6 MC in the
PCL microparticles t, K0, Ks and KH: proportionality constants, n: diffusion
constant, FBIN: burst fraction to infinite time; kb: constant of first-order associated with the release burst, Tmax: time with the highest rate of degradation of
the polymer, k: polymer degradation constant.

6 MC was quantified by the sensitive high performance liquid
chromatography method (HPLC). For this purpose, an Agilent 1100
series (Agilent, USA) was used, with a Bondclone C-18 column
(150 × 3.9 mm, 5 μm) (Phenomenex®, UK) as stationary phase. The
mobile phase consisted of a 50:50 combination of A: Water: Methanol:
Acetic acid (95: 5: 2) and solvent B: Methanol: Acetic acid (100: 2). A
flow rate of 1 mL/min, injection volume of 20 μL and a temperature of
40 °C. Detection was performed at 321 nm. The data were processed
using ChemStation® software.

AUC0 T
%Dmax T

Zero order
First order

Gallagher and Corrigan

2.4. Quantification of 6 MC for in vitro release studies

Dissolution efficiency (DE) =

Equation

Higuchi
Korsmeyer – Peppas

Conditions 1 to 12 were evaluated in presence and in absence of lipase (0.5 mg/
mL).

Yield (%) =

Model

The evaluation of 6 MC-loaded PCL microspheres pharmacokinetics
were carried out using 15-week-old male Wistar rats, weighing
250–300 g, obtained from the animal house of the Department of
Pharmacy of the National University of Colombia. The temperature
conditions were kept constant at 18 ± 1 °C, with light/dark cycles of
12 h. Water was provided ad libitum, and the animals were fasted for
12 h prior to the assays. Animals were randomly grouped (n = 6) and
orally administered with 6 MC-loaded PCL microspheres suspended in
saline (0.9% NaCl with 1% Tween® 80), at a dose equivalent to 200 mg/
kg of 6 MC. About 200 μL of blood samples were collected from lateral
tail vain at 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 8 and 24 h after administration of the microsphere, and were analyzed according to a validated
HPLC-DAD method previously reported [32]. After 1 h, 1 mL of saline
solution (NaCl 0.9%) was subcutaneously administrated to avoid dehydration. This protocol was approved by the Ethics Committee of the
Science Faculty (Act 03, 2012).

(5)

where Rt is the percentage of dissolved product for a reference batch at
time point t, Tt is the percentage of dissolved product for the test batch,
n is the number of time points.
For each formulation, an amount of 6 MC-loaded PCL microspheres
(300–380 mg) equivalent to 6 MC in vivo administered dose to Wistar
rats (200 mg/kg) was weighed and added to vessels containing thermostatized medium (37 ± 2 °C). At 0.25, 0.5, 0.75, 1, 1.5, 2, 4, 6, 8
and 24 h, 2 mL of samples were withdrawn and replenished with fresh
media. The influence of stirring rate on dissolution efficiency (100 and
200 rpm), volume of the medium (100 and 200 mL), pH of the medium
(1.2, 4.5 and 6.8 with sodium lauril sulfate- SLS 0.5% w/v), and the
presence or absence of lipase (0.5 mg/mL) were evaluated (Table 1).
Sink conditions were kept in all the assay and SLS concentration was
experimentally determinate previously (data no shown). Lipase concentration was chosen according to previous studies.
To obtain the fraction of dissolved drug, the dissolution data were

2.7. Pharmacokinetic analysis and the development of an IVIVC
6 MC plasma concentration profiles were evaluated by noncompartmental pharmacokinetic analysis using WinNonlin (Pharsight
Corporation, USA). Area under the curve to infinite and to 24 h (AUC0634
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AUC0-1444), maximum 6 MC concentrations (Cmax), apparent total
body clearance (CL), mean residence time (MRT) and half-life (t1/2)
where determined in order to evaluate the influence of microparticulate
delivery system. In vivo plasma profiles of 6 MC from PLC microspheres
were deconvoluted using the Loo-Riegelman method (WinNonlin,
Pharsight Corporation, USA) [33] according to previous reports that
described two compartment pharmacokinetics models for coumarin,
the main metabolite of 6 MC [34]. Due to the low aqueous solubility of
6 MC, intravenous (IV) administration is limited, and systemic data for
the Loo-Riegelman analysis were obtained from intraperitoneal administration, assuming a bioavailability of 100% and very rapid absorption, as shown by the PK profiles (WinNonlin, Pharsight Corporation, USA).
The IVIVC for 6 MC-loaded PCL microspheres was evaluated by
plotting the mean percentage of drug absorbed (Fraction Absorbed; FA)
versus the mean percentage of drug dissolved (Fraction Dissolved; FD).
The development and validation of the IVIVC for the 6 MC-loaded PCL
microspheres were performed using WinNonlin® 8.0 (Pharsight, Certara
corporation St. Louis, USA).
2.8. Statistical data analysis

GraphPad Prism® software (version 7, USA) were employed for the
statistical analysis of microsphere formulations using the post-hoc
Tukey test. The level of significance was set at p < 0.05.
3. Results and discussion
Fig. 1. DCS thermograms of A. 6 MC, B. Polycaprolactone MW 45000, C.
Physical mixture of polycaprolactone MW 45000 + 6 MC, D. PCL 6 MC-loaded
microparticles.

3.1. Physicochemical properties of 6 MC-loaded PCL microspheres
PCL microspheres where prepared by the emulsification-evaporation, a method widely used to prepare drug loaded microparticles from
preformed water-insoluble polymers, such as polycaprolactone [3,35].
Several 6 MC-loaded PCL microspheres were prepared, containing
about 20% w/w of 6 MC, to obtain three compositionally equivalent
formulations for the development of the IVIVC. The microencapsulation
process was standardized using PCL 45000 Da, and subsequent microspheres where prepared with PCL 14000 and 70 Da as well as NaCl as a
porous former to achieve a significant modification in the release profile (Table 3).
The DSC thermograms (Fig. 1) showed an endothermic signal at
72.68 °C for 6 MC while for PCL 45000, this signal was present at
55.6 °C. Both of figures corroborate with the melting point previously
reported [23,36]. In the thermograms of the physical mixtures of PCL
and 6 MC the signals attributable to melting point are clearly present,
suggesting that there is no molecular or chemical interaction between
PCL and 6 MC. For PCL 6 MC-loaded microparticles, there is no signal
corresponding to the 6 MC melting point, indicating a molecular dispersion of 6 MC into the PCL in the microspheres [27].
The molecular weight of PCL influences the physicochemical
properties of the microspheres [37,38]. The data reported in Table 3
indicate that the main effects of molecular weight of the PCL are the
entrapment efficiency and the particle size. This finding may be related

to changes in the viscosity of the organic solution generated in DCM,
which influences the speed of solidification of the microspheres, and
therefore their physicochemical properties [39,40]. In fact, increasing
organic phase viscosity in terms of molecular weight of PCL was obtained, showing dynamic viscosity values of 15.2 cP, 22.8 cP and
42.0 cP for PCL 14000, 45000 and 70 Da, respectively, which are in
accordance with previous reports [41]. In Fig. 2, is possible to note that
the entrapment efficiency and particle size increase, as the organic
phase viscosity increase. This behavior may be related to the viscosity
of the organic phase, which determines the diffusion speed of 6 MC to
the dispersing phase: to higher viscosity slower diffusion of 6 MC to the
continuous phase allowing a greater 6 MC entrapped inside the microspheres [39]. In terms of size, it has been reported that in emulsification/solvent evaporation techniques, the viscosity of the organic
phase is directly proportional to the particle size [40], because higher
shear forces are necessary for droplet disruption [35].
Porous biodegradable microparticles have been used to modify the
release profile of conventional microparticles, achieving higher and
faster drug release [42,43]. Sodium chloride (NaCl) is an osmotic agent
commonly used as a pore former [44,45]. Regarding the physicochemical properties, it was noted that encapsulation efficiency and drug

Table 3
Physicochemical properties of 6 MC-loaded PCL microspheres.
Formulation

Yield (%)

Efficiency (%)

Drug loading (mg 6 MC/mg MP)

Particle
Size (μm)

PCL
PCL
PCL
PCL
PCL
PCL

69.9
85.1
84.7
86.1
83.3
86.6

56.2
61.4
75.9
47.1
42.6
45.5

0.19
0.20
0.24
0.16
0.14
0.16

2.9
4.1
7.1
4.7
2.4
2.9

14000 Da
45000 Da
70 Da
45000 + NaCl 0.5%
45000 + NaCl 1%
45000 + NaCl 2%

± 4.1***
± 0.6
± 5.3
± 3.5
± 2.3
± 4.3

± 0.5***
± 0.8
± 0.6***
± 2.8***
± 2.0***
± 2.9***

± 0.002
± 0.005
± 0.005***
± 0.001***
± 0.007***
± 0.002***

The data are expressed as mean ± SEM (n = 3). One-way ANOVA post-test ***p < 0.001 in relation to PCL 45000.
635

± 0.2***
± 0.2
± 0.2***
± 2.1
± 0.4***
± 0.5***
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Fig. 2. Relationship between viscosity of the organic phase on the elaboration of 6 MC-loaded PCL microspheres and some physicochemical properties of the
microspheres obtained.

Fig. 3. Photograph obtained by SEM of 6 MC-loaded PCL microspheres based on A: PCL 45000 + 2% NaCl. B: PCL 45000.

loading significantly decreased when NaCl was added (Table 3). This is
to be expected, since NaCl acts as an osmotic agent, promoting the
migration of water forming channels in the polymer matrix (Fig. 3) and
allowing 6 MC diffusion to the aqueous phase.

the best DE to promote IVIVC development (Fig. 4, Table 4). Once the
dissolution method was chosen, the other microspheres were evaluated
to select the three formulations for the in vivo evaluation.
Fig. 4 shows that although there are differences in the accumulated
release of 6 MC, in all the assayed conditions, 6 MC exhibited rapid
release in the first hour, followed by slow, sustained release during the
remaining time of the test. Buffers pH 1.2, 4.5 and 6.8 were investigated, since they represent the pH that an oral delivery system
would be exposed to in the gastrointestinal tract. Although 6 MC is a
neutral compound whose solubility is pH independent [23] it was found
that DE significantly increases with pH. This can be explained by the
fact that in an alkaline environment, PCL degradation rate is faster than
in an acidic environment, with the pH of the medium being an important factor in the degradation rate of PCL and the release of drugs
from PLC microspheres. The stirring rate does not affect the DE, but the

3.2. In vitro release profiles of 6 MC-loaded PCL microspheres
PCL is a biodegradable polymer extensively used for parenteral drug
delivery applications, as it presents a slow degradation rate in physiological fluids, principally attributable to less frequent ester-linkages in
the network chains [6]. However, PCL has also been used for microparticle development for peroral administration [46–48] using different
dissolution methods (apparatus, mediums, stirring rates, etc.). For this
reason, several conditions were evaluated with microspheres elaborated with PCL 45000 in order to establish a dissolution method with

Fig. 4. In vitro release profiles of 6 MC from PLC microspheres elaborated with PCL 45000 using different dissolution conditions. A: Without lipase B: With lipase
(0.5 mg/mL) from Pseudomonas sp. Conditions 1–12 are described in Table 1. The data are expressed as mean ± S.D. (n = 3).
636
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Table 4
Dissolution Efficiency (DE) for 6 MC-loaded PCL 45000 microspheres in different dissolution conditions.
Condition

1
2
3
4
5
6
7
8
9
10
11
12

Evaluated Factors

DE (%)

pH

Volume of
medium
(ml)

Stirring
rate (rpm)

Without lipasa

pH 1.2

100

100
200
100
200
100
200
100
200
100
200
100
200

30.3
32.6
36.3
36.9
26.8
31.5
37.5
32.5
37.9
40.1
44.2
44.8

200
pH 4.5

100
200

pH 6.8

100
200

Table 5
Comparison of dissolution profiles of 6 MC-loaded PCL microspheres by similarity factor f2.

±
±
±
±
±
±
±
±
±
±
±
±

0.3j
1.5j
3.4i
1.9i
0.5k
0.7j
0.5i
0.3j
0.9i
0.8h
1.2h
0.6h

With lipasa

66.7
71.7
79.8
81.2
59.1
69.2
82.4
71.5
83.5
88.3
97.2
98.6

±
±
±
±
±
±
±
±
±
±
±
±

0.4g
3.3g
7.4g
4.2d,g,f
1.2e
1.4g
0.1c,d
0.7g
3.5c,d
1.6b
2.5a
3.3a

Formulations of PCL microspheres

f2

45000
45000
45000
45000
45000

35.05
49.48
74.55
60.24
34.71

vs
vs
vs
vs
vs

70
14000
45000 + NaCl 0.5%
45000 + NaCl 1%
45000 + NaCl 2%

area [53]. However, these results are not in agreement to those reported previously by Jeong et al. [37], who found that drug release
occurred most rapidly from microparticles with higher PCL molecular
weight (80,000 and 40,000). Those authors suggest that when the
molecular weight is higher, the amorphous region will be wide open
and form a coarse crystalline microstructure through which the drug
will diffuse more rapidly. Nevertheless, is important to note the microparticles employed in that study were prepared at a drug:polymer
ratio of 1:9, and this high polymer amount may have stimulated the
formation of crystalline microstructure between PCL molecules, which
are not present in our study since the drug:polymer ratio was 1:2. Regards the microspheres elaborated with the inclusion of NaCl, only
those with 2% showed a faster release profile related to the presence of
pores, and the small particle size. Once the release profiles were analyzed by the f2 similarity factor, it was found that only microspheres
elaborated with PCL 70 and those elaborated with PCL 45000 + NaCl
2% exhibited different release profiles from that of the initial PCL
45000 microspheres (Table 5). Thus, microspheres prepared with PCL
45000 + NaCl 2%; PCL 45000; PCL 70000 where chosen for the vivo
evaluation, and were identified as slow, moderate and fast formulations, respectively.
In vitro release profiles for the three formulations were fitted to the
most common mechanistic and kinetic release models for biodegradable
microspheres [4]. Of the traditional mathematical dissolution models,
the best-fitting model for dissolution data of 6 MC-loaded PCL microspheres was that of Korsmeyer-Peppas with a R2 ranged from 0.78 to
0.87 (Table 6). This model, showed n < 0.5 describing a release profile
mainly governed by diffusion of the drug from PCL-based microparticles. In this context, it is possible to conclude that 6 MC is released
by Fickian diffusion from and through hardly degraded PCL microspheres in simulated physiological fluids. Korsmeyer-Peppas has been
previously reported to describe the release of different drugs [47,54]
from PCL microspheres, since PCL is usually hardly degraded during the

Data represented as the mean ± SD (standard deviation) (n = 3) Different
letters indicate statistical differences between mean values (p < 0.05).

volume of the dissolution medium does, as is usual for BSC class II drugs
[20,49]. However, the factor that most influenced the DE was the
presence of the enzyme lipase in the dissolution medium. Although no
studies have described the use of lipase on dissolution mediums, it has
been reported that the presence of lipase enhances the degradation rate
of PCL 1000-fold, as compared with degradation in water alone, particularly with lipase from Pseudomonas sp [8,9,50]. Previous investigations had found degradation of 100% of PCL nanoparticles after
36 h, whereas only around 8% of the polymer was degraded in the
absence of lipase. Considering that different lipase enzymes are present
in the gastrointestinal tract [51] and affect the PCL degradation, the use
of this enzyme is a valuable strategy in the development of a dissolution
method for PCL drug delivery systems, especially for oral IVIVC development. Based on these results, for further release studies, the dissolution method simulating gastrointestinal transit was carried out as
follows: Volume of medium: 200 mL and stirring rate 100 rpm. The
medium was buffer pH 1.2 (with SLS 0.5% and lipase 0.5 mg/mL) for
the first hour, and buffer pH 6.8 (with SLS 0.5% and lipase 0.5 mg/mL)
for the following 23 h.
Release of 6 MC from microspheres of PCL 70,000 was notoriously
slower [52] whereas the release from PCL 14000 was faster (Fig. 5).
These findings were expected, because the degradation rate of PCL
depends on its molecular weight, given the length of the chain, and a
larger number of links need to be cleaved [35]. In addition, those microspheres exhibit the highest size and according to the Noyes-Withney
equation, the dissolution rate of a solid is directly proportional to the
surface area of an exposed solid, to highest particle size smaller surface

Table 6
Mathematical parameters for release of 6 MC from PCL microspheres.
Fast formulation
Zero order
R2
0.502
K
1.34
First order
R2
0.507
K
2.23
Hixson – Crowell
2
R
0.4252
K
4.33
Higuchi
0.3983
R2
kH
67.8
Korsmeyer – Peppas
2
R
0.7857
N
0.2132

Fig. 5. In vitro release profiles of 6 MC from PLC microspheres elaborated with
different molecular weights of PCL 45000 and sodium chloride. Conditions:
buffer pH 1.2 for the first hour (with SLS 0.5% and lipase 0.5 mg/mL) and
buffer pH 6.8 (with SLS 0.5% and lipase 0.5 mg/mL) for the following 23 h. The
data are expressed as mean ± S.D. (n = 3).

Moderate formulation

Slow formulation

0.722
2.04

0.869
3.29

0.724
3.09

0.754
3.36

0.5121
5.45

0.3290
4.41

0.6108
85.8

0.7023
114.5

0.8529
0.3293

0.8735
0.4708

Fast Formulation: 6 MC-loaded PCL microspheres prepared with PCL
45000 + NaCl 2%. Moderate Formulation: 6 MC-loaded PCL microspheres
prepared with PCL 45000. Slow Formulation: 6 MC-loaded PCL microspheres
prepared with PCL 70000.
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according to the formulation, reflecting an in vivo release rate similar to
in vitro release rate. For the same period of time, the AUC0-1440 for the
fast formulation is significantly higher that for the free 6 MC. Meanwhile, this parameter is significantly lower for the slow formulation.
Cmax was decreased 4-fold, and MRT and t1/2 were also increased,
suggesting that PCL microspheres exhibited extended release. Although
the pores in the fast formulation did not alter the Tmax, that formulation
was the one that most influenced the pharmacokinetic parameters, with
a more than 1.3-fold increase in AUC0-∞ and a 16-fold increase in MRT
and t1/2. These facts are related to pore formations and particle size that
facilitated fast release of 6 MC, allowing its complete absorption. AUC,
MRT and t1/2 increases and Cmax decreases have also been reported for
different drugs administered in polymeric microspheres [18,58–60].

Table 7
Estimated parameters for the release of 6 MC from PCL microspheres according
to the Gallaher-Corrigan mathematical model.

Fast formulation
Moderate formulation
Slow formulation

FBIN

kb

k

tmax

R2

0.437
0.377
0.202

6.235
4.023
4.072

0.066
0.072
0.069

2.633
3.457
9.832

0.9955
0.9964
0.9988

FBIN: burst fraction to infinite time; kb: constant of first-order associated with
the release burst, Tmax: time which has the highest rate of degradation of the
polymer, k: polymer degradation constant.

diffusion process, and diffusion through the polymer is the only possible
mechanism of drug release [37].
However, 6 MC release had a better fit with the model proposed by
Gallaher-Corrigan (R2 > 0.99), which considers that drug release occurs in two phases; the first is determined by the diffusion of the drug
due to the access of the dissolution medium on the microparticle, while
the second is controlled by the degradation of the polymer [55]. This
mathematical model has been employed to describe drug release from
biodegradable dosage forms [56,57] including PLGA micro and nanoparticles [25,55]. Parameter kb represents the rate of drug diffusion into
the bulk of the solution and is directly proportional to the surface area
of the particle, the diffusion coefficient and solubility of the drug in the
dissolution medium. For PCL microspheres, the slight differences in this
parameter could be related to surface area, the larger particles, the
lower value of kb. The peak rate of degradation of the PCL polymer is
represented by tmax. This parameter increases with particle size, but
also with the molecular weight of the polymer which is higher for the
slow formulation (Table 7). Although, this mathematical model has not
been reported for PCL, the data has the best fit, indicating that this
model fully describes the release of 6 MC from PCL microspheres.

3.4. IVIVC development
According to FDA guidance, although an IVIVC can be defined with
a minimum of two formulations with different release rates, three or
more formulations with different release rates are recommended [10].
For this reason, the three formulation 6 MC-loaded PCL microspheres,
named fast, moderate and slow, where used in the development and
validation of IVIVC. For this, the fraction released in vitro of the three or
any combination of two formulations were plotted against the fraction
absorbed/released in vivo at the respective time points, to determine
whether there was any correlation. An affirmative Level A IVIVC
(R2 > 0.97) was found between the 6 MC fractions released in vitro and
those released/absorbed in vivo from the development of PCL microspheres, for all combinations. In spite of exists a high correlation is
important to point that drop efficiency can be affected by the metabolism of 6 MC since as it was previously described, 6 MC undergoes a
phase I metabolic reaction being coumarin its main metabolite [24].
All the predicted in vivo release profiles were similar to the observed
in vivo profiles in any developed IVIVC (Fig. 7). As previously reported
by other authors [15] for external validation of the IVIVC developed,
the equation obtained using fast and slow formulations was used to
predict the in vivo performance of the moderate formulation from its in
vitro release profile.
For the compositionally equivalent 6 MC-loaded PCL microspheres,
the developed IVIVCs showed acceptable predictability in terms of error
prediction of AUC0-last and Cmax (Table 9). According to the validation
results, the IVIVC developed has good internal and external predictability, since the PE values were ≤10% (between 3.79 and 8.36% for
AUC0-last and between 1.41 and 5.91% for Cmax), and the PE value for
each formulation was ≤15%. These results confirm that the developed
IVIVC for orally 6 MC-loaded PCL microspheres can be useful for predicting AUC0-last and Cmax in the experimental rat model, based on the
in vitro release profiles.

3.3. Pharmacokinetics analysis
In vivo release profiles after oral administration of free and microencapsulated 6 MC showed rapid absorption of 6 MC (Fig. 6), reaching
the highest plasma concentrations in the first 30 min in all formulations. Table 8 shows that all formulations had a significant effect on
some pharmacokinetic parameters of 6 MC, according to its release
profiles. An increase in the AUC0-∞ for the fast formulation indicates a
significant increase in the absorbed amount of 6 MC, as expected for
BSC class II drugs, given that they are formulated as polymeric microspheres [1]. The moderate and slow formulations did not affect that
parameter. The findings were interesting for AUC0-1440, which changes

4. Conclusions
Three compositionally equivalent formulations with different release rates were elaborated using PCL with different molecular weights
and a pore forming agent. The release of 6 MC from PCL microspheres
was successfully described by the mathematical model of Gallaher and
Corrigan, which considers 6 MC diffusion as well as PCL degradation.
This work describes, for the first time, a Level A IVIVC for oral PCL
microspheres loaded with a BSC class IIc drug candidate, based on a
new dissolution test that include the enzyme lipase, allowing successful
prediction of 6 MC pharmacokinetic profile rom simple in vitro release
studies. Besides the dissolution test, the development of 6 MC-loaded
PCL microspheres was also a key factor for IVIVC development. The
development of level A IVIVC is an important tool for rational drug
development and formulation.

Fig. 6. Plasma concentration-time profiles of 6 MC after oral administration of
6 MC-loaded polycaprolactone microspheres. The data are expressed as
mean ± S.E.M (n = rats per group).
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Table 8
Pharmacokinetic parameters of free and microencapsulated 6 MC.

AUC0-∞ (h*μg/mL)
AUC0-1440 (h*μg/mL)
Cmax (μg/mL)
t1/2 (h)
MRT0-∞ (h)

Free

Fast formulation

Moderate formulation

Slow formulation

16.92 ± 4.94
16.69 ± 3.78
10.89 ± 0.49
2.08 ± 0.27
2.57 ± 0.39

22.91 ± 2.88 *
21.04 ± 0.88 ***
2.83 ± 0.190***
33.55 ± 5.14***
42.17 ± 5.76 ***

19.65 ± 1.74
15.00 ± 1.33
2.03 ± 0.22***
12.98 ± 0.55***
16.01 ± 0.46***

17.93 ± 1.78
12.33 ± 0.74**
1.70 ± 0.25***
12.31 ± 1.64**
15.30 ± 2.39 ***

Cmax, maximum concentration; t1/2, half-life; AUC0-∞, area under the concentration-time curve to infinity; AUC0-1440, area under the concentration-time curve to time
1440 min; MRT, mean residence time to infinity.

Fig. 7. Level A IVIVC developed for 6 MC-loaded polycaprolactone microspheres. A) IVIVC_1 developed using all formulations; B) IVIVC_2 developed fast and
moderate formulations; C) Experimental and predicted absorbed fraction of the slow formulation; D) IVIVC_3 developed moderate and slow formulations; E)
Experimental and predicted absorbed fraction of the fast formulation; F) IVIVC_4 developed fast and slow formulations; G) Experimental and predicted absorbed
fraction of the moderate formulation.
639

Journal of Drug Delivery Science and Technology 52 (2019) 632–641

P.A. Cárdenas, et al.

Table 9
Validation of the developed IVIVC for 6 MC-loaded PCL microspheres.
AUC0-1440 (h*μg/ml)

Internal Validation
Fast Formulation
Slow Formulation
Average Internal
External Validation
Moderate Formulation
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