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In this study, a reevaluation of the in vivo release phases from long-release PLGA-based microspheres is presented, leading to a better characterization of the plasma concentrations/time proﬁle. Microspheres were designed for intramuscular injection releasing a cyclic somatostatin analog over 70 days. Clinical study was performed in 64 healthy subjects receiving a subcutaneous dose of an immediate release solution as reference
formulation and an intramuscular injection of microspheres as test formulation. The in vivo input curve was
obtained by numerical deconvolution.
Results showed that double Weibull function could not ﬁt correctly the tri-phasic (burst, lag, and erosion) in
vivo input proﬁle typical for PLGA-based formulations, due to a change in the drug release trend in the terminal
phase. Triple Weibull showed a signiﬁcant improvement in the curve ﬁtting, each term being assigned to one of
the following phases: initial (burst/lag), erosion, and terminal phase of drug release. The existence of the additional terminal phase was conﬁrmed by a mechanistic approach as well, which denoted that this phase was,
most probably, a consequence of the release mechanism change from erosion to diﬀusion controlled. The same
model demonstrated that the burst release was as well inﬂuenced by the polymer swelling, while currently
existing theories state that the burst phase is mainly determined by the dissolution of immediately available drug
substance and diﬀusion through surface related pores.

1. Introduction
In vitro-In vivo correlation (IVIVC) is deﬁned by health authorities as
a mathematical relationship between the in vitro dissolution and in vivo
properties of a drug product [1,2]. It is a useful tool in the drug product
development as it can support formulation optimization, dissolution
speciﬁcation setting, or it can be used as a surrogate for bioequivalence
(BE) studies.
In order to obtain the in vitro data, a biorelevant dissolution method,
reﬂecting the in vivo release process, should be developed for the tested
drug product. On the other hand, the in vivo input (release/dissolution/
permeation) cannot be measured directly from formulated drugs. It
should be generated from the plasma concentration data which are
commonly available after the administration of a drug product [3].
The process of deriving the in vivo input from the plasma concentration data is called deconvolution [4]. The plasma concentration
versus time proﬁle is a representation of the dissolution process, permeation (drug input into the systemic circulation), and the disposition
(distribution and elimination). The role of the deconvolution process is

⁎

characterization of the drug input rate. For this purpose, it is necessary
to deﬁne the drug disposition by the use of some unit impulse response
(UIR), such as an intravenous dose or an immediate release (IR) solution. Two main groups of deconvolution techniques exist: (i) modeldependent based on an assumption of a drug disposition model (illustrated by Wagner-Nelson [5] and Loo-Riegelman [6]) and (ii) modelindependent based on numerical algorithms [7,8] (without limitation
considering the disposition). The advantage of the numerical deconvolution is that it can separate the in vivo dissolution from the permeation process in case the UIR describes the permeation as well [4].
A special case of the numerical deconvolution is a deconvolutionthrough-convolution (DTC) [9–12]. This method allows not only generation, but also modeling of the in vivo input function and subsequent
back calculation of the plasma concentrations by convolution. The
calculated plasma concentrations are then compared to the observed
data, assessing in such a way the internal predictability of the deconvolution method. In the DTC procedure, modeling of the input curve
and subsequent convolution are based on the same distribution function. A general empirical equation, ﬁrst described by Weibull [13] then

Corresponding author at: Novartis Pharma AG, TRD, Physic Garden 3 – 3.14.49, CH-4002 Basel, Switzerland.
E-mail address: ivana.tomic@novartis.com (I. Tomic).

https://doi.org/10.1016/j.ejpb.2017.12.007
Received 11 April 2017; Received in revised form 23 November 2017; Accepted 15 December 2017
Available online 19 December 2017
0939-6411/ © 2017 Elsevier B.V. All rights reserved.

European Journal of Pharmaceutics and Biopharmaceutics 125 (2018) 21–27

I. Tomic et al.

2.3. Characterization of the microspheres

adapted by Langenbucher [14] to the dissolution process, is the most
frequently used for this purpose. It represents a ﬂexible function that
can be successfully applied to various kinds of dissolution curves.
Nevertheless, Costa and Lobo [15] highlight in their work some disadvantages of this function as: (i) the lack of a kinetic base (characterization of the curve is limited to description) and (ii) the lack of
relation between its parameters and dissolution process. Therefore, a
complete characterization of the in vivo input proﬁle, which is an essential part of the IVIVC development, still remains very challenging.
This is particularly the case with injectable long-release delivery systems that tend to demonstrate very complex drug release patterns.
It was demonstrated, for example, that injectable long-release delivery systems based on poly(lactide-co-glycolide) acid (PLGA) can
show a sustained drug release controlled by diﬀusion, polymer erosion,
or a combination of both mechanisms [16–18]. As a result, diﬀerent
phases can be distinguished during the in vivo release process, such as:
burst, lag, and erosion. Consequently, the plasma concentrations/time
proﬁle can show more than one peak.
The objective of this paper is to provide an example of using a
special case of the numerical deconvolution process (DTC) for describing the multiphasic in vivo input curve and discernment of release
phases for peptide-loaded PLGA-based microspheres after intramuscular injection in humans. The DTC method described by
Langenbucher was selected as it allows generation of the in vivo input
curve (by deconvolution) and its separation into diﬀerent release
phases (by an integrated mathematical function). The goal was to describe each phase of the drug release (burst, lag, erosion) separately by
the use of Weibull function. The curve shape during various release
phases was described by the Weibull shape factor, while the separation
into phases was conﬁrmed by a mechanistic model (The Peppas’ power
law [19]).
Based on this approach, diﬀerent phases appearing during the release process from PLGA-based microspheres in human subjects were
reevaluated and related to the corresponding release mechanism. The
complete characterization of the in vivo input curve performed in such
way can further allow easier and faster simulation of the release processes under in vitro conditions and, thus, establishment of a relationship between the in vitro and in vivo data.

2.3.1. Determination of initial drug loading
Approximately 20 mg peptide-loaded microspheres were dissolved
in 10 mL of acetonitrile:methanol (3:2) mixture. The samples were
centrifuged at 3500 rpm for 10 min, and the supernatant was analyzed
using the HPLC system.
2.3.2. Diﬀerential scanning calorimeter (DSC)
The samples were analyzed using TA Instruments 2920 DSC. The
samples were heated up to 80 °C and cooled down to 5 °C at a rate of
10 °C/min; the second cycle was used to determine the glass transition
temperature (Tg). The samples were analyzed in aluminum pans with
pinhole lids.
2.3.3. Particle size analysis
The particle size of the microspheres was determined using a laser
particle size analyzer (Sympatec HELOS, Sympatec GmbH, Germany).
One hundred milligrams of microspheres were suspended in 6 mL of
distilled water and subjected to vortex mixing for 10 sec before the
analysis.
2.4. Clinical study design
The study was designed with the aim to assess pharmacokinetics
and safety of long-release microspheres (LR MS) applied intramuscularly (i.m.) vs subcutaneous (s.c.) administration of an IR solution. It was a crossover design study conducted in male healthy volunteers. In total, 64 subjects completed the study and each subject
received 1 mL of an IR solution containing 300 µg of the peptide, as s.c.
administration in the abdominal wall. After a 14-day wash out period,
subjects received 2 mL of the LR MS suspension containing 60 mg of the
peptide. The i.m. injection was administered into the left or right gluteal muscle. Both, s.c. and i.m. doses were injected at approximately
8:00 am following an overnight fast of at least 8 h. No food was permitted until at least 4 h after the administrations. Both doses (s.c.
300 µg and i.m. 60 mg) were therapeutic, where the s.c. dose was developed as a solution for twice daily injection and i.m. was a depot
formulation designed as a monthly injection.
Blood samples were taken from a forearm vein after s.c. injection at
hours 0.25, 0.5, 1, 2, 4, 6, 8, 10, 12, 24, 48, 72, 96, 120, and 144. For
the i.m. injection, one sample was taken pre-dose, then post-dose at
hours 0.5, 1, 2, 4, 6, 8, 10, 12; and days 1, 2, 4, 6, 8, 10, 12, 14, 16, 18,
20, 22, 24, 26, 28, 35, 42, 49, 56, 63, and 70. The samples were centrifuged immediately. The plasma samples were kept frozen
at ≤ −18 °C until analysis. The peptide plasma concentrations were
then measured using a validated radio-immunoassay (RIA).
The study was conducted according to the ethical principles of the
Declaration of Helsinki. The study protocol and all amendments were
reviewed by the Independent Ethics Committee (IEC)/Institutional
Review Board (IRB)/Research Ethics Board (REB). Informed consent
was obtained from each subject in writing before conducting any studyspeciﬁc procedures.

2. Material and methods
2.1. Material
A cyclic somatostatin analog (MW ≈ 1 kDa) in a form of salt, was
encapsulated in microspheres of 50% branched PLGA (MW ≈ 52 kDa)
and 50% linear PLGA (MW ≈ 12 kDa). Both polymers were a mixture of
50% lactic acid and 50% glycolic acid. Peptide and branched polymer
were from Novartis Pharma AG (Basel, CH), and linear polymer was
from Boehringer Ingelheim (Ingelheim, DE). Poly(vinyl alcohol) (PVA)
was obtained from Sigma (St. Louis, MO). Methylene chloride, disodium hydrogen phosphate, potassium dihydrogen phosphate, and
water for injection were obtained from Merck (Darmstadt, DE).

2.5. Deconvolution procedure
2.2. Preparation of microspheres (MS)
All calculations were performed on individual and mean proﬁles
and obtained results were similar. Use of mean proﬁle in the characterization of the in vivo input proﬁle and establishment of an IVIVC
was already discussed by Cardot et al. [20]. In order to simplify the
present manuscript mean proﬁles are displayed.

A multiple emulsion technique was used for preparation of peptideloaded PLGA microspheres. Brieﬂy, a mixture of branched and linear
PLGA was dissolved in methylene chloride and ﬁltered. The peptide was
added to the prepared polymer solution and obtained dispersion was
then injected in aqueous solution of PVA. In order to obtain solid microspheres, prepared emulsion was mixed at a higher temperature to
allow the evaporation of methylene chloride. The solidiﬁed microspheres were ﬁltered and washed by water for injection and then dried
in a vacuum dryer.

2.5.1. Pharmacokinetics of immediate release subcutaneous injection –
compartmental modeling
The data obtained after an IR s.c. injection, corresponding to the
UIR, were used to determine the disposition kinetics of the peptide.
22
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and 10% or less for the average of PK values [1].
The predictability evaluation is an integral part of the
Langenbucher’s method as it performs deconvolution through convolution. Taking into consideration that convolution is calculated based
on the deconvoluted in vivo input curve, it is expected that the % PE has
a value of 0%.

Fitting was performed using Phoenix WinNonlin, version 6.4 (Certara
USA Inc, Princeton, NJ).
2.5.2. Deconvolution for long release intramuscular injection
Deconvolution was then performed on the data obtained after i.m.
injection of LR MS in order to calculate the in vivo input proﬁle of the
peptide-loaded PLGA microspheres.
Numerical deconvolution is a non-compartmental method based on
numerical algorithms. Segments of the response Cp are calculated as the
sum of the input r in combination with segments of a weighting function Cδ, as represented by Eq. (1):

Cptn = rtn ∗Cδtn

2.8. Modeling of drug release from long release microspheres
Peppas [19] derived a simple, semi-empirical model (The power
law) that relates the drug release to the time by the following equation:

Xt
= Kt n
Xinf

(1)

where: Cp represents the plasma drug concentration after the LR MS
dose, Cδ is the plasma drug concentration after an UIR, r is the in vivo
input rate and * is the convolution operator [2].
As the input function r is the unknown value, the inverse operation
of deconvolution is performed using Eq. (2):

rtn = Cptn// Cδtn

where: K is the release rate constant; n is the release exponent, indicator
of the drug release mechanism. For spherical swellable controlled release systems, the release exponent n ≤ 0.43 corresponds to Fickian
diﬀusion, 0.43 < n < 0.85 to anomalous (non-Fickian) transport,
n = 0.85 to Case-II transport deﬁned by polymer swelling and drug
release controlled by relaxation and diﬀusion, and n > 0.85 to Super
Case-II transport [19,22].

(2)

where // denotes deconvolution.
DTC (Deconvolution-through-convolution) method was described in
details by Langenbucher [9–12]. It is based on the point-area approach
using a staircase function; which is presented as a ﬁnite set of rectangular pulses of deﬁned duration and intensity. The plasma drug concentration from the IR and LR MS formulations were used in the deconvolution process for calculation of the in vivo dissolution proﬁle
based on a prescribed function. Using the same function, the convolution step was then performed giving a predicted plasma concentration
for the LR MS, which can be compared to the observed data, estimating
a goodness of the chosen function.
The computation was performed in the Excel worksheet generated
by Langenbucher [10].
Any model, such as zero or ﬁrst order, could be used as cumulative
input function in the Langenbucher approach. However, the most
commonly used function in the deconvolution/convolution process is
Weibull distribution, as it represents a descriptive function with high
degree of ﬂexibility, and it is deﬁned by Eq. (3):
β

Xt = Fmax [1−e−(t / α ) ]

(5)

3. Results and discussion
3.1. Microspheres characteristics and glass transition temperature
The peptide loading was 25% (w/w). The particle size analyses
showed a unimodal distribution with a mean diameter of about 40 μm.
The glass transition temperature of the microspheres was determined to
be 42 °C in dry state and below 30 °C in wet state (in distilled water).
3.2. Plasma concentrations after the subcutaneous and intramuscular
application
The data obtained after administration of the IR solution as s.c.
injection were analyzed using WinNonLin module in order to determine
the disposition kinetics. Based on the AIC value, the best ﬁtting model
was the two-compartment with ﬁrst-order input. The observed and
ﬁtted mean data are shown in Fig. 1 in log-linear scale.
The macro and micro rate constants are presented in Table 1.
Where: A and B are the macro coeﬃcients; α and β are the hybrid
macro rate constants of the distribution and elimination phases, respectively; k01, k12, k21, and kel are micro rate constants corresponding
to the absorption, distribution (ﬁrst to second compartment and vice
versa), and elimination phase, respectively; and Tmax is the time needed
for maximal concentration to be achieved after the injection.

(3)

where: Xt is the percentage of drug released at time t, Fmax denotes max
% released; α is the scale factor, β describes the shape of the curve as
parabolic (β < 1), exponential (β = 1), or sigmoidal (β > 1) [11].
Fitting of the Weibull function was done by the Excel’s Solver tool,
GRG Nonlinear method [21].
Parameters of the function were modiﬁed, while minimizing the
sum of the squared diﬀerences (SSQ) between observed and calculated
plasma concentration values.
2.6. Statistical analysis
Goodness of ﬁt of the tested function was estimated based on the
Akaike Information Criterion (AIC), allowing the choice of the best
ﬁtting model and penalizing over-parametrization at the same time.
This factor takes into account the residual SSQ between observed and
predicted values as well as the number of time points and parameters.
2.7. Predictability
Percent prediction error (% PE) between observed and back-calculated pharmacokinetic (PK) parameters was then calculated using Eq.
(4) to assess the internal predictability:

%PE = |(Observedvalue−Predictedvalue )/Observedvalue| ∗100

(4)

Fig. 1. Observed ( ) and predicted (
) plasma concentration after s.c. injection of
the immediate release solution following two-compartment model, log-linear scale.

An acceptance criterion for % PE is 15% or less for individual PK values
23
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Table 1
PK parameters after the s.c. injection of peptide solution.
Parameter

A (ng/ml)

B (ng/ml)

α (h−1)

β (h−1)

k01 (h−1)

kel (h−1)

k12 (h−1)

k21 (h−1)

AUC (ng h/ml)

Tmax (h)

10.7

1.4

0.5

0.1

8.3

0.3

0.2

0.1

37.7

0.4

Table 2 shows PK parameters obtained after the i.m. administration
of LR MS formulation. Data were estimated by the Non-Compartmental
Analyses (NCA) in WinNonLin module. AUC0–48h, AUClast, and AUCinf
are Area Under the Curve up to day 2 (covering burst phase), up to the
last sampling point, and inﬁnity, respectively. Cmax1 and Cmax2 correspond to the maximal concentrations during the burst and erosion
phases, respectively. Tmax1 and Tmax2 represent the time needed for
attaining the Cmax1 and Cmax2, respectively.
Disposition function was obtained after the s.c. administration while
the studied LR microspheres were applied intramuscularly. The absorption kinetic rates could diﬀer for the two routes of administration
due to the diﬀerences in physiology (e.g. vascularity). Nevertheless, as
the peptide release from the LR formulation lasts for several weeks, any
diﬀerence in the permeation rate from the injection site into systemic
circulation is considered to be irrelevant. Tmax after the s.c. injection
was 0.4 h (see Table 1) indicating a very fast permeation through the
tissue barriers; therefore, it can be assumed that the s.c. injection describes mainly the disposition and elimination. Tmax1 after the i.m. injection of microspheres was 24 h, which is signiﬁcantly superior to Tmax
of the s.c. injection. This ﬁnding suggests that the appearance of the
peptide in the systemic circulation after the i.m. injection is governed
by the release from microspheres. Consequently, any potential diﬀerence in the permeation process compared to s.c. administration would
not inﬂuence the ﬁnal PK proﬁle of LR MS, as the peptide release is the
rate limiting step. Taking this into consideration, it is assumed that the
solution administered as s.c. injection can be used as UIR in the deconvolution process.
The plasma concentrations/time proﬁle after the i.m. injection of
microspheres is shown in Fig. 2.
LR MS exhibited complex release kinetics, probably due to a short
half-life of the peptide (2.3 h) in combination with the sustained release
characteristics imposed by the technology of PLGA microspheres [23].
As shown in Fig. 2, plasma concentrations/time proﬁle of the peptide
follows a tri-phasic pattern: (i) initial peak at around 24 h corresponded
to a burst phase, (ii) a decrease in concentration, deﬁned as a “lag
phase” (plateau at 48–144 h), and (iii) the onset of an erosion phase
leading to an increase in concentration attaining a second peak around
500 h and followed by a decline of plasma concentration up to 1680 h.
The drug release mechanism, responsible for such complex plasma
concentrations/time proﬁle typical for PLGA microspheres, was extensively studied [24–27]. Despite numerous studies already published
in the literature, it is still very challenging to determine the true release
mechanism, which depends on various factors (e.g. molecular weight of
the polymer, drug substance properties, physiological environment,
etc.) [28]. According to the currently existing theories, the burst phase
depicts release of immediately available peptide at the surface of microspheres and initially existing pores; the lag phase represents time
needed for polymer chains to start swelling process associated with
degradation and very slow diﬀusion of the drug; and the erosion phase
is a consequence of the polymer degradation due to hydrolysis of the
ester bonds [24,29].

Fig. 2. (a) Peptide plasma concentrations/time proﬁle after the i.m. injection of LR MS in
log linear scale, and (b) magniﬁcation of (a) until 200 h.

3.3. Numerical deconvolution (DTC) of plasma concentrations for longrelease dosage form
DTC method performs the convolution step simultaneously based on
the convolution integral and prescribed function, which is also used for
ﬁtting of the input data. The numerical deconvolution method was
selected as it is more ﬂexible compared to the compartmental methods
(e.g. it demands fewer assumptions as less modeling is required for
UIR).
Knowing that studied PLGA LR MS released the peptide following a
tri-phasic pattern and giving a sigmoidal shape curve, Weibull distribution (Eq. (3)) was used as prescribed function. It was already reported in the literature that ﬁtting of drug release from PLGA microspheres demands modiﬁcation of Weibull function [30]. As PLGA LR
MS in general show burst release in the initial phase followed by an
erosion phase, a double Weibull function is recommended in order to
describe both processes in drug release. Double Weibull function is
given by Eq. (6):
β

β

Xt = F1 [1−e−(t / α1 ) 1] + F2 [1−e−(t / α2 ) 2]

(6)

where: F1 and F2 are released fractions corresponding to burst and
Table 2
PK parameters after the i.m. injection of LR microspheres.
Parameter

AUC0–48h (ng h/ml)

AUClast (ng h/ml)

AUCinf (ng h/ml)

Cmax1 (ng/ml)

Cmax2 (ng/ml)

Tmax1 (h)

Tmax2 (h)

549.3

9296.5

9890.2

13.8

16.1

24

432

24
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Table 3
Fraction (F), scale (α), and shape (β) parameters for triple Weibull function.
Weibull Parameter

F1

α1(h)

β1

F2

α2 (h)

β2

F3

α3 (h)

β3

0.1

29.6

1.2

0.4

460.6

3.2

0.5

695.0

1.2

Table 4
Percent prediction error (% PE) values between observed and predicted PK data for DTC
method based on double and triple Weibull function.
Method - DTC

% PE

Prescribed function

AUC0-48h

Double Weibull
Triple Weibull
a

erosion phase, respectively (their sum is set to 1, as it is assumed that
the complete amount of the injected peptide is bioavailable).
The in vivo input curve was generated by deconvolution based on
double Weibull function. Same parameters were used for the convolution procedure which back calculates the plasma concentrations data,
starting from the generated in vivo input. The advantage of this deconvolution method is that all calculations (deconvolution and convolution) are performed in one step. In such way, the calculated plasma
concentrations were directly compared to the observed data and the
goodness of ﬁt by the prescribed function (Weibull) was estimated.
Fitted scale parameters were for α1 35.2 h and for α2 514.5 h, corresponding to burst and erosion peaks, respectively. Fractions assigned
to each phase were F1 0.1 (for burst phase) and F2 0.9 (post-burst
phase). Obtained SSQ and AIC values were 30.346 and 14.301, respectively.
Fig. 3a compares observed plasma concentrations with the calculated proﬁle when double Weibull was used as prescribed function. It
can be seen that the terminal part (840 h onwards) of the plasma
concentrations/time curve was misestimated. This observation indicates that the double Weibull inadequately described all processes
appearing in vivo.
In order to overcome this problem, a triple Weibull function was
tested (Eq. (7)). Based on the literature research, the triple Weibull
function was not used so far for ﬁtting the drug release from PLGA
microspheres. A new set of parameters was introduced (F3, α3, and β3)
to test if better prediction could be obtained. The sum of F1, F2, and F3
was set to be equal to 1.
β

β

β

9.8
0.0

AUCinf
a

15.2
3.1

Cmax1

Cmax2

2.3
2.2

5.8
4.1

Superior to 15% – unacceptable prediction according to the FDA guidance.

function in DTC method.
DTC using triple Weibull function gave signiﬁcantly better prediction of plasma concentration values compared to double Weibull. This
ﬁnding was conﬁrmed by the decrease in SSQ, while lower AIC values
exclude overﬁtting.
Compared to double Weibull function, triple Weibull gave very similar scale parameters for the burst (29.6 h) and erosion phase
(460.6 h). The third part of the function ﬁtted to the terminal phase of
plasma concentrations/time curve (α3 = 695 h), which contribution to
the peptide release is 50% (F3 = 0.5).
Table 4 summarizes % PE values obtained after performing DTC
method using double and triple Weibull function. The % PE values were
calculated as the absolute diﬀerence between observed PK parameters
and parameters predicted from the deconvoluted in vivo input curve.
AUClast and AUCinf were highly inﬂuenced by the choice of a prescribed
function, as % PE values were much higher when double Weibull was
used. For AUCinf, the % PE was at the acceptance border (15%) using
double Weibull [1,2]. While Cmax1 and Cmax2 were correctly estimated
by both functions (double and triple Weibull), miss-prediction of AUClast and AUCinf reﬂects the incapacity of double Weibull function to ﬁt
correctly the terminal phase of the in vivo dissolution proﬁle (as shown
in Fig. 3a).
Some of possible reasons for the trend change in the last phase of drug
release process from the studied PLGA-based LR MS are, for e.g., change in
the physiological environment triggered by an inﬂammatory reaction of
the surrounding tissue, which might lead to formation of the ﬁbrous
capsule around the depot [31,32]; or change in the formulation structure
due to the fact that microspheres are formulated using two PLGA polymers of diﬀerent MW that might have diﬀerent degradation kinetics.

Fig. 3. Observed and predicted plasma concentrations by DTC method, log-linear scale:
(a) double Weibull as prescribed function, (b) triple Weibull as prescribed function.

Xt = F1 [1−e−(t / α1 ) 1] + F2 [1−e−(t / α2 ) 2] + F3 [1−e−(t / α3 ) 3]

1.4
0.9

AUClast

3.4. Drug release mechanism from PLGA long-release microspheres
In order to investigate a possible reason for the phenomenon discussed above, the release mechanism from the tested PLGA-based LR
MS was assessed. For this purpose, the in vivo input curve obtained after
deconvolution by triple Weibull function was ﬁtted to Peppas model.
Fig. 4 shows the in vivo input proﬁle (a) and the corresponding Peppas
model (b).
Unexpectedly, Peppas model demonstrated the existence of 4 release phases. First phase (until 24 h) corresponded to burst release and
was deﬁned by the exponent n value of 1.14. Opposite to the currently
existing hypothesis, which state that the burst release is mainly governed by the dissolution of immediately available drug substance on the
microspheres’ surface and diﬀusion through initially existing pores,
obtained n value (> 0.85) is an indication of swelling controlled release

(7)

The ﬁtted fraction, shape, and scale parameters obtained by triple
Weibull function are presented in Table 3. The SSQ (5.266) and AIC
(-35.750) values indicated a signiﬁcant improvement in ﬁtting for triple
Weibull. Fig. 3b shows the observed and estimated plasma concentration values when triple Weibull function was used as prescribed
25
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diﬀusion through existing pores, but also by polymer swelling after the
absorption of interstitial ﬂuids.
4. Conclusion
Based on the current ﬁndings, it can be seen that DTC method could
successfully generate the in vivo input curve for very complex PLGAbased LR formulation. The use of Weibull as prescribed function was
assessed and it was demonstrated that tri-phasic drug release proﬁle,
typical for PLGA-based formulations, demands triple Weibull function
for correct estimation of the entire proﬁle. The third set of Weibull
parameters corresponded to terminal phase of drug release, as the release mechanism changed from erosion to diﬀusion controlled, leading
to a change in the release rate. This phase in drug release (controlled by
drug diﬀusion) was identiﬁed for the ﬁrst time and conﬁrmed by the
Peppas model. The same model provided as well the evidence of
polymer swelling contribution to burst release for the tested dosage
form, which is in contrast with currently existing theories stating that
burst release is mainly governed by the drug dissolution and diﬀusion.
Although the drug release from PLGA-based formulations was extensively investigated, this work represents the ﬁrst study focusing on
the in vivo input obtained in humans and providing the evidence of 4
diﬀerent phases in the drug release.
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