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Abstract Protein release from poly(D,L-lactide-co-glyco-

lide) (PLGA) microspheres in an aqueous environment is

governed by the diffusion of the protein through an auto-

catalytically degrading polymeric matrix. Many attempts

have been made to model the release rate of proteins from

biodegrading matrices, but the transport parameters

involved in the process are not fully established at the

microscale level. The aim of this work was to develop a

new mathematical model taking into account the temporal

evolution of the radial protein distribution during release,

and to provide physical insight into the relation between

local transport features and microsphere degradation. The

model was validated by comparing its predictions with the

experimentally determined protein concentration profiles in

PLGA microspheres loaded with tetramethylrhodamine-

labelled bovine serum albumin (BSA-Rhod) as a model

protein. Morphological studies were carried out by scan-

ning electron microscopy (SEM), while release kinetics

and time-dependent BSA-Rhod concentration profiles

within the microspheres were studied by a confocal laser

scanning microscopy (CLSM)-assisted technique. The

model, based on a modification of Fick’s second law of

diffusion, could closely fit the experimental protein radial

distribution profiles in the microspheres as a function of

time. It is also a useful tool to ab initio design protein

release devices using degrading matrices.

1 Introduction

Scaffolds able to sequester and release bioactive proteins,

such as growth factors (GFs), with controlled and pre-

dictable kinetics are promising in tissue engineering [1]. In

fact, the application of drug delivery fundamentals, leading

to controlled delivery of GFs into the scaffold, may enable

to trigger, control and guide the regeneration of complex

tissues [2, 3]. In their native environment, GFs, acting at

very low concentrations (pico to nanomolar), tightly con-

trol cell proliferation, migration and orientation through

finely tuned spatial and temporal concentration gradients

[4–7]. Therefore, a promising strategy to make bio

responsive scaffolds is to include GF-releasing micrometric

depots within the scaffold structure: besides protecting the

labile GFs against inactivation, the release pattern of GFs

could be adjusted, so that tiny amounts and known gradi-

ents of the bioactive molecules can be obtained in a

controlled way.

Among drug delivery devices, biodegradable poly(lac-

tide-co-glycolide) (PLGA)-based microspheres acting as

single point sources when included in a collagen scaffold

have demonstrated their potential for GF-delivery in tissue

equivalents [8–10]. PLGA microspheres can protect pro-

teins against biological inactivation and can release them

for long time frames, and at specific times (e.g. multiple

factors can be delivered at different time intervals [11]).

Furthermore, the controlled spatial localisation of these

GF-releasing devices may enable to guide not only the

extent, but also the pattern of tissue formation [3]. More

importantly, we have previously shown that the release rate

of protein-loaded PLGA microspheres can be programmed

by varying the formulation of PLGA depots so that,

depending on the transport properties of the protein within

the matrix, its final release kinetics can be controlled [11].
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In this work we aimed at the mathematical modelling and

prediction of the protein release kinetics from a single PLGA

microsphere. A mathematical model can be a useful tool to

design PLGA microspheres with a priori known release

kinetics, but to develop such a model the understanding of the

transport phenomena taking place at the single microsphere

level is fundamental. Multiple attempts have been made to

model protein release from biodegradable microspheres, all

of which elucidate the release phenomenon basing upon a

combined diffusion/degradation mechanism. In literature,

release kinetics have been modelled taking into account the

evolving porosity [12, 13], the decreasing molecular weight

of the polymer [14, 15], the release time related to auto

acceleration effects [16], or the separate contributions to

protein delivery provided by diffusion, degradation and

erosion [17]. In spite of this remarkable work of modelling,

none of these models describes the time-dependent radial

drug concentration profiles within a single microsphere.

Protein release from biodegradable PLGA-based devices

in aqueous media is a complex phenomenon involving protein

diffusion and bulk matrix degradation due to the hydrolytic

rupture of the ester bond in the polymer backbone. Hydrolysis

is triggered by the rapid water intrusion into the microsphere,

leading to a temporally and spatially evolving microporous

structure of the device [18–21]. PLGA degradation, in turn,

produces acidic compounds, which are trapped in the

microsphere bulk until soluble oligomers are formed, and

the consequent pH decrease accelerates PLGA degradation

[21–23], thus establishing an autocatalytic mechanism.

In this study, a new mathematical model that takes into

account the autocatalytic degradation of PLGA has been

introduced, thus providing insight into the relation between

local transport features and microsphere biodegradation. In

order to check the predictions of the model, PLGA micro-

spheres encapsulating tetramethylrhodamine-labelled bovine

serum albumin (BSA-Rhod) were prepared, embedded in

collagen as a tissue equivalent and incubated at 37 �C for

release. Next, the time-dependent radial distributions of the

protein within the microspheres were determined through a

confocal laser scanning microscopy (CLSM)-assisted tech-

nique [11] and the results compared with the time-dependent

protein concentration profiles obtained with the model. Also,

images of microsphere cross sections were obtained by

scanning electron microscopy (SEM).

2 Experimental

2.1 Materials

Poly(lactide-co-glycolide) (uncapped PLGA 50:50; Mw

41.9 kDa; i.v. 0.5 dl/g) was purchased from Boehringer

Ingelheim (Germany). BSA-Rhod was obtained from

Molecular Probes Europe BV (The Netherlands). Type I

collagen (Vitrogen1; 3.0 mg/ml; pH 2) was obtained from

Nutacon (The Netherlands). Also, poly(vinyl alcohol)

(PVA, Mowiol1 40–88) and sodium hydroxide from

Sigma–Aldrich (USA), and Tissue-Tek1 embedding

medium from Sakura Finetek (USA) were employed.

2.2 Microsphere preparation and characterisation

Protein-loaded microspheres were prepared at the theoretical

loading of 0.25 mg of BSA-Rhod per 100 mg of micro-

spheres by a multiple emulsion-solvent evaporation technique

as described elsewhere [11]. Briefly, BSA-Rhod was dis-

solved in water and emulsified into a PLGA/methylene

chloride solution (15% w/v); the emulsion was added to

aqueous PVA (0.5% w/v), and a double emulsion was gen-

erated by a high-speed mixer (Diax 900, Heidolph, Germany).

Microspheres were then hardened by evaporating the organic

solvent at room temperature under stirring, washed three

times in distilled water and lyophilised.

Mean diameters were determined by laser light scattering

(Coulter LS 100Q, USA; kex = 750 nm) on a dispersion of

freeze-dried microspheres in 0.5% w/v aqueous PVA. Actual

loading was determined by dissolving microspheres in 0.5 N

NaOH under stirring and subsequently quantifying BSA-

Rhod in solution by a LS 55 Luminescence spectrometer

(Perkin–Elmer Instruments, USA) at kex = 553 nm and

kem = 577 nm. The BSA-Rhod diffusion coefficient in col-

lagen (Dc) was measured by fluorescence correlation

spectroscopy (FCS) in combination with CLSM, as descri-

bed elsewhere [11]. In order to study the internal

morphological variations of the degrading microspheres, the

devices were suspended (0.1% w/v) in phosphate buffer

saline solution (PBS, 120 mM NaCl, 2.7 mM KCl, 10 mM

phosphate salts, pH 7.4), and the suspension was placed on

an undulating rocker platform (Stovall LifeScience Inc.,

USA; 15 rpm). At scheduled time intervals, microspheres

were washed three times with distilled water and lyophilised.

For SEM analysis, the devices were dispersed in Tissue-

Tek1 embedding medium, fixed in Cryomold1 devices

(Sakura Finetek, USA) and cryosectioned (Accu-Cut1

SRMTM 200 Rotary Microtome, Sakura Finetek, USA) at

-24 �C (section thickness: 10 lm).

2.3 Protein radial distribution profiles

Ultra-dilute microsphere dispersions in non-gelled collagen

(final concentration: 1.2 mg/ml; pH adjusted to 7.4) were

loaded into hollow microslides (0.2 9 2.0 9 20 mm,

0.2 mm wall thickness) (VitroCom Inc., USA) and incubated

at 37 �C for collagen fibrillogenesis (30 min) and BSA-Rhod
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release. Protein depletion within the single microspheres was

quantified by CLSM (Carl Zeiss, Germany) using an Argon

laser (kex = 543 nm; kem = 572 nm). The fluorescence-con-

centration relation was established by analysing standard

solutions in capillaries at known concentrations (0.2–2.0 mg/

ml) for their average fluorescence intensity. A linear correla-

tion (R2[0.99) was found. No photobleaching was detected,

thus fluorescence decrease could be ascribed to protein release

only. Radial concentration profiles of BSA-Rhod in the

microspheres were determined by converting the fluorescence

distribution obtained by CLSM in the equatorial planes of the

microspheres to non-dimensional concentration. The final

profiles were averaged on at least 30 microspheres.

3 Results and discussion

3.1 Microsphere properties

The microspheres were homogeneous in size (mean

diameter: 22.0 ± 1.5 lm) and encapsulated BSA-Rhod

with high efficiency (C98.0%). It was previously demon-

strated that the chemically-controlled protein release from

PLGA microspheres occurred with the same kinetics in

both collagen and saline solutions under gentle agitation

[11]. This strongly suggests that in both liquid suspension

and gel systems the same changes in microsphere

morphology occur. SEM images of the microsphere cross-

sections showed the progressive formation of large,

randomly dispersed cavities within the devices, thus con-

firming the well-known autocatalytic mechanism

dominating protein diffusion/release (Fig. 1).

Adopting spherical symmetry, lengths were non-

dimensionalised using the microsphere average radius

Rs = 11.0 lm as the length unit. Thus, letting q denote the

non-dimensional radial coordinate in a spherical polar

coordinate system, t denote time, and c = c(q,t) protein

concentration, the concentration profiles could be norma-

lised with respect to the initial cumulative BSA-Rhod

loading in the microsphere:

Cðq; tÞ ¼ cðq; tÞ

4p
R1

0

q2cðq; 0Þ dq

ð1Þ

Figure 2a shows some of the normalised concentration

profiles as a function of q. The initial non-uniform

Fig. 1 SEM images of

lyophilised, cryosectioned

microspheres after 0 (a), 7 (b),

16 (c) and 23 days (d) of

degradation. The bar is 10 lm
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protein distribution retained its shape during the release

phase.

3.2 Mathematical modelling

CLSM analysis of local protein concentration in equatorial

cross-sections of the microspheres showed that the initial

BSA-Rhod concentration decrease was located mainly in

the central region of the microspheres (Fig. 2b), while

being almost neglectable close to the microsphere bound-

ary. This suggests that BSA-Rhod is able to diffuse out of

the microspheres directly from the central region, seem-

ingly without traversing the microspheres outer shell. A

possible explanation for this puzzling phenomenon is pic-

tured in Fig. 3: due to the preparation technique, BSA-

Rhod is initially present only inside innate pseudospherical

macropores isolated from the micropore network of the

microsphere [12]; it is thus in an immobilised state

(Fig. 3a). Therefore, protein mobilisation must occur via a

Fig. 2 (a) Experimental

concentration profiles; (b)

Protein depletion inside the

microsphere occurs mainly in

the microsphere centre, as

indicated by the arrow

Fig. 3 The physical model: (a)

microspheres contain the

protein in pseudospherical

macropores (in red) that are

isolated from the micropore

network (in black). (b)

Microsphere degradation

proceeds from the centre to the

periphery following a

degradation front (in green) that

is assumed to keep spherical

symmetry. (c) Inside the

degradation front the isolated

macropores become open and

the protein is free to diffuse. (d)

The protein (in red) exits the

microsphere through the highly

hydrated micropore network. In

the outer shell protein

concentration is basically

unchanged
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degradation-mediated macropore opening mechanism.

Importantly, due to the autocatalytic PLGA degradation,

macropore opening and hence triggering of protein

transport are favoured in the microsphere centre, where

pH is lower and the polymer is more extensively degra-

ded; the peripheral macropores, on the other hand, mostly

remain intact. As a result, protein mobilisation occurs

following a degradation front that moves outwards from

the centre (Fig. 3b). The mobilised protein can diffuse

inside the degraded central region of the microsphere

(Fig. 3c), while transport to the outside of the micro-

sphere is allowed by the network of hydrated micropores

(Fig. 3d) which, due to local degradation, are presumed to

be large enough to allow rapid protein diffusion. With this

mechanism, protein loss starts from the microsphere

centre. On the other hand, protein concentration remains

basically unchanged in the outer shell of the microsphere

where protein is mainly located in the isolated, still

unopened macropores. The presence of the degradation

front can be inferred from the SEM scan of Fig. 1. In

fact, large and progressively enlarging cavities are located

in the microsphere centre, thus showing loss of matter

preferentially from inner regions of the device and

evoking the existence of the aforementioned degradation

front.

In order to make the above physical model mathemati-

cally treatable, BSA-Rhod was divided into two

populations: the immobile fraction Cim (contained in uno-

pened macropores), and the mobile fraction Cmb (free to

diffuse through the hydrated polymeric matrix). In this

way, being C(q, t) the total BSA-Rhod concentration:

Cðq; tÞ ¼ Cimðq; tÞ þ Cmbðq; tÞ: ð2Þ

Assuming spherical symmetry, mass conservation of

both species is expressed by:

oCmbðq; tÞ
ot

¼ 1

q2

o

oq
q2Dmbðq; tÞ

oCmbðq; tÞ
oq

� �

þ Uðq; tÞ

oCimðq; tÞ
ot

¼ �Uðq; tÞ

8
>><

>>:
:

ð3Þ

where Dmb(q,t) is the diffusion coefficient of the mobi-

lised fraction and U(q,t) describes the conversion from

the immobilised to the mobilised population. The same

conversion term appears in both equations with opposite

signs to superimpose conservation of the total BSA-

Rhod concentration C. Both equations can be thought of

as a modified Fick’s second law: the first equation is

Fick’s second law with a source term, while the second

is again Fick’s second law with a zero diffusion coeffi-

cient (the immobilised species cannot diffuse) and a sink

term.

To complete the model, specific forms have to be given

for U(q,t) and for Dmb(q,t). In particular, denoting with

Rf(t) the radius of the degradation front, it is assumed that

Uðq; tÞ ¼ kCimðq; tÞ q�RfðtÞ; k� 0

0 q[ RfðtÞ

�

ð4Þ

i.e. conversion occurs only from immobilised to mobilised

species and only inside the degradation front (q B Rf(t)),

following a first order kinetics with the rate constant k, and

Dmbðq; tÞ ¼
Ds q�RfðtÞ;
Dc q [ RfðtÞ;

�

ð5Þ

i.e. the diffusion coefficient is piecewise constant across

the degradation front. Its value outside the degradation

front Dc is assumed to be equal to the BSA-Rhod diffusion

coefficient in collagen, i.e. 4.16 9 10-7 cm2/s [11]. This

hypothesis is justified by the high hydration of the

microchannels in which protein diffusion occurs [12]. It

is further assumed that Ds \ Dc, to describe the quicker

diffusion of the mobilised species through the micropore

network outside the degradation front. This assumption

relies on the observation that in the central region a

complex system formed by polymer and degradation

products exists, which is reasonably more viscous than

the highly hydrated environment of the micropore network.

Concerning the degradation front, it is assumed that its

position be given by a known function of time:

RfðtÞ ¼ h
ffiffi
t
p
; ð6Þ

where h is an adjustable parameter. Concentration profiles

as a function of time can be obtained by solving Eq. (3)

subject to the appropriate initial and boundary conditions,

respectively:

Cim q; 0ð Þ ¼ C q; 0ð Þ ¼ C0 qð Þ;
Cmb q; 0ð Þ ¼ 0;

(

ð7Þ

oCmb

oq

�
�
�
�
q¼0

¼ oCmb

oq

�
�
�
�
q!1
¼ 0; ð8Þ

where C0(q) is the initial protein distribution. The solution

was obtained numerically using the finite element method

(FEM) implemented in MATLAB1 5.3 with a Crank–

Nicholson time marching scheme [24]. The results of the

FEM simulations were compared with the experimental

data in Fig. 4a. The values of the four model parameters

used in the simulations are listed in Table 1, while the

correlation coefficients for each of the experimental curves

are listed in Table 2. The model predictions are very

accurate for shorter times, whereas for longer times

([15 days) the model underestimates the experimental

values. This may be explained by considering that, after
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several days of release, structural variations occur in the

microsphere due to extensive degradation. At the same

time, micropore closing is known to occur during release

[25] and this is not taken into account by the model. The

cumulative release profile, as predicted by the model, is

pictured in Fig. 4b: release occurs after a time lag of about

1 day, in agreement with the results presented in [11].

4 Conclusions

Taken all together, the results confirm the well-known

autocatalytic kinetics of PLGA degradation leading to

material loss from internal sections of the devices. The

proposed model provides some interesting clues to under-

stand the complex interplay between protein transport and

degradation phenomena controlling protein release from a

single PLGA microsphere.

In tissue engineering applications, an accurate control

over the concentration of proteins such as signalling,

growth or morphogenetic factors, and their gradients has to

be gained. This may be achieved by conveniently posi-

tioning protein-releasing PLGA microspheres within the

scaffold. However, a continuous delivery of the released

molecule, following a priori known release kinetics in the

scaffold, is necessary to reach this aim. The present model,

in establishing proper relationships between global and

local properties, employs four parameters that characterise

protein release. These parameters can be varied through an

adequate microsphere formulation. The model can there-

fore be used to design microspheres with predetermined

release profiles, so that protein gradients inside the scaffold

can be sustained and customised. To this aim, the authors

are currently working on an experimental protocol to

quantify the model parameters with independent measure-

ments in order to make the model completely predictive.

This work is underway and will be published in a forth-

coming article.
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