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ABSTRACT: A new mathematical model for the prediction of the heterogeneous hydrolytic degradation of poly(D,L-lactide-co-glyco-

lide) (PLGA)-based microspheres was developed. The model takes into account the autocatalytic effect of carboxylic groups and poly-

mer composition on the degradation rate. It is based on mass balances for the different species, considering the kinetic and mass

transport phenomena involved. The model estimates the evolution of average molecular weight, mass loss, and morphological change

of the particles during degradation, and it was validated with novel experimental data. Theoretical predictions are in agreement with

the hydrolysis data of PLGA microspheres (error values less than 5%). The model is able to predict the effect of particle size and

molecular weight on the degradation of PLGA-based microspheres and estimates the morphological changes of the particles due to

the autocatalytic effect. VC 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2017
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INTRODUCTION

Microspheres prepared from poly(D,L-lactide-co-glycolide)

(PLGA) have been studied extensively as drug-delivery systems.1–4

Controlled or sustained drug-release systems have several advan-

tages compared with conventional administration forms: reduced

side effects, drug concentration at maintained effective levels in

plasma, improved drug utilization, and decreased dosage times.5

In pharmaceutical and biomedical applications, biodegradable

microspheres are preferred because additional surgery to remove

the drug-delivery system is avoided. Among biodegradable poly-

mers, PLGA is widely used because it is approved by the U.S.

Food and Drug Administration and the European Medicine

Agency for parenteral use, and it has suitable degradation charac-

teristics and possibilities for sustained drug delivery. It is possible

to control the degradation time of the polymeric matrix by modi-

fying several parameters, such as polymer molecular weight,

lactide-to-glycolide ratio, and drug concentration, in order to

achieve a desired dosage based on the drug type.6–8

Several processes affect the drug-release kinetics from PLGA micro-

spheres, including polymer degradation by autocatalytic hydrolysis,

polymer erosion, pore structure evolution, and diffusive transport

of the drug through the polymeric matrix.9 As mentioned, degra-

dation plays a major role in the drug-delivery process from PLGA

microspheres. Being a polyester, PLGA is hydrolytically cleaved

into shorter chains with alcohol and acid groups.10 As PLGA-based

microparticles undergo bulk degradation, oligomers with acid

groups are generated throughout the particles and diffuse out into

the surrounding medium. In addition, bases from the bulk fluid

diffuse into the microparticles, neutralizing the generated acids.

However, diffusional mass transport is relatively slow, especially in

polymer-based matrixes.11 Thus, the rate at which the acids are

generated within the microparticles can be higher than the rate at

which they are neutralized, lowering the pH of the system. Several

studies using indirect methods have shown the presence of an

acidic environment within degrading PLGA devices.12–14

The drop in the internal pH promotes further polymer degrada-

tion because the ester bond cleavage is catalyzed by protons.

With increasing microparticle size, the diffusion pathways for

the species increases. Thus, diffusion rates decrease, and the

drop in micro-pH and acceleration of polymer degradation

become more pronounced. This is especially important in the

center of the microparticles because the diffusion pathways are

the longest, leading to heterogeneous degradation.15 In addition,

during degradation, mass loss occurs due to diffusion of water-

soluble oligomers and monomers out of the polymeric matrix.

Mathematical models are an important tool in biomedical science

because they can be used to design or optimize novel drug-delivery

systems in accordance with the requirements for composition, geom-

etry, dimensions, and release profile. Thus, it is possible to signifi-

cantly reduce the number of required experimental studies during
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device development, saving time and reducing costs. In this direc-

tion, several kinetic models have been proposed for polymer degra-

dation, including pseudo-first-order kinetics,10,16 1.5th-order

kinetics with partial dissociation of ACOOH groups,17 second-

order kinetics,18–20 and 2.5th-order kinetics.21 Nishida et al.20 used

moment analysis to predict changes in average molecular weight of

aliphatic polyesters subject to autocatalytic random hydrolysis. The

model successfully interpreted the hydrolysis data of aliphatic poly-

ester films. Wang et al.22 developed a phenomenological model that

is able to predict the degradation of polylactic acid plates of differ-

ent thickness based on a set of simplified diffusion–reaction equa-

tions. The model considers hydrolysis reactions and monomer

diffusion and accurately predicts the decrease of average molecular

weight. Han and Pan23 extended the model of Wang et al.22 in order

to include the interplay between the crystallization degree and

hydrolysis reaction during degradation. The model simulates the

evolution of average molecular weight, degree of crystallinity, and

weight loss of biodegradable films. Soares and Zunino24 also pro-

posed a mixed model to describe water-dependent degradation and

both bulk and surface erosion of biodegradable polymers by solving

a system of reaction–diffusion equations. Antheunis et al.18 pro-

posed a kinetic model based on the autocatalytic hydrolysis of ali-

phatic polyester rods. The model describes the decrease of average

molecular weights in an accurate way, and it is also able to reason-

ably predict the mass loss trend of the polymer through coupled

ordinary differential equations. The model was then simplified to

predict the number-average molecular weight (Mn) without the

need for complicated mathematics and excessive input parame-

ters.19 Chen et al.25 developed a model for bulk-eroding polymers

that allows the prediction of the time evolution of average molecu-

lar weight and estimates the mass loss for various device geometries.

This model considers autocatalysis and monomer diffusion, with a

degradation-dependent diffusivity. Casalini et al.26 described the

degradation of PLGA microparticles through mass-conservation

equations. The model takes into account the oligomer diffusion and

autocatalytic effects, and it is able to predict the decrease of average

molecular weights for microparticles of different sizes.

In our previous work, a mathematical model that simulates the

homogeneous degradation of PLGA microspheres was developed.27

The model takes into account the autocatalytic effect of carboxylic

groups and polymer composition on the polymer degradation rate,

and it is based on a detailed kinetic mechanism that considers the

hydrolysis of the different types of ester bonds in the copolymer by

random chain scission. In spite of the mentioned publications, the

mathematical modeling of the autocatalytic heterogeneous degra-

dation of PLGA microspheres has not been extensively described in

terms of polymer composition, molecular weight distribution,

mass loss, and morphological structure of the particle during deg-

radation. The estimation of these profiles allows us to better under-

stand the degradation process and to study the effect of

formulation parameters on the degradation behavior.

The aim of the present work is to develop a mathematical

model for the heterogeneous degradation of PLGA-based micro-

spheres. The model takes into account the autocatalytic effect of

carboxylic groups and polymer composition on the degradation

rate, and it is based on mass balances for the different species

considering the kinetic and mass-transport phenomena

involved. The model predicts the following evolutions along

degradation: (1) radial profile of average molecular weights and

molecular weight distributions, (2) mass loss, and (3) morpho-

logical structure of the particle. In order to validate the model,

PLGA microparticles of different sizes were prepared and char-

acterized, and their degradation in a phosphate-buffered saline

buffer was studied. The model can be used to study the effect

of particle size and molecular weight of the polymer on the

degradation rate, in order to design an appropriate polymeric

particle system to achieve a desired degradation time.

EXPERIMENTAL

PLGA microparticles were prepared by the solvent extraction/

evaporation technique. Degradation experiments of different-

sized microspheres were performed in a phosphate-buffered

saline buffer, and polymeric microparticles were characterizated

by optical and scanning electron microscopy (SEM), size exclu-

sion chromatography (SEC), and gravimetric measurements.

MATERIALS

Poly(D,L-lactide-co-glycolide) 50:50, with weight-average molecular

weight (Mw) of 6622 Da (Shanghai Easier Industrial Development

Co., Shanghai, China), HPLC-grade tetrahydrofurane (THF; Merck,

Darmstadt, Germany), methylene chloride (Ciccarelli, San Lorenzo,

Argentina), polyvinyl alcohol (PVA; 205 kDa; 87.7% hydrolyzed;

Sigma Aldrich, Saint Louis, United States), sodium hydrogen phos-

phate (Na2HPO4; Anedra, Buenos Aires, Argentina), and potassium

dihydrogen phosphate (KH2PO4; Anedra) were used as received. Dis-

tilled and deionized water was used to prepare all of the solutions.

Microsphere Preparation

A solvent extraction/evaporation technique was used for micro-

sphere preparation.28 Briefly, 450 mg of PLGA was dissolved in

3 mL of methylene chloride, and the solution was added drop-

wise into the stirred aqueous phase (2% w/v PVA solution,

17 mL) using an Ultra-Turrax T25D homogenizer (dispersing

element S25N-18G, IKA, Staufen, Germany). The oil-in-water

emulsion was stirred for 5 min at different rpm in order to

obtain microparticles of different sizes. Then, 70 mL of 0.3% w/

v PVA solution was added, and the dispersion was stirred for

30 min. The remaining organic solvent was evaporated using a

rotary evaporator under vacuum (400 mbar) for 3 h at room

temperature. Solid microspheres were washed three times with

deionized water and collected by centrifugation. Finally, the par-

ticles were lyophilized and stored for further assays.

Degradation Studies

Glass vials containing 40 mg of dry microspheres and 10 mL of phos-

phate buffer (1 mM, pH 7.4) were prepared for each sample. Vials

were orbitally shaken at 50 rpm in an oven with digital temperature

control at 37.0 6 0.5 8C. At different times, the degradation medium

was removed, and the microsphere sample was dried under vacuum

at room temperature and used for the characterization analysis.

Characterization

Microsphere Size Distribution Determination. The micro-

sphere samples were resuspended in distilled water and observed

with an optical microscope (DM 2500M, Leica, Wetzlar, Ger-

many) coupled with a Leica DM 2500M DFC 290HD camera.
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Microsphere diameters and particle size distributions were

determined by analyzing photomicrographs with an image proc-

essing program. An average of 300 particles per sample were

observed for diameter determination.

Mass Loss Determination. During the degradation study, sam-

ples were collected by centrifugation, and the remaining mass

was vacuum-dried up to constant weight. The polymer mass

loss was determined gravimetrically using eq. (1):

% Mass loss5
wt

w0

3100 (1)

where w0 is the initial dry weight of microspheres, and wt is the

dry weight after incubation at time t.

Polymer Molecular Weight Determination. The average molecu-

lar weights of the samples were determined by size exclusion chroma-

tography (SEC) using a Waters-Breeze, Milford, United States, liquid

chromatograph equipped with a Waters Styragel column (HR 4E,

7.8 mm 3 300 mm), a pump (Waters 1525), and a refractive index

detector (Waters 2414). The carrier solvent was tetrahydrofuran at a

flow rate of 1.0 mL min21. Polystyrene standards (Shodex SM-105,

Showa Denko, Kawasaki, Japan) were used for calibration.

Morphology Studies. The morphology of the microsphere sam-

ples was studied by scanning electron microscopy. Samples were

put over an aluminum stub and were then sputter-coated with

gold under argon atmosphere (12157-AX, SPI Supplies, West

Chester, United States) using soft conditions (two sputterings of

40 s each with an intensity of 15 mA). The morphology of the

microparticles was examined using an acceleration voltage of

20 kV in a JEOL, Tokyo, Japan, JSM-35C SEM equipped with

the image acquisition program JEOL SemAfore.

Oligomer Dissolution Study. The molecular weight of the

water-soluble degradation products was determined by size

exclusion chromatography using a Waters-Breeze liquid chro-

matograph equipped with a Waters Ultrahydrogel 120 column

(7.8 mm 3 300 mm), a pump (Waters 1525), and a refractive

index detector (Waters 2414). The carrier phase was a phos-

phate buffer (0.1 mM, pH 7.4) at a flow rate of 0.8 mL min21.

Polyethylene glycol standards (PPS Polymer Standards Service

GmbH, Mainz, Germany) were used for calibration.

Mathematical Modeling

A mathematical model to predict the heterogeneous autocatalytic

degradation of PLGA microspheres was developed on the basis of

a kinetic mechanism that includes the hydrolysis of the different

types of ester bonds by random chain scission. The model takes

into account the autocatalytic effect of carboxylic groups and the

effect of polymer composition on the degradation rate.

The general equation for the acid-catalyzed hydrolysis reaction

can be expressed as follows:

Pn1H2O��!H1

Pr1Pn2r ; n51; 2; 3; . . . ; r50; 1; 2; . . . ðn21Þ (2)

where Pn and Pr are polymer chains of length n and r, respec-

tively, and H1 is the acid catalyst. Polymer degradation gener-

ates shorter chains containing alcohol and acid groups, denoted

as COOH and OH, respectively. The following global dissocia-

tion equilibrium can be written for acid groups:

COOH !COO2 1 H1 (3)

Following our previous work,27 eq. (2) can be extended to consider the

different types of species and the hydrolysis of different ester groups:

Pnðl; g ; cÞ1H2O��!kL2L

Pn2mðl2l021; g2g 0; c2c 0Þ1Pmðl0; g 0; c 0Þ; n51; 2; 3; . . .

l; g ; c50; 1; 2; 3; . . .

l050; 1; 2; 3; . . . ; ðl21Þ

g 050; 1; 2; 3; . . . ; g

c 050; 1; 2; 3; . . . ; c

(4)

Pnðl; g ; cÞ1H2O���!kG2G

Pn2mðl2l0; g2g 021; c2c 0Þ1Pmðl0; g 0; c 0Þ; n51; 2; 3; . . .

l; g ; c50; 1; 2; 3; . . .

l050; 1; 2; 3; . . . ; l

g 050; 1; 2; 3; . . . ; ðg21Þ

c 050; 1; 2; 3; . . . ; c

(5)

Pnðl; g ; cÞ1H2O��!kL2G

Pn2mðl2l0; g2g 0; c2c 021Þ1Pmðl0; g 0; c 0Þ; n51; 2; 3; . . .

l; g ; c50; 1; 2; 3; . . .

l050; 1; 2; 3; . . . ; l

g 050; 1; 2; 3; . . . ; g

c 050; 1; 2; 3; . . . ; ðc21Þ

(6)
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In eqs. (4)–(6), polymer species are characterized by their chain

length and by the number of each ester bond type. The follow-

ing nomenclature is adopted: Pn(l, g, c) represents a polymer

chain of length n with l, g, and c, lactic-lactic (L-L), glycolic-

glycolic (G-G), and lactic-glycolic (L-G) ester bonds, respec-

tively; and kL-L, kG-G, and kL-G are the hydrolysis constants cor-

responding to the L-L, G-G, and L-G ester bonds, respectively.

From the kinetics of eqs. (2)–(6) and considering the radial mass

transport of species, the mathematical model described in the

Appendix was derived. The model assumes the following hypoth-

eses: (1) hydrolysis rate constants are independent of chain

length; (2) ester bonds are uniformly distributed inside the poly-

mer chain; (3) all particles have the same size (represented by

their mean diameter) and are modeled as a sphere of constant

volume; (4) the polymer is totally amorphous; (5) oligomer spe-

cies with a chain length up to ns can be dissolved, ns being the

critical chain length for oligomer dissolution29; (6) the volume of

degradation medium largely exceeds the microparticle volume;

and (7) the generation rate of acid catalyst (H1) within micropar-

ticles is higher than the diffusion rate.18 Also, in order to quantify

the mass transport, the variation of the diffusion coefficient with

the weight-average molecular weight is considered.

The mathematical model was implemented in a Matlab routine.

The model consists of a set of partial differential equations

solved by using a finite difference scheme to discretize the radial

dimension and a Forward Euler method for time discretization.

The typical computing time in an Intel Core 2 Duo processor

ranged between 1 and 3 min per simulation.

The model was adjusted and validated with the experimental

data. To this effect, the kL-L, kG-G, and ka1 kinetic constants and

the transport parameter kD were simultaneously adjusted to fit

the evolution of Mn, Mw, and mass loss. Other parameters (Ka

and Dolig8) were taken from the literature.

RESULTS AND DISCUSSION

Microspheres of two well-differentiated sizes were prepared by

changing the stirring speed. Samples with average diameters of

8.9 6 3.3 lm and 52.4 6 17.7 lm were obtained with 4000 rpm

and 500 rpm, respectively. SEM photographs of both samples

are presented in Figure F11. Both formulations were spherical

with smooth surfaces. However, larger microspheres presented

higher polydispersity in particle size than the smaller ones.

Figure 1. SEM photographs of PLGA-based microspheres with different diameters: (a) average diameter: 8.94 6 3.30 lm; (b) average diameter: 52.37 6

17.73 lm. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2. Evolution of average molecular weights during degradation of PLGA microparticles with different diameters: (W) 8.94 6 3.30 lm, (•) 52.37 6

17.73 lm, (–) model prediction; (a) number-average molecular weight (Mn); (b) weight-average molecular weight (Mw).
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Experimental data from the degradation studies are presented in

FiguresF2 2 andF3 3. Figure 2 shows the evolution of average molec-

ular weights for both microsphere sizes. Three stages can be

identified in the degradation profile. Initially the degradation

proceeds slowly due to the low concentration of terminal car-

boxylic acid groups. Then, as degradation proceeds, the number

of carboxylic acid groups increases and accelerates the hydrolysis

reaction. Finally, the low concentration of ester bonds delays

degradation. Also, it can be observed that microsphere degrada-

tion increases with particle size. The influence of particle size

on the degradation is attributed to the fact that degradation

products formed within smaller particles can diffuse easily to

the particle surface, while in larger particles the length of the

diffusion pathways increases. Therefore, degradation products

are trapped within the particle and have the potential to cata-

lyze the degradation of the remaining polymeric material.

Figure 3 shows the evolution of the remaining mass of micro-

spheres during the degradation assays. As shown in Figure 3,

the mass loss of the system increases with particle size. Low

mass loss (<10%) was observed for both microsphere sizes dur-

ing the first 5 days, and then it increased progressively. This can

be explained by the fact that polymer must undergo sufficiently

extensive degradation to produce water-soluble monomers and

oligomers, so no reduction in mass is observed at the beginning

of the degradation experiment. This observation has been

reported previously in the literature.30,31

The mass loss is similar for both particle sizes at short times of

degradation. However, although oligomers have longer diffusive

paths as microsphere size increases, autocatalysis accelerates the

degradation kinetics and therefore increases the particle poros-

ity, enhancing the mass loss rate. The mean value of chain

length at which oligomers can dissolve in the medium (ns) is 16

repeat units, in accordance with experimental determinations by

SEC (data not shown) and with reported data in similar experi-

mental conditions.29

Figures 2 and 3 also present model theoretical predictions. As

can be observed, the model is able to accurately predict the

average molecular weight decrease during degradation, and

hence the complete molecular weight distribution. Kinetic con-

stants and transport parameters used for the simulations are

listed in Table T1I. The hydrolysis constant kL-G was estimated

considering that it is a mean value between kL-L and kG-G.27 The

direct and reverse acid dissociation constants ka1 and ka2 are

related by the equilibrium dissociation constant of carboxylic

groups (Ka). Note that the cleavage rate of G-G bonds is faster

than that of L-L bonds, consistent with experimental observa-

tions.32,33 In addition, the kD parameter depends on the particle

size as a consequence of the variation of the porous structure,

due to the catalytic effect.

The predicted and experimental mass loss profiles present some

differences. It is possible that some systematic errors were intro-

duced due to the determination method. During the removal

of the buffer after degradation, a small amount of nondissolved

polymer may have been removed by the syringe. This would

give an increase in mass loss during the experiment. However,

the mass loss is reasonably calculated, and the experimental

trend is well predicted by the model developed. Therefore, it

can be concluded that the model is able to describe the

decrease of average molecular weight in an accurate way, and it

is also able to reasonably predict the mass loss trend of the

polymer.

The model was also used to simulate the evolution of molecular

weight distribution and morphological structure of the particles

during degradation (Figures F44 and F55) and to study the effect of

experimental parameters on the degradation kinetics of the

Figure 3. Evolution of mass loss during degradation of PLGA micropar-

ticles with different diameters: (W) 8.94 6 3.30 lm, (•) 52.37 6 17.73 lm,

(–) model prediction.

Table I. Kinetic Constants and Transport Parameters

Parameter Constant Reference

kL-L (L mol21 s21) 2.55 3 1027 Adjusted in this work

kG-G (L mol21 s21) 1.27 3 1026 Adjusted in this work

kL-G (L mol21 s21) 7.63 3 1027 27

ka1 (s21) 5.00 3 1028 Adjusted in this work

ka2 (s21) 5 ka1Ka (Ka 5 3.38 3 1024) 1.48 3 1024 34

Dolig8 (cm2 s21) 1.00 3 10214 22,35

kD 4.00 3 101 a 7.00 3 102b Adjusted in this work

a Average diameter 8.94 6 3.30 lm.
b Average diameter 52.37 6 17.73 lm.
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microspheres (FiguresF6 6 andF7 7). The theoretical evolution of

molecular weight distribution (MWD) with degradation time

for both microsphere sizes is shown in Figure 4. As expected,

the MWDs shift toward lower molecular weights as degradation

time proceeds. This shift increases with particle size, due to cat-

alytic effects.

The predicted radial average molecular weight profiles inside

microparticles (diameters 8.9 and 52.4 lm) during degradation

are shown in Figure 5 and indicate the nonuniform degrada-

tion. The acumulation of degradation products with carboxylic

groups inside the polymeric matrix encourages autocatalysis,

leading degradation to proceed more rapidly in the center than

Figure 4. Predicted molecular weight distributions along degradation time: (a) 8.94 6 3.30 lm PLGA microparticles; (b) 52.37 6 17.73 lm PLGA

microparticles.

Figure 5. Predicted radial average molecular weight profiles inside microparticles during degradation: (top row) 8.94 6 3.30 lm PLGA microparticles;

(bottom row) 52.37 6 17.73 lm PLGA microparticles. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6. Theoretical effect of particle size on the degradation of PLGA microparticles: (a) predicted evolution of weight-average molecular weight; (b)

predicted evolution of mass loss: (–) 5 lm, (---) 10 lm, (���) 25 lm, (-�-�) 50 lm, (-��-) 75 lm.
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at the surface. As can be observed, this effect becomes more

important as the particle size increases, due to the longer diffu-

sion path. Note that there are other factors related to this type

of degradation, such as the porosity of the particles, the particle

size, the initial terminal groups in the polymer, and the polymer

molecular weight.

Figure 6 presents the predicted evolution of weight-average

molecular weight and mass loss for microparticles of different

sizes. The polymer degradation becomes more pronounced with

increasing microparticle dimension. The length of the diffusion

pathways for the acidic degradation products increases with

microparticle size, leading to a faster decrease in the microenvi-

ronmental pH, and thus ester bond cleavage is accelerated. The

mass loss increases faster for smaller microparticles at short

times of degradation because they have more surface area. How-

ever, the mass loss for larger particles is higher as degradation

proceeds because the autocatalytic effects become more impor-

tant with increasing particle size. The theoretical prediction

trends are in agreement with experimental data reported

earlier.10,36

Figure 7 shows the predicted evolution of weight-average molec-

ular weight and mass loss for 52.4 lm microparticles as a func-

tion of the PLGA initial molecular weight. In agreement with

published data,37 it can be observed that the molecular weight

decreases faster for higher initial molecular weights due to the

accumulation of acidic degradation products within the par-

ticles, which also promotes autocatalysis. The mass loss

increases for lower initial molecular weights due to the rapid

generation of monomers and oligomers, which can diffuse away

from the microspheres into the surrounding media.

CONCLUSIONS

A mathematical model to predict the heterogeneous hydrolytic

degradation of PLGA microspheres was developed. The model

allows us to estimate the evolution of average molecular weight,

molecular weight distribution, and mass loss of the micropar-

ticles during the degradation time. The theoretical results are in

agreement with experimental measurements (error values less

than 5%). In addition, the model was able to predict the mor-

phological changes of different-sized microparticles during deg-

radation, and it was used to study the effect of particle size and

molecular weight on the degradation of PLGA microparticles.

The model can be used to design an appropriate drug-delivery

particle system with a prespecified degradation time. In future

works, the model will be extended to predict the controlled

release of drugs from PLGA microparticles.

APPENDIX

From eqs. (4)–(6) and considering constant volume, the follow-

ing mass balances for each Pn species are derived:

o
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X1
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X1
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d5c11

kL-Gpdd½Pmðl; g ; dÞ�
�)

n51; 2; 3; . . . ; n < ns

(A.1)

where ns is the critical chain length for oligomer dissolution, DPn

is the effective diffusivity of the polymer chains Pn, and r is the

radial position within a microsphere. Note that the chain length n

is related to the number of ester bonds as n 5 l 1 g 1 c 1 1.

Figure 7. Theoretical effect of the initial molecular weight on the degradation of PLGA microparticles with a diameter of 52.4 lm: (a) predicted evolution of

weight-average molecular weight; (b) predicted evolution of mass loss: (-�-�) 6000 g mol21, (-��-) 8000 g mol21, (---) 10,000 g mol21, (–) 12,000 g mol21.
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Considering [P2] 5 [H1], the following mass balance for H1 is

derived:
d½H1�

dt
5ka1
½P�2ka2

½H1�2 (A.2)

where [P] is the total concentration of polymer at each radial

position, defined as

½P�5
X1
n51

X1
l50

X1
g50

X1
c50

½Pnðl; g ; cÞ� (A.3)

Regarding boundary conditions, the symmetry condition for the

concentration of oligomers is applied in the center of the

microparticle:
o½Pn�
or

����
r50

50 n < ns (A.4)

In the microparticle–aqueous medium interface, a sink condi-

tion is considered:

½Pn�
����

r5R

50 n < ns (A.5)

The increase of diffusivity during degradation is related to the

evolution of the weight-average molecular weight through the

following expression35:

DPn
5D0

Pn
11 12

M wðt ; rÞ
M wðt50Þ

� �
ðkD21Þ

� �
n < ns (A.6)

where D0
Pn

is the initial diffusivity of the polymer chains, M w is

the weight-average molecular weight, and kD is an adjustment

parameter related to the effective diffusivities of the species in

aqueous solution and in the solid. This equation allows coupling

of the evolution of the pore network to the effective diffusivity.

From eq. (A.1), the number chain length distribution (NCLD)

of the copolymer can be estimated:

xn5

ðR

0

½Pnðl; g ; cÞ� r2 drðR

0

X1
n51

X1
l50

X1
g50

X1
c50

½Pnðl; g ; cÞ� r2 dr

(A.7)

Multiplying eq. (A.7) by the average molecular weight of the

repeating unit (MRU), the weight chain length distribution

(WCLD) can be calculated:

xw5

ðR

0

½Pnðl; g ; cÞ� n MRU r2 drðR

0

X1
n51

X1
l50

X1
g50

X1
c50

½Pnðl; g ; cÞ� n MRU r2 dr

(A.8)

where MRU 5 xL-LML-L 1 xG-GMG-G 1 xL-GML-G. In this equation,

ML-L, MG-G, and ML-G are the molar masses of the corresponding

ester repeating units, and xL-L, xG-G, and xL-G represent the molar

fraction of L-L, G-G, and L-G ester bonds, given by

xL-L5
½EL-L�

½EL-L�1½EG-G�1½EL-G�
(A.9)
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(A.11)

The copolymer average molecular weights are estimated as

follows:
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M w5

ðR

0

X1
n51

X1
l50

X1
g50

X1
c50

½Pnðl; g ; cÞ� ðn MRUÞ2 r2 dr

ðR

0

X1
n51

X1
l50

X1
g50

X1
c50

½Pnðl; g ; cÞ� n MRU r2 dr

(A.13)
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