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ABSTRACT: The biodegradable polymer such as poly(L-lactic acid) is promising in drug delivery applications because it allows for

drug release in a controlled manner. In a polymer-based drug delivery system, drug release is controlled by polymer degradation and

drug loading concentration. In this study, effect of drug concentration on drug release profile is investigated through polymer crystal-

linity, chain mobility, and polymer degradation, as characterized by the wide-angle X-ray diffraction, differential scanning calorimetry,

and gel permeation chromatography, respectively. The addition of drug has been shown to accelerate polymer degradation and drug

release rate. With a low drug concentration, the slow polymer degradation kinetics results in an induction period of drug release, dur-

ing which a limited amount of drug is released. The induction period is undesirable because it delays drug release and effectiveness.

Since drug release is controlled by polymer degradation, which is a function of polymer crystallinity, laser surface melting is con-

ducted to reduce polymer surface crystallinity and modify its degradation. The effect of laser crystallinity modification on drug

release is investigated. A numerical model is also implemented based on hydrolysis and diffusion mechanisms to investigate the effects

of drug loading and laser surface melting on polymer degradation and drug release process. It has been demonstrated that laser treat-

ment shortens the induction period of drug release while keeps the release rate unmodified, as desired in drug delivery applications.
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INTRODUCTION

Poly(lactic acid) (PLA) is of interest in drug delivery applica-

tions due to its biocompatible and biodegradable properties. In

such applications, drug molecules are embedded in a polymer

matrix and released into the human body, with release profiles

controlled by polymer degradation. The advantages of using

biodegradable polymers for drug delivery are demonstrated by

the controlled drug release over time. With controlled release,

drug concentration in the human body is stably maintained

within the effective level.1 The prolonged drug effective period

reduces drug taking frequency and improves the life quality of

patients.

In a physiological environment, PLA degradation occurs via

hydrolysis, in which water breaks the ester bonds in PLA,

leading to chain scission and producing shorter chains with

carboxylic (ACOOH) groups and alcohol (AOH). Hydrolysis

rate is proportional to molar concentrations of water

molecules and ester bonds.2 Hydrolysis may become autocata-

lytic if carboxylic end groups remain in the bulk. During

autocatalyzed hydrolysis, the reaction rate depends on the con-

centration of carboxylic end groups as well.3 PLA hydrolysis is

also affected by crystallinity, because water molecules are read-

ily accommodated in the amorphous region, while hardly in

the crystalline region with highly packed and densely ordered

structures.4 A higher water concentration increases hydrolysis

rate, which is, therefore, higher in the amorphous region.5

The slow degradation kinetics of crystalline PLA leads to an

induction period of drug release, during which a limited

amount of drug is released. The induction period is undesir-

able because it delays drug release and effectiveness. Since PLA

degradation is a function of crystallinity, laser melting has

been conducted on PLA surface to reduce its crystallinity, as

an attempt to modify its degradation.6 With a reduced surface

crystallinity, PLA degrades faster and experiences a shorter

time period before mass loss.7 The results demonstrate the

potentiality to shorten the induction period of drug release

through laser crystallinity modification.

Drugs are typically small molecules. Blending of small molecules

into polymer increases chain mobility because small molecules

Additional Supporting Information may be found in the online version of this article.
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render extra free volume between chains, known as plasticiza-

tion.8 Plasticization leads to a reduced glass transition tempera-

ture (Tg) and melting temperature (Tm).9,10 Plasticization also

increases PLA crystallinity, because mobile chains are easy to

reorganize themselves to an ordered state.11 PLA with higher

crystallinity exhibits a slower degradation, which in turn slows

down drug release. The combined effects of modified chain

mobility and crystallinity by drug loading on drug release are

not clear and require further investigation.

In addition to polymer degradation, drug is also released during

the initial burst period. A mechanism of initial burst is the rapid

dissolution of the drug molecules near the polymer matrix surfa-

ces.12 The drugs on surfaces are quickly dissolved into the release

medium, leaving behind a vacant space with no polymer mole-

cules. The vacant space can connect with each other, forming

channels which allow for further drug diffusion into the release

medium.13 This process leads to the initial burst release, and has

less correlation with polymer degradation. As drug releases, water

molecules will diffuse into the matrix. Since water concentration

determines the hydrolysis rate, water diffusion into the polymer

matrix is expected to affect polymer degradation. It has been

pointed out that, drug release profile is composed of up to four

phases: initial burst, induction period, degradation controlled

release, and terminal release phase.14 On immersion into the

release medium, the polymer matrix begins to be hydrated by the

surrounding liquid environment, leading to the initial burst,

phase 1. After phase 1, drug release is then controlled by polymer

degradation. Before polymer chains degrade into chain segments

with molecular weights small enough, drugs are held in the poly-

mer matrix and cannot release, which accounts for the induction

period as demonstrated in phase 2. Once chain segments with

small enough molecular weights are formed, drugs can be

released, as observed in phase 3. By the end of the release period,

release occurs at a reduced rate, phase 4, as a result of longer dif-

fusion path length of the drug located in the bulk center.

Accordingly, drug release from a polymer system is complicated

by multiple factors, including polymer crystallinity, polymer

mobility modified by drug loading, and the vacant space left

behind after drug release. Investigation of the combined effects

is prerequisite to better control the drug release profiles. By

considering these combined effects, the objective of this work is

to investigate the effects of drug loading on polymer degrada-

tion and drug release, as well as the modification of drug release

profiles through laser surface melting. Polymer degradation is

characterized by the molecular weight of polymer matrix meas-

ured from the gel permeation chromatography (GPC). Effect of

drug loading on polymer matrix is characterized by its crystal-

linity and thermal properties from the wide-angle X-ray diffrac-

tion (WAXD) and differential scanning calorimetry (DSC). The

amount of drug release in a release medium is determined by

spectrophotometry. A numerical model is developed to capture

polymer degradation and drug release processes.

NUMERICAL MODEL

Simulation is conducted to investigate the effect of drug loading

and laser treatment on polymer degradation and drug release

profiles. Laser energy absorbed by PLLA generates heat and is

governed by the heat equation.6,7 The process of polymer degra-

dation and drug release is captured by a phenomenological

model. In the model, PLLA matrix is assumed to be composed

of nine species: nondegraded amorphous chains, degraded

amorphous chains in stages 1, 2, and 3, crystalline chains,

degraded crystalline chains, monomers, water molecules, and

drug molecules, with details given in literature.7,15

Degradation of amorphous and crystalline chains is considered

separately. During degradation, the concentration of nonde-

graded amorphous chain is expressed as

dC0

dt
52c0C0Cw2c0C0Cw Cn

m2j0
dCc

dt
(1)

where C0, Cc, and Cw are the molar concentrations of mono-

mers in the nondegraded amorphous chains, nondegraded crys-

talline chains, and water molecules, respectively. The

dissociation of the acid end groups n is assumed to be unity.

Values of c0, e0, and j0 are the phenomenological rate constants,

accounting for non-autocatalysis, autocatalysis, and crystalliza-

tion due to hydrolysis of nondegraded amorphous chains. Deg-

radation of amorphous chains experiences three stages before

monomers are generated.16 The concentration of monomers in

each stage is expressed as

dCi

dt
5 ci211ei21Cn

m

� �
Ci21Cw2 ci1eiC

n
m

� �
CiCw2ji

dCc

dt
(2)

where i 5 1, 2, and 3, representing degradation stages 1, 2, and

3. Ci is the molar concentration of the monomers in stage i. ci,

ei, and ji are the phenomenological rate constants accounting

for non-autocatalysis, autocatalysis, and crystallization in stage

i. Hydrolysis of stage 3 generates monomers which have high

mobility to diffuse. Assuming Fick’s second law for monomer

diffusion, which predicts the change of monomer concentration

with space and time, the molar concentration Cm of the mono-

mers with high mobility is modeled by

dCm

dt
5 c31e3Cn

m

� �
C3Cw1r � Dm;effrCm

� �
(3)

where Dm,eff is the effective monomer diffusivity as a function

of matrix porosity induced by degradation. The pores are

defined as regions in a polymer matrix with a molecular weight

low enough to allow drug to release. Dm,eff is then expressed as

Dm;eff 5Dme r; z; tð Þ where Dm is the monomer diffusivity via

pores, and e(r,z,t) is the matrix porosity from 0 to 1. Assuming

the molecular weights which form the pores follow a normal

distribution, e(r,z,t) is given as17

e r; z; tð Þ512
1

2
erf

Mw r; z; tð Þ2Mwpffiffiffiffiffiffiffi
2r2
p

� �
11

� �
(4)

where r2 accounts for the variation of degradation. Mw(r,z,t) is

the molecular weight at location (r,z) and time t. Mwp is the

average molecular weight at which pores start to form, allowing

the diffusion of small molecules such as monomers and drug

molecules.

Degradation of crystalline chains is assumed to be a one-step

process, in which chain scission only occurs on the fold surfaces
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of lamellae, generating the crystalline region composed of the

integral folds the crystalline chains. Crystal degradation is thus

given as

dCc

dt
5 j01jið Þ dCc

dt
2cc Cc Cw2ec CcCw Cn

m (5)

where (j0 1 ji), cc, and ec are the phenomenological rate con-

stants accounting for crystallization of amorphous chains during

their degradation, non-autocatalysis, and autocatalysis of crys-

talline chains, respectively.

Drug concentration within a matrix during polymer degrada-

tion is as a function of space (r,z) and time t, and is calculated

from Fick’s second law as18

@Cd r; z; tð Þ
@t

5r Dd;effrCd

� �
(6)

where Cd is the concentration of drug molecules, Dd,eff is the

effective diffusivity accounting for the porosity during polymer

degradation and drug release period.

Drug molecules located in the layer below matrix surface are

subjected to initial burst. The layer accounting for initial burst

is thicker for higher drug loading concentration. It is assumed

that in the layer from the matrix surface S to a depth of S2dib,

drug is subject to initial burst and the matrix porosity e is

unity. In the bulk from matrix center to S2dib, drug release is a

function of porosity generated by polymer degradation, such

that Dd;eff 5Dde r; z; tð Þ where Dd is drug diffusivity via pores,

and e(r,z,t) is the matrix porosity from 0 to 1 as expressed in

eq. (4). Due to fast water diffusion into PLLA matrix as com-

pared to the slow PLLA hydrolysis kinetics,19 water concentra-

tion, Cw, is assumed to be saturated over the degradation and

drug release period, and loss of monomer and drug is replaced

by water molecules in simulation.

Solutions of thermal analysis are used as the initial conditions

to solve the coupled eqs. (1–5) to capture degradation profiles.

Release of embedded drug is simulated based on eq. (6). Appro-

priate units are used for the phenomenological rate constants so

that concentration change is expressed in mole per volume per

time. Rate constants are selected to capture experimental results.

The equations are solved through the finite element method in

a two-dimensional axisymmetric model using COMSOL Multi-

physics 4.1. In the spatial domain, the 1 mm by 5 mm matrix is

immersed in a 10 mm by 10 mm aqueous medium. Laser

treated area covers both sides of the matrix domain, which is

initially composed of drug molecules, nondegraded crystalline

and amorphous chains with crystallinity determined experimen-

tally. Monomers generated during degradation diffuse into the

surrounding medium. The simulation time domain corresponds

to experiment time span.

MATERIALS AND METHODS

PLLA granules from PURAC were used as received. Rhodamine

B (RB) from Sigma Aldrich was used as the model drug. To

assure homogeneous drug loading, RB was loaded into PLLA by

solvent casting. Two grams of PLLA granules were dissolved in

45 mL dichloromethane by sonication for 1.5 h. During sonica-

tion, 20, 100, 200, and 400 mg RB powder was dissolved in the

PLLA solution to prepare 1%, 5%, 10%, and 20% drug concen-

trations, respectively. The solution was cast in a covered Petri

dish at 25�C for 72 h, and a drug loaded PLLA film was left

behind. One hundred milligrams of the film was thermally com-

pressed under 5.7 3 104 Pa at 185�C for 1 h, and cooled down

in air. The cooling process lasts for around 2 h to reach room

temperature, allowing for polymer crystallization. Sample crys-

tallinity and thermal properties were determined by WAXD and

DSC. The WAXD system is equipped with monochromatic

CuKa radiation with wavelength k 5 0.15418 nm at 40 kV and

30 mA. For DSC measurement, around 5 mg matrix was heated

from 50 to 200�C at a rate of 5�C/min under a nitrogen gas

flow. To study the effect of laser treatment on shortening the

drug release induction period, the 1, 5, and 10% drug loaded

matrices were treated on both sides by a KrF excimer laser with

a 248 nm wavelength, 25 ns pulse width, and 3.0 J/cm2

fluence.7

Drug release tests were conducted such that each sample was

placed in a vial and fully immersed in 10 mL phosphate buf-

fered saline (PBS) with a pH of 7.4. The drug release period

lasts for up to 84 days. Vials were placed in water bath at 37�C,

and the PBS was changed every 7 days. The amount of released

drug was monitored by spectrophotometry. The RB absorbance

at 552 nm was recorded and a function of concentration. After

drug release, samples were rinsed with distilled water and dried

in vacuum for 2 days. To characterize polymer degradation, the

Figure 1. Non-laser treated PLLA matrices loaded with 5% drug (a)

before degradation and drug release, and degraded and released for (b)

35, (c) 49, (d) 70 days. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 2. WAXD profiles of PLLA with different drug loading concentra-

tions. Intensity of crystalline peaks increases with drug concentration, sug-

gesting a higher crystallinity. Profiles are shifted in y direction for viewing

clarity. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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weight average molecular weight (Mw) and number average

molecular weight (Mn) were determined in chloroform by GPC

at 30�C. For GPC measurements, the samples were purified to

remove RB. The drug loaded PLLA were dissolved in chloro-

form, and methanol was added to the solution to precipitate

PLLA. The mixture was separated by centrifugation to collect

the precipitated PLLA. The PLLA/chloroform solution with a

concentration of 1.5 mg/mL was prepared for GPC measure-

ments. The GPC was calibrated with polystyrene standards, and

the refractive index and differential pressure detectors were

used.

RESULTS AND DISCUSSION

PLLA were loaded with RB for drug release tests. The PLLA

matrices loaded with 5% drug before and after different drug

release periods are shown in Figure 1. The obtained PLLA

matrix has 1 mm thickness and 10 mm diameter. The matrix

color becomes lighter with longer drug release period. The color

change indicates a less amount of drug molecules embedded in

the matrix after the controlled release. Effects of drug loading

on polymer matrix properties, as well as effects of drug concen-

tration and laser treatments on drug release profiles, are dis-

cussed in the following sections.

Effect of Drug Loading on Chain Mobility and Polymer

Crystallinity

The addition of drug molecules in polymer chains changes the

free volume between chains, affecting chain mobility and crys-

tallization. Crystallinity of the resulted polymer matrices is char-

acterized by WAXD, with results given in Figure 2. The 16.7�

WAXD crystalline peak becomes more prominent for the sam-

ples loaded with higher concentrated drug. Crystallinity, calcu-

lated based on the WAXD profile,20 is given in Figure 5, in

which the crystallinity calculated from DSC results is also

shown and is discussed later. Figure 5 shows that crystallinity

increases with the increasing drug concentration. As the free

volume theory predicts, the introduction of plasticizers facili-

tates chain movements, which tends to increase the number and

size of crystallites.21 Therefore, during the cooling process of

thermal molding, PLLA loaded with a higher concentrated drug

has higher mobility and is ended up with higher crystallinity.

The crystals developed in PLLA matrices influence chain mobil-

ity. To investigate the combined effect of drug loading and poly-

mer crystallinity, the thermal properties of the drug loaded

matrices are characterized by DSC. The DSC thermograms of

the PLLA matrices are given in Figure 3(a). The thermograms

demonstrate that the PLLA experience the glass transition at

around 60–65�C, cold crystallization at around 95–105�C, and

melting at around 160–190�C. The occurrence of cold crystalli-

zation is because at a temperature higher than Tg, polymer

chains gain extra mobility when compared to their initial status

below Tg, which allows chain crystallization to achieve a more

energetically stable state. A weak exotherm is demonstrated at

around 160�C, which is slightly lower than the onset tempera-

ture of melting. The exotherm is generated because a part of

Figure 3. DSC thermograms of pure PLLA and PLLA loaded with 1, 5,

10, and 20% drug (a) heating from 50 to 200�C and (b) around the glass

transition temperature. The heating rate is 5�C/min. Profiles are shifted in

y direction for viewing clarity. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 4. Glass transition temperature and melting temperature of drug

loaded PLLA matrices as a function of drug concentration. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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polymer chains start to melt at that temperature, which increases

chain mobility and induces the crystallization. The melting peak

then begins right after the exotherm. The initial crystal and the

crystal developed during the two crystallization processes of DSC

scanning are melted, generating the melting peak.

The thermograms around Tg is given in Figure 3(b). Both Tg

and Tm shift with drug concentrations. The values of Tg and Tm

are plotted as a function of drug concentration in Figure 4.

When the drug concentration is below 5%, Tg and Tm reduce

with an increasing drug concentration. The reduction of Tg and

Tm suggests an increased chain mobility due to the plasticization

effect. However, at high drug concentration (above 5%), an

opposite trend is observed. Tg and Tm increase with an increas-

ing drug concentration, suggesting reduced chain mobility. The

reduced chain mobility is a result of high crystallinity in the

samples with high drug concentration, Figure 5. High crystallin-

ity limits chain movement and thus increases Tg and Tm.

In addition to the WAXD, sample crystallinity is also derived

from the DSC. The crystallinity x of the PLLA matrices is eval-

uated according to the following equation.

x5 DHm1DHcð Þ=DHm0 (7)

where DHm is the melting enthalpy represented by the melting

peak shown in Figure 3, DHc is the total crystallization enthalpy

represented by the two crystallization exotherms in Figure 3,

Figure 5. Crystallinity as a function of drug loading concentration

obtained from WAXD and DSC. Crystallinity increases with drug concen-

tration based on both measurements. The error bar represents the stand-

ard deviation of 3 data points. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. GPC profiles of the (a) non-laser treated pure PLLA matrix, (b) non-laser treated PLLA matrix loaded with 1% drug, (c) laser treated pure

PLLA matrix, and (d) laser treated PLLA matrix loaded with 1% drug, as a function of degradation and drug release period. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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and DHm0, 93 J/g, is the melting enthalpy of PLLA crystals with

infinite crystal thickness such that the crystallinity is 100%.22

The calculated crystallinity is given in Figure 5. Crystallinity

increases with drug concentration, which agrees with the crys-

tallinity derived from the WAXD results.

Effect of Drug Concentration on Drug Release

Drug loading affects polymer degradation and the resulted drug

release profiles. Effects of drug concentration on polymer degra-

dation and drug release profiles are investigated and discussed

in this section.

Polymer Degradation during Drug Release. Effect of drug con-

centration on polymer degradation is characterized by the

molecular weight through the GPC. GPC profiles of non-laser

treated and laser treated samples are given in Figure 6 for pure

PLLA and 1% drug loaded PLLA. Minor change of GPC profile

is observed for the pure PLLA, suggesting insignificant degrada-

tion over time. The GPC profiles of drug loaded PLLA shift left,

demonstrating a decrease of molecular weight as a result of deg-

radation. Bimodal distributions are observed in the late stage

for the drug loaded PLLA, because the preferential chain scis-

sion on the lamella fold surfaces generates integral folds of

Figure 7. Number average and weight average molecular weights of (a) pure PLLA and PLLA loaded with (b) 1%, (c) 5%, (d) 10%, (e) 20% drug with

polymer degradation and drug release period. For pure PLLA and PLLA loaded with 1, 5, and 10% drug, effect of laser melting on degradation is also

studied. Laser melting accelerates initial degradation rate for all treated matrices. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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crystalline chains.7 For 5, 10, and 20% drug loaded PLLA, the

GPC profiles also shift left with time and the bimodal distribu-

tions are observed. The broadened profiles are a result of wid-

ened distribution of chain length, leading to a larger

polydispersity index.7 The profiles shift left at a higher rate with

a higher drug concentration, suggesting a faster degradation.

The molecular weights determined from GPC and simulation

are given in Figure 7. The molecular weights decrease insig-

nificantly for the non-laser treated PLLA with no drug load-

ing, which agrees with Figure 6(a). As shown in Figure 7(b),

drug loading accelerates degradation rate because of the

enlarged free volume by drug small molecules favors water

diffusion into the matrix and hydrolysis. The model drug,

RB, also induces an acid environment and accelerates polymer

degradation. In addition, polymer degradation is accelerated

by the initial burst occurring on the first several days. It is

observed that 10 and 20% drug loaded PLLA significantly

degrades in the first 3 days, Figure 7(d,e), which corresponds

to the initial burst period, as will be discussed in Figure 8.

During the initial burst period, drug on the matrix surface is

released, and the space initially occupied by drug molecules

becomes vacant. The vacant space favors water diffusion and

accelerates hydrolysis in the first 3 days. The accelerated

hydrolysis generates a structure with higher porosity, and

favors subsequent water diffusion and hydrolysis. The degra-

dation profiles are captured numerically, in which the molec-

ular weight experiences a rapid initial drop followed by

degradation at a slow rate. In the late stage, the simulation

curve of molecular weight tends to level off, while the experi-

mental data demonstrate a more significant decrease. A possi-

ble reason is that, due to significant amount of drug release

in the late stage, polymer matrix disintegrates, which is

experimentally observed as cleavage and holes on the

degraded samples. Effects of macroscale morphology changes

are not numerically considered.

It is observed that polymer degradation accelerates with higher

drug concentration, and is not a function of chain mobility as

revealed in Figure 4. Chain mobility, therefore, plays a less

important role in determining polymer degradation under the

current test conditions. Instead, due to the enlarged free volume

and the vacant space after drug release, as well as the acid envi-

ronment induced by drug loading, drug release is a strong func-

tion of drug loading concentration.

Drug Release. Drug release is measured by spectrophotometry.

The model drug, RB, has a characteristic absorbance peak at 552

nm. The peak height is a function of concentration. To deter-

mine the relationship between the peak height and RB concentra-

tion, the RB/PBS solution with different concentrations are

prepared and measured by spectrophotometry. The absorbance

profiles are a function of solution concentration, as given in the

Supporting Information Figure S1. A linear relationship between

absorbance at 552 nm and RB concentration in PBS is described
Figure 8. Drug release profiles of PLLA with different drug loading con-

centrations. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Simulated spatial distribution of drug concentration in non-

laser treated PLLA loaded with 5% drug after release for (a) 30 and (b)

70 days. Drug concentration is represented as a percentage of initial value.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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by A50:058cRB 20:017, where A is the RB absorbance at 552 nm

and cRB is the RB concentration in lmol/L.

The drug release profiles are given in Figure 8, in which the

y-axis is the amount of released drug as a percentage of the

initial drug. Simulation results are also provided. A higher

release rate is observed in matrix with higher drug concentra-

tion, as discussed in Figure 8. Drug release profiles are a

strong function of drug concentration. For low drug concen-

tration, drug release begins with an induction period during

which a limited amount of drug is released. For medium

drug concentration, the release profiles begin with an initial

burst, followed by an induction period. As the drug concen-

tration increases, the initial burst is more significant and the

induction period is shorter. With a higher drug concentra-

tion, the space occupied by the drug molecules has higher

opportunity to connect with each other, forming channels

which allow for fast drug release and water diffusion. There-

fore, degradation is accelerated, leading to a short induction

period. At 20% drug concentration, no induction period is

observed. The higher degradation rate causes a higher drug

release rate as shown in Figure 8.

The model captures physical phenomena obtained experimen-

tally, including initial burst, induction period, and subsequent

release. Deviation between simulation and experiment is

observed in the late stage of release period. In simulation, the

drug release rate slows down at the end. This stems from the

different diffusion time for drug located near the surface and in

the center. As given in Figure 9, the spatial drug distribution is

simulated for the PLLA with 5% drug after the end of induction

period (30 days) and in the end of drug release (70 days). Drug

release starts on the matrix surface. Because of the shorter path

length, drug diffusion requires shorter time. The drug molecules

located in the matrix center, on the other hand, are released in

the late stage. Due to the longer path length of diffusion to the

surface, they are released at a slower rate. Experimentally drug

release in the late stage is accelerated by matrix disintegration.

The cleavage and holes generated during this period enlarge the

matrix contact area with the release medium and accelerate

drug release, which accounts for the deviation between simula-

tion and experiment in the late stage.

Laser Modification of Drug Release Profile

It has been shown in previous section that at low drug concen-

trations (1, 5, and 10%), drug release experiences an induction

period, which is undesirable. Laser treatment has been con-

ducted on these matrices in our previous study.23 It has been

demonstrated that laser treatment reduces polymer crystallinity

and accelerates polymer initial degradation. The GPC profiles of

laser treated PLLA are given in Figure 6(c) for pure PLLA and

Figure 6(d) for 1% drug loaded PLLA. In both cases, GPC pro-

files shift left, suggesting the occurrence of degradation. The

comparison between non-laser treated pure PLLA, Figure 6(a),

and laser treated pure PLLA, Figure 6(c), demonstrates the

effect of laser crystallinity modification on polymer degradation.

A reduced crystallinity by laser melting accelerates polymer deg-

radation. For laser treated 1% drug loaded PLLA, Figure 6(d),

the GPC profiles shift left within a shorter period as compared

to non-laser treated counterpart, Figure 6(b), suggesting an

accelerated degradation.

Based on the GPC measurements, the Mw and Mn are calculated

with the results given in Figure 7, in which simulated Mn is also

given. An accelerated degradation induced by laser melting is

demonstrated for all laser treated PLLA matrices with and with-

out drug loading. As clearly shown in Figure 7, laser treatment

accelerates the initial degradation of polymer matrices, because

laser melted material, with a lower crystallinity, degrades at a

higher rate. Once the degradation of laser melted material

comes to the end, the matrix can be seen as composed of a

structure similar to the non-laser treated matrix. At this later

stage, therefore, the laser treated matrix degrades at a rate simi-

lar to the non-laser treated matrix. It should be noticed that the

drug loaded matrices have been methanol precipitated to

remove embedded drug molecules for GPC measurements. The

precipitation process may lose a fraction of low molecular

Figure 11. Crystallinity of laser treated PLLA loaded with 1, 5, and 10%

drug as a function of polymer degradation and drug release period.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 10. Drug release profiles of laser treated and non-laser treated mat-

rices. Through laser melting, the induction period of drug release is short-

ened. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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weight polymers. The observed molecular weights after degrada-

tion, therefore, might over-estimate the real molecular weights.

Drug Release. Drug release from laser treated PLLA is investi-

gated with results given in Figure 10, in which the non-laser

treated results are also provided for comparison. The induction

period is defined as a period after which the drug release rate

increases. It is demonstrated that the induction periods of laser

treated matrices have been shortened. For 1% drug loaded

PLLA, the induction period is shortened by around 2 weeks,

from day 63 to day 49. For 5% drug loaded PLLA, the induc-

tion period is shortened by around 1 week, from day 28 to day

21. For 10% drug loaded PLLA, the induction period is short-

ened by around 1 week, from day 21 to day 14.

The shortened induction period is because of the accelerated ini-

tial degradation induced by laser melting. By comparing Figures

7 and 10, it can be observed that the induction period comes to

the end when the measured Mn reduces to around 20,000 g/mol.

The time period for the molecular weight to reduce to the criti-

cal value reduces after laser treatment, which in turn shortens

the induction period of drug release. The induction period short-

ens at a smaller extent for matrix loaded with a higher drug con-

centration (10%), which is because drug molecules absorbs laser

energy and reduces the portion of laser energy to melt polymer,

as demonstrated and discussed our previous study.23

It has been noticed that both drug loading and laser surface

melting accelerates polymer degradation. However, the acceler-

ated degradation by drug loading and laser surface melting

shows different profiles. Drug loading accelerates overall degra-

dation of the bulk, and gives a higher degradation rate until the

end of degradation. Effect of laser melting, on the other hand,

is limited within a layer below matrix surface, and keeps the

bulk intact. Laser melting, therefore, only accelerates the initial

degradation, while the degradation in the later stage remains

unchanged. Therefore, effects of drug loading and laser treat-

ment lead to distinct drug release profiles. Drug loading results

in a shorter induction period of drug release and a higher drug

release rate. Laser surface melting shortens the induction period

of drug release, but keeps the subsequent drug release rate simi-

lar to the non-laser treated sample, which is desired since drug

release rate needs to be maintained within a specific range for

the drug to be nontoxic and effective.

Polymer Crystallization during Drug Release. Crystallinity of

laser treated PLLA over the degradation and drug release period

is monitored using the WAXD, with results given in Figure 11.

Crystallinity increases with polymer degradation and drug release

period. Crystallization is a result of polymer chain degradation,

because degraded chains have smaller molecular weights and thus

a higher mobility. With enough mobility, the degraded chains

reorganize into the crystalline state, which is energetically stable. It

is noticed that the crystallinity increases with a similar pattern of

the drug release profiles as shown in Figure 10. Namely, crystallin-

ity increases after an induction period, within which crystallinity

increase is limited. The induction period is shorter for PLLA

loaded with higher drug concentration. The similarity between

crystallinity change and drug release profiles is also observed for

the non-laser treated PLLA. This phenomenon is attributed to the

fact that drug release and crystallinity increase are both deter-

mined by polymer degradation. It is also noticed that, for the laser

treated PLLA, the induction periods of crystallinity change are

shorter than those of the non-laser treated PLLA.

Water can hardly penetrate into polymer crystalline region, and

thus higher crystallinity can retard drug release. However, based

on Figures 10 and 11, drug release does not slow down as the crys-

tallinity increases. This is because drug release and polymer degra-

dation left behind a porous structure. The pores accelerate water

diffusion and hydrolytic degradation, even if the crystallinity

increases. The effect of higher crystallinity to slow down degrada-

tion and drug release is, therefore, canceled out and does not

dominate during the drug release process. In addition, drug

release profiles are expected to be a function of matrix shape, since

matrix geometry determines water diffusion paths, and, therefore,

polymer degradation and crystallization behaviors. Combined

effects of laser treatment and matrix shape require further studies.

CONCLUSIONS

The effects of drug loading concentration and laser surface

melting on PLLA biodegradation and drug release have been

investigated. It has been shown that PLLA biodegradation is a

strong function of drug loading, with a higher drug concentra-

tion leading to faster degradation. The accelerated degradation

caused by drug loading is attributed to the porous structure in

the polymer matrix after drug release. The porous structure

favors water diffusion into the matrix and accelerates hydrolytic

degradation. The accelerated biodegradation reduces the induc-

tion period of drug release and increases the drug release rate.

Drug loading also influences chain crystallinity and mobility,

while both factors do not dominantly determine PLLA biode-

gradation and drug release in the current study.

Laser melting reduces surface crystallinity of PLLA matrix,

which accelerates polymer degradation in the early stage and

shortens the induction period of drug release. Laser treatment

only melts a layer below matrix surface and keeps the bulk

intact. Therefore, after laser melted material degrades at a

higher rate, polymer degradation proceeds at a rate similar to

the non-laser treated samples. Similar polymer degradation rate

results in similar drug release rate after laser treatment. Accord-

ingly, laser crystallinity modification has been shown to reduce

the induction period of drug release, while keep the drug release

rate unmodified, which is desired in drug delivery applications.
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