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ABSTRACT: Surface grafting of functional polymers is an effective method to alter material properties and degradation behavior. Two different

substrate shapes of poly(L-lactide) (PLLA), i.e., films and microparticles, were surface-grafted with hydrophilic monomers, and their surface

degradation was monitored. Surface grafting with a hydrophilic and acidic polymer graft [acrylic acid (AA)] induced large alterations in the

surface morphology and topography of the films. In contrast, hydrophilic and neutral polymer grafts [acrylamide (AAm)] had no significant

effect on the surface degradation behavior, while the PLLA reference and co-monomeric (AA/AAm) polymer-grafted samples exhibited inter-

mediate surface degradation rates. The grafted PAA chains induced a local acidic environment on the surface of the substrates, which in turn

catalyzed the surface degradation process. This effect was more pronounced in the films than in the microparticles. Thus, the nature of the

grafted chains and substrate geometry were shown to affect the surface degradation behavior of PLLA substrates. VC 2015 The Authors Journal of

Applied Polymer Science Published by Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42736.
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INTRODUCTION

Surface modification of polymers is a powerful tool to induce

changes in material properties.1–4 The topography, chemistry,

and physics of the surface are crucial parameters that affect the

properties of the materials.5–9 Surface-grafted polymers have

been used in a variety of applications10 for instance, cell adhe-

sion promoters,11,12 bio-functional coatings,13–17 and surface

stabilizers of colloids.18,19 Polymers are for several reasons excel-

lent candidates for surface modification: (1) a large number of

specific functional groups can be created; (2) a wide variety of

functional groups are available; and (3) they serve as multi-

functional stimuli-sensitive materials.20 In addition, surface

modification has previously been used as a tool to tune the

degradation rate of biodegradable polymers, for instance,

poly(L-lactide) (PLLA).21–24 We have previously shown that sur-

face modification with acrylic acid (AA) changes the bulk deg-

radation behavior of PLLA.23 Short and long AA-grafted lactic

acid oligomers as well as plain lactic acid oligomers were

detected in the degradation media. The presence of at least one

lactic acid monomer in each released degradation product con-

firmed the hydrolysis of the PLLA substrate. A second alterna-

tive for surface-grafted polymers is the detachment of the

grafted chains alone, which may occur when side-chain densities

of the polymer grafts are quite high and polymer–

surface interactions are sufficiently unfavorable.25,26 Hydrophilic

brushes prepared by surface-initiated atom transfer radical poly-

merization were shown to detach from glass substrates with

high chain densities.14 In addition, swelling-induced detachment

of hydrophilic grafts from hydrophobic substrates has also been

demonstrated.27 The dynamics of such phenomena have also

been investigated theoretically28 and by mathematical models

via Monte Carlo simulations.29 The grafted chains could also be

mechanically detached using a very weak applied force. Thus,

for mechanical detachment the applied force depends on the

surface, polymer, and solvent.30,31 Despite the large efforts in

surface modification of polymers, less attention has been paid

to the degradation of the surface-grafted polymers and, perhaps

more importantly, the nature of different surface-grafted chains

and substrate geometry on the degradation behavior.

PLLA is well known to degrade by bulk erosion. The degrada-

tion mechanism is hydrolysis of the ester bonds in the main

chain. Cleavage of ester bonds results in the formation of acidic

groups, which were earlier shown to catalyze further degrada-

tion.32 In previous work, surface modification with hydrophilic
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AA was used to increase the bulk degradation rate of hydropho-

bic PLLA.23 Here, we aim to take advantage of this effect by cre-

ating a localized acidic environment in the vicinity of the grafts. Our

hypothesis is that the nature of the grafts should play an important

role in the early stage of degradation of surface-grafted micropar-

ticles and that acid-grafted films should be affected earlier during

degradation than acid-grafted microparticles.

Thus, films and microparticles of PLLA were surface-grafted

with AA, neutral acrylamide (AAm) and a combination of both

monomers using a nondestructive covalent “grafting-from”

technique described previously.33 The samples were subjected to

hydrolytic degradation for up to 30 days to determine the influ-

ence of surface grafts and sample morphology.

EXPERIMENTAL

Materials

PLLA was synthesized by ring-opening polymerization of

L-lactide (LLA, Boehringer Ingelheim, Germany) at 1108C for

72 h in bulk, using ethylene glycol (Aldrich, Germany) as the

initiator and stannous octoate ((Sn(Oct)2)(Sigma Aldrich, Swe-

den) as the catalyst. The formed polymer was precipitated three

consecutive times in cold hexane (LabScan, Ireland)/methanol

(general purpose grade, Fisher Scientific, Germany). AA (90%,

Alfa Aesar) was purified by vacuum distillation at 40–508C prior

to use. Benzophenone (BP) (99%, Sigma Aldrich), AAm (98.5%,

Acros), and PBS buffer (VWR) were all used as received.

Film and Microparticles Fabrication

For the film substrates, a predetermined amount of PLLA

(1.5 g) was dissolved in chloroform (36.5 g), stirred until a

homogenous solution was formed, and then poured into a Petri

dish from which the organic solvent was allowed to slowly evap-

orate. For the microparticulate substrates, 1% (w/v) solution of

PLLA in chloroform was prepared. PLLA microparticles were

then fabricated using a spray dryer (Mini Spray Dryer B€UCHI

B-290, Flawill, Switzerland). The following system parameters

were used: inlet temperature (Tinlet) 55–658C, aspirator 100%

(35 m3/min), pump feed rate 20%, gas flow 50 mm (750 Nl/h).

The dried microparticles were then recovered in a collecting

device located beneath the spray drying cyclone.

Surface Grafting of Films and Microparticles

PLLA films were punched to obtain uniform samples with an

approximate mass of 22 6 2 mg and a circular shape 1 cm in diam-

eter and 0.22 mm in thickness. The PLLA films and microparticles

were subsequently surface-grafted with 20% (w/v) AA, AAm, and

AA/AAm with a volume ratio of 1:1 under UV irradiation, as previ-

ously described.33 The films and microparticles were grafted for

1.5 h. The grafted films and microparticles were recovered and

rinsed several times with ethanol under 5000 G centrifugation for 3

min to remove unreacted monomers. Neat PLLA films and micro-

particles, used as reference, were also treated with the same proce-

dures, but without the addition of monomers.

Surface Degradation Studies

For particulate PLLA samples, a predetermined amount of surface-

grafted microparticles (approximately 20–25 mg) were placed in a

dialysis bag. The circular-shaped PLLA films and dialysis bags con-

taining PLLA microparticles were placed in individual 20 mL glass

vials containing 10 mL of PBS buffer at pH 7.4 and subsequently

tightly closed with septa. The vials were put in a controlled incuba-

tor at 378C and shaken at a rotational velocity of 60 rpm. At prede-

termined time intervals (5, 10, 14, and 30 days); the samples were

taken out of the shaking incubator. The samples were finally dried

under vacuum until they reached a constant mass and were subse-

quently characterized.

Characterization

Scanning Electron Microscopy. The surface morphology of the

neat and grafted PLLA films and microparticles was observed

with a Hitachi S-4800 scanning electron microscope (SEM) at

an accelerating voltage of 1 kV. The samples were mounted on

adhesive carbon black and sputter-coated.

Fourier Transform Infrared (FTIR) Spectroscopy. Fourier

Transform Infrared (FTIR) spectra of the neat and grafted PLLA

films and microparticles were recorded in the range of 4000–

600 cm21 on a Spectrum 2000 Perkin-Elmers spectrometer,

equipped with an attenuated total reflectance (ATR) accessory

(Golden Gate) to provide surface analysis to a depth of approxi-

mately 1 lm. All FTIR spectra were obtained as averages of 16

individual scans at 4 cm21 resolution.

Atomic Force Microscopy. The surface topography of the neat

and grafted PLLA films and microparticles were examined in

tapping mode using a Nanoscope IIIa multimode Atomic Force

Microscopy (AFM) (Digital Instruments, Santa Barbara, CA)

using a 5346 EV scanner. A silicon-etched probe tip (TAP150,

Bruker, Camarillo, CA), with a normal spring constant of 5 N/

m and a resonant frequency (fo) of 150–200 kHz, was utilized

to scan the image in tapping mode.

Differential Scanning Calorimetry. The thermal properties of

the neat and grafted PLLA films and microparticles were exam-

ined by differential scanning calorimetry (DSC) (Mettler Toledo,

Columbus, OH) equipped with DSC 820 software. The samples

were weighed (approximately 3–5 mg) in 40 lL aluminum cru-

cibles. They were then heated from 2208C to 2008C, cooled to

2208C and once again heated to 2008C using a heating/cooling

rate of 108C/min under a nitrogen atmosphere.

Mass Loss. The degradation was also monitored by measuring the

samples’ remaining mass after each hydrolysis period. After with-

drawing the materials from the PBS buffer, they were dried under

reduced pressure until constant weight was achieved. The remain-

ing mass was determined according to the following equation:

remaining mass5
md

m0

3100 (1)

where md is the dry mass of the specimen at the specific time

and m0 is the initial mass of the specimen.

Size Exclusion Chromatography. The molar mass of the neat

PLLA films and microparticles during degradation were deter-

mined using a Waters 717 Plus autosampler and a Waters 510

apparatus equipped with two PL gel 10 lm mixed B columns,

300 3 7.5 mm (Polymer Laboratories, U.K). Chloroform was

used as an eluent at a flow rate of 0.1 mL/min. The instrument

was calibrated using narrow molar mass distribution polystyrene

standards with molar masses in the range 580–400,000 g/mol.
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pH Measurement. The pH of the surface degradation media

was evaluated using a precalibrated pH-meter equipped with an

Ag/AgCl electrode.

RESULTS AND DISCUSSION

Two different PLLA substrates, films and microparticles, were

prepared and surface-grafted with AA, AAm, and AA/AAm

(1 : 1). The degradation behavior of the grafted substrates and a

PLLA reference was evaluated after immersion in PBS buffer at

a pH of 7.4 for up to 30 days. From the results obtained, it

could be determined that the nature of the polymer grafts

altered the degradation behavior of sample surfaces and depend-

ing on the grafted substrate geometry, degradation occurred at

different times during PBS immersion. This could be deter-

mined by investigating the surface morphology, surface chemis-

try, surface topography, thermal properties, mass loss, and pH

profiles.

Surface Morphologies of Films and Microparticles Substrates

In general, much larger alterations in the surface morphology

were found for the films (Figure 1) compared to the micropar-

ticles (Figure 2) as a function of degradation time. Prior to sur-

face degradation, the surface of PLLA-based films had a smooth

morphology [Figure 1(A–C)] and neat PLLA film had slightly

porous structures because of solvent evaporation during film

fabrication [Figure 1(A)]. Surface degradation was especially

evident for the PLLA-g-PAA films, where large cracks appeared

after 10 days of degradation [Figure 1(E)] and then remained

evident throughout the study [Figure 1(H)]. For the neat PLLA

films, a small number of microcracks were formed on the sur-

face after 14 days of degradation [Figure 1(D)] and after 30

days of degradation (1G), while the PLLA microparticles

retained the same surface morphology before [Figure 2(A)],

during [Figure 2(D)], and even after a month of degradation

[Figure 2(G)]. Similar to the neat PLLA microparticles, the sur-

face morphology of both substrates with PAAm grafts remained

unaltered even after 30 days of degradation [Figure 1(I)]. For

Figure 1. Surface morphologies of films of (top): (A) PLLA, (B) PLLA-g-PAA, and (C) PLLA-g-PAAm at day 0; (middle): (D) PLLA, (E) PLLA-g-PAA

and (F) PLLA- g-PAAm at day 14; (bottom) (G) PLLA, (H) PLLA-g-PAA and (I) PLLA- g-PAAm at day 30.
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the polymer grafts where a combination of AA and AAm was

used, small alterations in the surface morphology of the films

were seen after 14 days of immersion (formation of micro

cracks) (Supporting Information Figure S3B), while the micro-

particles showed a slightly altered surface morphology after 30

days of degradation (Supporting Information Figure S4C).

As previously stated, the surface morphology of the PLLA-g-

PAA films was greatly affected by the immersion in PBS at a

pH of 7.4. Already after 10 days of immersion, large cracks

were seen on the surfaces [Figure 1(E)]. To investigate if the for-

mation of these large cracks was a result of the actual grafting

of PAA to the backbone of PLLA or only a consequence of the

more acidic environment formed because of the presence of

PAA, neat PLLA films were also immersed in two different con-

centrations of PAA, i.e., 0.3% (w/w), yielding a pH of 6.9, and

3% (w/w), yielding a pH of 5.0 in PBS. It should be noted that

the concentrations of PAA in PBS used greatly exceeded the

possible amount of PAA covalently grafted to the PLLA

films, and the high concentrations were chosen in order to

conclusively answer our question of whether the covalent

attachment of PAA is the key issue. We have, as of now, not

been able to determine the exact amount of PAA covalently

grafted to the PLLA films. However, from a similar previous

study,34 the maximum amount of grafted chains to the sub-

strates was lower than the smallest amount of dissolved PAA in

the PBS solution. At a higher pH, the acid groups of the PAA

chains ionize, releasing aqueous H1 cations. It is well known

that the acidic end-groups formed during the degradation of

PLLA lead to an autocatalytic effect and hence a faster degrada-

tion of the PLLA main chain.32 The neat PLLA films and

microparticles were incubated in the solutions for 14 and 30

days, respectively. No alterations of the surface morphology

were observed for the PLLA films, even at day 30 of immersion

in the highly acidic solution (Supporting Information Figure

S1). This is contrary to what was seen for the films onto which

PAA was covalently attached, in which large cracks were

observed already after 10 days of immersion [Figure 1(E)]. The

reason for the difference between the PLLA-g-PAA films and

Figure 2. Surface morphologies of microparticles of (top): (A) PLLA, (B) PLLA-g-PAA, and (C) PLLA-g-PAAm at day 0; (middle): (D) PLLA,

(E) PLLA-g-PAA and (F) PLLA- g-PAAm at day 14; (bottom) (G) PLLA, (H) PLLA-g-PAA and (I) PLLA- g-PAAm at day 30.
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the PLLA films in a PAA solution (that were treated in an iden-

tical manner as the grafted films without the addition of the

monomer) is thus believed to be because of the covalent attach-

ment of the grafts and thereby created localized acidic environ-

ment. A hypothesis is that the hydrophobic PLLA matrix might

suppress the swelling behavior of the PAA grafts in the PBS

solution. The mechanical stress resulting from the osmotic pres-

sure of the PAA grafts is then localized on the hydrophobic

matrix (crystallites), leading to swelling-induced surface erosion

of the substrates. This effect would be much larger for PAA

grafts compared to the PAAm grafts, because of PAA showing

much more pronounced swelling behavior than PAAm.27,35

For the PLLA films grafted with a combination of AA and

AAm, alteration of the surface morphology was observed after

14 days of degradation (Supporting Information Figure S3B),

which occurred later compared to the PLLA-g-PAA films [Fig-

ure 1(E)]. This retardation of surface degradation is believed to

be a consequence of the lower amount (ca. 50% volume) of AA

grafted to the PLLA surface and hence the less acidic surface

environment (Supporting Information Figures S3B and S3C).

As stated above, no alteration to the surface morphology of the

neat PLLA microparticles [Figure 2(A,D,G)] and the PLLA-g-

PAAm microparticles was observed throughout the duration of

the degradation study [Figure 2(C,F,1)]. Similar to the films,

differences in the surface morphology were seen when PAA was

grafted to a PLLA matrix. However, the surface morphological

changes were not in the form of large cracks as they were for

the films, but rather in the form of a rougher surface, and they

did not occur after 14 days [Figure 2(E)], but at a later time

point (30 days of immersion) [Figure 2(H)]. To evaluate here as

well if this was an effect of grafting or because of an increased

acidic environment, neat PLLA microparticles were immersed in

0.3% (w/w) and 3% (w/w) solutions of PAA in PBS. No altera-

tions in the surface morphology could be determined for the

neat PLLA microparticles (Supporting Information Figure S2);

hence, it is believed that it is the covalent attachment of the

chains that alter the surface degradation of the microparticles.

Once again, the degradation of the surface was retarded for the

PLLA–g-PAA/PAAm microparticles compared to their film ana-

logues. It can thereby be concluded that the substrate shape

plays a key role in the alteration of surface morphology for the

PLLA matrices grafted with hydrophilic monomers. For the

microparticles whose surface morphologies were observed to

change, these changes occurred at a later time point compared

to the film substrates. Additionally, the nature of the polymer

grafts plays an essential role in the degradation behavior. The

localized acidic environment formed when AA was surface-

grafted to the substrate induced earlier changes in the surface

morphology of the substrates than in both the neat PLLA and

substrates grafted with PAAm. In contrast, when AAm was

grafted on the surface, no change in surface morphology of the

substrates was observed within the time of the study, indicating

a retardation of degradation. When a mixture of AA and AAm

was surface-grafted to the substrates, intermediate behavior was

observed. A plausible explanation is that although the hydro-

philic grafts have a larger affinity for water than the PLLA sub-

strate, increased hydrophilicity is not enough to increase the

rate of change in surface morphology within 30 days of PBS

immersion. The nature of the polymer grafts and hence the sur-

face local environment they induce can control the surface deg-

radation, as shown in the relative degrees of surface alterations:

PLLA-g-PAA>PLLA, PLLA-g-PAA/PAAm>PLLA-g-PAAm.

Surface Chemistries of Films and Microparticles Substrates

The surface chemistry of the grafted films and microparticles

was evaluated using FTIR (Figure 3). Because the alterations in

the surface morphology depended on both the geometry of the

substrate and degradation time, a comparison was made based

on substrate geometry as a function of time. Again and as

expected, no significant alterations were seen for the PLLA ref-

erence as a function of degradation time [Figure 3(A)].23

Because the characteristic ester –C5O bands for the PLLA-g-

PAA overlapped at approximately 1747 cm21, no changes in

surface chemistry could thus be determined when the samples

were immersed in PBS from day 0 to day 30 [Figure 3(D)].

When AAm was grafted on the PLLA surfaces, double peaks or

“bumps” were observed after 1.5 h of grafting, showing the

characteristic primary amide band at 1660 cm21 and the

stretching vibrations of the secondary amide band at the

absorbance peak of 1615 cm21 [Figure 3(B)].33 The substrate

geometry was shown to influence the surface grafting process,

where more PAAm was attached to the films than to the micro-

particles, leading to a larger amide peak area for the films (peak

area � 6 A/cm) than that for the microparticles (peak area � 3

A/cm). In contrast, when the two different geometries were

surface-grafted with AA/AAm (1:1), the peak area was much

larger for the microparticles (peak area � 7 A/cm) than for the

films (peak area � 3 A/cm) [Figure 3(E)]. After 5 days of PBS

immersion, the amount of PAAm grafted to the chains

decreased significantly for both substrates [Figure 3(E)]. An

approximate reduction of 40% was seen for the PLLA-g-PAAm

films, while a 60% reduction was seen for the PLLA-g-PAAm

microparticles [Figure 3(F)]. Although the peak area of the

PAAm grafts was reduced so significantly after just 5 days of

immersion, the surface morphology of the two substrates was

not effected [Figures 1(I) and 2(I)]. Between 14 and 30 days of

degradation, the amount of PAAm detected by FTIR on the

microparticles was unchanged, whereas the amount of PAAm

on the films continued to decrease. The surface degradation of

PAAm continued until day 30 of degradation where approxi-

mately 16% (peak area � 1 A/cm) was retained for the films

and 24% (peak area � 0.8 A/cm) was retained for the micro-

particles [Figure 3(E)]. At day 30, the peak area of the PAAm

chains was larger for the microparticles than the films, which

might have been because of a higher density of grafted chains

as they were being compressed against each other; the IR spec-

trum was thus able to detect their existence. Once again, the

grafted chains behaved differently depending on how they inter-

acted on different substrates. After 10 days of immersion, the

microparticles seemed to lose more grafted chains from their

surfaces [Figure 3(E)]. There are two possible driving forces,

i.e., entropic elastic and osmotic,36,37 that play a critical role in

compression and seem to reach a state of equilibrium, ulti-

mately balancing each other. Most likely, the phenomenon is

more complex when two monomers are used, i.e., AA and
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AAm. The IR spectra of the microparticles surfaces grafted with

AA/AAm [Figure 3(C)] showed similar results to AAm-only

grafting [Figure 3(B)], where the grafted chains detached much

faster from the microparticle surfaces than from the films from

day 5 onward. However, the presence of AA/AAm deeply

impacted the stability of grafted chains on PLLA microparticles,

Figure 3. ATR-FTIR spectra of films and microparticles of (A) PLLA (B) PLLA-g-PAAm, (C) PLLA-g-PAA/PAAm, (D) PLLA-g-PAA, (E) and (F) peak area

of PAAm and PAA/PAAm in A/cm and in percentage, respectively, at 1550–1700 cm21 for immersion times of 0 (a), 5 (b), 10 (c), 14 (d) and 30 (h) days.
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and approximately 20% of the AA/AAm grafted chains were still

attached to the surface of microparticles, whereas 40% of AAm-

based polymer grafts were retained [Figure 3(F)]. This might

have been because of a slightly higher osmotic stress caused by

the combination of monomers; the interactions between them

might cause the polymer grafts to be stretched beyond their

physical limits, leading to more abundant surface degradation

of the polymer grafts [Figure 3(C)].

The difference in the alterations in the surface chemistry of the

microparticles compared to the films could have several causes.

One reason could be the fact that a fraction of the grafted

chains that were entangled or adsorbed to the substrate surface

was released upon prolonged water immersion and that more

chains were noncovalently attached to the microparticle surfaces

because of the larger surface area compared to the films. The

difference could also be explained by a higher osmotic pressure

Figure 4. AFM 3D-images of the surface topography of films of (top): (A) PLLA, (B) PLLA-g-PAA (C) PLLA-g-PAAm at day 0; (bottom) (D) PLLA,

(E) PLLA-g-PAA, (F) PLLA-g-PAAm at day 30. All AFM images were scanned over an area of 2 lm 3 2 lm. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 5. AFM 3D-images of the surface topography of microparticles of (top): (A) PLLA, (B) PLLA-g-PAA (C) PLLA-g-PAAm at day 0; (bottom) (D)

PLLA, (E) PLLA-g-PAA (F) PLLA-g-PAAm at day 30. All AFM images were scanned over an area of 800 nm 3 800 nm. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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induced by the neighboring grafted microparticles when the

grafted chains were being compressed at the beginning of PBS

immersion.

Although the FTIR spectra indicated that a relatively low

amount of polymer grafts remained after 30 days of immersion

for both substrates, a grafted layer of PAAm still existed. Previ-

ously, when PLLA film substrates were grafted with PAA, the

films could be dissolved in chloroform and the molar mass of

the films could subsequently be determined by Size Exclusion

Chromatography (SEC).23 Here, even though the FTIR spectra

showed a very low amount of PAAm still covalently attached to

the substrates after 30 days of immersion, the films and micro-

particles could not be dissolved. However, the neat PLLA refer-

ence films (treated in the same manner as the grafted substrates

but without the addition of monomers) could easily be dis-

solved in chloroform. This indicates that the layer of PAAm

after 30 days of immersion is still significant enough to prevent

dissolution and that the prevention of dissolution is not an

effect of cross-linking reactions.

Surface Topographies of Films and Microparticles

To gain further insight into the degradation behavior of the

grafted PLLA substrates, the surface topographies before and

after 30 days of PBS immersion were evaluated (Figures 4 and

5). Depending on the nature of the polymer grafts and the

geometry of the substrates, the degradation behavior again dif-

fered. For the grafted samples, a larger increase in surface

roughness was seen in the films over time compared to the

microparticles, and once again, a larger impact on the surface

topography was seen when AA was grafted compared to when

AAm was used. Generally for the PLLA substrates, the surface

Table I. Surface Roughness of PLLA Films and Microparticles during Sur-

face Degradation at Day 0 and 30

Sample

Surface roughness (nm)a

Films Microparticles
Time (day) Time (day)

0 30 0 30

PLLA 2161 1665 30 7

PLLA-g-PAA 22 125620 2 27

PLLA-g-PAAm 6 1161 14 1661

a Calculated from image area of 800 nm x 800 nm.

Figure 6. Degree of crystallinity of (A) films and (B) microparticles (top); melting temperature of (C) films and (D) microparticles (bottom) as a func-

tion of degradation time.
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roughness decreased leading up to 30 days of degradation, while

the opposite trend was seen for the grafted substrates. The larg-

est alteration in roughness was seen for the PLLA-g-PAA films,

which also showed the largest alteration of surface morphology

(Figure 1), forming large cracks already after 10 days of

degradation.

Initially, the PLLA film had a rough surface with an average

rms roughness of 21 nm [Figure 4(A)] after UV irradiation in

ethanol. The roughness of the PLLA films decreased after they

were immersed in PBS solution for 30 days to an average rms

roughness of 16 nm [Figure 4(D)]. The same roughness pattern

was observed for microparticles, where a rougher surface was

initially seen with an average rms roughness of 30 nm [Figure

5(A)] followed by a much more pronounced decrease to 7 nm

after 30 days of PBS immersion [Figure 5(D]. When AA was

surface-grafted on the substrates of different geometries, the

resultant surfaces acquired distinctly different surface rough-

nesses (Table I). The surface of the microparticles became

smoother, with an rms of 2 nm [Figure 5(B)], while the films

attained a roughness similar to that of the PLLA surface after

UV exposure [Figure 4(B)]. After 30 days of immersion, a 13-

fold rougher surface was measured for the microparticles, while

six-fold rougher surfaces were observed in films compared to

their initial values. It is worth noting that PLLA-g-PAA film

had the highest surface roughness among all PLLA-based films

after PBS incubation.

The surface roughness of the PLLA-g-PAAm films and micro-

particles before immersion in PBS demonstrated the opposite

trends in roughness, i.e., a decrease in roughness and hence

smoother surfaces, compared to the surfaces grafted with AA,

indicating a thicker grafted layer. Additionally, the surface

roughness did not change significantly for the microparticle

substrates, as measured for day 30 of immersion [Figure 5(F)],

while a two-fold rougher surface was observed for PLLA-g-

PAAm films [Figure 4(F)]. These results are thus consistent

with the alterations of the surface morphology, where the PAA

chains because of their pH sensitivity, and hence the formation

of a localized acidic environment, eroded the surface of the film

[Figure 1(E and H)] and roughened the surfaces of micropar-

ticles after PBS immersion [Figure 2(H)].

Thermal Analysis of Films and Microparticles

Somewhat similar to the surface morphologies, chemistries, and

topographies, the thermal behavior also varies with the nature

of the polymer grafts and geometries of the substrates (Figure

6). The crystallinity and melting temperatures of the PLLA films

were not altered during the surface degradation study [Figure

6(A, C)], similar to what has been seen before,38 while an

increase in crystallinity was seen for the PLLA microparticles

[Figure 6(B)], as determined from the second heating scan.

During the fabrication process, the two different geometries

experienced different physical environments, i.e., film casting

and spray drying, that induce different crystal rearrangements

of the polymers. For example, for the microparticles, the evapo-

ration rate of the drying process influenced crystallization

because it is a time-dependent process.39,40

For the surface-grafted films [Figure 6(A)] and microparticles

[Figure 6(B)], an increase in the crystallinity of the PLLA sub-

strate as a function of time because of recrystallization was

observed. This increase in crystallinity of the grafted substrates

was followed by a gradual decrease in melting temperature for

both substrates after 10 days of immersion. Again, the nature of

Figure 7. Remaining mass of polymeric films as a function of degradation

time.

Figure 8. pH of media, in which (A) films and (B) microparticles were immersed, for different durations of surface degradation.
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the graft had an effect on the properties of the materials. The

PLLA-g-PAA film exhibited a more pronounced decrease in

melting temperature [Figure 6(C)] compared to the PAAm-

grafted PLLA, while the opposite trend was seen for the micro-

particles [Figure 6(D)].

Mass Loss, Molar Mass Alterations, and pH Profiles

As expected, small changes in mass loss (Figure 7) were

observed during the 30 days of surface degradation,38 although

significant changes in morphology, topography, and surface

chemistry were observed for PLLA-g-PAA and PLLA-g-PAAm.

PLLA-g-PAA films had a slightly faster mass loss rate because of

the sensitivity of PAA at pH of 7.4, whereas PLLA, PLLA-g-

PAAm, and PLLA-g-PAA/PAAm showed similar mass loss

curves. For all samples, the mass loss occurred during early sur-

face degradation and levelled off after 10 days. In addition, the

presence of AA on the surfaces of films and microparticles obvi-

ously affected the pH of the media (Figure 8) as well as the

morphological structures of these two geometrical substrates

[Figures 1(H) and 2(H)].

As expected, no significant changes in molar mass were

observed for the nongrafted materials during the 30 days of

degradation (Table II). The grafted materials were not soluble

in chloroform for SEC analysis, which confirmed that the graft-

ing layers of PAAm or PAA remained attached to the substrate

throughout the study. The molar mass of PLLA films and

microparticles was the same as before UV treatment and sub-

strate fabrication (Table II), confirming nondestructive fabrica-

tion techniques.

Again, both the nature of the polymer grafts and the substrate

geometry affected the pH of the media as a function of immersion

time. For the PLLA and PLLA-g-PAAm films, similar pH was

measured from day 0 to 30 [Figure 8(A)], and no significant alter-

ations in the samples’ surface morphologies were observed for

PLLA [Figure 1(G)] and PLLA-g-PAAm [Figure 11]. For the

copolymeric grafts (PLLA-g-PAA/PAAm), an intermediate reduc-

tion in the pH of the medium over time was observed, similar to

the intermediate alteration in surface morphology previously

observed. In contrast, the pH of the PLLA-g-PAA medium

decreased because of the presence of acrylic acid, which is in line

with the observed differences in the surface morphology of the

PLLA-g-PAA films [Figure 1(H)].

The trends in the pH of the different microparticulate PLLA sam-

ples were similar to the PLLA films [Figure 8(B)], although the

pH of the media for the AA-grafted particles decreased slightly

faster and at a higher rate. It is believed that the grafted chains

might detach faster from the microparticles than from the films

after day 5, as confirmed by FTIR, although a limited effect on

the particle geometries at day 30 was observed [Figure 2(G–I)].

CONCLUSIONS

The nature of the grafted chains and substrate geometry were

shown to affect the surface degradation behavior of PLLA.

Surface degradation of AA-grafted PLLA films resulted in the

formation of large cracks after 10 days of immersion, whereas

AA-grafted PLLA microparticles resulted in a rougher surface

formed after 30 days of immersion. The PAA grafted to the

PLLA substrates induced a local acidic environment, which in

turn catalyzed the surface degradation process. Larger altera-

tions in the surface morphology were found in films than in

microparticles. The surface morphology and topography of

AAm-grafted PLLA films and microparticles were not affected

during the time of the study, while films of co-monomeric (AA/

AAm)-grafted PLLA exhibited an intermediate surface degrada-

tion rate. Hence, hydrophilicity alone is not enough to acceler-

ate surface degradation.

The substrate geometry also affected the surface chemistry.

PLLA microparticles surface-grafted with AAm degraded faster

than the corresponding films, as confirmed by FTIR. Neverthe-

less, grafted chains remained on the surface of both geometries

throughout the study.

In summary, surface morphology and surface chemistry are

important factors to consider when functionalizing polymer

substrates via surface grafting.
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