
Published: May 26, 2011

r 2011 American Chemical Society 4777 dx.doi.org/10.1021/ma2000948 |Macromolecules 2011, 44, 4777–4782

ARTICLE

pubs.acs.org/Macromolecules

Effects of Temperature and pH on the Degradation of
Poly(lactic acid) Brushes
Lebo Xu, Kaitlyn Crawford, and Christopher B. Gorman*

Department of Chemistry, North Carolina State University, Box 8204, Raleigh, North Carolina 28795-8204, United States

’ INTRODUCTION

Polymer brushes consist of a collection of polymer chains with
one end attached to a surface, and their applications for surface
modification have been explored extensively. Such modifications
include the control of adhesion,1 the formation of protective
coatings,2 the control of friction and wear,3 and stabilization of
nanoparticles.4Most attention has been focused on the growth of
brushes. However, the opposite process—their degradation—
could also be interesting and potentially useful. As a brush is
removed from a surface, it exposes the underlying substrate. The
rate at which the brush is removed dictates the temporal access of
the underlying substrate. The substrate could then “turn on” as a
sensor, reactive surface, etc. In this sense, the removal of the
brush imparts a temporally dynamic property to the surface.

This broad idea of dynamic surfaces has had some investigation.
By changing the pH of a solution above a polyampholyte brush,
extension and collapse of the chains can be affected to tune the
access to the surface.5 Additionally, it has been shown that cleavage
of chains from a surface can be used as another form of a dynamic
surface.6Wehypothesized that a simpleway to remove the brush is
through the disassembly of ester linkages in brushes. This route is
used in bulk to degrade poly(esters). The sequential or random
cleavage of the esters in the brush should offer very different
temporal dynamics to those of the brush-based dynamic surfaces
described above. The behavior of such brushes is not predictably
obvious, however. The kinetics of the depolymerization process
could be very different when a brush is compared to a bulk
polymer sample. Indeed, bulk samples of poly(esters) take days to
weeks (or longer) to degrade.7 A brush is much smaller and thus
will likely degrade substantially faster under similar conditions.

Bulk PLA can degrade via the acid- or base-catalyzed8 hydro-
lysis of the ester bonds within it via random chain scission. Acid-
catalyzed hydrolysis is regarded as the most facile mechanism for
the degradation of bulk material,7,9 and self-catalysis by the
acidic, lactic acid resulting from the hydrolysis, has also been

illustrated.7,9b,10 Furthermore, the hydrolysis rate of bulk
material is affected by the material structure such as the degree
of crystallinity and water vapor permeability.11 Thus, the re-
ported degradation rate could be quite different from sample to
sample. For example, the reported, pseudo-first-order rate con-
stants for degradation of bulk PLA samples with different
morphologies varied from 0.13/hour10b to 0.41/day.9b

The degradation of PLA oligomers in solution has also been
studied and exhibits different behavior from the bulk material.12

At both acidic and basic pH the degradation was proposed to
mainly occur by intramolecular transesterification (backbiting).
A proposed mechanism for this process at elevated pH is shown
in Scheme 1. Unlike in bulk PLA, the degradation of oligomeric
PLA is fastest at elevated pH values. Furthermore, the terminal
hydroxy groups were found to be critical for degradation. When
the terminal groups were blocked by reacting them with succinic
anhydride, the rate of degradation was significantly attenuated.12a

Thus, an unanswered question is, with respect to degradation,
would a PLA brush behave like a bulk sample or like oligomers in
solution or differently than both?

The preparation of PLA brushes has been described previously
by us and others.13 Most typically, they are prepared by surface
initiated ring-opening polymerization of L-lactide. The thickest
brushes (and the longest polymers in solution) are formed at
relatively low temperature (25 �C). At this temperature, yields
are very low, but this is not germane to the preparation of a brush
where the percentage of conversion of monomer in solution to a
brush on a surface is minimal.

Although the synthesis of PLA brushes has been studied in
some detail, we have not identified any work in which these
brushes were removed. Thus, neither the conditions nor the rate
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ABSTRACT: Poly(lactic acid) (PLA) brushes were prepared through surface initiated
ring-opening polymerization of L-lactide. Their degradation (depolymerization) was
characterized by tracking their ellipsometric thickness as a function of time by repeated
emersion from buffered, aqueous solutions. The pH and temperature both had a large effect
on the rate of degradation. PLA brushes do not degrade in a manner similar to that of bulk
PLA. Several experiments were performed, the results of which suggest that intramolecular
transesterification (backbiting) was the pathway for the degradation of the PLA brush in
basic, aqueous solution, similar to what has been observed for the depolymerization of PLA
oligomers in basic solution. The PLA brushes degrade very slowly in acidic solution. This
behavior is similar to the degradation of PLA oligomers in acidic solution.
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profiles for degradation have been determined. Here, the factors
governing the rate of degradation of PLA brushes are investi-
gated. The effect of pH and temperature are studied, and other
experiments are presented to suggest the likely mechanism for
this process.

’RESULTS AND DISCUSSION

A. Preparation of PLA Brushes. PLA brushes of ca. 10 nm
thickness were prepared via surface initiated ring-opening po-
lymerization of L-lactide using silanol groups as initiators as
described previously.13d Previously, we showed that the native
silanol groups on silica were equally effective initiators as hydroxy
groups presented by hydroxy-terminated self-assembled mono-
layers on gold.13d Thus, silanol groups on silica were used as
initiators. The formation of PLA brushes were confirmed by
attenuated total reflectance, Fourier transform infrared spectros-
copy (ATR-FTIR), ellipsometry, and deionized water contact
angle measurements, also as described previously.13d

The grafting density (σ) can be estimated from σ = hFNA/M,
where h is the thickness (ca. 10 nm), F is the density of PLA
(1.21 g/cm3), NA is Avogadro’s number, andM is the molecular
weight of the polymer chains in the brush.14 As it is not possible
to measure the molecular weight of grafted PLA directly, the
molecular weight is estimated based on PLA formed in solution
alongside the PLA formed on the surface. Gel permeation
chromatography gave a Mn of ca. 8000 Da, which provides an
estimated grafting density of ca. 0.9/nm2. Grafted polymers likely
have lower molecular weights than those grown under similar

conditions from solution due to geometric confinement from the
surface.15 Thus, the actual grafting density likely is somewhat
larger than estimated value. On the basis of these considerations,
the PLA brushes prepared here have a relatively high grafting
density and are brushlike in shape.14,16

B. Degradation of PLA Brushes in Aqueous Solution. To
investigate whether PLA brushes can be removed from a
substrate by some type of polymer breakdown, PLA brush
samples with ca. 10 nm thicknesses were soaked in phosphate
buffer solution of pH 7.4 (10 mM ionic strength). After a given
reaction time, samples were removed and characterized by
ellipsometry and ATR-FTIR. The ATR-FTIR spectra of PLA
brushes with different incubation times are shown in Figure 1.
The measured ellipsometric thicknesses of each sample are also
marked in the figure caption. After 198 h of soaking in aqueous
solution, the ellipsometric thickness of the brush decreased to ca.
3 nm. Compared to the original value, the brush thickness
decreased about 70%. The thickness of the brush soaked for
288 hwas reduced to ca. 1 nm. These results indicate that grafting
thicknesses of PLA brushes decrease with increased incubation
time. The decreased thickness indicates the removal of brushes
from substrate. The changes in the ATR-FTIR spectra show a
similar trend. With increased soaking time, the IR intensities
decreased accordingly. The ellipsometry measurements and
ATR-FTIR spectra support that PLA brushes are able to be
removed from the substrate by being placed in aqueous solution.
C. Effect of pH. To study the effect of pH on the degradation,

PLA brushes were incubated in phosphate buffer at different pH
values at 37 �C. Periodically, the samples were removed, rinsed
with distilled water, and dried under nitrogen. The dry thick-
nesses of the brushes were measured by ellipsometry. The
decrease of ellipsometric thickness was plotted versus degrada-
tion time, as shown in Figure 2.
The degradation was rapid at pH 8.0. The brush with a

thickness of ca. 10 nm was totally removed in ca. 25 h. When
the pH was decreased to 7.4, about 100 h was needed to remove
the brush with a thickness of ca. 10 nm.Under neutral conditions,
pH = 7.0, the degradation was slow. It took about 450 h to
remove a brush with a similar thickness. When acidic buffers were
used (pH = 6.0 and pH = 3.0), no obvious degradation was
observed in this time period. Thus, the pH value has a large effect
on the rate of degradation. To demonstrate this point further,
brushes were incubated successively in buffer with pH = 6.0 and

Scheme 1. Process of Backbiting To Depolymerize PLA,
Forming Lactide As Proposed in Refs 12a and 12b

Figure 1. ATR-FTIR spectra of PLA brushes grafted on silicon,
initiated by surface silanol groups, after incubation in phosphate buffer,
pH = 7.4, 10 mM ionic strength for 1, 198, and 288 h.

Figure 2. Plots of ellipsometric thicknesses versus degradation time at
37 �C with different pH values. Phosphate buffers of 10 mM ionic
strength were used to control pH. Error bars represent the magnitude of
the 90% confidence interval for five measurements on a sample.
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pH = 8.0. The ellipsometric thicknesses were monitored and
plotted versus degradation time as shown in Figure 3.
Figure 3 shows that the degradation occurred under basic

conditions and essentially stopped under acidic conditions. Thus,
degradation is a process which is able to be controlled by tuning
the pH value. Furthermore, the pH dependence of degradation of
PLA brushes is not the same as that of bulk PLA or PLA oligomers
in solution. Bulk PLA degrades well at both increased and
decreased pH values.7,9,10 PLA oligomers degrade faster at high
pH but also degrade at low pH.12a No degradation was observed
on PLA brushes under acidic pH conditions on this time scale.17

D. Effect of Temperature. The effect of temperature was also
examined by degrading brushes in buffer (10 mM ionic strength,
pH = 7.4) at different temperatures. The thicknesses were
monitored as a functionof degradation timeandplotted inFigure4.
Higher temperature lead to more rapid degradation. The rate is
quite sensitive to temperature. Raising the temperature just 12 �C
accelerated the complete removal of the brush by a factor of 4.
E. Probing the Mechanism of Degradation. The first

concern with regards to the mechanism of degradation of PLA
is to determine whether this behavior is merely the result of
hydrolysis of the Si�OR bonds anchoring the polymer chains to

the surface. Hydrolysis of a silyl ether can be catalyzed by either
acid or base.18 The rate of brush removal here is only increased at
elevated pH, however. Nevertheless, to further rule out the
hydrolysis of the Si�OR bond, the degradation of brushes with
different linkage groups was compared. Degradation of PLA
brushes anchored to silica was compared to that of brushes
anchored to gold via 11-mercapto-1-undecanol. Hydroxyl-termi-
nated thiol self-assembled monolayers have been reported to be
hydrolytically stable for a week at pH < 13.19 Brushes on silicon
and gold substrates were incubated in buffer solution, pH 8.0, at
25 �C for 24 h. The thicknesses were tracked and are plotted in
Figure 5. Little difference was observed due to different linkage,
indicating that hydrolysis of the Si�OR bonds did not play a role
in the overall degradation/removal of the brush. Indeed, the
brushes on silica were, if anything, slightly more stable toward
degradation than those on gold.
As previously discussed above, on short-chained PLA oligomers

in solution,12 degradation is faster at elevated pH but does also
occur under acidic pH conditions. This has been attributed to the
relative rates of backbiting at different pH values.12 As described
above, the pH dependence of the degradation process for the PLA
brushes is not the same as that of PLA oligomers in solution.
However, the acceleration under basic conditions is similar and
thus suggests the backbiting mechanism. Several experiments
were performed to support this mechanistic hypothesis.
For backbiting to be effective, the terminal hydroxy groups

must be accessible to the aqueous solution. Deionized water
contact angle measurements were taken to determine how water
wet the brushes. The ellipsometric thickness and contact angle
were measured at four time points: immediately after prepara-
tion, after samples stood in air for 12 h, after samples were
subsequently soaked for 0.5 h in deionized water at 37 �C, and
after subsequently standing again in air for 7 days. The results are
shown in Table 1.
The freshly prepared brush had a small contact angle, showing

that it is a relatively hydrophilic surface. This contact angle
increased when the sample was incubated in air and decreased
when the sample was placed under water. Under these condi-
tions, no appreciable change in thickness was observed. These
behaviors are consistent with a brush that can reconstruct via
reorientation of the terminal groups of the individual polymer

Figure 3. Plots of ellipsometric thickness versus degradation time at
alternating pH values (pH 6.0 and pH 8.0) at 37 �C. Phosphate buffers of
10 mM ionic strength were used to control pH. Error bars represent the
magnitude of the 90% confidence interval for five measurements on a
sample.

Figure 4. Plots of ellipsometric thicknesses versus degradation time at
different temperatures. Phosphate buffer, pH = 7.4, 10 mM ionic
strength was used to control pH. Error bars represent the magnitude
of the 90% confidence interval for five measurements on a sample.

Figure 5. Plots comparing the effect of linkage group on the degrada-
tion of PLA brushes. Samples was grown from the native hydroxy groups
on silicon/silica or 11-mercapto-1-undecanol SAMs on gold. Phosphate
buffer, pH = 8.0, with 10 mM ionic strength were used to control pH at
25 �C. Error bars represent the magnitude of the 90% confidence
interval for five measurements on a single sample.
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chains.20 Immediately after preparation, the surface presents a
large fraction of hydroxyl terminal groups, which is consistent
with the growth mechanism in which hydroxyl groups are
accessible to catalyst to form reactive centers for propagation.
After sitting in air, these terminal groups bury themselves within
the brush, lowering the brush/air interfacial free energy. This
process reverses when the sample is soaked in water and reverses
again when placed back into the air. This process has been
observed for other polymers such as oxidized, low-density

polyethylene film.21 Thus, the hydroxyl groups are accessible
to aqueous solution. This process was characterized more
quantitatively by measuring the water contact angle of a droplet
of water on a PLA brush as a function of time (Figure 6). The
contact angle decreased monotonically.
To illustrate the difference between PLA brushes and bulk

PLA, spin-coated layers of PLA were prepared on the same
types of substrates and with similar thicknesses to PLA brushes.
Samples were degraded in phosphate buffer solution at pH 6.0
and 8.0 at 37 �C (Figure 7). The ellipsometric thicknesses were
tracked to evaluate the degradation. Note that the spin-coated
samples degraded under both basic and acidic conditions, but the
brush only degraded under basic conditions. Further, the brush
degraded rapidly under basic conditions compared to the spin-
coated samples.
We propose that the different organization of PLA chains

between the grafted and spin-coated samples is the most likely
cause of these different behaviors. In grafted samples, chain ends
are left near the brush/solution interface after synthesis. Here,
they are more able to orient/reorient so that the hydroxyl end
groups can protrude into the solution. In the spin-coated
samples, PLA chain ends are distributed uniformly throughout
the sample. As a result, they are, on average, less able to orient/
reorient so that the hydroxyl end groups can protrude into the
solution. This explanation is consistent with more facile back-
biting in the degradation of the brushes than in bulk (or spin-
coated samples).
To support this hypothesis, water contact angles of spin-

coated and grafted samples were obtained for samples stored in
air and samples immersed for 1 h in water. The contact angle of
spin-coated samples changed from ca. 75� (stored in air) to ca.
65� (immersed for 1 h in water). However, the contact angle of
grafted samples changed from ca. 60� (stored in air) to ca. 5�
(immersed for 1 h in water). This large change in the latter
contact angles is consistent with reorientation of the chain ends
in the brushes (and facile backbiting) but much less reorientation
of the chain ends in the spin-coated samples.
To further test the backbiting hypothesis, brushes were treated

with succinic anhydride. This process has been shown pre-
viously12a to convert the hydroxyl terminal groups into carbo-
xylic acid terminal groups (Scheme 2), which do not undergo
backbiting.
After exposing brushes to 1 M succinic anhydride/anhydrous

THF solution at 37 �C overnight, the DI water contact angle,
measured right after preparation, increased from ca. 5� to ca. 30�.
This value matches that reported for SAMs partially functiona-
lized with nitrilotriacetic acid,22 supporting the conversion
shown. Then the treated samples were put in buffer with pH =
8.0 at 37 �C, and the decrease in thickness over time was
compared to untreated samples (Figure 8).
Treatment with succinic anhydride slowed the degradation of

the brush, especially at the beginning of the trial. The results
suggest the terminal hydroxy groups have a function in the
degradation, supporting the backbiting mechanism. However,
the treatment did not prevent degradation. We think it is likely
because, over these long times, slow hydrolysis of the ester bonds
removes these blocking groups. The resulting brushes can then
undergo backbiting. Also, the reaction of the terminal hydroxy
groups with succinic anhydride may not be complete. Consider-
ing that the terminal hydroxy groups reorganize within the brush
as discussed above, some may be buried in the brush in the
organic solvent (THF) used to introduce the succinic anhydride.

Table 1. Deionized Water Contact Angle and Ellipsometric
Thickness of PLA Brushes at Different Times

freshly

prepared 12 h in air

H2O

soaked 7 days in air

DI water contact

angle (deg)

20 ( 1 46 ( 1 <5a 62 ( 1

ellipsometric

thickness (Å)

89 ( 2 84 ( 3 82 ( 2 82 ( 2

aThe contact angle was too small to be accurately measured.

Figure 6. Plot of DI water contact angle of water on a PLA brush versus
contact time. The sample was stored in air for 1 month after preparation.
Error bars represent themagnitude of the 90% confidence interval for six
measurements on a single sample. The change in volume of the droplet
over this period due to evaporation was negligible.

Figure 7. Change in ellipsometric thickness with time for spin-coated
and grafted PLA samples of similar thicknesses. Samples were incubated
in 10 mM phosphate buffer at the indicated pH values and at 37 �C.
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’CONCLUSIONS

The results shown here indicate that the thickness of PLA
brushes decrease with time when exposed to aqueous solutions.
The rate of this decrease is highly dependent on pH and
temperature. This high sensitivity might be exploited in applica-
tions where variability in the temporal dynamics of hydrolysis is
useful. Further, the principal mechanism for this decrease
appears to be depolymerization due to backbiting—the same
mechanism observed for depolymerization of PLA oligomers in
basic solution. Yet, PLA oligomers also degrade in acidic solution,
but the PLA brushes studied here do not over the time scales
studied. Thus, degradation of PLA brushes is distinguished from
both isolated chains and bulk material.

’EXPERIMENTAL SECTION

Si/SiOx substrates with PLA brushes grown upon them were
prepared as described previously.13d Briefly, silicon wafers were cleaned
and treated by ultraviolet-generated ozone, (UVO) to prepare silanol
groups on surface. The hydroxyl-terminated SAM on gold (Evaporated
Metal Films TA134) was prepared by deposition of a 1 mM solution of
11-mercapto-1-undecanol (Aldrich, 97%) in ethanol for 24 h at room
temperature. These substrates were reacted with an anhydrous tetra-
hydrofuran (THF) solution containing 100 mM L-lactide and 1 mM tin
bis(2-ethyl hexanoate) in flame-dried vials for 24 h. The sealed vials were
gently agitated using a multipurpose rotator (Barnstead International,
Dubuque, IA).
Spin-coated PLA samples were prepared by coating PLA solutions on

silanized silicon substrates. The PLA used for spin-coating was collected
from the solution in which the PLA brushes were prepared. The
collected PLA was dissolved in anhydrous THF to make solution with
concentration of 1 mg/mL. The silicon substrates, cleaned in ethanol
with sonication, were etched in 5% HF in ethanol solution and then
oxidized in UVO cleaner. The treated substrates were silanized by
placing them in 1% (v/v) N-hexadecyltrichlorosilane (Gelest) in

anhydrous toluene for 1 h. The spin-coating was conducted on a
home-built spin-coater with a rotation speed of ca. 3000 rpm. The
PLA solution was dropped on the rotating substrate. Thewet sample was
rotated for 3 min allow solvent to evaporate. The sample was then
further dried under vacuum for 1 h.

Hydrolysis/depolymerization studies were conducted in 20 mL glass
vials. PLA brush samples were soaked in ca. 10 mL phosphate buffer at a
given pH value. The vials were placed in an oil bath at the designated
temperature. At various time points, the sample was removed from the
buffer solution, rinsed with a large amount of DI water, and dried with a
stream of nitrogen before ellipsometric thickness measurements.

The thicknesses of brushes were measured by a single-wavelength
ellipsometer at a 70� angle (AutoEL-III, Rudolph Research, Flanders,
NJ). The sample was rinsed with DI water and dried under nitrogen
before measurements. Five measurements, four at the corners and one at
the center, were taken on each rectangular sample with dimensions of ca.
5 mm � 10 mm. The average of those five measurements was used to
calculate the thickness of each brush.

The ATR-FTIR spectra were collected on the Excalibus Series bench
(Varian) with theMIRacle Single Reflection ATR kits (PIKE). The ATR
crystal was a germanium crystal. The pressure to hold the sample was
530 lb. The background scans were collected in air.

Gel permeation chromatography (GPC) was performed on a Varian
PL-GPC 50 PLUS system with an Alltech Jordi-Gel DVB 500 Å column.
The column was calibrated using polystyrene standard samples (Easivial
PS-M standards, Varian). The solvent was THF (J.T. Baker HPLC). The
polymer in solution was precipitated out and washed with ethanol, dried
under vacuum overnight, and dissolved in THF to make a sample with
concentration of 1 mg/mL.

DI water contact angles were measured on a homemade setup. A 5 μL
droplet of DI water was placed on the sample using a microsyringe. The
image of DI water droplet was collected by video camera (Panasonic GP-
KR222). Then the image was analyzed by ImageJ software (Image J
1.32j, Wayne Rasband, National Institutes of Health) to determine the
contact angle value. A humidifier was employed to increase the humidity
level to minimize the evaporation of water during the experiments.
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