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We describe a method of coating solid substrates with
a thin film (<100 nm) of a biodegradable polymer, poly-
(lactic acid) (PLA), using a combination of self-as-
sembled monolayers (SAMs) and surface-initiated po-
lymerization of L-lactide (LA) with tin(ll) octoate
(Sn(Oct),).r The formation of SAMs, terminated in
hydroxyl or amine groups in this study, renders well-
defined structural and chemical motifs on solid sub-
strates from which further chemical modifications, such
as surface-initiated polymerization, can be achieved.
The coating of solid substrates with biocompatible and/
or biodegradable polymers has been investigated for
applications in the biomedical sciences.?3 For example,
poly(ethylene glycol) (PEG) is commonly used as a
coating for implants to suppress the adhesion of bio-
molecules and cells.3? In the biomedical field, the use
of polymers as coating materials ranges from passiva-
tion films for prosthetic devices and implants to coatings
for drug-delivery devices.* For drug-delivery devices,
highly uniform polymer films of specific thickness are
generally desired either to form a permeable film that
allows predetermined dosage of a drug® or to encapsu-
late a drug in a biodegradable coating. PLA is one of
the few degradable materials currently used clinically
(e.g., sutures), and it is widely used in drug delivery and
tissue engineering.® The coating of solid substrates (e.g.,
silicon, gold, or polymers) with biodegradable PLA could
potentially yield polymer-coated implants or controlled
release devices (e.g., a stent?d7 or microchip*) for appli-
cations in drug delivery or tissue engineering. The
coated biodegradable polymer films could also offer
model surfaces to further investigate the interactions
between man-made surfaces and biomolecules and
cells.d

Among the methods for coating solid surfaces, surface-
initiated (living) polymerization has been intensively
studied.® Surface-initiated polymerization gives more
robust, dense polymer films in a more controlled manner
than other methods such as spin-casting or the “graft-
ing-onto” approach® and is also compatible with pat-
terning techniques such as soft lithography,® photo-
lithography,© or “dip-pen” nanolithography.! Here we
report the polymerization of LA from surfaces and the
characterization of the resulting polymer films. We
chose two solid surfaces that have been used for micro-
fabrication technique-based drug delivery devices: gold
and silicon surfaces.* These and other surfaces (e.g.,
glass and polymers) also have been intensively studied
for other applications such as microelectromechanical
systems (MEMS), microfluidic systems, or DNA chips.
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Figure 1. Schematic description of the procedure.

Figure 1 outlines the procedure: (i) the formation of
a self-assembled monolayer (SAM) on solid substrates
that presents hydroxyl or amine groups depending on
the substrates; (ii) the polymerization of added mono-
mers (LA) to coat the substrate. In the first step, we
formed a SAM of HS(CH3)11(CH2CH,0)30H (1) on a gold
surface by immersing the gold substrate into a EtOH
solution of 1 (2 mM) for 12 h.12 A SAM of N-(2-
aminoethyl)-3-aminopropyltrimethoxysilane (2) was
formed on a Si/SiO, surface by immersing a plasma-
cleaned substrate in an aqueous solution of 2 (1% of 2
in 1 mM acetic acid in deionized water) for 6—12 h.13
We then placed the SAM-coated substrate in a THF
solution of Sn(Oct), (0.02 mmol) and LA (10 mmol).1*
After 3 days, the reaction was quenched with 1 N HCI.
The substrate was intensively washed with CH,Cl,,
EtOH, and water and dried under a flow of N,. We
characterized the resulting films by IR spectroscopy,
ellipsometry, optical microscopy, and atomic force mi-
croscopy (AFM).

Hydroxyl-terminated molecules (including polymers)
have been used as co-initiators in the polymerization
of LA in bulk or solution polymerization.'>1® For ex-
ample, LA was polymerized from the hydroxyl end group
of poly(ethylene glycol) (PEG) to form block copolymers
in solution.'® Regarding the mechanism of the polym-
erization of LA, Penczek et al. reported that the polym-
erization is initiated by a —Sn(OR) species that derives
from a carboxylic acid (Oct)—alkoxide (OR) exchange
reaction.’” These results suggested that PLA could
possibly be grown from hydroxyl-terminated surfaces.

We formed hydroxyl-terminated SAMs on a gold
substrate and performed the polymerization of LA with
Sn(Oct), at 40 °C. Because of the instability of the Au—S
bond above 60 °C,'® reports on the surface-initiated
polymerization on gold are few.%2d.18ab.19 |t s therefore,
noteworthy that the PLA was grown at a low temper-
ature, considering that the bulk or solution polymeri-
zation of LA is usually performed at high temperature
(>80 °C). Figure 2 shows the polarized infrared external
reflectance spectroscopy (PIERS) spectrum of a PLA film
(12 nm thick based on the ellipsometric measurement)
on Au after 3 days.2° The C—H stretching peaks at 2961
and 2930 cm~! and the CO ester peak at 1735 cm™!
indicated the presence of a PLA film on the surface.
When the same conditions were applied to a gold
substrate without a SAM of 1, we did not observe film
formation. The film was thoroughly washed with CHo-
Cly; at this step, unbound PLA was removed from the
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Figure 2. PIERS spectrum of PLA grown on a gold substrate.
The film was grown on gold by placing a substrate presenting
hydroxyl-terminated SAMs in a THF solution of Sn(Oct), (0.2
mmol) and LA (10 mmol) and heating at 40 °C for 3 days.

Figure 3. AFM image of PLA grown on Si/SiO,. The film was
grown on Si/SiO; by placing a substrate presenting amine-
terminated SAMs in a THF solution of Sn(Oct), (0.2 mmol)
and LA (10 mmol) and heating at 80 °C for 3 days.

surface. A peel test was used to determine whether the
film could be removed with an adhesive.?! The film,
however, stayed at the surface, suggesting that the
polymer was grown from the surface hydroxyl group.

The same general conditions were applied to Si/SiO,
surfaces presenting amine-terminated SAMs (0.02 mmol
of Sn(Oct), and 10 mmol of LA in THF). Because the
SAMs on Si/SiO; surfaces are more robust, the temper-
ature was set at 80 °C. Ellipsometric measurements
revealed that films grown on Si/SiO;, surfaces were
much thicker than those grown on gold surfaces: films
as thick as 70 nm could be grown on Si/SiO,, compared
to a maximum of about 12 nm on Au. On the basis of
the report that the polymerization rate from an amine-
terminated molecule is roughly the same as that from
an hydroxyl-terminated molecule in solution,'” we be-
lieve that the temperature played an important role in
the polymerization.

Macromolecules, Vol. 34, No. 16, 2001

We characterized the surface properties of the result-
ing film by optical and atomic force microscopy. Tapping
mode AFM micrographs of the film (70 nm thick)
showed a nanomorphology consisting of polymer brushes
(Figures 3 and 4a).2?2 The roughness of the film (rms)
was 38 nm from the AFM measurement. We did not
observe any smooth polymer surfaces. Presumably, the
structure of the resulting polymers, a nanobrush, is due
to the crystalline nature of PLA:23 stereoregular (iso-
tactic) PLA readily crystallizes with high melting point
(~190 °C) and a glass transition temperature (Tg) of
around 60 °C. We believe that the crystallinity of PLA
prevented polymer chains from entangling each other
and/or collapsing.?* Instead, polymer chains aggregate
(crystallize) to form polymer nanobrushes.

We annealed the polymer brushes by heating the
substrate at 180 °C for 5 min and then at 130 °C for 2
h. By comparison with the surface morphology of the
PLA film before annealing, the annealed film showed
evenly distributed circular structures (Figure 4b). More
importantly, the magnified image showed that these
circular structures were composed of stacked flat layers
(which surface roughness is less than 1 nm). The
smallest height of the layers we have observed was 5
nm. The polymer film as a whole became rougher: the
rms was 52 nm after annealing. It is known that the
polymerization of L-lactide with Sn(Oct), yields an
isotactic PLA, which has a high crystallinity.?> The
crystalline structure of PLA consists of helical chains,
and the crystalline domains grow as spherulites that
are composed of lamellae formed by the helical chains.2326
We presume that the annealing resulted in more
domains composed of crystalline, elongated structures
containing some lamella-like structures. This result
demonstrates one method for changing the surface
morphology (and presumably crystallinity) of polymers
that are covalently bonded to the surfaces.

In conclusion, we have demonstrated the surface-
initiated polymerization of LA on Au and Si/SiO;
surfaces. The synthesis of surface-bound block or ran-
dom copolymers (e.g., poly(lactic-co-glycolic acid) (PLGA)),
as well as the determination of the living characters of
the polymerization, is under investigation.
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Figure 4. AFM images of the PLA films before annealing (a) and after annealing (b). The films were heated at 180 °C for 5 min

and then at 130 °C for 2 h.
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