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In this article, the surface erosion of spin-coated poly(trimethylene carbonate) (PTMC) films by lipase solutions

from Thermomyces lanuginosus was studied using atomic force microscopy (AFM). PTMC films (23-48

nm thick) were stable in water at 37 °C for 16 h, while after immersion in lipase solutions at 37 °C for 30

s and 1 min, the average thickness of the film decreased in time at a rate of 11.0 ( 3.7 nm/min. The

initially smooth films became significantly rougher during the erosion process. When the immersion time

of the films in the lipase solutions was limited to less than 5 s, degradation of the surface was minimal and

individual lipase molecules adsorbed on PTMC films could be discerned. By microcontact printing of the

PTMC surfaces using a patterned PDMS stamp and lipase solution for 30 s, a predefined micropattern

consisting of parallel, 5-µm-wide lines lying 5-nm deep and separated at a distance of 2 µm was formed.

Friction images showed differences in surface properties between the recessed and protruding lines in the

pattern.

Introduction

Biodegradable polymers are widely used as medical

implants and in drug delivery and tissue engineering ap-

plications. Most of the polymers used in these applications

degrade by a bulk degradation and erosion process. Only

few polymers show surface-eroding characteristics; examples

are polyanhydrides,1 poly(adipic anhydride),2 poly(ethylene

carbonate),3 and poly(ortho esters).4 We found that, upon

implantation, high molecular weight poly(trimethylene car-

bonate) (PTMC) degraded readily by surface erosion.5,6

When PTMC was incubated in lipase solutions (from

Thermomyces lanuginosus) this behavior could also be

observed.6 It should be noted that in the absence of this

enzyme at pH values ranging from 1 to 13 no degradation

occurred at all.

The surface erosion behavior of biodegradable polymers

has been studied using atomic force microscopy (AFM).

Shakesheff et al. initially used AFM to investigate the

hydrolytic surface erosion of poly(sebacic anhydride) films

in water and in alkaline solutions (pH ) 9-12.5),7,8 and of

poly(ortho ester) films in water and in a diluted HCl solution

(pH ) 6).9 Doi et al. reported AFM studies on the enzymatic

degradation of 100-nm-thick films of poly(ethylene succi-

nate)10 and of poly[(R)-3-hydroxybutyrate] (PHB) films11,12

by various PHB depolymerases. Recently, AFM was also

employed to study the enzymatic degradation of amorphous,

100-nm-thick poly(L-lactide) (PLLA) films by proteinase K.13

Furthermore, AFM enables the visualization of single enzyme

molecules at the nanometer scale.14 The adsorption of

individual PHB depolymerase molecules15 and proteinase K13

on the surface of PLLA films was reported as well.

In recent years, lipases (EC 3.1.1.3) have become an

important class of enzymes for a variety of applications in

biotechnology.16,17 In biomedical applications, lipases cata-

lyze the synthesis as well as the hydrolysis of polyesters and

poly(ester-co-carbonates).18 The hydrolysis activity of lipase

results from the catalytic triad Ser-His-Asp/Glu, which is

buried under a short helical segment, termed the lid.19,20

When adsorbed on hydrophobic supports,21,22 the conforma-

tion of the lipase molecule is open and the structure is

hyperactive. The adsorption of lipase molecules on phos-

pholipid self-assembled monolayers has been studied by

AFM.23

Studies on the adsorption of individual lipase molecules

on the surface of a biodegradable polymer film and its

subsequent enzymatic degradation have not yet been re-

ported. In this article, we report on an AFM study of the

enzymatic surface erosion of spin-coated PTMC films by

lipase solutions. Changes in morphology of the films upon

degradation were illustrated, and rates of erosion were

determined. To illustrate a potential biomedical use of this

rapid enzymatic surface erosion, microcontact printing

(µCP)24,25 of a PTMC surface using a patterned PDMS stamp

and lipase solutions was performed and the PTMC surface

after µCP was characterized by AFM as well.

* To whom correspondence should be addressed. Tel: +31 (0)53
4892968. Fax: +31 (0)53 4893823. E-mail: j.feijen@utwente.nl.

† Institute for Biomedical Technology (BMTI) and Department of
Polymer Chemistry and Biomaterials.

‡ Materials Science and Technology of Polymers, MESA+ Institute for
Nanotechnology.

3404 Biomacromolecules 2005, 6, 3404-3409

10.1021/bm050460q CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/20/2005

D
o
w

n
lo

ad
ed

 v
ia

 N
A

T
L

 R
E

S
E

A
R

C
H

 C
O

U
N

C
IL

 C
A

N
A

D
A

 o
n
 M

ar
ch

 1
3
, 
2
0
1
9
 a

t 
1
4
:4

0
:1

7
 (

U
T

C
).

 
S

ee
 h

tt
p

s:
//

p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u
b
li

sh
ed

 a
rt

ic
le

s.
 



Experimental Section

Materials. Polymer-grade 1,3-trimethylene carbonate (TMC)

was purchased from Boehringer Ingelheim (Germany).

Stannous octoate (SnOct2) and lipase from Thermomyces

lanuginosus (EC3.1.1.3, minimum 50 000 units/g) were

purchased from Sigma (U.S.A.) and used as received. Sodium

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-

PAGE) of the lipase solution showed a single protein band

at a molecular weight of 39.3 kD. The water used in this

study was deionized using a Milli-Q water purification

system (Millipore, France). High molecular weight poly-

(trimethylene carbonate) PTMC (Mn ) 291 × 103 g/mol,

Mw/Mn ) 1.46) was synthesized, purified, and characterized

as previously described.26 PTMC is an amorphous polymer

with a low glass transition temperature of approximately -20

°C.

Thin PTMC films with thicknesses between 23 and 48

nm were prepared by spin-coating dilute chloroform solutions

(3 mg/mL) on cleaned Si wafers at 3000 rpm. To determine

the film thickness, cuts through the films that exposed the

surface of the Si wafer were made by scratching with a

needle. From atomic force microscopy (AFM) height profiles

obtained in tenfold from each of the height images of three

different places (see below), the thickness of the film could

be determined by measuring the difference in height between

the polymer film and the Si wafer substrate.

Poly(dimethylsiloxane) (PDMS) stamps were prepared

from a Sylgard 184 silicone elastomer kit (Dow Corning,

Germany) according to the manufacturer’s specifications. The

mixture of prepolymer and curing agent was degassed and

poured onto a patterned Si master and cured at 120 °C

overnight. After curing, PDMS stamps with parallel channels

1 µm deep and 2 µm wide were obtained; the separation

between the channels was 5 µm.

Enzymatic Degradation of PTMC. PTMC films on Si

wafers were immersed in lipase solutions at 37 °C for 30 s,

1 min, and 2 min, respectively. Upon removal from the

enzyme solutions, the films were extensively rinsed with

water and blown dry with a gentle N2 flow. The effect of

the enzymatic degradation on the surface morphology of the

films was investigated by AFM. When the immersion time

in the enzyme solution (at room temperature) was decreased

to less than 5 s, enzyme degradation was limited and

individual molecules could be clearly observed on the surface

of the polymer film.

Patterned structures in the PTMC films were obtained by

microcontact printing (µCP) using the PDMS stamps. The

stamps were impregnated with the lipase solution, and then,

the excess liquid was removed with a N2 flow. The PDMS

stamp was carefully pressed onto the PTMC film for 30 s at

ambient conditions; subsequently, the PTMC film was

extensively rinsed with water and blown dry.

Control experiments using only water were carried out as

well.

Atomic Force Microscopy (AFM). The surface morphol-

ogy (height and phase images) and the thickness of the films

were investigated by tapping-mode AFM in air using a

NanoScope IIIa instrument (Digital Instruments, U.S.A.).

Silicon cantilevers/tips with a spring constant of 28-58 N/m

were used (Nanosensors, Germany). The amplitude of

oscillation at free vibration (A0) was set between 2.5 and

3.0 V. The operating set point ratio (A/A0), which is inversely

proportional to the damping of the cantilever, was set to

relatively high values (0.75-0.85). These measurements were

performed before and after treatment of the films with the

lipase solution. In the latter case, the films were first

extensively rinsed with water and dried.

Contact-mode AFM in lipase solution was used to

investigate the enzymatic degradation of the thin PTMC films

in real time. For this, a NanoScope IV instrument (Veeco

Instruments, U.S.A.) was employed. As the surface erosion

process in the lipase solution is quite fast, it is necessary to

carry out the experiments rapidly. To do this, the cantilever

tip was first brought close to the surface of the film, then

several drops of lipase solution were added, and the tip was

let to engage the wetted polymer film surface. This last step

took approximately 80 s, scanning of an area of 10 × 10

µm2, then took ca. 260 s (256 lines, 1 Hz). The contact-

mode AFM scans were carried out with a load of 3 nN using

V-shaped Si3N4 cantilevers with a spring constant of 0.1 N/m

(Nanoprobes, Veeco Instruments).

Contact-mode AFM in air was also employed to obtain

height and friction images of the surface of the PTMC film

after µCP. For this experiment, a NanoScope IIIa instrument

(Digital Instruments, U.S.A.) was used.

Results and Discussion

Enzymatic Degradation of PTMC Films. Recently we

reported the rapid enzymatic surface erosion of high mo-

lecular weight PTMC using lipase solutions from Thermo-

myces lanuginosus.6 During degradation of 750-µm-thick

compression-molded PTMC disks, the mass and thickness

simultaneously decreased linearly in time. The erosion rate

was 6.7 µm/d.

To investigate the enzymatic surface erosion process on a

nanometer scale, AFM is the most suited technique, as it

allows direct visualization of surface features at this level

of detail. Furthermore, the technique allows determination

of other characteristics of the surfaces such as rigidity and

friction properties. In this study, we employed various AFM

techniques to investigate the enzymatic surface erosion

behavior of spin-coated high molecular weight PTMC films

with thicknesses of 23-48 nm.

The morphology of the film surfaces before and after

immersion in the enzyme solution (or in water) at 37 °C

was studied by tapping-mode AFM in air. Tapping-mode

AFM allows us to simultaneously obtain height and phase

images of the surface, as Figure 1 shows. Initially, the surface

of the spin-coated PTMC film was very smooth, as can be

seen in Figure 1A. From the height image, a mean roughness

(Ra) of only 0.7 nm was determined. The phase image shows

a homogeneous polymer phase, as can be expected for an

amorphous PTMC homopolymer. Treatment of the polymer

film with water at 37 °C for 16 h did not significantly change

the morphology (Figure 1B); the film remained very smooth

(Ra ) 0.6 nm, averaged over the scanned area) and

homogeneous. PTMC films are very stable in water.

Enzymatic Surface Erosion of PTMC Studied by AFM Biomacromolecules, Vol. 6, No. 6, 2005 3405



After conditioning the PTMC film in the lipase solution

at 37 °C for only 1 min, the surface of the film had become

significantly rougher (Figure 1C, average Ra ) 2.5 nm). The

height image shows the presence of pits and particles, with

depths and heights of, respectively, 5-10 nm and 1-20 nm;

their diameters were 20-160 nm. In Figure 1C, the phase

image which corresponds to the height image shows that

regions that are pits in the height image have a phase equal

to that of the surrounding background. The regions that are

particles in the height image have a phase that differs from

the background. This follows from the color scale ac-

companying the figure.

Treating the PTMC film for 2 min with the lipase solution

resulted in a further increased roughness of the film surface

(Figure 1D, average Ra ) 3.1 nm). Now, the sizes of the

pits and particles had further increased, and features with

diameters of 450 nm were distinguished. The raw data shows

that the maximal depth and height of the pits and particles

were, respectively, ca. 30 and 40 nm. In the corresponding

phase image, the phase of the pits can be distinguished from

that of the surrounding background: this suggests that at

these places the polymer film had been eroded completely

so that the surface of the Si wafer was exposed.

Clearly, immersion of PTMC in the lipase solution leads

to greatly increased surface roughness. In water, the surface

does not change significantly; therefore, this roughening is

due to an enzymatic degradation process of the polymer. We

have shown that the chain scission of PTMC upon enzymatic

degradation is random along the polymer chain and that the

degradation products are TMC monomer, 1,3-propanediol,

and oligomeric PTMC.6 TMC, 1,3-propanediol, and an

oligomeric fraction with an average degree of polymerization

of 2.6 were found to be soluble in water. Oligomers with

higher degrees of polymerization were not soluble in water.6

Upon enzymatic degradation of the spin-coated PTMC films,

the water-soluble degradation products go into solution,

forming the pits on the film surface. The higher molecular

weight, insoluble oligomeric degradation products have low

viscosities and could aggregate on the film surface and form

the observed big particles. Nevertheless, it cannot be

excluded that enzyme molecules may aggregate by them-

selves or with PTMC oligomers as well.

Although in time the roughness of the film surface

increases upon enzymatic degradation, the average thickness

of the spin-coated PTMC film decreases in time. The film

thickness is determined from the height profiles across a

scratch in the film, which exposes the Si surface. Typical

height profiles across a scratch before and after immersing

the film in the lipase solution for 1 min are shown in Figure

2A. Figure 2B shows the decrease in thickness of the films

during the enzymatic degradation in the lipase solution within

1 min. From these determinations, an average erosion rate

of 11.0 ( 3.7 nm/min was determined. This value is in the

same range as we previously reported for compression-

Figure 1. Tapping-mode AFM height and phase images of PTMC films spin-coated on Si wafers before treatment (A); conditioned in water at
37 °C for 16 h (B); conditioned in lipase solution at 37 °C for 1 min (C); and conditioned in lipase solution at 37 °C for 2 min (D). The full color
scale represents 15 nm in height and 30° in phase, respectively.

Figure 2. (A) Tapping-mode AFM height profiles across the edge of
a scratch in a PTMC film before and after immersion in the lipase
solution at 37 °C for 1 min. (B) Decrease in thickness of PTMC films
immersed in the lipase solution at 37 °C (n ) 30; (sd).

3406 Biomacromolecules, Vol. 6, No. 6, 2005 Zhang et al.



molded PTMC disks (750-µm thick) degraded by the same

lipase solution (6.7 µm/d ) 4.7 nm/min).6

Lipase Molecules Adsorbed on PTMC Films. When the

immersion time in the enzyme solution (at room temperature)

and the subsequent rinsing with water was only a few

seconds, enzymatic degradation of the polymer surface was

limited, and in principle, we could observe individual

molecules on the surface of the polymer film. Figure 3A

shows the tapping-mode AFM height and phase images of

the PTMC film after immersion in the enzyme solution for

less than 5 s. In comparison to the untreated films described

previously, the average roughness of the scanned surface

increased slightly to a value of Ra ) 1.6 nm. In the height

image and at the same positions of the corresponding phase

image, very small particles can be discerned. From the phase

image, it can be deduced that the modulus values of these

particles differ significantly from that of the background

PTMC film, suggesting that these particles are not PTMC.

Figure 3B shows expanded (600 × 600 nm2) AFM height

and phase images obtained from a new scan of the selected

area as shown in Figure 3A.

A typical height profile across an individual particle is

shown in Figure 4. From such profiles, the apparent radius

of a particle (rAFM) and its relative height (h) can be

determined. The profiles of 200 particles were analyzed,

giving rAFM and h values ranging from 7.8 to 21.5 nm and

1.0 to 4.0 nm, respectively. Average rAFM and h values were

rAFM ) 15.3 ( 2.9 nm and h ) 2.3 ( 0.7 nm.

The smallest particles observed on the film surface have

dimensions of rAFM ) 7.8 nm and h ) 1.0 nm; these approach

the sizes of single macromolecules. For native lipase

molecules in aqueous solutions, a radius of approximately

3.5 nm was reported.23,27

The apparent radii of small particles on the surface as

determined by AFM are larger than their true radii because

of the relatively large size of the AFM tip, and corrections

need to be applied.28-30 For flattened particles on a surface,

the true radius (r) of the particle can be calculated from the

apparent radius (rAFM) and the relative height of the particle

(h) determined by AFM, and the radius of curvature of the

AFM tip (Rtip), using the following equation:30

In our case, we observed particle dimensions of rAFM ) 15.3

( 2.9 nm and h ) 2.3 ( 0.7 nm, while Rtip of the cantilevers

was 17.5 ( 7.5 nm. After correction, the true radius (r) of

the particles ranges from 4.7 to 20.9 nm with an average

value of 12.4 ( 6.0 nm. If a radius of 3.5 nm is assumed for

a spherical lipase molecule in solution, its volume can be

calculated to be 180 nm3. For a single, disc-shaped lipase

molecule, which has been flattened by adsorption on the

surface and has a height of 2.3 nm, a radius of 6.1 nm can

be calculated by assuming its volume has not changed. This

value corresponds very well with the true size of the smallest

particles on the film surface; from this and from the

difference in phase with the PTMC background (Figure 3),

it is suggested that these small particles could be lipase

molecules. The average radius of the particles we measured

by AFM was slightly larger (12.4 nm). This could be caused

by differences in the Rtip of the cantilevers employed and,

as lipase can be obtained from different sources, by differ-

ences in size of the lipase molecules themselves when

comparing with literature values. Also, the larger radius of

the enzyme molecule as determined by AFM could be due

to compression of the lipase by the AFM tapping force. Such

deviations in size have previously been reported in other

systems by Doi et al..13,15

It is interesting to compare the adsorption behavior of the

individual lipase molecules on PTMC films with that of PHB

depolymerase and proteinase K on PLLA films as investi-

gated previously.13,15 In all cases, the enzymes could not be

washed off the surface with water. Upon adsorption, these

enzymes deformed and flattened significantly on the polymer

surfaces. These results suggest strong interactions between

the enzymes and the polymers.

Enzymatic Surface Erosion of PTMC in Real Time.

The enzymatic surface erosion behavior was investigated in

real time by performing contact-mode AFM of a PTMC film

onto which a small amount of lipase solution was dropped.

Contact-mode AFM was employed, as it allows a good

resolution to be obtained when scanning relatively rough

samples with large variations in height.

Figure 3. Tapping-mode AFM height and phase images of a PTMC
film after rapid immersion in the lipase solution (immersion time was
less than 5 s) and rinsing with water (A); and those images from a
new scan of the selected area (B). The full color scale represents 15
nm in height and 30° in phase, respectively.

Figure 4. A typical height profile across an individual particle as
presented in Figure 3B.

r ) xrAFM
2
- 2Rtiph

Enzymatic Surface Erosion of PTMC Studied by AFM Biomacromolecules, Vol. 6, No. 6, 2005 3407



Figure 5 shows the AFM height images of the surfaces

during erosion of the film. After the lipase solution was

dropped onto the film surface, it took approximately 80 s to

engage the AFM tip onto the film surface and start the

scanning. The AFM scan rate was 1 Hz; therefore, scanning

of the images (256 lines) required another 260 s, during

which the specimen was exposed to the lipase solution and

subjected to degradation. Figure 5A therefore shows the

surface of the PTMC film in real time as it was being

degraded from 80 to 340 s. At approximately 90 s, the

thickness of the film had decreased to 10-13 nm. At this

time, perforations of the film became visible, exposing the

underlying Si surface. At later time points, the size of the

perforations increased and noticeable rims appeared.

From approximately 240 s onward, the size of the

perforations had so greatly increased that the polymer film

was not continuous anymore. Instead, high mounds of

polymeric material (up to 120 nm in height) had been formed

on the Si wafer. After the scan from 80 to 340 s was finished,

the same area was immediately scanned for a second time

in the opposite direction. The obtained height image is shown

in Figure 5B. The figure shows that with increasing degrada-

tion time the area corresponding to polymeric mounds

decreased, while their height increased. The polymer was

completely degraded after 600 s. (Please note that in the

figure the full height scale represents 200 nm; this allows

visualization of the large differences in height.)

These scans visualize the erosion of the surface of PTMC

films in real time. The formation of rimmed holes suggests

that during degradation dewetting of the PTMC film on the

Si surface could also have occurred. This phenomenon does

not occur when the film is immersed in water for 16 h (see

Figure 1B).

Micropatterned Structures. PTMC is well-suited for the

culture of cells, as we have shown previously.31,32 Micro-

and nanopatterned PTMC surfaces have great potential in

applications where the patterning of cells is desired, such as

tissue engineering, biochips, and biosensors. We investigated

the possibility of utilizing the rapid enzymatic surface erosion

to form a micropatterned structure on PTMC films by the

µCP technique using lipase solutions.

Patterned PDMS stamps, consisting of 2-µm-wide recessed

lines spaced by 5-µm-wide protruding lines, were impreg-

nated with the lipase solution. After removing the excess

liquid, the patterned structure was carefully pressed onto the

PTMC film for 30 s; subsequently, the PTMC film was

extensively rinsed with water and blown dry.

The resulting pattern on the surface of the PTMC films

was probed using contact-mode AFM to obtain height and

friction images (Figure 6A). From the height image, alternat-

ing and parallel lines, which were approximately 2- and 5-µm

wide, could be distinguished. The 5-µm-wide lines, which

had been in contact with the lipase solution on the PDMS

stamp, were lower in height. A typical height profile across

the patterned surface of the film is shown in Figure 6C. The

profile shows that the 5-µm-wide lines are approximately 5

nm lower than the 2-µm-wide lines. From the height profile

in Figure 6C, it can also be seen that the middle parts of the

protrusions are lower than the edges. This is probably caused

by capillary forces between PTMC (which is in the melt at

room temperature) and the cross-linked, patterned PDMS

stamp. Similar height profiles were obtained during capillary

force lithography of polystyrene films at 150 °C (Tg of

polystyrene is 101 °C).33

Simultaneously, the AFM friction image after µCP was

obtained. The pattern of the friction image corresponds very

well with that of the height image (Figure 6A). Alternating

lines with relatively high friction are approximately 5-µm

wide and can readily be distinguished from relatively low

friction lines 2 µm in width. The 5-µm-wide lines with higher

friction correspond to the area that has been contacted with

Figure 5. Contact-mode AFM height images of a PTMC film during
degradation in lipase solution at room temperature from 80 to 340 s
(A) and from 340 to 600 s (B). The full color scale represents 200
nm in height. The arrows indicate the direction of the scan, and the
given times correspond to degradation time points.

Figure 6. Contact-mode AFM height and friction images of PTMC
films after µCP using lipase solution (A) and using water as control
(B), and height profiles of the surfaces of PTMC films after µCP using
lipase solution and using water (C). The full color scale represents
25 nm in the height images and 2 V in the friction images.

3408 Biomacromolecules, Vol. 6, No. 6, 2005 Zhang et al.



lipase solution; their higher friction is possibly due to higher

hydrophilicity in these lines.34 Control experiments showed

that, after µCP of the PTMC films with only water, a

patterned surface was not obtained; the height and friction

images (Figure 6B) and the height profile (Figure 6C) did

not show any features.

These results demonstrate that, by µCP using lipase

solution, a micropatterned PTMC surface with differences

in height and in friction properties can be readily formed

simultaneously. This is a novel strategy to form predefined

micropatterned structures on a biocompatible and biodegrad-

able polymeric surface.

Conclusions

The surface erosion of spin-coated PTMC films (23-48

nm thick) by lipase solutions was studied using AFM. After

immersion in lipase solutions for 30 s to 2 min, the roughness

of the films increased, and their average thickness decreased

in time. The rate of the enzymatic surface erosion of the

PTMC film within 1 min was 11.0 ( 3.7 nm/min, which is

comparable to that of the much thicker, compression-molded

disks. When the contact time of the films with the lipase

solutions was limited to less than 5 s, degradation of the

surface is minimal and individual lipase molecules adsorbed

on PTMC films could be discerned.

The erosion of the surface of PTMC films was visualized

in real time. During the process, rimmed holes were formed

in the thin films. These holes exposed the underlying

substrate and expanded in time. The film was completely

eroded in 10 min.

Microcontact printing of a PTMC film surface using a

PDMS stamp and lipase solution allowed the patterning of

the film surface with predefined microstructures of varying

heights and surface properties. Since PTMC is biocompatible,

such micropatterned surfaces have a great potential for

applications where cell patterning is required.
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