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ABSTRACT

A strategy was developed to create a modulable polymer surface architecture (topography, chemical composition) at the nanometer scale.
Therefore, collagen was first adsorbed on a poly(methyl methacrylate) (PMMA) substrate and dried at high or low rate to produce continuous
or discontinuous layers, respectively. Solutions of PMMA in chlorobenzene were then spin-coated on top of these collagen layers. The obtained
surfaces were investigated using atomic force microscopy and X-ray photoelectron spectroscopy. Spin-coating with pure chlorobenzene on
the continuous collagen layer produced pits in the PMMA substrate through the collagen layer; spin-coating with PMMA solutions of increasing
concentrations progressively led to the formation of a surface covered by particles made of PMMA and collagen, resulting from a combination
of dissolution of PMMA from the substrate and deposition of PMMA from the solution. Spin-coating with pure chlorobenzene on the discontinuous
collagen layer led to dissolution of PMMA and to its redeposition on the collagen pattern, which served as a template. This provided a surface
entirely composed of PMMA, with cavities in the range of 0.1-1 gm diameter and 50-250 nm depth. In this case, the surface relief was
independent of the PMMA concentration of the spin-coated solution, the substrate PMMA dissolution and redeposition being the dominant
processes.

1. Introduction. The control of surface roughness is of of adsorbed proteins varies according to the physicochemical
particular relevance in fields as diverse as adhesion, wetting,properties of the substrate and the adsorption parameters,
tribology, optics, and biomaterial design. Different methods thus opening the way to a large variety of nanostructures.
have been developed, allowing the creation of surface Collagen adsorbed on mica was shown to form large fibrils
topography at the micrometer scale. These include particleat high concentration and pH, and a fine meshwork at low
blasting? laser ablatiort,settling of microspheresmethods ~ concentration and pH.Collagen presented different nanos-
based on photolithograpHty! or on microcontact printin§.  cale organizations on different polyméfsthis was also
More recently, the interest has also been focused on theobserved for a mussel adhesive prot€inChanges in
production of surface patterns at the nanometer scale, usingsubstrate surface properties combined with drying were
phase separatidror nanolithographl in self-assembled  shown to affect the surface organization as well, with the
monolayers, electron beam lithographymprint lithogra- production of particular patterns in some ca®e% Control-
phy % or colloidal lithography* These topographical changes  |ing the rate of drying after adsorption of collagen on poly-
at the micro- or the nanometer scale are, in most cases aHQmethyI methacrylate) (PMMA) allowed varying the surface
to a lesser or a greater extent, accompanied by chemicalgrganization, from a continuous to a discontinuous adsorbed
modifications of the surface. Curtis and Wilkinson recently |ayer at high and low drying rates, respectivély.
revi(a/ved the reactions of mammalian qells to napotopogra— Spin-coating of polymer solutions is commonly used to
phy.* They concluded that many questions remained unan- .46 surfaces, i.e., to reduce or eliminate topographic
swered anq, in that view, the'de5|'gn of.new nanostrUCtuerfeatures. Many theoretical and experimental studies have led
surfaces Wlth controlled chemistry is an |'mportant challenge. to the determination of a range of parameters favoring
Crystal_llne protein monolayers originating from the surface lanarization. The most important are high film thickness,
of bacteria, so-called S-layers, were suggested to be used ARy viscosity solution, low molar mass polymer, low

nanotemplates or nanoresisisThey have been used to volatility solvent, and low spinning speed. The geometry and

control the etching of a thin metal coating, producing a . o .
S . . .~ the location of the surface asperities to be planarized are
periodic array of 10-nanometer holes, in which the underlying . a0
determinant as wef®

graphite substrate was exposéd.he surface organization , o
In this paper, we present an original strategy to create a

* Corresponding author. E-mail: rouxhet@cifa.ucl.ac.be. modulable polymer surface architecture at the nanometer
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scale. The method involves adsorption of macromolecules
on a polymer surface followed by spin-coating of an

appropriate solution. It takes advantage of the surface
organization of the adsorbate to further create a chemically

Table 1. O/C and N/C Molar Concentration Ratios Determined
by XPS on PMMA Disks Conditioned with Collagen and
Subsequently Submitted to PMMA Spin-Coating

homogeneous but nanometer-scale-tailored polymer surface. _¢ollagen conditioning spin-coating ~ __molarratio
Spin-coating is used, not for planarization, but to exacerbate concn (ug/mL)  drying  [PMMA](g/L)  O/C N/C

a previously designed surface topography. The polymer used 02 ED none 0.41 <0.005
both as a substrate and for spin-coating is poly(methyl 02 FD 0.0 0.42 <0.005
methacrylate) (PMMA), an amorphous polymer widely used 02 FD 2.0 0.41 <0.005

FD none 0.38¢ 0.123°
FD 0.0 0.37b 0.113P
FD 0.2 0.39p 0.073P

to elaborate biomaterials such as contact lenses and teeth 7
and bone cementd.The adsorbate is collagen, an extracel- ;
lular matnx. protein. . . b 10 o4l® 003"

2. Materials and Methods. 2.1. Sample Preparation. 7 ED 20 0.40° 0.010°
Poly(methyl methacrylate) (PMMA) (Aldrich, Milwaukee, 7 SD none 0.38° 0.079°
WI; M,, = 996 000) plates were obtained by compression 7 SD 0.0 0.45°  <0.005
molding between two glass plates at 240. For the sake 7 SD 0.2 0.39°  <0.005
of uniformity, they were all spin-coated (tim¥e 60 s, speed 7 SD 0.5 0-372 <0.005
= 5000 rpm, acceleratios= 20 000 rpm/s, temperature ; gg ;'8 g'ggb zg'ggg
20 °C) with a 10% (w/w) solution of the same PMMA in ' ' '

chlorobenzene (VEL, Leuven, Belgium)_ a Conditioning with pure PBS Mean value of at least two independent
. . . measurements; the range of the data was not larger than°Ovizdan value
Collagen (type | from calf skin, Boehringer-Mannheim, of three independent measurements; range of 0.07.

Mannheim, Germany) was received as an aqueous solution
(3 mg/mL at pH 3.0). It was diluted in phosphate-buffered
saline solution (PBS) (137 mM NaCl (Merck, Leuven,
Belgium), 6.44 mM KHPO, (VEL), 2.7 mM KCI (Merck),

and 8 mM NaHPQO, (VEL)) to a concentration of Zg/mL.
Adsorption of collagen was performed as follows: a circular
PMMA sample (radius= 6 mm) was placed in a well of a
tissue culture plate (Falcon, Franklin Lakes, NJ); 2 mL of
the collagen solution were added and the collagen was
allowed to adsorb durm?2 h at 37°C. The sample was then
rinsed three times, without removal from the solution, by
pumping 1.8 mL of the liquid, adding 1.8 mL of water
(HPLC grade produced by a MilliQ plus system from ) ) ) )
Millipore, Molsheim, France, hereafter referred to as MilliQ), ~ AFM images (5x 5 um?) were obtained, in ambient
and gently agitating for 5 min. After rinsing, the samples conditions, in the contact mode using a commercial micro-

were removed from the wells and two different drying Scope (Nanoscope lll, Digital Instruments, Santa Barbara,
procedures were applied. A fast-drying (FD) procedure was CA) equipped with SN, triangular levers (Park Scientific
performed by flushing the samples with a nitrogen flow; the Instruments, Sunnyvale, CA; typical radius of curvatere
samples were then stored in a desiccator containi@g. A 20 nm, typical spring constant 0.01 or 0.03 N/m). The
S|0\N-drying (SD) procedure was performed by p|acing the Scan rate was 1 Hz. The applled force was minimized before
wet samples for a period of-B days in a closed vessel €ach image acquisition.
containing a saturated solution of }&0; (VEL), which The thickness of the PMMA layers obtained by spin-
maintained a relative humidity of about 95%. coating on silicon wafers was also evaluated using AFM.

Solutions of PMMA in chlorobenzene were prepared at For this purpose, a 302 300 nnt area was first imaged at
the following concentrations: 0.0, 0.2, 0.5, 1.0, and 2.0 g/L. high loading force; a larger image was then acquired,
100 uL of these solutions were spin-coated (time60 s, allowing to measure the depth of the previously damaged
speed= 5000 rpm, acceleratios 20 000 rpm/s, temperature  area.
= 20 °C) on the PMMA samples on which collagen had 3. Results.The O/C and N/C molar concentration ratios
been previously adsorbed and dried. determined by XPS are presented in Table 1. Theadd

To evaluate the thickness of PMMA films produced by C;sspectra recorded on the three samples prepared without
spin-coating, the same solutions and parameters were usedollagen were similar to those presented in the literdture
with an inert and smooth solid surface consisting of Zcm and the O/C ratios were close to the value of 0.40 expected
pieces of silicon wafers (Wacker-Chemitronic, Burghausen, from the stoichiometry of PMMA. Adsorption of collagen
Germany). led to N/C ratios of 0.12 and 0.08 at high and low drying

2.2. Surface CharacterizatioXPS spectra were recorded rates, respectively, while the O/C ratios were not appreciably
using a SSX-100 spectrometer (model 206 from Surface affected compared to the O/C ratios of samples conditioned
Science Instruments, Mountain View, CA) equipped with a with PBS. The Gs and Qs peaks were a combination of

monochromatized aluminum anode (10 kV, 12 mA). The
angle between the normal to the sample surface and the
direction of photoelectron collection was %3 he order of
peak analysis was: survey scans @ and Ns (except

for the samples prepared with silicon wafers for which the
order was: survey scan £ 0is and Sjp). Intensity ratios
were converted into molar concentration ratios by using the
sensitivity factors proposed by the manufacturer (Scoffield
photoemission cross-sections, variation of the electron mean
free path according to the 0.7th power of the kinetic energy,
constant transmission function).
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Figure 1. AFM images (size= 5 x 5um?; zzrange= 10 nm) of PMMA substrate after PBS conditioning (a) and subsequent spin-coating
with pure chlorobenzene (b) or with a 2.0 g/L PMMA solution (c).

those of PMMA and collagen, the PMMA contribution being (Rmg = 0.4 nm on 5x 5 um? areas) and defect-free. After
more important at low compared to high drying rate. spin-coating with the pure solvent or a 2.0 g/L PMMA
The surface composition of samples prepared by collagensolution, the surface was slightly rough&{= 1.1 nm on
adsorption, fast drying and subsequent spin-coating was5 x 5 um? areas) and presented some holes or bumps.
dependent on the concentration of the spin-coated PMMA Images acquired on samples dried at high rates after
solutions: the N/C ratio was not significantly affected by collagen adsorption, before and after spin-coating with
spin-coating the solvent; it was approximately reduced by PMMA solutions of increasing concentrations, are shown
half at a PMMA concentration of 0.2 g/L, and it dropped by in Figure 2, with cross-sections showing the characteristics
a factor of 10 at concentrations of 1.0 and 2.0 g/L. The C of the relief obtained. The adsorbed collagen layer was
and Qs spectra changed progressively, with a decrease ofhomogeneous and smootR.{s = 0.8 nm on 5x 5 um?
the collagen contribution as the PMMA concentration areas) as shown by imagewhich has the samerange as
increased. Spin-coating with PMMA solutions and even with the images of Figure 1. Spin-coating with pure chlorobenzene
the solvent alone on the samples dried at low rate after on top of this layer provoked the appearance of a rather
collagen adsorption provoked the disappearance of theregular array of holes, as illustrated by imdgeuantifica-
nitrogen signal. The Gand Qsspectra were similar to those  tion of the hole dimensions made on three independent
of pure PMMA, even when the pure solvent was spin-coated. samples, with three images each, gave a diameter of the order
The thickness of the layer obtained by spin-coating with of 100400 nm, a depth of the order of 80 nm, and a
PMMA solutions of concentrations of 2.0, 1.0 and 0.5 g/L surface occupancy of about 23%. After spin-coating with a
on silicon wafers was estimated, using AFM, to be respec- 2.0 g/L PMMA solution, the surface relief was much more
tively about 5, 2, and 1 nm. At a concentration of 0.2 g/L, pronounced and had a different character, as shown by image
the layer was no longer continuous. The XPS data were f. No clear baseline could be identified; the surface seemed
modeled in order to confirm these results. Thg Béak was to be covered by particles of a height of the order of-80
decomposed into contributions of oxidized 4piand el- nm and a width of the order of 100 nm, which tended to
emental (S§) forms, and the thickness of the oxide layer aggregate and occupied about 63% of the surface (dimensions
present at the surface of silicon was estimated, using the Si  obtained by analysis of three independent samples, with three
Sie ratio, to be 2.0 nm (parameters used: concentrationsimages each). The situations at 0.2 g/L (image c), at 0.5 g/L
Csisi, = 85.7 mmol/cm, Csis;,, = 18.7 mmol/cr; inelastic (image d), and at 1.0 g/L (image e) were intermediate
electron mean free pathisis, = Asis,, = 2.9 nn#). The between those at 0.0 and 2.0 g/L.
thickness of the PMMA layer was then evaluated using the  AFM images and cross-sections obtained on samples dried
ratio of concentrations of carbon involved in ester bonds and at low rates after collagen adsorption, before and after spin-
of elemental silicon, considering a continuous layer of coating with PMMA solutions of increasing concentrations,
PMMA over a 2.0 nm thick silicon oxide layer, itself are presented in Figure 3. The adsorbed collagen layer was
covering a silicon substrate (additional parameters used:discontinuous, as illustrated by image a, which has the same
concentration € c—opmva = 11.9 mmol/cni; inelastic z-range as the images of Figures 1 and 2a. It showed holes
electron mean free patiis puma = 3.25 Nni® and Asi pmma with a diameter of the order of 16000 nm and rims with
= 2.9 nm). The PMMA thickness was found equal to 3.4, a thickness of the order of-3l2 nm. Spin-coating with
1.4, 0.8, and 0.5 nm at respective concentrations of 2.0, 1.0,PMMA solutions of concentrations from 0.0 to 2.0 g/L led
0.5, and 0.2 g¢g/L, which was in the same range as the to a surface architecture independent of the PMMA concen-
thicknesses measured using AFM. tration; it showed cavities with a diameter of the order of
AFM images obtained on the three samples prepared100-1500 nm and a depth of the order of-5@50 nm.
without collagen (Table 1) are presented in Figure 1. When The topographies of the surfaces may be compared at
no spin-coating was performed following conditioning with  different length scales, using 2D power spectral density
PBS, the PMMA surface was very smooth (rms roughness analysis of the fast Fourier transform of the AFM imaggés.
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Figure 2. AFM images (size= 5 x 5 um?) of samples prepared by collagen adsorption and fast dryingrémge= 10 nm) and of the same after
spin-coating with a PMMA solution at concentration of 0.0 #sange= 50 nm), 0.2 (czrange= 50 nm), 0.5 (dzrange= 50 nm), 1.0 (ez-range
= 50 nm), and 2.0 g/L (fzrange= 100 nm). A cross-section taken along the horizontal line indicated by the arrow is shown beneath each image.
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Figure 3. AFM images (size= 5 x 5 um?) of samples prepared by collagen adsorption and slow dryingr@ge= 10 nm) and of the
same after spin-coating with a PMMA solution at concentration of 0.@-(ange= 100 nm), 0.2 (czrange= 100 nm), and 2.0 g/L (d;
zrange= 100 nm). A cross-section taken along the horizontal line indicated by the arrow is shown beneath each image.

This is shown in Figure 4a for samples dried at high rates were found between samples prepared in the same conditions.
and in Figure 4b for samples dried at low rates after collagen For the sake of clarity, the data presented in Figure 4a were
adsorption. Thé&ns of PMMA was low and increased only  extracted from Figure 2 (images a, b, and f).

slightly and monotonically with the length scale. Adsorption ~ The surface pattern obtained after collagen adsorption and
of collagen followed by fast drying (Figure 4a) increased slow drying (Figure 4b) led to a significantly highBrms at

only slightly theRmnscompared to PMMARms did not vary high length scale compared to the starting substratm;
appreciably with the length scale. After spin-coating with increased markedly up to a length scale of about 300 nm.
chlorobenzene, thB.ms was much higher and increased up Spin-coating still considerably increased Rgs, which rose

to a length scale of about 300 nm, which corresponded to at length scales between 0.1 angrh. The profile ofRims

the size of the holes present at the sample surface. Spin-as a function of the length scale was similar for spin-coating
coating with a 2.0 g/L PMMA solution rendered thg,s with chlorobenzene and with a 2.0 g/L PMMA solution,
even higher at high length scales due to the observedshowing that the effect of the solvent overwhelmed the effect
aggregates. However, the variationR#f,s at length scales  of the spin-coated polymer. The small confidence intervals
below 300 nm followed that of the samples prepared by spin- shown in Figure 4b indicate that the characteristics of the
coating with pure chlorobenzene, showing that the lateral adsorbed collagen layer and of the relief obtained by
size of the surface features was in the same range. Thessubsequent spin-coating with chlorobenzene or PMMA
trends were reproducible; however, appreciable variations solution are quite reproducible.
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a 10 guently to collagen adsorption. The role of the adsorbed layer

] on the pattern formation is essential as no comparable
topographical changes were observed upon spin-coating on
. the PMMA substrate (Figure 1).

A A A A Spin-coating with pure chlorobenzene on the discontinuous
collagen layer obtained by slow drying (Figure 3, Figure 4b)
led to a surface topography laterally similar to that of the
gno o o o o initial collagen layer, but with much higher and thicker walls.
o o O o Collagen was no longer detected at the surface (Table 1).
o ©° © This indicates that the PMMA substrate exposed in the holes

01 T ——rr was dissolved and redeposited on top of the collagen areas,
b 100 which served as a template. Spin-coating of PMMA solutions

] 6 § § of increasing concentrations did not modify the surface relief

% significantly compared to that obtained with the pure solvent.
10 ? The dissolution of the PMMA substrate thus overwhelmed

] T the effect of PMMA deposition from the spin-coating

] % solution, the amount of PMMA brought by the solution being
negligible compared to that dissolved from the substrate. The
D solutions of 0.2-2.0 g/L indeed allowed the deposition of

] 1-5 nm-thick PMMA layers on silicon, while the surface

1 i } } { % f relief obtained here was 100 times higher. Spin-coating
> 0.01 S 01 1I

10

>
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with a solvent of the substrate is sufficient to obtain
chemically homogeneous PMMA surfaces presenting a
wavelength (um) surface roughness controlled by the organization of the
previously adsorbed and slowly dried collagen layer.

Figure 4. Variation of theRys as a function of the wavelength . . .

for the PMMA substrate after PBS conditionir@)( for the PMMA Spin-coating with pure chlorobenzene on the smooth
substrate after collagen adsorpti@f) (and for the same after spin- ~ collagen layer obtained by fast drying provoked the appari-
coating with chlorobenzene or with a 2.0 g/L PMMA solution tion of holes in the layer (Figure 2b), but the N/C atomic
(W). (&) Fast drying after collagen adsorption. The confidence concentration ratio remained practically unchanged (Table

intervals obtained from different sets of samples being rather large, 1). As compared with samples covered by a discontinuous
the presented data were extracted from the images shown in Figure™”" P P y

2a,b,f, for the sake of clarity. (b) Slow drying after collagen coIIa_gen layer (sIow_dryi.ng.), the thin bUF densg collagen layer
adsorption. The error bars show the confidence interval at 95% (at Obtained by fast drying limited PMMA dissolution. However,
least two sets of data containing at least three images). restructuration of the 1 nm thick collagen layer alone may

not account for the observed hole formation. Considering

4. DiscussionThe surface organization obtained here after the surface occupancy by the holes (23%), this would indeed
adsorption of collagen is in agreement with a previous have produced holes of a depth of 1.3 nm, white4® times
study?s a continuous collagen layer was observed after fast deeper holes were observed. The holes were thus formed by
drying, while a discontinuous, patterned collagen layer was pit dissolution of the underlying PMMA. Redeposition of
obtained by slow drying. The N/C ratio of 0.123 (Table 1) dissolved PMMA was not in the form of a homogeneous
obtained here after fast drying is in agreement with the value film; if this were the case, the N/C ratio would have been
of 0.13 found before. Modeling the adsorbed layer as a film reduced at least by a factor of 5, in contrast with the
of constant thickness (parameters used: concentrationsexperimental value (Table 1).

Ccpmva =59.5 mmol/cm, Cccoliagen = 56.9 mmol/cr, Spin-coating with PMMA solutions of increasing concen-
Chnicollagen = 19.7 mmol/c (calculated from the collagen trations on the smooth collagen layer progressively increased
sequence); electron mean free pat@gmvua = 3.25 nm3° the surface relief compared to the one obtained with the pure

Ac protein= 3.5 NM, An prorein = 3.2 NNT) led to an apparent  solvent (Figure 2). The surface pattern obtained at a PMMA
thickness of about 1 nm. In the previous work, the patterned concentration of 2.0 g/L may not be formed by PMMA
surface produced at low drying rates was shown to be a net,particles (about 63% of surface coverage) on a collagen layer.
with holes of a diameter of about 100 nm: PMMA was If this was the case, the N/C ratio would reach 0.05, while
demonstrated to be exposed at the outermost surface in thét was found equal to 0.01 (Table 1). Neither may the
holes left by the collagen net. In the work presented here, observed particles be made of collagen: the original collagen
the main trends are reproduced; however, the collagen layerayer should indeed have a thickness of at least 20 nm to
obtained after slow drying resembles a layer with holes and form such aggregates, and the resulting N/C ratio should be
thick rims (Figure 3a), rather than a net. This difference is as high as 0.6% 0.32=0.20 (0.32 is the N/C ratio expected
attributed to small variations in the kinetics of dewettfig.  for pure collagen; the carbon concentration is similar in
Here, different surface patterns have been obtained on acollagen and PMMA). Moreover, the deposited PMMA layer
PMMA substrate, at the nanometer scale, by spin-coating brought by spin-coating, which is equivalent to a thickness
with either pure chlorobenzene or PMMA solutions subse- of about 5 nm as observed on silicon, cannot account for
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the formation of particles with a 3680 nm size. The

Poles of Attraction Program) and of the Research Department

observed surface organization thus results from the combina-of Communaudité-ran@ise de Belgique (Concerted Research
tion of dissolution of PMMA from the substrate through the Action) are gratefully acknowledged.

collagen layer and deposition of PMMA by spin-coating;

collagen is included in PMMA particles, which results in References

the weak, but not zero, N/C ratio.

While spin-coating is often used to planarize surfaces, it
was shown here that it also allows producing nanometer-
scale surface features. Planarization is favored by deposition
of a thick polymer layer, using a solvent with low volatility
and a low-molar-mass polymé&t3! Apart from the solvent
(chlorobenzene has a rather low volatility), the conditions
chosen here were more favorable to structure formation: the
PMMA had a very high molar mass; the concentration of
the polymer solutions were very low (6-2.0 g/L) compared
to those used for planarization (4Q00 g/L), leading to
deposition of a very thin layer. Moreover, dissolution of the
substrate PMMA was either governing or contributing to the
relief formation, which was not envisaged in other studies.

5. Conclusion.Different surface patterns were obtained,
at the nanometer scale, by spin-coating chlorobenzene or
PMMA solutions on collagen layers adsorbed on PMMA
substrates. Dissolution of PMMA from the substrate was
shown to be a major factor in structure formation. However,
the surface architecture (topography and chemical composi-
tion) depended on the collagen layer organization. In the case
of the discontinuous collagen layer obtained by slow drying,
redeposition of PMMA dissolved by chlorobenzene produced
a chemically homogeneous surface with cavities in the range
0.1-1 um diameter and 56250 nm depth, which resulted
from the organization of the initial collagen layer, acting as
a template. The PMMA concentration of the spin-coating
solution was not an important factor. In the case of the
smooth collagen layer obtained by fast drying, the surface
organization resulted from a combination of dissolution of
PMMA from the substrate and deposition of PMMA by spin-
coating. Depending on the PMMA concentration of the spin-
coating solution, different structures were obtained, from a
pitted collagen layer to a PMMA surface covered by particles
of PMMA incorporating collagen.

Different surface architectures, in terms of topography and
chemical composition, could now be produced by changing
the polymer substrate, playing with the adsorbed compound
and its organization, choosing another solvent, modifying
the spin-coating parameters, ....
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