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Biopolymers are increasingly being studied with respect to
cell-surface interactions. Polymers are advantageous for these
studies because they are largely biocompatible and can be
used to produce a number of micro- or nanostructured repli-
cas cheaply. The biomedical applications of these polymers in-
clude tissue engineering[l’z] and biomedical implants.m In such
applications, the surface topography of the polymer plays an
important role in the well-being of the growing cells. Y As it
may also be possible to control the characteristics of the cell
using structured surfaces,””! the development of techniques for
micro- and nanostructuring biopolymers is becoming increas-
ingly important.

A broad range of methods are available to control surface
topography. Nanoembossing (NE)!® and soft lithography
(SL)m are increasingly common techniques for producing
structured polymer surfaces. Although both techniques have
numerous advantages, they do have some drawbacks. NE
takes place at temperatures which can be detrimental to deli-
cate, bio-functionalized polymers, and is limited to using solid
state, thin films of thermoplastic polymers, which are typically
spun down onto inorganic substrates. SL, on the other hand, is
only suitable for elastomeric (liquid) pre-polymers and the
choice of polymer-mould combinations can be limited, as we
shall demonstrate.
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Forced Soft Lithography: We have used FSL for the faithful
production of micro- and nanostrucutred polymer replicas
using the solution-processable biopolymer, Chitosan. Figure 1
presents a schematic diagram showing the steps involved in
FSL. The mould is placed in the bottom of a poly(propylene)
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Figure 1. Schematic diagram of the Forced Soft Lithography technique.
The silicon mould is placed in the press with the structures to be replicat-
ed on the upper surface (a). The liquid polymer is poured on the mould
and forced to enter the mould cavities under pressure for ~1 minute (b).
The pressure is released and the press opened (c) allowing the solvent to
evaporate (d). When the polymer is fully cured, the replica is simply
pealed off the mould (e).

chamber with the structures to be replicated uppermost (a).
The liquid pre-polymer is poured into the chamber before a
plunger is inserted and pressure is applied via an external
press (b). This compresses the polymer to a pressure of be-
tween 2 x 10° and 1x 10° Pa in ~ 1 minute. The pressure is re-
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leased and the chamber is opened (c) allowing solvent evapo-
ration to occur and the curing process to begin (d). After cur-
ing for 36 h, the polymer is simply pealed off the surface of
the mould (e). All the process steps, including the pressuriza-
tion and the curing/evaporation, are carried out at room tem-
perature.

Polymer and mould preparation and characterisation is de-
tailed in the supporting information. The moulds used for our
SL experiments have been indirectly characterized with re-
spect to their shape and dimensions using Poly(methyl meth-
acrylate) (PMMA) NE, and with respect to their surface ener-
gy using water contact angle measurements. The average
height of the structures, in five PMMA replicas (~600 post
structures) of the two moulds used here, was 745 nm and
400 nm. The surface area of the structures in each case was
5x5 um? Contact angle measurements on the non-function-
alized silicon nitride (Si3N4) moulds revealed an advancing
H,O contact angle of 83.7°, which agrees with previously re-
ported values.! Upon functionalization to produce a (hydro-
philic) mould with a high surface energy, the advancing H,O
contact angle decreased to 66.7°. When the SizN, was func-
tionalized to produce a (hydrophobic) mould with a low sur-
face energy, the advancing H,O contact angle increased to
130.0°.

Polymer Replication: Conventional SL operates by filling
the entirety of the mould by the liquid pre-polymer in order
to form a negative replica of the mould. This is commonly
achieved at room temperature and with no applied pressure.
Under these conditions, for the production of structures at the
micron and sub-micron range, the force due to gravity is negli-
gible and capillarity forces dominate."”)
Filling of the mould depends on the
polymer displacing the air in the mould
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forces between the mould surface and the liquid pre-polymer
are strong. These adhesion forces overcome the surface ten-
sion in the polymer, and allow it to fill the cavity. As the sur-
face energy decreases, the adhesion forces are minimized,
making it hard for the polymer to enter the mould cavity.
Consequently the pressure applied by the polymer on the air
in the cavity is minimized and the air is not displaced.

The pressure necessary to move the bubble of air is also in-
versely dependent on the dimensions of the cavity to be filled.
Moulds with arrays of point-like cavities were chosen because
of the difficulty of replicating post-like structures in polymers
using conventional replication methods. Moulds which pro-
duce line or cavity structures in the polymer require less for-
ceful replication conditions. We have therefore chosen the
worst chemical and geometrical conditions for the replication
process in order to demonstrate the capabilities of the FSL
method.

Figures 2 and 3 compare SL and FSL for PDMS and Chito-
san respectively using high surface energy and low surface en-
ergy functionalized moulds. In each case, the figures show a
histogram of the heights of the points measured from a
125 x 95 um? white light interferometry image of the polymer
replica, which contains ~120 post-like structures. The y-axis
data have been normalized. The first peak in each histogram
constitutes those points at the base of the polymer replica. In
each case this value has been adjusted to 0 on the x-axis. The
second peak in each histogram constitutes those points at the
top of the post-like structures. Inset in each figure are sec-
tional profiles of a small number of the replicated structures
for comparison of their shapes.

cavities. The displacement process
therefore requires that a critical pres-
sure is achieved. This is described em-
pirically by Tenan et al.'"" and is theo-
retically explained as the difference in
energy of the cavity when it is filled
with air compared to when it is filled
with polymer. If this pressure is not
reached the polymer will only be able
to enter the cavity to the point at which
the capillarity force balances the oppos-
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The pressure required to displace the
air depends on an affinity factor related
to the nature of the gas in the cavity (air

in this case), on the polymer employed, 0
and also on the mould material. We
have undertaken chemical functional-
ization of the surface of the mould to in-
troduce variation in the mould surface
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Figure 2. Graph of the normalized distribution of heights of PDMS posts (5x5 um?) in a
125x95 um? area of a white light interferometry image. The posts are produced using conven-

tional SL using low (A) and a high (B) surface energy moulds, and using FSL with a low surface

energy. If the surface energy of the
mould is high, the attractive (adhesion)
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energy mould (C). The average heights of the posts in each case is a=267 nm and b, c=385 nm.
Inset are 30 pm long cross sectional profiles of the posts produced using each of the techniques.
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Figure 3. Graph of the normalized distribution of heights of Chitosan posts (5x5 um? in a
125%95 um? area of a white light interferometry image. The posts are produced using conven-
tional SL using low (A) and a high (B) surface energy moulds, and using FSL with a low surface en-
ergy mould (C). The average heights of the posts in each case is a=55 nm, b=201 nm, and
¢=710 nm. Inset are 28 pm long cross sectional profiles of the posts produced using each of the

When using Chitosan, the results are
even more dramatic. If conventional SL
is undertaken using a non-optimal poly-
mer/mould combination, i.e., Chitosan
and a low surface energy mould, the
replicated structures are only ~55 nm
tall (A in Fig. 3). If the mould is func-
tionalized to increase its surface energy
(B in Fig. 3) the height of the posts
quadruples to ~201 nm tall. However,
as the mould cavities are 745 nm deep,
the mould filling is incomplete in each
case, with, respectively, less than 8 %
and 27 % of the mould filled. This high-
lights the problem of using non-optimal
polymer/mould combinations when at-
tempting to produce microstructures in
a non-elastomeric polymer using SL.
Using FSL with the low energy mould
surface and with an applied pressure of
4x10° Pa, the height of the structures
increases to 710 nm, filling ~95% of
the total volume (C in Fig. 3). This is

techniques.

In the case of PDMS (Fig. 2), using a 400 nm deep mould
with a low surface energy and without any kind of external
force, the polymer produces replica structures up to 267 nm
tall (68 % of the expected height) (A in Fig. 2). The replicated
structures have similar heights whether they are cured at
80°C for 1 hour or at room temperature for 24 h. The com-
plete filling of the mould in this case can be achieved by one
of two methods. The mould can either be chemically modified
to produce a high energy mould surface, which increases the
adhesive forces between the PDMS and the mould surface
and causes almost complete filling (~96 %) of the mould cav-
ities (B in Fig. 2), or FSL can be used to force the polymer to
enter the mould cavities, even when the mould has a low ener-
gy surface (C in Fig. 2). This shows that the type of mould ma-
terial used is important when considering implementing SL.
However, even with a bad polymer/mould combination, FSL
can be used to overcome the forces which lead to incomplete
filling of the mould cavities.

The quality of the replicas is also improved in FSL, com-
pared to SL replicas produced using the optimized mould.
The full width at half maximum (FWHM) of the peaks repre-
sents the height distribution (roughness) of the surfaces of the
polymer. The FWHM of the upper surface of the FSL replicas
(peak 2) is smaller than for the SL replicas, suggesting that
the roughness is lower for the FSL replicas. This characteristic
can also be qualitatively observed in the profile of the peaks
(Inset in Fig. 2) where the top surface of the replicated PDMS
structures produced using FSL using the chemically modified
mould (C) are flatter than those produced by SL (B).
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probably the best result achievable with
this method because the polymer will
shrink slightly during the solvent evapo-
ration/curing process.

The pressure required to remove air present in the cavities
will increase as the cavity size decreases. Therefore externally
forcing the polymer into a nanometric dimensioned mould
will be more important than for a micrometric mould. Experi-
ments using a nanometric mould, containing lines ~200 nm
wide and 100 nm deep (Fig. 4a), reveal that curing the Chito-
san without applying any pressure produces replicated struc-
tures up to 73 % of the expected height. This result is higher
than expected, but may be explained due to the shape of the
structures in the focused ion beam (FIB) fabricated mould.
The Gaussian beam shape of the FIB makes it difficult to pro-
duce mould cavities with vertical side-walls. The cavities in
the mould are therefore Gaussian in shape, which are easier

Figure 4. AFM images of a) a low surface energy mould nanostructured
using FIB, and b) a Chitosan replica produced from this mould using
FSL. Scan area in each case=2x2 um” Comparison of the average
height of the nanostructures produced using SL and FSL, with the depth
of the structures in the mould, reveals an increase in average structural
height of 21 % using FSL
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to fill with polymer than a cavity with vertical side-walls. Even
so, when using FSL, with an applied pressure of 4 x 10° Pa,
the average height of the structures in the replica (Fig. 4b) in-
creases to 94 % of the expected height.

It is possible to increase the adhesion forces between the
mould and the polymer by altering the properties of the pre-
polymer. For example, adding less cross-linking agent when
preparing PDMS can be used to produce a low viscosity,
“sticky” polymer which will enter the mould cavities more
easily. This however has the effect of altering the properties of
the final SL polymer replica. Reducing the amount of cross-
linking agent causes the PDMS replica to have a lower
Young’s modulus and hence it is more flexible. In some cases,
it may be necessary to use a combination of polymer and
mould which is not ideal to produce a polymer replica with
the required physical or chemical properties, and for this FSL
is a useful technique.

Replica Transparency: The transparency of the replicas was
also studied. A Chitosan replica formed by simple vacuum de-
gassing of the liquid pre-polymer was compared with one pro-
duced by FSL. In the former case the polymer-mould system
was introduced into a vacuum chamber at 1.8 x 10* Pa for 1
minute; equivalent to the time used to apply the pressure in
FSL. Both samples were cured for the same amount of time
and peeled off the mould before being examined in the visible
range of the electromagnetic system using an ultra-violet/visi-
ble spectrometer (UV1240 UV-vis spectrometer, Shimadzu
Corp., Japan). The transparency of the FSL replica increased
from 82 % at 350 nm to 98 % at 800 nm, whereas the trans-
parency of the vacuum prepared replica increased from 66 %
to 82 %. This approximately corresponds to a 20 % greater
transparency in the FSL produced sample across the measure-
ment range. This agrees with previously reported results for
PDMS at higher temperatures.['!

Mould Filling: The filling of the mould and possible bubble
formation can be examined theoretically. When two phases
come into contact, an interfacial tension appears and can be
described as the balance between the two surfaces tensions,
I'xy, less an energy lowering associated with attractive forces
between the molecules of the two phases. When a liquid is in
contact with a solid and a gas (a three phase system), at equi-
librium, the chemical potential in the three phases should be
equal. The surface contact will change, via a change in the lig-
uid-solid contact angle, 0° <6< 180°, until this equilibrium is
reached. If 6 <90° the solid-liquid interface is of lower energy
than the solid—gas interface and within a capillary, a phenome-
non called “capillary rise” is expected to occur."?! This phe-
nomenon consists of the the liquid rising along the capillary in
order to seek a lower interfacial energy state.

In our experiments at the micro- and nanoscale, the action
of gravity is negligible and capillarity will be the main force
involved in the process. Through application of an external
force, equilibrium is reached when the pressure due to the ex-

Adv. Mater. 2007, 19, 3696-3701

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MATERIALS

ternal force, Pey, plus the pressure due to capillarity, Pcyp,
equals the pressure of the compressed air in the closed cavity,

Pair:Pcap+Pexl (1)

If we assume that the gas is ideal and that, prior the en-
trance of the polymer (initial state), it is at atmospheric pres-
sure (Pam), we can apply Boyle’s law to calculate the change
in pressure due to the change in volume of the trapped air.
The height of the liquid column under these conditions is giv-

en by,
Pyma ) (2)

=D(1l———"——
< ( 2y cos O + Poya

where a and D are the radius and the depth of the cavity re-
spectively and yp. is the liquid polymer surface tension assum-
ing that, generally, y1. =y (the polymer/gas interfacial ten-
sion).

Equation 2 models the entrance of the polymer, in its liquid
state, into the cavities of the mould, both for those techniques
employing an external force (FSL) and for those where only
capillarity is responsible for polymer replication (SL), in the
latter case Py =0. The equation assumes air in the mould is
not displaced and states that there are two ways to increase
the quality of the structures (i.e., increase &). Firstly, we can
decrease the contact angle between the polymer and the sur-
face. As yp is constant, and characteristic of the polymer, the
contact angle can be decreased by increasing the surface ener-
gy of the mould (i.e., by chemical functionalisation of the
mould surface). Secondly, we can increase Py this is the ba-
sis of the FSL technique.

From Equation 2 we can obtain the maximum height of the
structures it is possible to produce by chemical modification
of the mould alone. In the ideal condition where the minimum
contact angle is 0°, the maximum height achievable is,

Patma)
- 3
2L 3)

E0°) = 0(1

if the air is not displaced from the mould cavities. There-
fore, the height of the replicated structures, created by varying
the contact angle, has a theoretical limit. However, when ad-
ditional external pressure is applied, the height of the struc-
tures is only limited by the mould dimensions. Equation 2 also
reveals the maximum value of the contact angle that the poly-
mer must possess in order to produce a replica of the mould
using ambient experimental conditions. The limit is obtained
when ¢ =0 and is given as,

Pam-a

COS Omax = ZVL (4)

A polymer with a contact angle, on the surface of the
mould, larger than that presented in Equation 4 will not form
complete structures if neither chemical modification nor ex-

www.advmat.de

3699



3700

_ ADVANCED

MATERIALS

ternal force is employed. Note that these equations are valid
at micro- and nanoscales only. At larger scales, effects due to
gravity become significant when modelling the filling of the
mould by the polymer.

Air Bubble Removal: In the above theroretical description,
the effects of an external pressure are described and a constant
volume of air in the mould is assumed. However, the results for
FSL (where the replicas faithfully replicate the mould and the
transparency is high) show that, during the application of the
external pressure the air is removed from the cavities. If the air
was just compressed, after the retraction of the piston, the air
would return to its original volume and would affect the quality
of the final replica. Instead, small gas bubbles are detached
from the mould surface by the change in volume of the polymer
under a high pressure: they are then driven out of the bulk of
the polymer by the drag force acting on the bubble. In the case
of larger bubbles, the compression is not enough to free a bub-
ble and mass transport through the bubble-polymer interface is
the main process for bubble elimination.

The presence of bubbles on the mould surface can originate
through three processes: nucleation by super-saturation within
the mould cavities (classical nucleation theory), the entrap-
ment of air during polymer pouring!™® or the capture of tra-
velling bubbles by the cavities.'*! Here, the capture of travel-
ling bubbles can be neglected because we assume that the
polymers employed are entirely degassed before pouring on
the mould; PDMS is degassed in a vacuum chamber and Chi-
tosan during centrifugation.

To discover whether the initial formation of the bubble
comes from a Harvey nucleus (a pre-existing gas providing a
stable source for nucleation) formed due the entrapment of
air in the master cavities during the pouring process, or
whether it is nucleated directly in the cavities is not the aim of
this paper, we require only to describe why bubbles are not
present in the final replicas. We will, however, describe the
general case of nucleation due to the change in the super-satu-
ration conditions, taking into account that, in both the cases
mentioned above, bubble growth is a thermodynamically fa-
vourable process within the mould cavities.

One condition necessary for bubble nucleation is the super-
saturation of the polymer, a condition fulfilled if the vapour
pressure exceeds the pressure in the bubble, i.e., Payy > Pext
When the system is super-saturated the free energy associated
with transferring gas molecules to the new phase (the bubble
nucleation site) is negative and hence thermodynamically
favourable. A common example of this is “decompression
sickness” in scuba diving. If the diver has surfaced too quickly,
nitrogen in the blood, a component of the compressed air
in their tanks, super-saturates and bubbles form in the blood
stream which can interrupt blood flow. This is remedied
by transferring the diver to a pressurised container. Within
the container, the gas pressure is high, which causes the nitro-
gen bubbles to be destroyed. A step by step decompression is
then undertaken to allow the dissolved nitrogen gas to be ex-
pelled naturally, without allowing super-saturation to re-oc-
cur.
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At a molecular level, the mass transport through the bubble
surface can be calculated from Fick’s law in terms of the diffu-
sion coefficient of the gas phase (D), which can be rewritten
in terms of the pressure on the system by employing Henry’s

law,
. D A
M = \/;(Patm - Pext)ﬁ (5)

where t is time, A the free surface, and H is a constant. The
initial equilibrium gas (air) pressure used is atmospheric pres-
sure P,y because this is the pressure at which the polymer is
stored and at which the bubble has been formed. A negative
value of M will mean mass transport from the bubble to the
liquid. An increase in the external pressure will hence cause
the bubble to decrease in size, as the air redissolves into the
bulk polymer, until it is destroyed or detaches from the sur-
face. The diffusion rate is proportional to the absolute value
of the pressure difference, i.e., the higher the external pres-
sure is, the faster the air is removed.

Reduction in the external pressure will cause air transport
from the polymer into a bubble with the consequent increase
in bubble size. Some bubbles then will grow until they reach
the critical radius (when the drag force equals the bubble-sur-
face coupling force) and eventually they will detach from the
surface, in those cases the bubble may leave behind a portion
of adsorbed gas that will again act as a Harvey nucleil" pro-
moting the grow of a new bubble. All the bubbles that do not
reach the critical radius will remain in the mould cavities and
hence will degrade the quality of the polymer replica.

However, utilising too high a pressure can cause super-satu-
ration to re-occur after removal of the pressure, and hence the
possibility of bubbles nucleating again. Equation 5 suggests
that, after the release of the external pressure, the mass trans-
port through the bubble interface will change direction and
some bubbles would grow. In FSL however, the system is ini-
tially under positive external pressure (a negative super-satu-
ration) long enough to remove the air in the mould cavities,
and no Harvey nuclei remain to initiate bubble nucleation. In
this case only classical nucleation events are possible, a pro-
cess which requires very high levels of super-saturation (tens
of magnitude higher than possible here) because of the need
to overcome the energy barrier due to the production of a
considerable interfacial free energy. Therefore, when the pres-
sure is removed no bubbles will form at the mould surface.

During a decompression of the polymer, structures in the
mould surface act as nucleation sites for the formation of bub-
bles, responsible for the lower transparency in the replica pro-
duced by vacuum degassing. Vacuum decompression is a good
process for the elimination of air dissolved in the bulk of the
liquid pre-polymer but, if carried out in the presence of the
mould, it leads to the nucleation of bubbles at the mould sur-
face. For an excellent review on bubble nucleation and
growth, refer to Jones."”!

In summary, FSL has been developed for the micro and
nanostructuring of solution processable polymers, for experi-
ments where the polymer/mould compatibility is not ideal for
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conventional SL. The technique has been shown to be useful
when attempting to structure Chitosan biopolymer at the mi-
cro- and nanoscale, especially as altering the chemical proper-
ties of the mould (e.g., to change the hydrophobicity) does not
facilitate complete Chitosan structural replication via conven-
tional SL techniques. FSL may be particularly useful when at-
tempting to structure delicate, biocompatible or biofunctiona-
lised polymers because no elevated temperatures are required
(the replication takes place at room temperature) and the
pressures applied are relatively low (<1x 10° Pa). The tech-
nique is inherently designed to avoid bubble formation in the
replicas leaving them with excellent transparency.

Such structured, freestanding polymer sheets have a num-
ber of advantages when it comes to their use in biomedical ap-
plications. For example, bio-incompatible inorganic substrates
that could affect cell culture are not present, and the polymer
can easily be cut to the required shape for use with existing
cell culture apparatus, e.g., culture plates. Finally, FSL retains
all the advantages of conventional SL, including its simplicity,
low technology requirements and the possibility of large area
replication, while further opening the field of SL by allowing
non-optimal polymer/mould combinations to be utilized.
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