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Hybrid hierarchical patterns of gold nanoparticles and
poly(ethylene glycol) microstructures†
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Susan M. Kelleher,§a Anna Fischerb and Marga C. Lensen*a

Hybrid surface micro-patterns composed of topographic structures of polyethylene glycol (PEG)-hydrogels

and hierarchical lines of gold nanoparticles (Au NPs) were fabricated on silicon wafers. Micro-sized lines of

Au NPs were first obtained on the surface of a silicon wafer via “micro-contact deprinting”, a method

recently developed by our group. Topographic micro-patterns of PEG, of both low and high aspect ratio

(AR up to 6), were then aligned on the pre-patterned surface via a procedure adapted from the soft

lithographic method MIMIC (Micro-Molding in Capillaries), which is denoted as “adhesive embossing”.

The result is a complex surface pattern consisting of alternating flat Au NP lines and thick PEG bars.

Such patterns provide novel model surfaces for elucidating the interplay between (bio)chemical and

physical cues on cell behavior.
Introduction

The interaction between cells and the surface of natural and
articial biomaterials has been a focus of much research in
recent decades and the information gained is of great signi-
cance for the development of tissue engineering and biomedi-
cine.1 Cell culture substrates with micro-sized chemical and
topographical patterns have also been widely investigated in
this area, since cell adhesion and subsequent processes, such as
spreading, migration and proliferation, have been shown to be
critically dependent on chemical and physical cues at the bio-
interface. Several reports on the methods used to form
patterned polymer surfaces have been published, including
photolithography,2–6 plasma pattern writing,7 and so-lithog-
raphy techniques such as micro-contact printing,8 replica
molding9,10 and Micro-Molding in Capillaries (MIMIC).11

However, most of the patterning methods reported so far have
only provided single cues to cells, such as either two-dimen-
sional (2D) chemical patterns on at surfaces, or topographic
patterns fabricated on uniform materials. With the research on
cell behavior at the bio-interface marching ahead, it is obvious
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that such simple patterns are not sufficient to meet the aim of
imitating the complexity of the three-dimensional (3D) in vivo
environment, in which cells face a multitude of (bio)chemical
and physical factors.

Therefore, we designed novel, hierarchically patterned
surfaces, exhibiting bi-functional patterns, consisting of (1)
micro-sized physical barriers of a cell anti-adhesive material
teamed with (2) nano-sized chemical anchoring points for bio-
functional molecules in order to produce an advanced platform
with multiple (micro- and nano-sized) cues for fundamental cell
studies. In such bi-functional patterns, the physical barriers are
formed by micrometer-sized topographic structures consisting
of polyethylene glycol (PEG) bars with variable aspect ratios
while the nanoscopic (bio-)chemical pattern (e.g. composed of
cell adhesion mediating molecules that are linked to the gold
nanostructures via thiol-gold chemistry) can be established by
means of the ordered deposition of Au NPs on the substrate.

Polyethylene glycol (PEG) is a non-toxic, non-immunogenic
biomaterial that has been shown to be resistant to non-specic
protein adsorption and undesired interactions with cells.12,13

These properties have led to its wide use in biotechnology and
medicine e.g. non-fouling coatings and PEGylation for drug
delivery. Interestingly, it is this very stealth property of PEG that
makes it a remarkably excellent substrate for cell behavior
studies. One of the main advantages of PEG is that it provides
researchers with the ideal, inert background for cell studies,
where interactions with the surface modications can be
investigated with minimal unwanted interference from the
substrate.7,14–18 Nevertheless, although reported to be highly cell
repellent, when patterned topographically or elastically, cells do
in fact interact with and adhere to the PEG surface, as we have
recently discovered.19–21
J. Mater. Chem. C, 2013, 1, 7709–7715 | 7709
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Efficient and fast crosslinking methods can be used to make
PEG hydrogel networks from PEG-macromonomers. For
example, photo-polymerization of polyethylene glycol diacrylate
(PEGDA) liquid precursors allows not only the resulting hydro-
gel to be molded into any desired shape but also enables the
control over crosslinking density – dependent on the amount of
photoinitiator and eventual low-molecular weight crosslinker
used – and therefore the stiffness of the material. Based on this
exibility, our group has fabricated patterned substrates of PEG
comprised of topographies with resolution even in the sub-
10 nm range22 and has designed the patterning technique
FIMIC (Fill Molding in Capillaries) to prepare topographically
smooth, micro-sized patterns of tunable elasticity using PEG of
various compositions.23

Cells have been shown to react not only to micro-structures
and micro-environments but, as has been more recently
discovered, to nano-topographies and chemical nano-patterns
as well.24 In particular, gold nanoparticles (Au NPs) have been
employed in nano-patterning of surfaces including silicon and
polymeric biomaterials such as hydrogels. From the wide variety
of available inorganic nanoparticles, Au NPs in particular are
chosen since they can anchor bio-functional molecules con-
taining thiol (–SH) groups selectively and reliably via the thiol
functionality, and thus provide accurately controlled, chemical
cues for the cells. These factors, i.e. the nanoscopic arrange-
ment and the selective bio-functionalization, have proven to be
of vital importance in enabling cell adhesion, spreading and
consequent viability on these surfaces.25 The fabrication of
orderly arranged Au NPs from block copolymer templates on
surfaces namely allows for the accurate positioning of single
molecules on a surface in a pre-dened ordered pattern, which
then enables the systematic study into the inuence of the
density and distribution of certain extracellular matrix (ECM)
molecules on cell behavior, at the biointerface.26,27

In this paper we take our previously developed surface
patterning methods to the next level by combining chemical
patterning via Au NP functionalization, and physical patterning
via PEG hydrogel micro-topographies (Fig. 1). Those bi-func-
tional patterns should provide physical connement for the
cells between the PEGmicrobars so that they can then be locally
stimulated by the chemical pattern on the Au NP template with
nanoscopic precision.

The fabrication of these model structures for cell stimulation
studies involves twomain procedures. First, micro-sized lines of
Fig. 1 Schematic illustration of the bi-functional nano-/micro-pattern
composed of Au NPs (lines) and grafted PEG bars.

7710 | J. Mater. Chem. C, 2013, 1, 7709–7715
ordered Au NPs are obtained on silicon wafers via a block
copolymer micelle (BCM) patterning method called micro-
contact deprinting (m-CdP), which was recently developed by our
group.28 This method employs polymer stamps to remove Au NP
precursors in a polymeric template from a surface and can be
easily accomplished in an ordinary research lab without the
need for any expensive facilities. m-CdP also offers a high effi-
ciency for the preparation of large area patterns (around 1 cm2),
which is advantageous for cell studies, and can even be applied
on curved surfaces. The second step in the production of the
hybrid structures involves the decoration of the now Au NP-
patterned (silicon or glass) surface with acrylate groups via
silanization, onto which patterns of PEG bars are adhesively
embossed, via PEGDA MicroMolding in Capillaries (MIMIC)
followed by photopolymerization.29,30

Beside the high degree of control of the positioning of the
nanostructures, another advantage of this method is that, in
addition to silicon surfaces, the versatility of the adhesive
embossing procedure allows the complex patterning of
different substrates including glass and even PEG-based
hydrogels as we have discovered, both of which provide a
transparent substrate for use in cell culture and optical
microscopy.
Experimental
Orderly arranged Au NPs on a silicon wafer

The procedure is known as block copolymer micelle nano-
lithography.31,32 Self-assembled micelles of PS(1653)-b-
P2VP(400) with HAuCl4 salt in the micellar core were rst
prepared in a selective solvent. In detail, the block copolymer
(Polymer Source Inc.) was rst dissolved in dry toluene (5 mg
mL�1) and aer stirring for 48 h allowing the formation of
micelles, gold(III) chloride, HAuCl4$3H2O (Aldrich), was added
to the solution (0.3 equiv. of Au(III) per pyridine unit) and stirred
for another 24 h at room temperature under exclusion of light.
The gold salt-loaded block copolymer micelles (Au-BCM) were
deposited onto the surface of a silicon wafer in a well-ordered
monolayer via dip-coating, at a withdrawal speed of 10 mm
min�1. The micelle-covered silicon wafers (Au-BCM@Si, around
1 � 1 cm2) were then treated with hydrogen plasma (machine:
PVA TePla 100) for 1 h (100 W, 0.05 mbar) in order to both burn
off the polymer micelles and reduce the salt in the core of
micelles into Au NPs at the same time.
Micro-contact deprinting (m-CdP)

“Micro-contact deprinting” was carried out according to the
procedure reported in our previous publication.28 On a freshly
prepared monolayer of block copolymer micelles deposited on a
substrate as introduced above (Au-BCM@Si), a topographically
micro-patterned polystyrene (PS) stamp heated at 140 �C was
applied and removed again aer several seconds of contact, in
order to selectively peel off selected areas of the underlying Au-
BCM monolayer, through conformal contact between the PS
micro-topography and the micelles, resulting in an Au-BCM
micro-patterned substrate, with an inverse pattern motif with
This journal is ª The Royal Society of Chemistry 2013
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respect to the PS topography. Aer deprinting, the micelle-
patterned silicon wafers (Au-BCM@Sim-CdP) were treated with
hydrogen plasma as described above yielding micro-patterns of
Au NP arrays (Au-NP@Sim-CdP).
Silanization of the substrate

Immediately aer the plasma treatment, the Au-NP-patterned
silicon wafers (Au-NP@Si or Au-NP@Sim-CdP) were put into a
desiccator together with a vial containing several drops of
3-(trimethoxysilyl) propyl methacrylate (TMSPMA). The desic-
cator was evacuated and sealed, allowing the vapor of TMSPMA
to ll the desiccator and to chemisorb at the surface of the Si
wafer. Aer two hours the silicon wafers were taken out, washed
in 20 mL of dry toluene 3 times to remove unreacted TMSPMA
from the surface and dried under a ow of nitrogen.
Adhesive embossing (adapted from the MIMIC-method)

1 Preparation of PDMS molds. PDMS molds with micro-
patterns of lines (3–50 mm in width) were prepared by replica-
tion from siliconmasters. The PDMS precursor mixture (Sylgard
184, Dow Corning, 10 : 1) was poured without further modi-
cation on the surface of the silicon masters and placed under
vacuum to remove the air bubbles from the micro-capillaries.
Finally the PDMS lled Si masters were cured at 120 �C for 2 h.
The solidied PDMS molds were peeled off from the silicon
master and cut into pieces of around 1 cm2.

2 Adhesive embossing. To affix bars of PEG onto the
surface of the Au-NP-patterned silicon wafer, rst, a piece of
PDMS mold containing micro-capillaries was sealed tightly to
the surface of the silicon wafer. Next, a small droplet of poly-
ethylene glycol diacrylate (PEGDA, Mn 575) precursor mixed
with 1 wt% of photoinitiator IRGACURE 2959 was deposited at
the entrance of the micro-channels of the PDMS mold. Aer the
channels were completely lled by capillary action, the
assembly of silicon wafer and PEGDA lled PDMS mold was
cured with UV light (365 nm, 6 W) in a glove box lled with
nitrogen for 30 min. Finally the PDMS mold was removed
carefully with tweezers, leaving behind the cured inverse PEG-
structures on the silicon surface. It was veried by AFM and
SEM that the PDMS mold did not leave a print of contamina-
tions or removed Au NPs from the surface.

3 Electroless gold plating. The electroless plating experi-
ment was performed as follows. The respective substrates were
immersed in aqueous gold growth precursor solutions
composed of (0.1% w/w) HAuCl4$3H2O and (0.2 mM)
NH2OH$HCl as reducing agent. Aer 3 minutes of immersion
time, the substrates were taken out, rinsed with water, iso-
propanol and acetone and then blown dry with nitrogen.
Fig. 2 Schematic illustration of the fabrication of PEG/Au NP hierarchical
patterns on the surface of a silicon wafer (Au-NP@Sim-CdP + PEGMIMIC): (I) micro-
sized lines consisting of Au NPs were obtained on the silicon wafer via micro-
contact deprinting (m-CdP); (II) PEG-microbars were fabricated on the surface of
the Au NP patterns through MIMIC (using PDMS molds), after appropriate sila-
nization of the substrate.
Scanning probe microscopy

Atomic force micrographs were recorded with a Digital Instru-
ments Multimode equipped with a Nanoscope IIIa controller
(Veeco Instruments, Santa Barbara, CA). Imaging was done in
the tapping mode using standard silicon cantilevers (k_40 N
m�1, f ¼ 300 kHz; Nanoworld, Neuchatel, Switzerland). Images
This journal is ª The Royal Society of Chemistry 2013
were edited with Nanoscope soware (v5.12r5 Digital Instru-
ments, Veeco, Santa Barbara, CA).
Scanning electron microscopy

The resulting structures were investigated in a dry state using a
eld emission scanning electron microscope (FESEM, Hitachi
model S-4800 and JEOL model F7401 with an in-lens secondary
electron detector).
Results and discussion

The strategy to prepare bi-functional micro- and nano-patterns
of Au NP arrays and PEG microbars on hard substrates, e.g.
silicon, is a combination of two patterning procedures (Fig. 2).
First, monolayers of gold salt loaded block copolymer micelles
(Au-BCM) are deposited via dip-coating onto the surface of a
silicon wafer (Au-BCM@Si), followed by the selective removal of
dened patterns of these micelles via “micro-contact deprint-
ing” using a micro-molded polystyrene (PS) stamp (Au-
BCM@Sim-CdP), concluded by plasma treatment, which converts
the gold salt loaded micelles into gold nanoparticles; Au-
NP@Sim-CdP.28 These steps are schematically depicted in Fig. 2, I.
Secondly, micro-bars of a PEG hydrogel are adhesively
embossed onto the now Au NP-patterned silicon substrate
(Fig. 2, II) using the so lithographic method MIMIC (Micro-
Molding in Capillaries).29 The nal product is denoted as Au-
NP@Sim-CdP + PEGMIMIC.

In the very rst step of this fabrication procedure (Fig. 2, I),
we want the Au NPs to be arranged in an ordered, periodic
structure on the silicon wafer. This is carried out using block
copolymer micelle nanolithography, which allows the deposi-
tion of close-packed monolayers of (gold precursor loaded)
block copolymer micelles (Au-BCM) via dip-coating onto the
substrate and thus allows the formation of hexagonally ordered
Au NP arrays on the silicon substrate (Au-NP@Si), as evidenced
J. Mater. Chem. C, 2013, 1, 7709–7715 | 7711
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in the scanning electron micrograph in Fig. 3a. To get further
insight, complementary atomic force microscopy (AFM)
measurements were performed. From AFM inspection, a
particle size of 10 nm and particle spacing of 90 nm on average
could be determined (image not shown). The “micro-contact
deprinting” method results in the clean removal of micro-lines
of the arranged micelles (Au-BCM). Fig. 3b shows a detail of the
eventual substrate Au-NP@Sim-CdP (i.e. aer plasma cleaning of
the deprinted samples). It can be seen that the Au-BCM have
been tracelessly removed from the area where the PS stamp had
been in contact, resulting in a sharp transition between Au NP
decorated areas and clean silicon areas.

For the rm adhesion of the PEG microbars onto the micro-
patterned silicon substrate with Au NP arrays, the accessible
gold-free silicon surface on the Au-NP@Sim-CdP substrate is
functionalised with acrylate groups (Fig. 2, between processes I
and II) in order to (1) increase the wettability of the PEGDA
precursor onto the silicon substrate and thus favoring the
capillary lling of the PDMS mold in the “adhesive embossing”
process and (2) to ensure strong surface attachment of the PEG
bars obtained aer curing, via surface-to-bulk cross-linking.
Thus, a silane derivative bearing methacrylate groups
(TMSPMA) was chosen to modify the silicon surface. The silicon
surface is easy to modify with TMSPMA at this stage, as the
plasma treatment used in the previous step conveniently acti-
vates the surface of the silicon substrate for chemical vapor
deposition of silane precursors.

The presence of methacrylate groups on the surface of the
silicon substrate played a key role in the “adhesive embossing”
process (Fig. 2, process II). Indeed, with the organic primer layer
present, the intrusion of the liquid PEG precursor into the
channels of the PDMS mold was greatly accelerated when
compared with the surface of the unmodied silicon wafer,
probably due to an increased wettability of the PEG precursor
Fig. 3 (a) SEM image of Au-NP@Si showing orderly arranged Au NPs; (b) FESEM
image of a detail of a Au-NP@Sim-CdP sample exhibiting lines consisting of orderly
arranged Au NPs (here the pattern consists of lines of Au NPs of 3 mm width and
10 mm spacing).

7712 | J. Mater. Chem. C, 2013, 1, 7709–7715
onto the acrylated silicon surface. When the adhesive embossing
of PEG bars was carried out in the absence of surface acrylate
groups, successful adhesion still occurred. However, especially
for bars with high aspect ratio, a signicant number of PEG bars
were inadvertently removed together with the PDMS mold, indi-
cating a weaker surface attachment of the PEG structures.
Besides, the PEG bars that did remain on the non-functionalized
silicon wafers were shown to detach from the surface upon PEG
swelling in water. This further evidences the necessity of surface-
to-bulk cross-linking during curing to achieve a strong surface
anchorage of the PEG structures, which is a prerequisite for
subsequent cell studies in aqueous environments.

Provided that there are sufficient reactive groups on the
surface, the process of “adhesive embossing” works on any
surface. Accordingly, PEG microbars could be successfully
attached to glass modied with a TMSPMA primer layer (see
Fig. 4a) and even to self-supported PEG-based hydrogel lms
(see Fig. 4b and c). In the latter case, the covalent adhesion of
the embossed PEG bars is achieved through surface-to-bulk
cross-linking via the remaining acrylate groups on the surface of
the PEG-based hydrogel lms, resulting from incomplete UV-
curing. Especially the possibility to attach PEG microstructures
of a certain composition to smooth PEG hydrogel lms with a
different composition is extremely interesting for the genera-
tion of micro-structured elasticity patterns for cell studies.
Indeed, the stiffness of the respective PEG components largely
Fig. 4 PEG microbars fabricated by “adhesive embossing” on transparent base
substrates; (a) PEG microbars on glass; (b) PEG microbars on a PEG-substrate
(“PEG-on-PEG”) and (c) a PEG-on-PEG sample after swelling in water.

This journal is ª The Royal Society of Chemistry 2013
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depends on the degree of cross-linking, which is controlled by
the amount of photo-initiator and curing time. Thus, using this
approach, two-component PEG based micro-patterns, with
mutually different mechanical properties, e.g. topographic
structures of soer PEG-hydrogels attached to stiffer PEG
substrates or vice versa, can be generated. In Fig. 4c, the effect of
swelling of such a two component “PEG-on-PEG” micro-pattern
is illustrated, highlighting the rm adhesion of the PEG micro-
structures. While aer adhesive embossing in the absence of a
solvent, a linear PEG–PEG micro-pattern is observed (Fig. 4b),
the differential swelling of the two PEG components (bars and
substrate) results in a wavy appearance of the microbars aer
incubation in water.

Building on this knowledge that we can adhere micro-bars of
PEG to various substrates, we set about fabricating the bi-func-
tional nano-/micro-patterns consisting of PEG bars on silicon
patterned with Au NPs, i.e. rst Au-NP@Si + PEGMIMIC and
eventually Au-NP@Sim-CdP + PEGMIMIC. To begin with we adhered
PEG lines that were 10 mm inwidth, 3 mm in spacing, and 5 mm in
height onto a silicon surface coated with a homogeneous peri-
odic array of Au-NPs (Fig. 5a and b). An image at higher magni-
cation (Fig. 5b) shows the details of the area between two PEG
bars, where the Au NP array can be clearly recognized.

Following on from the simple hybrid patterns, more complex
patterns were successfully obtained, where rather than employ-
ing a silicon wafer decorated with a homogeneous coverage of Au
NPs (Au-NP@Si) as substrate for the adhesive embossing process
(to yield Au-NP@Si + PEGMIMIC samples (Fig. 5a and b)), we
performed the micro-contact deprinting step prior to the adhe-
sive embossing. PEG bars were successfully adhered to the now
Au NP-patterned surfaces giving unusual layers of nano- and
micro-patterning in one substrate. Fig. 5c and d exhibit images of
the complex perpendicular and oblique patterns of PEG and Au
NPs (Au-NP@Sim-CdP + PEGMIMIC) that were thus obtained.

One of the most impressive patterns achieved was of high
aspect ratio (6) PEG bars whose height will provide effective
Fig. 5 SEM images of Au NP-PEG complex patterns with PEG microbars of 5 mm
in height, of certain width distance (mm): (a and b) 3–10 mm PEG bars on Au NPs
(Au-NP@Si + PEGMIMIC); and (c and d) 10–20 mm PEG bars over Au NP lines of 20–
10 mm(Au-NP@Sim-CdP + PEGMIMIC).

This journal is ª The Royal Society of Chemistry 2013
barriers for the connement of cells on the surface (adhering to
the Au NP-patterned surface). Here we show PEG lines of 17 mm
height, 3 mm width that are 20 mm spaced on both Au-NP@Si +
PEGMIMIC and Au-NP@Sim-CdP + PEGMIMIC surfaces (Fig. 6). The
fabrication of such high aspect ratio patterns constitutes a big
challenge to researchers as many defects may appear during
fabrication, such as broken or collapsed patterns as well as
partly missing patterns that were peeled-off together with the
mold.

Nonetheless, the robustness of the high aspect ratio PEG
bars is evident in images (b) and (d) in Fig. 6 where the
proceeding edge of the PEG liquid precursor can be seen (the
peculiar lines that are ahead of the lling front are inherent to
the MIMIC-process and were also observed in the original
report by Whitesides et al.).29 Now cured, this PEG hydrogel
Fig. 6 FESEM images of complex patterns with PEG lines of high aspect ratio
(3 mm in width, 20 mm in distance, and 17 mm in height) on (a and b) continuous
Au NPs (Au-NP@Si + PEGMIMIC); (c and d) Au NP lines of 3 mm width with the
spacing of 10 mm (Au-NP@Sim-CdP + PEGMIMIC).

J. Mater. Chem. C, 2013, 1, 7709–7715 | 7713
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stands strong and unwavering against the silicon backdrop, a
property accredited to the strength of the bond between the
acrylate groups in the gel and on the silicon surface.

In our complex and hybrid patterns, we intend to use the Au
NPs present on the surface as anchor points for the accurate
positioning of bio-functional molecules. For this reason, the
surface of the Au NPs must be accessible for surface function-
alization, aer all the involved steps such as surface acrylation
and PDMS contact required for the adhesive embossing
(MIMIC) process. To prove that the PDMS mold did not affect
the Au NP surface accessibility, we investigated the Au NPs
located along the micro-lines of the sample aer PEG bar
adhesion (Au-NP@Si + PEG) with atomic force microscopy
(AFM). In the AFM image of the Au NPs present in the nal
hybrid pattern, no obvious changes could be detected when
compared with AFM images of Au NPs on the starting substrate,
i.e. before silanization and MIMIC (Au-NP@Si or Au-NP@
Sim-CdP; images not shown). This already indicates that the
further process does not affect the Au NPs.

To further verify the availability of Au NPs for functionalisa-
tion, even aer surface modication, we carried out an electro-
less plating experiment. Aer submersion of an Au NP-patterned
silicon wafer (Au-NP@Si modied with TMSPMA and aer
having been in contact with a PDMS stamp) in an electroless
plating bath for 3 min, the area with Au NPs was covered with
gold nanoparticles of �50 nm while bare silicon wafer control
samples were practically unchanged, proving that the Au NPs are
still available for functionalization, in this case acting as seeds for
gold deposition (images shown in Fig. S1 in the ESI†).
Conclusions

A method was developed to prepare hybrid surface patterns,
composed of micro-sized topographic structures of PEG bars
and micro-sized patterns of nano-ordered Au NPs. Signicant
steps have been taken in the patterning of high aspect ratio
polymer patterns that can act as physical barriers to guide cell
adherence and migration, with a factor of 6 being achieved so
far. Alongside these physical cues, chemical cues are provided
by ordered arrays of Au NPs that will be further exploited as
anchors for binding bio-functional molecules. These complex
hybrid patterns will provide versatile in vitro platforms for the
study of cellular responses which can mimic the complex in vivo
microenvironment e.g. they can be used to study the competi-
tion between the inuences of a variety of physical cues and
specic chemical cues.
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