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Resum

Abstract

Els polímers són uns excel·lents candidats per a la producció
de dispositius biomèdics que incorporin estructures
nanomètriques. Característiques com ara bones propietats
òptiques i de segellament, cost de fabricació baix, disseny
ràpid i, sobretot, biocompatibilitat són avantatges que poden
fer decantar els científics cap a la producció d’aquests dispositius. Aquest article recopilatori vol mostrar alguns dels mètodes i les tècniques que es fan servir per a la fabricació de nanoestructures amb polímers mitjançant tècniques de replicació
que poden ser rellevants per a la producció de dispositius biomèdics. Es posa l’èmfasi en la producció de rèpliques
polimèriques, per mètodes d’estampació i amb l’ús per a la
fabricació de motius de la tecnologia del «focused ion beam»
com a mètode senzill per a l’obtenció de manera reproduïble
de gran quantitat de nanoestructures. Es descriu l’ús d’aquestes estructures en les tècniques d’estampació, juntament
amb consideracions de fabricació específiques. La maduresa
assolida per la nanotecnologia basada en els polímers, conjuntament amb les primeres aplicacions d’aquests en l’anàlisi de
cèl·lules aïllades i del comptatge de molècules d’ADN, ens indica que aquests materials constitueixen una alternativa viable a
les nanotecnologies basades en el silici per a aplicacions biomèdiques.

Polymers are excellent candidates for the production of biomedical devices incorporating nanometric structures. Good
optical transparency and sealing properties, low fabrication
costs, fast design realization times, and, crucially, biocompatibility are all advantages that can be exploited by scientists for
the production of such devices. Here, we review some of the
methods and techniques used in the fabrication of polymeric
nanostructures by pattern replication techniques that may be
of relevance in the production of biomedical devices. Emphasis
is placed on imprint production of polymeric replicas, with
master fabrication using focussed ion-beam technology, as a
relatively simple method for reproducibly obtaining large numbers of nanostructures. The use of these structures in polymercasting techniques is also described, together with some specific fabrication considerations. The maturity reached by
polymer-based nanotechnologies, together with the first polymer-based applications for single-cell analysis and for counting
single DNA molecules, demonstrates that polymers constitute
a viable alternative to silicon-based nanotechnologies for biomedical applications.
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1. Introduction

multi-disciplinary effort to develop nanometric apparatuses.
In the literature, nanodevices are commonly characterized
as having an active part with at least one dimension ranging
in size from a few nanometers to hundreds of nanometers
[2]. However, technologies for realizing planar nanostructured devices with one dimension in the nanometer range
have been available for some time. Epitaxial and chemical
vapor deposition (CVD) techniques can be used to produce
thin films of material with nanometer thicknesses [3, 4]
which may then be controllably patterned on a micrometer
scale using conventional lithographic techniques. In recent

The possibility of manufacturing miniature laboratory systems that can be used to produce chemical reactions or
manipulate single biomolecules within nanoliter volumes of
fluids [1] has been one of the main driving forces behind a
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years, technologies such as energetic beam lithographies,
nanoimprint lithography, and microcontact printing (µCP)
have enabled controllable and repeatable fabrication of
nanostructures with more than one dimension in the
nanometer range, opening the door to a number of possible
applications in biomedicine [5]. We discuss the latter type of
structures in this review.
Nanometric structures can be fabricated using techniques
such as optical, imprint, scanning probe, and soft lithographies. Optical lithography techniques are utilized in the production of nanometer-sized features by using exposure radiations
in the ultra-violet (UV) region of the electromagnetic spectrum
[6]. However, presently, optical lithography is constricted to a
minimum feature size of approximately 70 nm [7]; to progress
to smaller dimensions, new methods, such as F2 laser lithography [8] and extreme UV/X-ray lithographies [8, 9], will have to
be developed. Unfortunately, the development of techniques
such as these is problematic and embodies the technical challenges inherent in using a resist [10].
Polymer nanofabrication, based on pattern replication techniques, consists of making a master stamp or mold (hereafter
referred to simply as the master) which is then used to replicate
superficial nanostructures onto a polymer. The comparatively
low operating costs and low-level complexity of the replication
mechanism, the possibility of producing repeatable nanoscale
features over a large area, and the fact that a given master can
be used several times [11] make polymer nanofabrication appealing with respect to biomedical device applications. In addition, pattern replication techniques are parallel in nature and
side-step some of the disadvantages inherent within other
forms of lithography [12]. For instance, the resist problems and
environmental issues present in optical lithography, such as
optical scattering and the disposal of powerful etchant chemicals, are avoided.
Finally, nanostructures can be produced using scanningprobe technologies [13]. This method involves the movement
of individual molecules or atoms via scanning-probe microscope cantilever tips [14]. Unfortunately, the linear nature of
this technique means that the production of a relatively large
structure requires the moving and positioning a large number
of building blocks using a single cantilever tip. This takes time,
and therefore the replication of large areas of structures using
these methods is impractical. However, recent advances towards multiplexing scanning tunneling microscopy (STM) tips
may speed up this technique [15].
In the text that follows, we review some of the methods and
techniques currently available for the production of polymeric
nanostructures using imprint technologies, with a view to their
use in biomedical device production. The types of polymers
suited for this task will be outlined before reviewing master fabrication methods. Among the different replication techniques
already developed, we will concentrate on hot embossing lithography (HEL) and nanoimprint lithography (NIL), and the use of
these methods to produce secondary masters for subsequent
polymer-casting techniques. Finally, a number of biomedical
applications described in the literature, based on polymer
nanostructures, will be outlined.
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2. Polymers for nanostructure fabrication
Structural materials for biomedical applications, incorporating
nanostructures in this case, need to satisfy a minimum set of
requirements. Primarily, the materials need to be biocompatible, i.e., they have to be inert towards the bioanalyte present
within the device (possibly via surface modification, such as
by the use of an anti-fouling layer [16]). Regarding fabrication,
the construction materials need to be inexpensive and simple
to machine, permitting the production of complex device
structures with dimensions ranging from hundreds of microns
down to a few tens of nanometers or less. If required, the materials have to be compatible with fluidic applications and provide rigid, smooth surfaces with dimensions relevant to the biological sample (allowing experiments to be performed under
near physiological conditions). Finally, the materials should
preferably be compatible with metallization technologies, allowing the user to take advantage of non-invasive, electrokinetic manipulation methods and electrical-based analysis
techniques.1
Common structural materials satisfying the above requirements are based on silicon (e.g., pure silicon, glass, or quartz)
and on carbon (in the form of polymers and plastics [20], and,
recently, in the development of diamond-based substrates
[21]). Following initial interest in silicon-based substrates; attention is now shifting towards the use of polymers in an effort to
exploit their inherent advantages [22].
Apart from the desirable optical and physical properties of
polymers (see below), their advantages include the fact that
polymers are simple to use: the simplest fabrication technique
is merely to pour the polymer onto the substrate, within a suitable container, and then bake to harden the polymer (e.g.,
polymers such as epoxy resins [23]). Polymer structures are
cheaper to produce than silicon-based fabrication technologies, thereby normally dispensing with the need for a high-energy apparatus or time-consuming, multi-step fabrication techniques. Finally, past experience has enabled scientists to
improve on the natural properties of polymers (e.g., flexibility) to
produce polymeric structures with properties comparable to
their silicon-based counterparts (with respect to aspect ratio,
for example [24]).
Fabrication of nanoscale polymeric structures can be
achieved using a number of polymer types; most commonly including thermoplastic [25] and elastomeric [26] polymers. Thermoplastic, amorphous polymers are used for imprinting because the viscosity of the polymer is largely
dependent on temperature. Near its glass transition temperature (Tg), the polymer softens and can be deformed into
the shape of the mold with the help of applied pressure.
Room-temperature imprinting can be achieved through

1. This determines that the electrode materials used in the device
also need to be inert with respect to the sample, both when passive
and upon activation. The electrode materials should also be patternable so that the electrodes can be easily positioned within the fluidic
chambers of the device [e.g. 17], or nearby, for applications such as dielectrophoresis [18] and electrorotation [19].
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careful choice of a polymer with the appropriate melting
point and Tg [27]. Polymers are also now being developed
with nanofabrication in mind, displaying properties such as
higher Tg [28] that are desirable for some nanoimprinting
applications.
The polymer utilized most frequently in imprinting processes
is poly(methylmethacrylate) PMMA [29]. PMMA is an amorphous, thermoplastic polymer with a Tg ~105°C. It is hard and
stiff, with low thermal-expansion and pressure-shrinkage coefficients (~5×10-5 per °C and ~5×10-11 Pa-1, respectively), making it a perfect candidate for imprinting techniques. PMMA
does have the disadvantages of brittleness and notch sensitivity, as well as poor fatigue and solvent resistances. However,
this is offset by its optical properties (colorlessness, transparency, and UV resistance), which, together with its excellent
optical clarity, make it ideal for use in the production of biomedical apparatuses.
For polymer-casting techniques, the polymers need to be
elastomeric, which allows them to conform to the superficial
structures in the master. A commonly used example of this
type of polymer is poly(dimethylsiloxane) PDMS [30]. PDMS is
an elastomeric polymer with good thermal stability and homogeneity, characteristics required during the curing step, and it
is non-hygroscopic and isotropic. It is a good candidate for the
production of apparatus for biomedical applications due to its
chemical inertness, durability, and optical transparency down
to 300 nm. Furthermore, it is deformable enough, after curing,
to make conformal contact to the surface of a substrate or covering material, greatly facilitating any attempts at bonding to
the material. Structures with dimensions greater than 1 µm are
easily reproduced, with good resolution using a soft polymer
(Young’s modulus ~3 MPa), such as Sylgard 184 (a PDMSbased product, Dow Corning, USA); however, harder materials
(Young’s modulus ~10 MPa) are required to achieve optimal
resolution [31]. Control of the amount of polymer cross-linking
means that the Young’s modulus of PDMS can be “tuned” to
suit the requirements of the application [26].

3. Fabrication methods
3.1. Master fabrication
The first step in all replication techniques using polymers consists of fabrication of the master. Available fabrication technologies with nanometer resolution include optical, scanningprobe, and energetic-beam lithographies. These nanometric
lithographic techniques are most often used in conjunction
with standard microfabrication technologies for the production
of micrometer-sized structures within devices. However, the
previously mentioned disadvantages of the optical and scanning-probe methods suggests that, at least for the present
time, energetic-beam nanofabrication technologies offer the
most efficient method of producing masters for replication
technologies.
Nanolithographic methods based on energetic beams, for
the production of large or complex structures, usually involve
long fabrication times (as only a small volume of material is pat-
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terned per second) and high equipment/energy costs (due to
the need to form the energetic particle beam under high vacuum conditions), making them impractical for mass production
[32]. However, the high-quality nanometric structures (e.g.,
with aspect ratios of 25 and above [32]) that are produced using these methods make them ideal for the fabrication of masters for replication technologies.
Electron-beam lithography (EBL) is the most common energetic-beam system. The method uses high-energy electrons
(100–200 KeV) from a small electron probe (1–10 nm) to write
directly onto a photoresist, causing either the breakage or formation of bonds within the resist material. After this patterning,
the excess resist is removed using a chemical developer, and
the substrate is etched using a chemical etchant. With EBL,
trenches down to 30 nm wide (widths down to 7 nm have been
reported [33]) can be satisfactorily fabricated, and masters for
NIL with comparative dimensions have been produced this
way [34]. However, EBL resolution depends heavily on the resist properties, and the resist is often the limiting factor for this
technique.
Focused ion beam (FIB) milling can be used to directly remove material from a required substrate [35]. FIB milling is similar to EBL in terms of application; however, there is a fundamental difference between the two techniques. The ions used
in FIB consist of charged atomic matter many orders of magnitude more massive than the electrons used in EBL. Thus, the
accelerated ion beam can easily be used to dislodge the atoms
of the substrate surface and hence mill away unwanted material. This therefore precludes the need for a resist (and its associated chemistry) as required in EBL. In this way, FIB milling has
been used to produce trenches 50 nm deep and ~8 nm in
width, and electrodes with a 30-nm spacing [36]. Deep ionbeam lithography is a new technique that can be used to produce 3-D nanostructures and is particularly adept at creating
side walls with almost 90° angles [37] and aspect ratios up to
100 [38]. By using FIB, masters for imprint technologies containing nanometric dimensioned structures can be fabricated
out of materials such as silicon (including silicon dioxide and silicon nitride), metals, and polymers.
Although the FIB technique is most useful as a direct
method of nanostructure fabrication, it can also be utilized in
the production of structures in conjunction with a resist [39]
and for patterning surfaces by ion implantation [40]. FIB can
also be used to image surfaces and to machine thin sections
of a sample for imaging [41], while a commercially available
FIB apparatus incorporates an inbuilt scanning-electron microscope (SEM) for real-time process imaging [42]. Finally, as
an additional technique, FIB can be used to deposit material
onto a substrate surface [41]. A gas precursor is introduced
into the path of the ion beam, which is then broken down by
energetic secondary electrons and deposited on the surface.
This deposition can be performed on conducting and insulating substrates alike, which is particularly valuable for the production of electrodes or the protection of samples containing
environmentally sensitive materials. The wide range of materials available for etching and deposition makes FIB one of the
more versatile apparatuses for nanotechnology production.
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Figure 1. SEM images of (a) a PCB logo focused ion beam (FIB)-etched into polysilicon (bar = 2 µm) displaying features with nanometric dimensions;
(b) a 75-nm-deep PCB logo etched in silicon-nitride-coated silicon (bar = 50 µm) used for producing polymer replicas; (c) a PCB logo deposited using tetraethylorthosilicate (TEOS) (bar = 5 µm).

Figure 1 gives an example of the versatility of FIB lithography
via the etching of substrate materials, such as polysilicon
(which can be used as a sacrificial layer in the production of a
silicon-based devices) and silicon-nitride-coated silicon (a
common material for the production of imprint lithography
stamps), and the deposition of tetraethylorthosilicate (TEOS).

separated, and a polymer surface containing the required
structures, which are the negative of those on the surface of
the master, is obtained (Fig. 2b). The lateral accuracy for the
HEL technique is approximately ±3 µm, while height resolution
is in the range of tens of nanometers, depending on the applied
pressure and temperature.

3.2 Fabrication of nanostructures in polymers using
replication techniques

3.2.2 Nanoimprint lithography
Like HEL, NIL is a method for replicating structures by means
of applied pressure and temperature [44]; but, unlike HEL, it allows replication of nanostructures with both a lateral and a vertical resolution that is well-inside the nanometer range. The imprinting process (Fig. 3) is similar to that for hot embossing, the
main difference being that the substrate is a thin layer of polymer deposited onto a suitable substrate, rather than a freestanding polymer sheet. Again, the polymer is heated to a temperature above its Tg, and elevated pressures, normally higher
than those used for HEL, are applied to replicate the nanostructures of the master in the polymer film (Fig. 3a). A thin layer
of polymer remains within the compressed areas of the polymer (Fig. 3b), which helps to avoid contact between the master
and the substrate, thereby preserving the master and prolonging its life-time. In this way, a master can be used up to ~40
times. An example of the polymers used in NIL is 950k PMMA
(PMMA with a molecular weight of 950,000 in anisole solvent),

3.2.1 Hot embossing lithography
Hot embossing lithography is an imprint technique in which a
polymer substrate is imparted with a patterned structure by
embossing, using a master, at elevated pressures and temperatures (Fig. 2) [43] . The embossing is performed on a press
system within which the pressure and temperature can be controlled. Within the press, one surface holds the master, with the
negative of the desired pattern on its surface, and the other
surface holds a sheet of polymer, such as PMMA [11]. The
temperature of both surfaces is increased under vacuum
(which helps prevent the formation of air bubbles in the polymer [12]) after which they are brought into contact, and the
polymer is embossed at a controlled force for a specified time
(Fig. 2a). To aid in separation of the master and the polymer,
while retaining the embossed structure, the temperature is
lowered to below that of the Tg of the polymer before removing
the embossing force. The master and polymer can then be

Figure 2. Schematic diagram of hot embossing lithography (HEL). The
master containing the superficial structures, previously milled in the
surface, is pressed into the polymer under temperatures above that of
the glass transition temperature (Tg) of the polymer (a). After a predetermined time period, the temperature is reduced and the pressure is released, allowing the master to be separated from the polymer, revealing the superficial structures replicated in the polymer surface (b).

Figure 3. Schematic diagram of nanoimprint lithography (NIL). The
technique is similar to that for hot embossing (Fig. 2), with the exception that now the polymer is a thin film that has been spin-coated on a
suitable substrate. To avoid thermal expansion problems, the master
and the substrate on which the polymer is spun are made of the same
material. Again, the master is pressed into the polymer under temperatures above that of the Tg of the polymer for a period of time (a) before
the temperature is reduced and the pressure is released, yielding superficial structures replicated in the polymer surface (b).
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which can be spun onto a suitable substrate. Both thermally
and photochemically cross-linkable polymers with low Tg characteristics [45], and semiconducting polymers [46] have also
been evaluated for use in NIL, the latter with a view to the production of organics-based electronics. In NIL, the process time
and temperature are dependent on the polymerization rate of
the polymer. The substrate and the master tend to be the same
material in order to avoid the problem of different temperaturedependent expansion rates between the two pieces during the
imprint process.
It is worth mentioning that the imprinting step in NIL is often
used as the first step of a pattern-transfer process onto a suitable substrate, or in the fabrication of electrodes. Subsequently, metal deposition, anisotropic etching, and lift-off processes
are used to produce the final structure. Note that, in this case,
the final structure is not fabricated from polymer, but from materials such as silicon or metal. NIL has been used to produce
10-nm-wide PMMA structures [34], and 100-nm-wide trenches, with a spacing of 300 nm, over a 6-inch silicon-wafer substrate [47].
One of the problems that may occur in HEL and NIL is adhesion between the master and the polymer being imprinted.
Avoiding this problem requires prior knowledge of the physics
of adhesion [48] in order to guide the choice of suitable material combinations for the master and the polymer. To avoid sticking, the material from which the master is made should be hydrophobic, for example, silicon nitride [49] or nickel [50].
Careful control of the imprinting conditions, such as by releasing the imprinting force at temperatures close to the Tg of the
polymer, will also help to eliminate sticking problems. If sticking
still occurs between the master and the polymer, anti-sticking
layers can be applied, in which materials such as halogenated
silanes [51] or PTFE [52] are deposited on the master from the
vapor phase via room-temperature adsorption or plasma-deposition techniques. These materials increase the hydrophobicity of the master surface, reducing the possibility of adhesion to the polymer; however, they also increase the
complexity of the fabrication technique and thus are used as a
last resort.
3.2.3 Polymer casting
Soft lithography techniques [53] have in common the use of an
elastomeric polymer and low contact forces, and include µCP
[54] and polymer casting [55]. The latter involves the production of a polymeric master replica by casting the liquid prepolymer against a master that has patterned relief structures on its
surface [53] (Fig. 4). The polymer is poured onto the master
(Fig. 4a) within a suitable container and allowed to settle into
the pattern on the master (Fig. 4b). The entirety is baked to
harden the elastomeric polymer and then the polymer is simply
peeled off the master (Fig. 4c), breaking the weak physical
bonds formed between the polymer and the master during the
baking step. The polymer has to be elastic enough to assure
conformal contact with the master, but rigid enough to maintain the stability and lateral resolution of any small structures.
Examples of the elastomeric polymers used in this technique
are poly(styrene) (PS) [56] and, commonly, poly(dimethylsilox-
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Figure 4. Schematic diagram of polymer casting. Here, the master containing the superficial structures (a) is placed into a suitable container
with the structures uppermost. An elastomeric polymer is poured onto
the master and cured by heating (b). When the polymer is fully cured, it
can be peeled off the master, revealing the replicated superficial structures (c).

ane) (PDMS), which has been used to mold 200-nm-wide electrode structures with a 50-nm gap [57].
Polymer structures fabricated via casting techniques can
be used either directly or as a template for the transfer of
structures onto other substrates, e.g., in µCP. In this process,
a polymeric master, produced using the above-described
method, is coated with an “ink” and brought into contact with
the substrate. The ink organizes itself in areas of mutual contact between the master and the substrate, forming a patterned self-assembled monolayer (SAM) on the substrate surface. µCP has been used for alkane-thiol [58] and protein [59,
60] patterning and can serve as the basis for wet etching of
the substrate. Possible applications of this technique include
electrode fabrication and selective chemical deposition; for
example, 100 nm wide trenches have been fabricated using
µCP [61].
3.3 Device production
After production of the master using lithographic techniques,
polymeric devices can be fabricated using a combination of the
above-described methods. The master can be formed in one
of two ways (Fig. 5): (1) the superficial features can be machined so that they are below the substrates surface (a negative stamp; Fig. 5a), or (2) they can protrude above the surface
of the substrate (a positive stamp; Fig. 5b). The former method
has the advantage that less material needs to be removed from
the master, reducing its fabrication time. Using these masters
to perform a single lithography step produces structures in the
polymer that are reversed with respect to the primary master.
Performing a subsequent step, such as polymer casting replication using the first polymer replica as a secondary master,
produces superficial structures with the same orientation as
the original, primary master. Therefore the fabrication protocol
can be designed, depending on the required replica topography (positive or negative), so as to minimize the time and ex-

Figure 5. Diagrams of (a) a negative master, in which the superficial features are below the surface of the master material, and (b) a positive
master in which the superficial features protrude above the surface of
the master.
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pense required to produce the primary master (which is usually
the most time-consuming/expensive step).
Often, once fabricated, a polymeric structure needs to be
sealed, e.g., for fluidic applications, as much to prevent evaporation of the nanoliter amounts of solvents as to keep them
confined within the device structure. In this respect, polymers
have an advantage over silicon-based materials because they
can be thermally annealed at low temperatures, eliminating the
need for chemical adhesives or high-temperature bonding [27].
Apart from annealing, other common bonding techniques include lamination, plasma bonding, and solvent-assisted bonding [62]. Lamination techniques involve the bonding of dissimilar polymers at elevated temperature using lamination materials
[63]. Plasma bonding uses a beam of ionized gas particles
(normally oxygen) to activate the surfaces of the polymer prior
to placing them in contact with each other. The plasma forms
hydroxyl (-OH) bonds on the polymer surface which, when the
two polymer pieces are brought into contact and lightly heated,
produces a permanent adhesion via the formation of C-O-C
bonds [64]. This treatment also temporarily makes the nonbonded areas hydrophilic, a valuable characteristic when designing fluidic applications as osmotic flow is eased [20]. Similarly, in solvent-assisted bonding, the polymer surface is
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Figure 6. Flow diagram detailing an example of the production of a fluidic device for biomedical applications. As an example of the structures
produced, white light interferometric images are presented for
HEL/NIL-fabricated and polymer-cast structures using a FIB-etched
silicon nitride master (SEM image from Fig. 1b).

activated by immersing the polymer in a solvent for a period of
time (e.g., ethanol for PMMA bonding [62]) and then heating
the two polymer pieces within a press. In this case, the surface
of the polymer is partially dissolved; then, as the solvent evaporates, the polymer at the interface resets, causing the two
pieces to adhere to each other. Most of these bonding techniques have been applied to microstructures; however they are
also expected to be valid for nanostructures, although requiring a higher degree of precision.
Finally, after sealing the structure, a fluidic device needs to
be connected to the outside world using fluidic connections,
which can be realized though a micrometer-sized pool (which
is interfaced to the nanofluidics) to external pumping systems
[65]. A flow representation of a fluidic device fabrication
process, including two replication steps, is presented in Fig. 6.

4. Examples of biomedical applications using
polymer nanostructures
Devices containing nanostructured elements are expected to
have biomedical applications involving the manipulation, characterization, and analysis of single cells and single biomolecules. On-chip devices, designed to perform single-cell analysis (Lab-in-a-Cell) [66] or functions such as trapping, sorting,
and analysis of single biomolecules [5], open up a vast field of
application whose limits cannot be foreseen at present. The
first examples of biomedical applications using silicon-based
nanotechnologies have already been developed, and their
polymer counterparts are currently starting to appear.
Polymeric nanodevices that may have considerable relevance in biomedical applications are those consisting of nonfluidic open systems specifically designed to study the local
chemical, electrical, and mechanical properties of single cells.
Non-fluidic based systems are defined as those based on
nanostructured open surfaces where a variety of functions can
be performed and which do not require fluid or particle flow.
These nanoscale structures are in contact with the cell at a
number of sites and can provide a variety of experimental options, for example, the success of cell culturing can be investigated on different nanostructures. Studies aimed at investigating the adhesion of fibroblasts to 27-nm-high islands of PS
showed that, after initial rapid adhesion and cytoskeletal formation on the polymer surface, compared to a control surface,
the cells formed poor contacts [67]. In this case, the PS was
patterned via polymer demixing so as to produce randomly ordered columns of polymer. In a similar study, directed cell culturing on polymers that had been chemically modified to produce nanostructured surfaces was investigated through
fibroblast adhesion to polymers such as polycaprolactone and
polyurethane [68]. The polymers in this case had been briefly
treated with a corrosive agent in order to structure their surfaces. Further studies involving fibroblast and collagen cell culturing on polymer substrates with ordered structures [69] have
been reported; however, in these cases the structures used to
control cell growth were micrometer sized. This highlights that,
while a number of investigations studying cell/structure interac-
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tions at the cellular scale are currently underway, the study of
these interactions should perhaps be extended to the use of
more ordered nanostructures, obtainable with the aforementioned replication techniques.
Different nanoscale sites can be chemically modified to investigate cell interactions under different surface conditions.
Nanofabricated polymer structures generated by ion beam
lithography have been produced on PMMA for use as biological arrays [29]. The hydrophobicity of the polymer surface can
be altered by the implantation of calcium (Ca+) or phosphorous
(P+) ions onto the nanomachined PMMA. Possible applications
for the final ion-implanted devices include osteoblast cell adhesion and cultivation with a view to bone tissue engineering
[70]. As an extension of this technique, and utilizing future sensor miniaturization technology, nanostructures could be produced to hold individual sensors, which would allow exploration of the localized chemical and physical conditions on the
cell surface.
A second subset of polymeric nanodevices that may be of
considerable interest in biomedicine are those consisting of fluidic systems. In fluidic-based applications, the flow of fluids or
particles is an essential ingredient in the performance of the device. These devices usually require the fabrication of sealed
structures in the form of nanochannels or nanoreservoirs containing nano-obstacles or similar nanostructures. Nanostructures are usually designed to perform a variety of biological
functions, such as continuous sorting, sizing, and the analysis
of single biomolecules [5].
One example of a biomedical application based on polymer
nanotechnology was presented recently [71]. The device consists of a PDMS pore, 3 µm long and 200 nm in diameter, connecting two 5-µm-deep reservoirs. It was constructed by replica molding using a master fabricated by a combination of
standard microfabrication techniques and EBL. The PDMS
part of the device is sealed onto a glass substrate containing
previously defined platinum electrodes. A detection method
based on the resistive pulse technique of particle sizing allows
the device to detect and identify the size of small particles
passing through the nanopore. Applications of the device to
the detection and counting of single DNA molecules [71] and to
the direct detection of antibody-antigen binding processes [72]
have been successfully demonstrated.
In addition to the previous examples, it is worth mentioning a
number of biomedical applications using silicon-based nanotechnologies, since these types of systems could alternatively
be fabricated using polymer-based nanotechnologies. Examples include: the stretching of single DNA molecules by means
of entropic forces located at the interface between regions of
different entropies and generated by arrays of nanopillars [73],
which gives rise to a sorting device through the application of a
pulsed voltage [74]; the sorting of DNA molecules by the rectification of Brownian motion though an array of asymmetric micro/nanopillars [75]; the scanning of the structure of stretched
single DNA molecules by near-field optical methods though
nano-slits [76]; and the sizing and counting of single DNA molecules on T-shaped nanofluidic structures [77] and on a confined entropic structure [78].

53

Due to the inherent advantages polymer-based devices
have over devices based on silicon, together with previous experience in polymer fabrication at the microscale [30], it is likely
that, in the near future, the importance of polymer nanotechnologies will grow considerably within the biomedical field.

5. Conclusion
This review has described some of the methods used in the fabrication of polymeric nanostructures, via pattern replication techniques, for use in biomedical applications. Polymer-based nanodevices have several advantages over silicon-based devices;
among others, their low cost, biocompatibility, transparency,
and rapid prototyping. The examples given here show that polymeric replication techniques based on nanoimprinting and polymer casting can be used to produce polymeric nanometric structures with high resolution and repeatability. The development of
biomedical devices incorporating these types of polymeric
nanostructures is currently in progress, aided by the production
of both nanopatterned polymer surfaces for single-cell analysis
and nanofluidic systems for the sizing and counting of single DNA
molecules. Future developments along similar lines should soon
allow biomedical experimentation on individual cells and biomolecules using very low cost, all-polymer nanodevices.

Acknowledgements
The authors would like to thank Dr. Albert Romano Rodríguez
and Dr. Anna Vilà of the Department of Electronics, UB, for producing the images in Fig. 1 and for advice concerning the FIB apparatus. The funding for this work was provided by the European
6th Framework Project (Cellprom FP6-2002-NMP-1). CAM, EM,
AE, and GG acknowledge support from the Spanish Ministry of
Science and Technology via the Ramon Cajal program.

References
[1]

[2]
[3]

[4]
[5]

[6]

Rhemrev-Boom M. M., Korf J., Venema K., Urban G. and
Vadgama P. 2001 “A versatile biosensor device for continuous biomedical monitoring” Biosens. Bioelectron. 16
839–847.
Harper T. 2003 “What is Nanotechnology?” Nanotechnology 14 editorial.
Umbach E., Glökler K., and Sokolowski M. 1998 “Surface “architecture” with large organic molecules: interface order and epitaxy” Surf. Sci. 402–404 20–31.
Choy K. L. 2003 “Chemical vapour deposition of coatings” Prog. Mater. Sci. 48 57–170.
Samitier J., Errachid A., and Gomila G. 2003 Encyclopaedia
of nanoscience and nanotechnology Nawala H. S. ed. (California: American Scientific Publishers), Volume X, 1–21.
Li T., Mitsuishi M., and Miyashita M. 2001 “Photodegradable polymer LB films for nano-lithographic imaging techniques” Thin Solid Films 389 267–271.

54

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]
[23]

ˆ

[10]

ˆ

[9]

ˆ

[8]

Arnold W. H. 1999 “CMOS device fabrication and the
evolution of optical lithographic exposure tools” Microelectron. Eng. 46 7–9.
Fay B. 2002 “Advanced optical lithography development,
from UV to EUV” Microelectron. Eng. 61–62 11–24.
Hormes J., Gottert J., Lian K., Desta Y., and Jian L. 2003
“Materials for LiGA and LiGA-based microsystems” Nucl.
Instr. Meth. Phys. Res. B 199 332–341.
Sarantopoulou E., Kollia Z., Kocevar K., Musevic I., Kobe
S., Drazic G., Gogolides E., Argitis P., and Cefalas A. C.,
2003 “The challenges of 157 nm nanolithography: surface morphology of silicon-based copolymers” Mater.
Sci. Eng. C 23 995–999.
Jaszewski R. W., Schift H, Gobrecht J., and Smith P.
1998 “Hot embossing in polymers as a direct way to pattern resist” Microelectron. Eng. 41–42 575–578.
Chou S. Y., Krauss P. R. and Renstrom P. J. 1996
“Nanoimprint lithography” J. Vac. Sci. Technol. B 14
4129–4133.
Binning G., Rohrer H., Gerber Ch., and Weibel E. 1982
“Surface Studies by Scanning Tunneling Microscopy”
Phys. Rev. Lett. 49 57–61.
Eigler D. M. and Schweizer E. K. 1990 “Positioning single
atoms with a scanning tunnelling microscope” Nature
344 524–526.
Drechsler U., Burer N., Despont M., Durig U., Gotsmann
B., Robin F., and Vettiger P. 2003 “Cantilevers with nanoheaters for thermomechanical storage application” Microelectron. Eng. 67–68 397–404.
Tsibouklis J., Stone M., Thorpe A. A., Graham P., Nevell
T. G., and Ewen R. J. 2000 “Inhibiting bacterial adhesion
onto surfaces: the non-stick coating approach” Int. J.
Adhes. Adhes. 20 91–96.
Cai X., Klauke N., Glidle A., Cobbold P., Smith G. L.,
and Cooper J. M. 2002 “Ultra-Low-Volume, Real-Time
Measurements of Lactate from the Single Heart Cell Using Microsystems Technology” Anal. Chem. 74
908–914; Johannessen E. A., Weaver J. M., Bourova
L., Svoboda P., Cobbold P. H., and Cooper J. M. 2001
“Micromachined Nanocalorimetric Sensor for UltraLow-Volume Cell-Based Assays” Anal. Chem. 74
2190–2197.
Gastrock G., Lemke M., and Metze J. 2001 “Sampling
and monitoring in bioprocessing using microtechniques”
Rev. Mol. Biotechnol. 82 123–135.
Dalton C., Goater A. D., Drysdale J., and Pethig R. 2001
“Parasite viability by electrorotation” Colloids Surf. A
Physicochem. Eng. Aspects 195 263–268.
Becker H. and Locascio L. E. 2002 “Polymer microfluidic
devices” Talanta 56 267–287.
Lee S. T. and Lifshitz Y. 2003 “The road to diamond
wafers” Nature 424 500–501.
de Mello A. 2002 “Plastic fantastic?” Lab. Chip 2 31N36N.
Um M-K., Daniel I. M. And Hwang B-S. 2002 “A study of
cure kinetics by the use of dynamic differential scanning
calorimetry” Compos. Sci. Technol. 62 29–40.

ˆ

[7]

C.A. Mills, E. Martinez, A. Errachid, G. Gomila, A. Samsó, and J. Samitier

[24] Osipowicz T., van Kan J. A., Sum T. C., Sanchez J. L.
and Watt F. 2000 “The use of proton microbeams for the
production of microcomponents” Nucl. Instr. Meth. Phys.
Res. B 161–163 83–89.
[25] Heckele M. and SchomburgW. K. 2004 “Review on micro molding of thermoplastic polymers” J. Micromech.
Microeng. 14 R1-R14.
[26] Quake S. R. and Scherer A. 2000 “From Micro– to
Nanofabrication with Soft Materials” Science 290
1536–1540.
[27] Lebib A., Chen Y., Cambril E., Youinou P., Studer V., Natali M., Pepin A., Janssen H. M., and Sijbesma R. P. 2002
“Room-temperature and low-pressure nanoimprint lithography” Microelectron. Eng. 61–62 371–377.
[28] Pfeiffer K., Bleidiessel G., Gruetzner G., Schultz H., Hoffmann T., Scheer H-C., Sotomayor Torres C. M. and
Ahopelto J. 1999 “Suitability of new polymer materials
with adjustable glass temperature for nano-imprinting”
Microelectron. Eng. 46 431–434.
[29] He W., Poker D. B., Gonsalves K. E. and Batina N. 2003
“Micro/nano machining of polymeric substrates by ion
beam techniques” Microelectron. Eng. 65 153–161.
[30] Sia S. K. and Whitesides G. M. 2003 “Microfluidic devices fabricated in Poly(dimethylsiloxane) for biological
studies” Electrophoresis 24 3563–3576.
[31] Delamarche E., Schmid H., Michel B., and Biebuyck H.
1997 Adv. Mater. 9 741–746.
[32] Madou M. J. 2002 Fundamentals of microfabrication: the
science of miniaturisation 2nd edn. (New York: CRC
press).
[33] Vieu C., Carcenac F., Pépin A., Chen Y., Mejias M., Lebib
A., Manin-Ferlazzo L., Couraud L., and Launois H. 2000
“Electron beam lithography: resolution limits and applications” Appl. Surf. Sci. 164 111–117.
[34] Chou S. Y. and Krauss P. R. 1997 “Imprint lithography
with sub-10 nm feature size and high throughput” Microelectron. Eng. 35 237–240.
[35] Tseng A. A. 2004 “Recent developments in micromilling
using focused ion beam technology” J. Micromech. Microeng. 14 R15–R34.
[36] Gierak J., Mailly D., Faini G., Pelouard J. L., Denk P., Pardo F., Marzin J. Y., Septier A., Schmid G., Ferré J., Hydman R., Chappert C., Flicstein J., Gayral B., and Gérard
J. M. 2001 “Nano-fabrication with focused ion beams”
Microelectron. Eng. 57–58 865–875.
[37] Munnik F., Benninger F., Mikhailov S., Bertsch A., Renaud P., Lorenz H. And Gmür H. 2003 “High aspect ratio,
3D structuring of photoresist materials by ion beam
LIGA” Microelectron. Eng. 67–68 96–103.
[38] van Kan J. A., Sanchez J. L., Xu B., Osipowicz T., Watt
F., 1999 “Micromachining using focused high energy ion
beams: Deep Ion Beam Lithography” Nuc. Instr. Meth.
Phys. Res. B 148 1085–1089.
[39] Yoshida M., Murakami S., Nakayama M., Yanagisawa J.,
Wakaya F., Kaito T., and Gamo K. 2001 “Formation of
narrow grooves on thin metal layer by focused ion beam
etching” Microelectron. Eng. 57–58 877–882.

Small scale structures: the fabrication of polymeric nanostructures for biomedical applications using pattern replication techniques

[40] Gamo K. 1996 “Nanofabrication by FIB” Microelectron.
Eng. 32 159–171.
[41] Phaneuf M. W. 1999 “The use of Auger spectroscopy
and a quadrupole SIMS build on a focused ion beam to
examine focused ion beam made cross-sections” Micron
30 277–288.
[42] For example, the Strata 235 Dual Beam FIB apparatus
produced by the FEI Company, USA.
[43] Sotomayor Torres C. M., Zankovych S., Seekamp J.,
Kam A. P., Clavijo Cedeño C., Hoffmann T., Ahopelto J.,
Reuther F., Pfeffier K., Bleidiessel G., Gruetzner G., Maximov M. V. and Heidari B. 2003 “Nanoimprint lithography:
an alternative nanofabrication approach” Mater. Sci. Eng.
C 23 23–31.
[44] Chou S-Y., Krauss P. R. and Renstrom P. J., 1995 “Imprint of sub-25 nm vias and trenches in polymers” Appl.
Phys. Lett. 67 3114–3116.
[45] Pfeiffer K., Ruether F., Fink M., Gruetzner G., Carlberg P.,
Maximov I., Montelius L., Seekamp J., Zankovych S., Sotomayor Torres C. M., Schultz H., and Scheer H-C. 1999
“A comparison of thermally and photochemically crosslinked polymers for nanoimprinting” Microelectron. Eng.
67–68 266–273.
[46] Clavijo Cedeño C., Seekamp J., Kam A. P., Hoffmann T.,
Zankovych S., Sotomayor Torres C. M., Menozzi C., Cavallini M., Murgia M., Ruani G., Biscarini F., Behl M., Zentel
R., and Ahopelto J. 2002 “Nanoimprint lithography for organic electronics” Microelectron. Eng. 61–62 25–31.
[47] Heidari B, Maximov I., and Montelius L. 2000 “Nanoimprint lithography at the 6 in. wafer scale” J. Vac. Sci.
Technol. B 18 3557–3560.
[48] Weiss H. 1995 “Adhesion of advanced overlay coatings:
mechanisms and quantitative assessment” Surf. Coatings Technol. 71 201–207.
[49]. Alkaisi M. M., Blaikie R. J., and McNab S. J. 2001 “Low
temperature nanoimprint lithography using silicon nitride
molds” Microelectron. Eng. 57–58 367–373.
[50] David C., Häberling P., Schnieper M., Söchtig J., and
Zschokke C. 2002 “Nano-structured anti-reflective surfaces replicated by hot embossing” Microelectron. Eng.
61–62 435–440.
[51] Beck M., Graczyk M., Maximov I., Sarwe E-L., Ling T. G.
I., Keil M., and Montelius L. 2002 “Improving stamps for
10 nm level wafer scale nanoimprint lithography” Microelectron. Eng. 61–62 441–448.
[52] Jaszewski R. W., Schift H., Schnyder B., Schneuwly A.,
and Gröning P. 1999 “The deposition of anti-adhesive ultra-thin teflon-like films and their interaction with polymers during hot embossing” Appl. Surf. Sci. 143
301–308.
[53] Xia Y. and Whitesides G. M. 1998 “Soft Lithography”
Angew. Chem. Int. Ed. 37 550–575.
[54] Kumar A. and Whitesides G. M. 1993 “Features of gold
having micrometer to centimeter dimensions can be
formed through a combination of stamping with an elastomeric stamp and an alkanethiol “ink” followed by chemical etching” Appl. Phys. Lett. 63 2002–2004.

55

[55] Xia Y., Kim E., Zhao X-M., Rodgers J. A., Prentiss M. and
Whitesides G. M. 1996 “Complex Optical Surfaces
Formed by Replica Molding Against Elastomeric Masters” Science 273 347–349.
[56] Russo A. P., Apoga D., Dowell N., Shain W., Turner A. M.
P., Craighead H. G., Hoch H. C. and Turner J. T. 2002
“Microfabricated Plastic Devices from Silicon Using Soft
Intermediates” Biomed. Microdevices 4 277–283.
[57] Carcenac F., Malaquin L., and Vieu C. 2002 “Fabrication
of multiple nano-electrodes for molecular addressing using high-resolution electron beam lithography and their
replication using soft imprint lithography” Microelectron.
Eng. 61–62 657–663.
[58] Xia Y., Zhao X-M., and Whitesides G. M. 1996 “Pattern
transfer: Self-assembled monolayers as ultrathin resists”
Microelectron. Eng. 32 255–268.
[59] Bernard A., Renault J. P., Michel B., Bosshard H. R., and
Delamarche E. 2000 “Microcontact Printing of Proteins”
Adv. Mater. 12 1067–1070.
[60] Schmalenberg K. E., Buettner H. M., and Uhrich K. E.
2004 “Microcontact printing of proteins on oxygen plasma-activated poly(methyl methacrylate)” Biomater. 25
1851–1857.
[61] Biebuyck H. A., Larsen N. B., Delamarche E., and
Michel B. 1997 “Lithography beyond light: Microcontact
printing with monolayer resists” IBM J. Res. Dev. 41
159–170.
[62] Klank H., Kutter J. P. And Geshke O. 2002 “CO2-laser
micromachining and back-end processing for rapid production of PMMA-based microfluidic systems” Lab. Chip
2 242–246.
[63] Roberts M. A., Rossier J. S., Bercier P. and Girault H.
1997 “UV Laser Machined Polymer Substrates for the
Development of Microdiagnostic Systems” Anal. Chem.
69 2035–2042.
[64] Nakamura Y., Suzuki Y. and Watanabe Y. 1996 “Effect of
oxygen plasma etching on adhesion between polyimide
films and metal” Thin Solid Films 290–291 367–369.
[65] Krulevitch P., Benett W., Hamilton J., Maghribi M. and
Rose K. 2002 “Polymer-Based Packaging Platform for
Hybrid Microfluidic Systems” Biomed. Microdevices 4
301–308.
[66] Andersson H. and van den Berg A. 2004 “Microtechnologies and nanotechnologies for single-cell analysis” Curr.
Op. Biotechnol. 15 44–49.
[67] Dalby M. J., Giannaras D., Riehle M. O., Gadegaard N.,
Affrossman S., and Curtis A. S. G. 2004 “Rapid fibroblast
adhesion to 27 nm high polymer demixed nano-topography” Biomater. 25 77–83.
[68] Vance R. J., Millar D. C., Thapa A., Haberstroh K. M. and
Webster T. J. 2004 “Decreased fibroblast cell density on
chemically degraded poly-lactic-co-glycolic acid,
polyurethane, and polycaprolactone” Biomater. 25
2095–2103.
[69] He W., Halberstadt C. R. and Gonsalves K. E. 2004 “Lithography application of a novel photoresist for patterning
of cells” Biomater. 25 2055–2063.

56

C.A. Mills, E. Martinez, A. Errachid, G. Gomila, A. Samsó, and J. Samitier

[70] He W., Gonsalves K. E., Batina N., Poker D. B., Alexander E. and Hudson M. 2003 “Micro/nanomachining of
Polymer Surface for Promoting Osteoblast Cell Adhesion” Biomed. Microdevices 5 101–108.
[71] Saleh, O. A. and Sohn, L. L., 2003 “An Artificial Nanopore
for Molecular Sensing” Nano Lett. 3 37–38.
[72] Saleh, O. A. and Sohn, L. L. 2003 “Direct detection of antibody-antigen binding using an on-chip artificial pore”
Proc. Nat. Acad. Sci. 100 820–824.
[73] Turner S. W. P., Cabodi M. and Craighead H. G. 2002
“Confinement-Induced Entropic Recoil of Single DNA
Molecules in a Nanofluidic Structure” Phys. Rev. Lett. 88
128103–1–128103–4.
[74] Cabodi M., Turner S. W. P. and Craighead H. G. 2002
“Entropic Recoil Separation of Long DNA Molecules”
Anal. Chem. 74 5169–5174.

About the authors
Chris Mills received a BSc. in Chemical
Science from the University of Salford,
UK, and, in 2000, a PhD from the University of Wales, Bangor, UK, for studies on
the electronic properties of semiconducting polymers published in a thesis entitled
“Investigations into low band-gap, semiconducting polymers”. He then studied
polymer-based electronic nose technology as a postdoctoral researcher at the
University of Glasgow, UK, until 2003,
and is currently a Ramon y Cajal postdoctoral researcher within the Nanobioengineering Laboratory at the Barcelona Science Park, Spain, working in the field of
polymer-based nanotechnology.
Elena Martinez is the head of the Nanotechnology Platform at the Barcelona
Science Park, an installation including all
the equipment needed for the manufacturing and characterization of micro and
nanometric devices, with an emphasis
on devices for biomedical applications.
She received her PhD from the University
of Barcelona in the field of materials science and has worked on nano-materials

[75] Chou, C. F., Bakajin, O., Turner, S. W. P., Duke, T. A. J.
D., Chan, S. S., Cox, E. C., Craighead, H. G. and Austin,
R. H, 1999 “Sorting by diffusion: An asymmetric obstacle
course for continuous molecular separation” Proc. Nat.
Acad. Sci. 96 13762–13765.
[76] Tegenfeldt, J. O, Bakajin,O., Chou, C.-F., Chan, S. S.,
Austin, R., Fann, W., Liou, L., Chan, E., Duke, T. and
Cox, E. C., 2001 “Near-Field Scanner for Moving Molecules” Phys. Rev. Lett 86 1378–1381.
[77] Foquet M., Korlach J., Zipfel W., Webb W. W. and Craighead R. H. 2002 “DNA Fragment Sizing by Single Molecule Detection in Submicrometer-Sized Closed Fluidic
Channels” Anal Chem. 74 1415–1422.
[78] Han J. and Craighead C. F. 2000 “Separation of Long
DNA Molecules in a Microfabricated Entropic Trap Array”
Science 288 1026–1029.

projects at University of California,
Berkeley (US), Uppsala University (Sweden), and Ecole Polytechnique Federal
de Lausanne (Switzerland).
Abdelhamid Errachid joined the Research Centre for BioElectronics and
NanoBioScience in 2001. His research
encompasses the design, fabrication,
and characterization of chemical– and
bio-sensors based on field effect transistors (FETs), and the development of integrated instrumentation for ion-selective
FETs (ISFETs) for bioelectronics and
nanobiotechnology. Abdelhamid received
his PhD in Electronic Engineering from
the Universitat Autònoma de Barcelona,
in 1998, and then worked as a researcher at the Centre Nacional de Microelectrònica, Barcelona.
Gabriel Gomila received a PhD. in
Physics from the University of Barcelona
in 1997. His research focused on the
physics and theoretical modeling of
semiconductor interfaces. From 1999 to
2000, he carried out post-doctoral research on the physics of mesoscopic
semiconductor devices at the University
of Lecce, Italy. In 2001, he joined the De-

partment of Electronics at the University
of Barcelona as a senior researcher (Ramon y Cajal program) in the field of nanoelectromechanical systems for biological
applications. He is co-author of more
than 30 publications in international journals.
Anna Samsó is currently studying for
a PhD at the University of Barcelona/
Barcelona Science Park within the field
of polymer fabrication technologies, in
particular polymer hot embossing and
nanoimprint lithographies.
Josep Samitier is Professor of Electronic Instrumentation at the Electronics
Department within the University of
Barcelona, director of the Research Centre for Bioelectronics and Nanobioscience, and vice-rector of the University
of Barcelona. He has participated in several European projects concerning integrated microsystems based on silicon
technology and has worked as an industry consultant in the field of smart sensors. He is a member of the international
committee of the International Society for
BioMEMS and Nanotechnology (ISBBN).

