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Biomolecular nanopatterning techniques hold enormous
promise for biological and medical applications, including
highly sensitive diagnostics, genomics, proteomics,[1] and
integrated biomaterials.[2] Numerous lithographic techniques,
such as dip-pen nanolithography,[3] nanografting,[4] and elec-
tron-beam lithography,[5] have been used to generate biomo-
lecular nanopatterns with high resolution. However, these
serial point-to-point lithographic techniques are limited by
their low speed in generating nanopatterns over large areas.
Parallel lithographic techniques such as nanocontact print-
ing[6] and nanoimprint lithography[7] can generate nanopat-
terns at high speed over large areas, but it is challenging to
incorporate multiple distinct biomolecules into these litho-
graphic processes to generate heterogeneous nanopatterns.[8]

Bottom-up self-assembled nanoparticles,[9] copolymers,[10] and
DNA oligonucleotides[11] have been employed as templates to
guide subsequent assembly of biomolecular nanopatterns, but
the fabrication of arbitrary long-range-ordered biomolecular
nanopatterns remains elusive. Herein, we present a new facile
biomolecular nanopatterning technique, magnetic electric
lithography (MEL), to guide the assembly of magnetic
nanoparticles (MNPs) coated with distinct biomolecules to
form heterogeneous biomolecular nanopatterns on a tem-
plate at a resolution down to 10 nm. The nanopatterns can be
faithfully transferred from the template to a biocompatible
polymer substrate for general biomedical applications.

The MEL process is shown in Scheme 1. Water-soluble
MNPs coated with distinct biomolecules (proteins or DNA;
see the Experimental Section) in deionized water are
delivered through a microfluidic system (Scheme 1 a) and
deposited onto a template surface within specific areas by
applying a magnetic field with a strong gradient from the back
side of the template for 20 seconds (Scheme 1 b). The MNPs
are subsequently immobilized onto gold nanoelectrodes on
the template surface by applying a 1.5 V direct-current
potential for five seconds on the nanoelectrodes (Scheme 1c).
The binding between the MNPs and Au nanoelectrodes can

be attributed to the electrical neutralization of the charged
MNPs.[12] MNPs that are nonspecifically bound to the
template surface can be removed by positioning the magnet
on the top side of the template and rinsing the template
surface (Scheme 1d). Different MNPs coated with distinct
biomolecules can be attracted to the desired area on the
template surface and immobilized onto different nanoelec-
trodes in parallel (Scheme 1e). The MNP nanopatterns
assembled on the template surface are then immersed into
an aqueous poly(ethylene glycol) diacrylate (PEG-DA)
solution, which can be cross-linked by UV light (Scheme 1e).
After the template is separated from the polymer substrate,
the MNP nanopatterns can be completely transferred from
the template to the biocompatible PEG hydrogel[13] substrate
(Scheme 1 f). The details of the MEL processes are described
in the Experimental Section and in the Supporting Informa-
tion.

Figure 1 displays a series of atomic force microscopy
(AFM) images showing the MEL process. 60 nm wide Au
nanoelectrodes form the boundaries of the characters “M”,
“E”, and “L” on a SiO2/Si template surface (Figure 1a). By
sequential application of a 1.5 V potential to the “M”, “E”,
and “L” nanoelectrodes, MNPs coated with three distinct
DNA olignonucleotides (S1, S2, and S3; see the Experimental
Section) were sequentially immobilized onto the nanoelec-
trodes (Figure 1b–d). As measured by AFM, the nanoelectr-
odes assembled with the MNPs are approximately 20 nm
higher than those without MNPs, and there was no obvious
immobilization of MNPs beyond the nanoelectrodes to which
the electrical potential was applied. After the MNPs were
transferred to the PEG polymer substrate, the AFM image of
the template surface (Figure 1e) showed that the nanoelec-

Scheme 1. The magnetic electric lithographic (MEL) process.
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trodes had recovered to the original morphology as shown in
Figure 1a, and the MNPs had been completely transferred to
the polymer substrate. The template can be reused many
times (see the Supporting Information). The template surface
morphology was faithfully embossed onto the polymer
substrate (Figure 1 f). After the polymer was selectively
etched by reactive ion etching (RIE), the MNPs buried
underneath the polymer surface were extruded (Figure 1 g, h),
showing the nanopatterns formed by the MNPs.

We have tested the bioactivity and specificity of the
biomolecular nanopatterns on the polymer substrate shown in
Figure 1 f. The polymer substrate was exposed to a mixed
solution of three different fluorophore-labeled DNA oligno-
nucleotides (F1, F2, and F3; see the Experimental Section)
that are complementary to the aforementioned S1, S2, and S3
DNA strands coated on the MNPs. A superimposed fluores-
cence image of the complementary DNA nanopatterns after

DNA hybridization is shown in Figure 2a. Although the
fluorescent nanopatterns are blurred owing to the resolution
limit of the fluorescence microscope (see the Supporting
Information), the image still indicates the specific hybrid-
ization between the DNA strands and the reactivity and
specificity of the DNA on the MNPs (Figure 2b).

To demonstrate the high resolution of MEL, a template
consisting of two parallel 8 nm wide Au nanoelectrodes was
fabricated on a SiO2 surface (see Figure 3a and the Exper-
imental Section). Streptavidin-coated single MNPs with a
diameter of approximately 10 nm were immobilized and
aligned in a row along the Au nanoelectrodes by MEL
(Figure 3b). The MNPs were coated with streptavidin labeled
with green fluorophores (Alexa Fluor 488); therefore, a green
fluorescent line can be observed along the nanoelectrodes by
the fluorescence microscope (Figure 3c), but the double
nanoelectrodes cannot be distinguished owing to the limita-

Figure 1. Atomic force microscopy (AFM) images and the correspond-
ing height profiles along the lines on the images showing a) Au
nanowire electrodes as the boundaries of characters “M”, “E”, and “L”
on a template surface; b)–d) Magnetic nanoparticles (MNPs) sequen-
tially assembled onto the “M”, “E”, and “L” nanoelectrodes; e) tem-
plate and f) polymer surfaces after the MNPs were transferred from
the template to the polymer substrate; g) the extruded MNP nano-
patterns after the polymer was etched by reactive ion etching (RIE).
h) Schematic cross-sectional views of the polymer substrate before
and after RIE.

Figure 2. a) A superimposed fluorescence image and b) schemes
showing that the fluorophore-labeled complementary DNA oligonu-
cleotides (F1, F2, and F3) are conjugated with the DNA strands (S1,
S2, and S3) on the MNP nanopatterns on the PEG polymer substrate
shown in Figure 1 f.

Figure 3. Scanning electron microscopy (SEM) images of a) two paral-
lel 8 nm wide Au nanoelectrodes on a template; and b) streptavidin
(SA)-coated 10 nm MNPs immobilized on the Au nanoelectrodes. The
template surfaces were coated with a 2 nm thick Au film to eliminate
charge effects during the SEM observation. Fluorescence microscopy
images of c) green-fluorophore-labeled streptavidin on MNPs immobi-
lized along the Au nanowires on the template; and d) red-fluorophore-
labeled biotin after reaction with the streptavidin on the MNPs
transferred to a PEG polymer substrate. The corresponding MEL
process is shown schematically in the right column.
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tion of the microscope resolution. After the MNPs were
transferred to a PEG polymer substrate, the streptavidin units
on the MNPs were treated with biotin labeled with a red
fluorophore (Atto-590). A red fluorescent line can then be
observed along the nanoelectrodes (Figure 3d). The exper-
imental results indicate that MEL can generate biomolecular
nanopatterns with a resolution down to approximately 10 nm.
The resolution is defined by the sizes of the MNPs and of the
nanoelectrodes on the template.

To explore biomolecular nanopatterns by a parallel MEL
process over a large area, we fabricated a template with an
array of nanoholes through a SiO2 layer over an area of
approximately 0.5 cm2, and microscale Au electrodes buried
underneath the SiO2 layer were exposed to the template
surface through the nanoholes (Figure 4a). Different MNPs

coated with streptavidin labeled with a red (Alexa Fluor 594)
or a green (Alexa Fluor 488) fluorophore were delivered to
the template surface through the microfluidic system. A 1.5 V
potential was applied for five seconds on the Au electrodes to
immobilize the different MNPs onto the different Au electro-
des through the SiO2 nanoholes over the whole template
surface in parallel. The MNPs were then transferred to a PEG
polymer substrate. Fluorescence and AFM images of the
MNP nanoarray on the polymer substrate are shown in
Figure 4b,c, which indicates that heterogeneous biomolecular
nanoarrays can be facilely fabricated over a large area by a
parallel MEL process.

In essence, we have developed a magnetic electric
lithography (MEL) technique, in which MNPs coated with
multiple distinct biomolecules can be conveniently delivered
through a microfluidic system, rapidly deposited onto a
template surface within specific areas by a magnetic field, and
selectively immobilized onto the nanoelectrodes by applying
an electric potential on the electrodes. Heterogeneous
biomolecular nanopatterns formed by the MNPs assembled
on the nanoelectrodes can be reliably transferred to a
biocompatible polymer substrate. We have demonstrated
that nanopatterns with a resolution down to approximately
10 nm can be fabricated by MEL, and heterogeneous

biomolecular nanoarrays can be obtained by a parallel MEL
process over an area of approximately 0.5 cm2 within two
minutes. The resolution can potentially be improved by
further reducing the sizes of MNPs and nanoelectrodes on the
template. An integrated MEL system with dynamically
controlled magnetic field, electric potential, and multiple
microfluidic channels can potentially fabricate complex
biomolecular nanopatterns on demand with high resolution,
speed, and throughput for various biological and medical
applications.

Experimental Section
Water-soluble iron oxide (Fe3O4) MNPs with an average diameter of
approximately 10 nm were synthesized and capped with positively
charged 2-pyrrolidinone,[14] and a negatively charged poly(styrene
sulfonate) (PSS) layer was then self-assembled onto the MNPs.[15]

Streptavidin was physically adsorbed to the PSS-coated MNPs,[16] and
three different biotinylated DNA olignonucleotides (S1, S2, and S3,
Table 1) were conjugated with the streptavidin on the MNPs (see the

Supporting Information). The cross-linkable polymer solution for
MNP transfer contains 66 wt% poly(ethylene glycol) diacrylate
(PEG-DA, n = 400), 3.0 wt % 2-hydroxy-4-(2-hydroxyethoxy)-2-
methylpropiophenone as photoinitiator, 30 wt % phosphate-buffered
saline (PBS), and 1 wt % surfactant (Tween-20). The PEG polymer
solution was cross-linked by UV exposure with an intensity of
11.0 mWcm�2 for 30 seconds to form PEG hydrogel. After the MNPs
were transferred to the PEG polymer substrate, complementary
DNA strands (F1, F2, and F3, Table 1) were hybridized with the DNA
on the MNPs in a buffer solution (1m NaCl, 10 mm 2-amino-2-
hydroxymethyl-propane-1,3-diol (tris) HCl, 1 mm ethylenediamine
tetraacetic acid (EDTA), and 0.01% (w/v) sodium dodecyl sulfate
(SDS), pH 7.4) at room temperature (25 8C) for 12 h. The biotin was
conjugated with the streptavidin on the MNPs in a solution of
10 mgmL�1 biotin in PBS solution for 1 hour.
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Table 1: DNA sequences used in this study.

Code Sequence l ex[a]/em[b] [nm]

S1 5’-biotin-T15 GCTTATCGAGCTTTCG-3’
S2 5’-biotin-T15 ATCGATCGAGCTGCAA-3’
S3 5’-biotin-T15 ATCAGTGCAGGAGCTA-3’
F1 5’-TEX613-CGAAAGCTCGATAAGC-3’ 596/613
F2 5’-FAM-TTGCAGCTCGATCGAT-3’ 495/520
F3 5’-Cy3-TAGCTCCTGCACTGAT-3’ 550/564

[a] The maximum excitation wavelengths. [b] The maximum emission
wavelengths.
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