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We report an array of polymeric nanowires for eﬀectively immobilizing biomolecules on biochips owing to the large surface area. The
nanowires were fabricated in predesigned patterns using an inductively coupled plasma (ICP) etching process. Microﬂuidic biochips
integrated using the substrates with arrays of nanowires and polydimethylsiloxane channels have been demonstrated to be eﬀective
for detecting antigens, and a detection limit of antigens at 0.2 mg
mL1 has been achieved, which is improved by a factor of 50
compared to that based on ﬂat substrates without the nanowires. In
addition, the high sensitivity for clinical detection of human immunodeﬁciency virus (HIV) antibody has also been demonstrated,
showing a 20 times enhancement in ﬂuorescent signal intensity
between the samples with positive and negative HIV.

The development of biochips is a major thrust of the rapidly growing
biotechnology owing to their diverse applications in genomics,1,2
proteomics,3–6 diagnosis7,8 and pharmaceuticals.9 Oen, biochips
need solid substrates to immobilize biomolecules such as DNA,
antibodies, antigens, enzymes, polysaccharides, etc.10,11 The capacity
of the solid substrate to adsorb biomolecules determines the
sensitivity of the assays.12,13 Enlarging the specic surface areas of the
solid substrate can lead to improved sensitivity, thus the diagnosis of
diseases such as AIDS14 and u can be more eﬀective. A lot of work
has been done to fabricate 3-D or quasi 3-D lms to increase the
specic surface area of the solid substrate such as electrospun
nanobrous membranes,14–17 track-etched polymeric membranes,18
in situ polymerized porous structures,19,20 polydimethylsiloxane
(PDMS) microwells,21 polyvinylidene uoride22 and nitrocellulose23
membranes, polyacrylamide gel pads,24 polystyrene microbeads,25,26
etc. Among these methods, electrospun nanobrous membranes
showed superior capability of immobilizing biomolecules. However,
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electrospinning does not apply to all kinds of polymers, especially
for thermal setting polymers, and it is hard to make micron scale
patterns, so that the liquid diﬀusion is always a problem.27
In this paper, we report a novel method for fabricating arrays of
polymer nanowire structure28,29 for eﬀectively immobilizing
biomolecules on biochips owing to the increased surface area. The
polymer nanowire arrays are fabricated in the patterned trenches on
a biochip with inductively coupled plasma (ICP). The detection limit
of the biochips based on polymer nanowire arrays is lowered to 1/50
of that based on at substrates. The nanowires can be made with
any polymer material or even polymers mixed with other organic
compounds.
We invented a new method for fabricating patterned and vertically aligned polymer nanowire arrays of any polymer.28,29 The
polymer nanowires are formed by inductively coupled plasma (ICP)
etching a polymeric lm that has a roughened surface. The local
etching rate is higher at a local dip than at a protrusion. This leads
to an amplication of initial surface modulations and deepened
surface roughness. The formation mechanism is suggested to be
due to a dependence of the cone-shaped interaction volume
between the ion and the polymer on its local incident-angle at the
modulated surface.
The density, length and position of the nanowires can be well
controlled. For the polyethylene terephthalate (PET) nanowire
arrays with highest density (diameter ¼ 100 nm, length ¼ 15 mm,
density ¼ 5  107 mm2), the surface area can be two hundred times
larger than that of the at substrates.28 The average diameter of these
nanowires is around 100 nm and the average distance between the
nanowires is around 300 nm. Considering the size of the protein or
DNA molecules commonly immobilized on biochips is in the range
from 1 nm to 10 nm, the size of the polymer nanowires is suitable for
biomolecule adsorption. And unlike nano-porous materials, in
which it is hard for the biomolecule to diﬀuse deeply into the pores,
the whole surface of the nanowires has larger size of the in-between
area, which can be easily reached by the biomolecules. Furthermore,
because the nanowires can be conned to pre-designed micro-scale
patterns so that the other areas remain at, it solves the liquid
diﬀusion problem.14,27 The majority of the adsorbed molecules are
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accumulated in the area covered by nanowire arrays. Flat areas can
be used to assemble with other complex structures by van der
Waals forces, such as microchannels, electronic or optical devices, to
make high output/multi-functional biochips.
Our method can be applied on any polymeric material or even on
polymers mixed with other organic compounds. As examples, we
have tried this method on polymethyl methacrylate (PMMA, crosslinked and uncross-linked), polystyrene (PS, cross-linked and
uncross-linked), poly(dimethylsiloxane) (PDMS, cross-linked), polyethylene naphthalate (PEN), polyethylene terephthalate (PET, crosslinked), Kapton lm, a thin layer of fullerenes, polytetrauoroethylene (PTFE), and so forth. Although the highest density of the
nal nanowires varies from 5  106 mm2 to 5  107 mm2 with
diﬀerent materials, we have not found any polymeric sample that
cannot be etched into nanowires applying this method. So it is
possible for us to choose the substrate materials with proper functional groups for further surface modications to enhance or
prevent the adsorption of specic biomolecules.
These unique characteristics of this kind of polymer nanowires
perfectly meet the requirements of solid substrates of biochips. We
demonstrate the microuidic immunoassay chip fabrication with
patterned PET nanowire arrays, as a substrate. We chose PET
because it is cheap, transparent, insoluble in water, mechanically
strong and can form high density nanowires.
The fabrication process of the microuidic chip is shown in
Fig. 1. A silicon shadow mask with the designed pattern was used to
conne the ICP etching area on the PET substrates. As a demo, we
exposed areas of 200 mm in width and 5 mm in length. Then, Au
sputtering and ICP treatment were consequently carried out. As a
result, the exposed area was etched into high density nanowire
arrays using the method we have developed (Fig. 1b). The
morphology of the PET nanowires was reproducible as long as the
fabrication process remained the same.
To integrate the polymer nanowire arrays in a microuidic chip,
a polydimethylsiloxane (PDMS) slab with designed trenches was
carefully coated on the fabricated PET slide to form enclosed
microchannels for carrying out immunoassays. Because both the
area without nanowires on the PET slide and the area on the slab of
PDMS were completely at, the adhesion between the PET slide and
the PDMS was strong enough to prevent leakage during the

Fig. 1 (a) Fabrication of the Si shadow mask. (b) Fabrication of the substrate
with patterned polymer nanowire arrays. (c) Fabrication of the PDMS slab with
designed trenches. (d) Integration of the microﬂuidic chip.
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Fig. 2 (a and b) Images of the substrate with patterned polymer nanowires
in trenches. (c) SEM image of the polymer nanowire array. (d) Image of the
microﬂuidic chip.

microuidic operations in the immunoassay in the current report.
The fabricated microuidic chip is shown in Fig. 2.
Then an immunoassay to detect a certain antigen was carried out
on the chip (Fig. 3). The antigen (Rabbit IgG, from Jackson-Immuno
research) solutions with diﬀerent concentrations were introduced
into the microchannels and adsorbed on the polymer nanowires to
form protein patterns. Then 5% casein solution was introduced to
saturate the surface and reduce the nonspecic adsorption. Next the
unadsorbed biomolecules were washed away with 0. 1 mL of phosphate buﬀer saline and the channels were incubated with uorescent dye-labeled antibody (Goat anti-rabbit IgG-FITC) for 1 h, when
the antibody would specically bind to the immobilized antigen. At
last, the channels were purged with 0.1 mL of PBS. The uorescent
dye-labeled antibody would only stay in the channels with

Fig. 3 The process of the immunoassay: (a) immobilizing antigen on the surface
of the substrate. (b) Introducing 5% casein solution to prevent non-speciﬁc
adsorption. (c) Introducing ﬂuorescently labeled antibodies to bind with the
antigens. (d) Purging the channel with PBS buﬀer to wash away free antibodies.
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immobilized antigens because of the specic adsorption. Without
specic adsorption, the antibody would be washed away. The chip
was observed under an inverted uorescence microscope. The
uorescent intensity in the areas with nanowire arrays has been
much stronger than that in the at areas because of the larger
amount of antigen adsorption on the surface (Fig. 4). If the limit of
detection (LOD) is dened as signal/noise ¼ 2 : 1, the LOD with the
nanowire arrays was 0.2 mg mL1. This number was 1/50 of that
using the at polymer substrate (10 mg mL1) and was even lower
than that using electrospun nanobers (0.625 mg mL1).17 It should
be noticed that the concentration of the uorescent dye-labeled
antibody was xed, so at a high antigen concentration range, the
increase of the uorescent signal was not linear.
A cross-adsorption experiment has been carried out to show the
good selectivity of the antigen-functionalized nanowires. Polymer
nanowires were localized in 300 nm diameter spots as shown in
Fig. 2b. The principle was the same with the experiment to detect a
single antigen. But 3 diﬀerent antigen solutions (mouse IgG,
Human IgG, and Rabbit IgG) were injected in diﬀerent rows and 3
uorescently labeled antibodies (Cy3 labeled Goat anti-rabbit IgG,
red uorescence; FITC labeled Goat anti-Human IgG, green uorescence; and AF488 labeled Goat anti-mouse IgG, green uorescence) were introduced in diﬀerent columns. The results are shown
in Fig. 5. Only spots with specic adsorption were bright under the
uorescence scanner.
The biochips with polymer nanowires can be applied in immunoassay based clinical diagnosis. Here we demonstrate the performance improvement of such biochips with HIV-positive serum
antibody detection. Such diagnostic assays typically attempt to
detect primary antibodies (IgGs) in patient's serum which is
specic for HIV ENV antigens. The biochemical principle of our
protocol follows that in enzyme-linked immunosorbant assay
(ELISA) but only requires 1/100 to 1/10 000 of the amount of serum
sample and biochemical reagents commonly consumed in multiwell plate ELISA. Firstly gp120, which was a glycoprotein exposed on
the surface of the HIV envelope, was adsorbed on the polymer
nanowires. Then a 2% BSA block solution was introduced to
reduce non-specic adsorption. Next, HIV positive and HIV negative

Fig. 4 The immunoassay results: (a) the ﬂuorescent image of the microﬂuidic
channels with diﬀerent antigen concentrations. The left column shows the images
taken from the ﬂat part of the substrate and the right column shows the images
taken from the part with nanowire arrays. (b) The ﬂuorescent intensity at diﬀerent
antigen concentrations. (c and d) Bright-ﬁeld optical image and ﬂuorescent
image of the nanowire array/ﬂat substrate junction area, the upper part of the
channel was with polymer nanowires.
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Fig. 5

Cross-analysis of diﬀerent antigen–antibody interactions.

serums were introduced and incubated for 30 min. The anti-gp120
antibody would specically bind to the gp120 if the serum is HIV
positive. Finally, the uorescent dye labeled secondary antibody that
was specic for anti-gp120 was injected and incubated for 30 min to
determine whether there was anti-gp120 antibody in the serum.
Aer each step, 0.01 M PBS buﬀer with 0.2% Tween 20 was used to
wash away the free molecules. In Fig. 6 we can see that the biochip
with polymer nanowires provide a much brighter uorescence signal
with HIV positive samples than the HIV negative samples. Without
the nanowires, both the HIV positive and negative samples remained
dark. It should be noticed that for HIV negative samples, there was
also a weak uorescence emission from non-specic absorption. But
the uorescent signal intensity diﬀerence between the HIV positive
and negative samples was amplied 20 times by using polymer
nanowires, which is a signicant improvement in sensitivity potentially for clinical diagnosis. For future development, it is also possible
to use special gases in the ICP treatment step to modify the surface of
the nanowires with certain functional groups (e.g. ammonia gas for
amino-groups), which may be further chemically modied with
desired anchor biomolecules or non-specic adsorption inhibitors
to increase the signal to noise ratio.
In conclusion, we have fabricated a patterned polymer nanowire
structure for enhancing the sensitivity of biochips. The output
uorescent signal was magnied and the detection limit of
biomolecules was lowered. It has potential application in a lot of
clinical diagnosis based on specic adsorption of biomolecules

Fig. 6 The HIV positive serum detection result using biochips with and without
polymer nanowires. All the four pictures were taken from one experiment on one chip.
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such as HIV antibody immunoassay. Besides making protein or
DNA micro arrays, it is also possible to use such substrates for cell
culture to study the inuence of surface morphology on the cells'
adhesion, growth, migration and diﬀerentiation.

Experimental section
Fabrication of the patterned polymer nanowire arrays
First, a silicon shadow mask was made by lithography and deep
reactive ion etching (Bosch process) on a thin silicon wafer (thickness ¼ 50 mm). The areas to be covered by polymer nanowire arrays
were etched through (Fig. 1a). Then, the shadow mask was put on a
clean and at PET slide (thickness ¼ 0.3 mm). Aer that, 10 nm Au
was sputtered on the slide with shadow mask to roughen the
exposed surface. Next, the ICP etching was carried out with the
following conditions: Ar, O2, and CF4 gases were introduced in
the ICP chamber with ow rates of 15.0, 10.0, and 30.0 sccm
(standard cubic centimeter per minute), respectively. The operation
temperature was 55.0  C with a pressure of 15 mTorr. One power
source of 400 W was used to generate a large density of plasma while
another power source of 100 W was used to accelerate plasma
ions toward the polymer surface. The etching process lasted for
0.5 hour. The silicon shadow mask was reusable.
Integration of the microuidic chip
A polydimethylsiloxane (PDMS) slab with designed trenches was
made via a so lithography technique (Fig. 1c). It was carefully
coated on the fabricated PET slide to form enclosed microchannels
for carrying out immunoassays. To further enhance the attachment
between the PDMS slab and the polymer substrate with nanowires
(not just for PET, but also for other polymer substrates), oxygen
plasma (40 W, 2 min, with an oxygen plasma cleaner) was used to
generate high energy surfaces before the sealing of the microchannels (Fig. 1d).
Antigen detecting experiment
Antigen (Rabbit IgG, from Jackson-Immuno research) solutions
with diﬀerent concentrations were introduced into the microchannels and were incubated for 2 hours. Then 5% casein solution
was introduced, and the antigen microarray was incubated for 2
hours to saturate the surface and reduce the nonspecic adsorption.
Next, 0. 1 mL of phosphate buﬀer saline (PBS, pH ¼ 7.4, from
Sigma-Aldrich) was used to purge each channel. Aer that, the
channels were incubated with uorescent dye-labeled antibody
(Goat anti-rabbit IgG-FITC, 5 mg mL1, from Beyotime Institute of
Biotechnology) for 1 h, when the antibody would specically bind to
the immobilized antigen. At last, the channels were purged with
0.1 mL of PBS. The chip was observed under an inverted uorescence microscope.
Cross-adsorption experiment of 3 diﬀerent antigen/antibody
pairs
Polymer nanowires were localized in 300 nm diameter spots as
shown in Fig. 5. Diﬀerent antigen solutions (mouse IgG, Human
IgG, Rabbit IgG, 5 mg mL1 in carbonate buﬀer (CB, pH ¼ 9.6), from
Jackson-Immuno research) were injected into horizontal aligned
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PDMS microchannels and incubated for 15 min to functionalize
diﬀerent rows of nanowire spots. PBS was used to purge the channels aer incubation. Then the PDMS slab was peeled oﬀ from the
substrate and the whole substrate was incubated in the blocking
solution (5% BSA in PBS, pH ¼ 7.2) for 15 min to decrease nonspecic adsorption. Aer incubation, the substrate was washed with
PBS. Next, another piece of PDMS slab with designed channels
perpendicular to the rst one was coated on the spots and uorescently labeled antibodies (Cy3 labeled Goat anti-rabbit IgG, red
uorescence; FITC labeled Goat anti-Human IgG, green uorescence; AF488 labeled Goat anti-mouse IgG, green uorescence; 5 mg
mL1 in PBS, pH ¼ 7.2, from Beyotime Institute of Biotechnology)
were introduced in diﬀerent columns and incubated for 15 min.
Finally, each channel was purged with PBS once to wash away the
free molecules. The chip was observed under a Typhoon Trio uorescence scanner (from GE, blue-excited uorescence was 488 nm;
green-excited uorescence was 532 nm. The multicolor uorescence
images were overlaid and exported by the custom soware of the
instrument).
Detection of HIV antibody in human serum
A solution of gp120 (50 mg mL1 with carbonate buﬀer, pH ¼ 9.6,
from ProSpec-Tany TechnoGene) was introduced in the microchannels and incubated for 30 min. Then a 2% BSA block solution
was introduced and incubated for 30 min. Next, HIV positive and
HIV negative serums were introduced and incubated for 30 min.
Finally, the uorescent dye labeled secondary antibody (specic for
anti-gp120, 20 mg mL1, from Beyotime Institute of Biotechnology)
was injected and incubated for 30 min. Aer each step, 0.01 M PBS
buﬀer with 0.2% Tween 20 was used to purge the channel.

Abbreviations
ICP
PDMS
HIV
PET
PMMA
PS
PEN
PTFE
PBS
LOD
Cy3
FITC
AF488
IgG
ELISA
BSA

Inductively coupled plasma
Polydimethylsiloxane
Human immunodeciency virus
Polyethylene terephthalate
Polymethyl methacrylate
Polystyrene
Polyethylene naphthalate
Polytetrauoroethylene
Phosphate buﬀer saline
Limit of detection
Cyanine dye 3
Fluorescein isothiocyanate
Alexa Fluor 488
Immunoglobulin
Enzyme-linked immunosorbant assay
Bovine serum albumin.
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