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1. Introduction

Colloidal lithography-based fabrication of highly-
ordered nanofluidic channels with an ultra-high
surface-to-volume ratiof

Shuli Wang,? Yongshun Liu,” Peng Ge,? Qigi Kan,? Nianzuo Yu,? Jing Wang,®
Jingjie Nan,? Shunsheng Ye,? Junhu Zhang, ©*@ Weiging Xu® and Bai Yang ®?

This article shows a new strategy for the fabrication of nanofluidics based on nanoscale gaps in nanopillar
arrays. Silicon nanopillar arrays are prepared in a designed position by combining conventional photoli-
thography with colloidal lithography. The nanogaps between the pillars are used as nanochannels for the
connection of two polydimethylsiloxane-based microchannels in microfluidics. The gap between
neighbouring nanopillars can be accurately controlled by changing the size of initial colloidal spheres and
by an etching process, which further determines the dimensions of the nanochannels. At a low ionic
strength, the surface charge-governed ion transportation shows that the nanochannels possess the same
electrokinetic properties as typical nanofluidics. Benefiting from the advantage of photolithography, large-
area nanochannel arrays can be prepared in a parallel manner. Due to the perm-selectivity of the nano-
channels, the nanofluidic chips can be used to preconcentrate low concentration samples. The large-area
ordered nanostructures preserve their high-throughput property and large surface-to-volume ratio, which
shows their great potential in the development of nanofluidics and their applications, such as in the separa-
tion of small molecules, energy conversion, etc.

14,15 16-18

novel ionic devices, and

other devices.’

efficient energy harvesters,

Over the past two decades, nanofluidic technologies, a natural
extension of microfluidics and nanotechnology, have attracted
significant attention and captured the imagination of many
researchers."® In general, nanofluidic devices are nano-
channels with sizes less than 100 nm in one dimension. In
such nanochannels, the channel size scales down to the inter-
action range of various surface/interface forces, and the sur-
face properties of the channels play important roles in the
fluid and molecular transportation in the nanochannels,
which gives rise to unique and rich physical and chemical
phenomena, such as electrical double layer overlap effects,
ion concentration polarization, and nanofluidic rectification
effects.”” " These properties have been utilized in the devel-
opment of a variety of sensitive biochemical sensors,'*"?
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The development of lab-on-a-chip (LOC) devices heavily de-
pends on the micro and nanofabrication technologies. To
date, many techniques have been developed to fabricate
nanofluidic devices with precisely tailored feature sizes and
functions.>®*>  Conventional nanochannel fabrication
methods include photolithography, electron beam lithogra-
phy, focused ion beam milling, and nanoimprint lithogra-
phy.>?»?123  The advantages of these nanofabrication
methods are high resolution and reproducibility, however,
the high complexity and fabrication costs limit their rapid
prototyping and utilization in resource-limited settings. Re-
cently, unconventional nanofabrication technologies have
been developed to compensate for this or substitute conven-
tional technologies.” For example, techniques based on sacri-
ficial films or nanowires>"** and the mechanical deformation
behaviors of elastomeric materials, including wrinkling,>®
cracking,”” and structure collapsing,”® have been employed to
fabricate nanofluidic channels. These techniques facilitate
the use of disposable nanofluidic devices in many applica-
tions with reduced cost and time, but they also possess some
weaknesses in repeatability and reproducibility with high
resolution.

Nanofluidic devices typically require microchannels to
guide samples to the corresponding nanochannels, thus, the
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demand for hybrid-scale LOC devices has been continuously
increasing, focusing substantial attention on high-through-
put, efficient, and reliable micro-nanofabrication methods.>’
Although various nanofabrication methods have been
established to fabricate nanofluidic devices, simple and cost-
effective PDMS-based soft lithography in microfluidics is still
highly desirable in the development of nanofluidic devices.?
In addition, another barrier to the advancement of nano-
fluidic devices is the throughput (functional cross-sectional
area) of the nanofluidic devices. In many applications, such
as ionic devices and energy conversion devices, a high
throughput is necessary, which obviously cannot be met eas-
ily by conventional nanochannels.>® Nanofluidic crystals,
which utilize the nanoscale space of close-packed nanoparti-
cle arrays as nanofluidic channels, have provided an ultra-
high throughput compared to conventional nanochannels.?
But such 3-dimensional nanochannels also exhibit some
weaknesses in size controllability and integration with planar
micro and nanochannels.

In this paper, we report a new strategy for the fabrication
of nanochannels based on nanoscale gaps in nanopillar ar-
rays. Colloidal lithography, which combines self-assembly of
colloidal crystals with various colloidal crystal-assisted nano-
fabrication methods, has been recognized as a facile, low-cost,
repeatable, and efficient nanofabrication technique for the
fabrication of ordered nanostructure arrays, including nano-
pillars, nanoparticles, nanopores, nanowires, etc.’”>' Here,
ordered nanopillar arrays were prepared in a designed posi-
tion by combining conventional photolithography with colloi-
dal lithography. After building a PDMS microchannel slab on
a structured Si surface, the nanogaps between two adjacent
nanopillars were used as nanoscale junctions for the connec-
tion of two microchannels. The gap between two adjacent pil-
lars could be accurately controlled by changing the size of ini-
tial colloidal particles and the etching conditions, which
further determines the dimensions of the nanogaps. Benefit-
ing from the advantage of photolithography, large-area nano-
channel arrays could be prepared in a parallel manner. Due to
the perm-selectivity of the nanochannels, the micro-nano
chip could be used to preconcentrate low concentration sam-
ples. In addition, the massively-ordered nanostructures pro-
vide a large surface-to-volume ratio, which is hard to achieve
by conventional nanochannel fabrication methods.

2. Experimental
2.1 Materials

Silicon and glass substrates were cleaned by immersion in pi-
ranha solution (7:3 concentrated H,S0,/30%H,0,) for 5 h at
70 °C to create a hydrophilic surface and rinsed repeatedly
with Milli-Q water (18.2 MQ cm™) and ethanol. The sub-
strates were dried with nitrogen gas before use. The photore-
sist (BP212-37s positive photoresist) was purchased from
Kempur Microelectronics, Inc. Polystyrene (PS) microspheres
(1000 nm and 480 nm in diameter) were purchased from Ja-
nus New Materials Co. Ltd. SG-2506 borosilicate glass (with a
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145 nm thick chrome film and a 570 nm thick positive
S-1805 type photoresist, Changsha Shaoguang Chrome Blank
Co. Ltd.) was applied as the initial wafer for the fabrication
of the microchannel mold. The Sylgard 184 elastomer base
and curing agent for polydimethylsiloxane were purchased
from Dow Corning (Midland, MI). Ethanol, toluene and ace-
tone were used as received.

2.2 Fabrication of Si nanostructures through colloidal
lithography

Nanopillar structures were prepared in a designed position
by combining photolithography with colloidal lithography.
First, a photoresist film 2 pm in thickness was spin-coated
onto Si substrates. After ultraviolet exposure with a photo-
mask and developing, an exposed area with dimensions of
200 x 800 um? appeared on the substrate with the photoresist
film. After oxygen plasma treatment for 5 min (Harrick
Plasma), a monolayer of close-packed PS spheres was depos-
ited onto the substrate via an interfacial self-assembly pro-
cess.”” Then, the PS monolayer was etched into a non-close-
packed state using oxygen reactive jon etching (RIE),
performed with a Plasmalab Oxford 80 Plus system (Oxford
Instruments Co., UK). The RIE procedure was operated at a
pressure of 10 mTorr, a flow rate of 50 sccm, and a radio fre-
quency (RF) power of 100 W. Reactive ion etching of Si was
performed with a gas mixture of CHF; at 30 sccm and SFg at
4 scem using the as-prepared non-close-packed PS monolayer
as the mask. The total gas pressure was 5 mTorr; the RF
power and the inductively coupled plasma (ICP) power were
50 and 100 W, respectively. The etching times of PS spheres
and Si were 7 and 1 min, respectively. After etching, the resid-
ual PS and photoresist were removed by sonication in etha-
nol, toluene and acetone for 5 min. During the etching pro-
cess of Si, the PS sphere masks were also consumed and
became smaller, which resulted in circular truncated cone-
structured nanopillars after the etching process. The size of
the nanopillars was tailored by changing the etching time of
PS and Si.

2.3 Fabrication of PDMS-Si micro-nanochannel devices

Micro-nanochannel hybrid devices were prepared using the
gaps between the ordered nanostructures as nanofluidic
channels. A glass mold was fabricated by wet etching and
PDMS microchannels were prepared by standard soft lithog-
raphy.**** A PDMS slab with two microchannels about 100
micrometers apart was prepared. Before bonding, four chan-
nel wells were punched on the PDMS microchannel slab, and
adhesive tape was used for cleaning debris or dust on the
microchannel surfaces. Then, the PDMS slab and Si wafer
with nanostructures were both treated with oxygen plasma
for 5 min and bonded together. Due to the apparent profile
of nanostructures on the Si substrate, the alignment of the
PDMS microchannels and nanochannels was realized with
the naked eye. The capillary flow of a solution labeled with
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fluorescein sodium salt in the micro-nanofluidic chip was
recorded using a fluorescence microscope (Olympus BX51).

2.4 Fabrication of PDMS-glass and Si-glass micro-
nanochannel devices

The fabrication of PDMS-glass micro-nanofluidic chips was
similar to that of PDMS-Si chips, except the RIE conditions of
glass surfaces. The etching of the glass surface was
performed in a gas mixture of CHF; at 30 sccm and Ar at 15
sccm, and the RF power was 250 W. The etching durations of
PS spheres and Si were 7 and 4 min, respectively. To prepare
Si-glass micro-nanofluidic chips, we conducted another
photolithography and inductively coupled plasma dry etching
(Alcatel 601E ICP) for 2 min to construct microchannels,
which were connected by nanogaps on the same Si sub-
strate.*® The etching of Si for constructing microchannels
was performed with a gas mixture of C,Fg, SFs and O,. The
radio-frequency power was 1800 W. After removing the resid-
ual photoresist, the micro-nanochannel-patterned Si sub-
strate and borosilicate glass with inlet and outlet holes were
cleaned by immersing in piranha solution for 20 min. The Si
substrate and borosilicate glass were bonded by an anodic
bonding method (SUSS SB6E Substrate Bonder); the bonding
temperature was 400 °C, the applied voltage was 600 V, and
the applied pressure was 1000 mbar.

2.5 Electrical measurement

A Keithley 2611B sourcemeter was used to record the ionic cur-
rent between two electrodes in the PDMS-glass micro-nano hy-
brid chips filled with electrolyte solutions of different ionic
concentrations. The nanopillared area on the glass substrate
was 1 mm in width and the two microchannels are about 110
pm apart. When a bias was applied on silver electrodes in two
reservoirs, the ionic current only passed through the nanogaps
between the nanopillars. I-V curves across the nanochannels
were recorded with the bias linearly varied from -2 to 2 V and
were used to calculate the ionic conductance. Potassium chlo-
ride (KCI) was dissolved in deionized water to prepare electro-
lyte solutions of different ion concentrations.

2.6 Electrokinetic preconcentration

Glass-PDMS chips were used to conduct the ion concentration
polarization experiment. 1 mM KCl solution was added to both
the left and right microchannels, and an external DC voltage of
60 V was applied across the nanochannels. In addition, 1 ug
mL™" of a fluorescein sodium salt solution was used to observe
the flow field and ion behaviors. The concentration behavior
was recorded with a fluorescence microscope (Olympus BX51).

3. Results and discussion
3.1 Fabrication of Si nanopillars and nanochannels

Nanopillar arrays on the Si surface were prepared by combin-
ing conventional photolithography with colloidal lithography
(Fig. 1). First, the selected area for nanostructure construc-
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tion was exposed by photolithography on a Si wafer. Then, a
monolayer of close-packed PS was deposited onto the sub-
strate, and the RIE process of PS and Si was performed. After
removing the residual PS spheres and the photoresist, nano-
pillar arrays were prepared in the selected area on the Si sub-
strate. The scanning electron microscopy (SEM) image in
Fig. 2a shows that the original PS sphere was about 1000 nm
in diameter. As shown in Fig. 2b, the ordered nanostructures
were arranged on a large scale, and the high magnification
SEM images in Fig. 2c and d show that the nanopillars are
880 and 740 nm in bottom (D1) and top (D2) diameters, re-
spectively, 90 nm in height (H), and the bottom (S1) and top
(S2) gaps between the adjacent two pillars are 130 and 260
nm, respectively. The morphology of the nanopillars is also
confirmed by atomic force microscopy (AFM)(Fig. S17).
Micro-nanochannel hybrid devices were prepared using
the gaps between the ordered nanostructures as nanofluidic
channels. After oxygen plasma treatment, the nanostructured
substrate was immediately bonded to a PDMS microchannel
slab. Compared to conventional single nanochannels, the
prepared nanochannels are massive, interconnected nanogap
networks. We characterized the bonding between the PDMS
surface and the structured Si substrate. As shown in the SEM
and AFM images in Fig. 3, after peeling off the PDMS micro-
channel slab from the silicon substrate, a thin layer of PDMS
appeared on the top surfaces of the nanostructures that were
covered by the flat PDMS surface, while the pillars under the
microchannel section preserved their original smooth state.
From the height profile of the AFM images, we could specu-
late that the PDMS surface did not collapse into the nano-
gaps between the nanostructures, indicating that the

massively-ordered  nanostructures  provided  sufficient

o
%"\'Qa‘.;"
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——
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9 PSsphere %' PDMS

W Photoresist

Fig. 1 Schematic illustration of the fabrication of nanochannels by
combining conventional photolithography with colloidal lithography.
The lower panel shows the geometric parameters of the Si
nanostructures.
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Fig. 2 (a) SEM images of close-packed PS colloidal sphere masks with
a diameter of 1000 nm; the inset is the corresponding cross-sectional
SEM image. (b) Low magnification SEM image of the obtained nano-
structures. (c and d) High magnification planar and cross-sectional
SEM images of the Si nanopillars. The scale bars are 1 um.

mechanical strength for the upper low modulus PDMS slab
and prevented the structure collapsing into the nanogaps. In
addition, we did not observe a large unbonded area between
the PDMS and Si nanopillars and the bonding was uniform
in a large area (Fig. S2t), which confirm that the fluid could
only transport through the nanogaps between the nano-
pillars. It is obvious that the throughput of this kind of

View Article Online
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2-dimensional unconventional nanochannel is larger than
that of the triangular-shaped nanochannel based on structure
collapse (the general numerical calculation is shown in Fig.
S3t), but it is still lower compared to the throughput of
3-dimensional nanofluidic crystals because they could be
built on a scale of dozens to hundreds of micrometers. In ad-
dition, high-density nanopillar structures provide ultra-high
surface areas compared to conventional nanoslit channels,
which indicates that these nanochannels have great potential
for the separation of proteins or nanoparticles on-chip.*®*”

Besides PDMS-Si chips, our fabrication method is also
suitable for preparing PDMS-glass and Si-glass micro-nano-
fluidic chips. The fabrication of PDMS-glass micro-nano-
fluidic chips was similar to that of PDMS-Si chips, except for
the reactive ion etching conditions for the glass surfaces. To
prepare Si-glass micro-nanofluidic chips, we conducted an-
other photolithography and inductively coupled plasma dry
etching to construct microchannels, which were connected
by nanostructures on the same Si substrate. After removing
the residual photoresist and immersion in piranha solution,
the micro-nanochannel-patterned Si substrate and borosili-
cate glass were bonded together by an anodic bonding
method (Si-glass chips are shown in Fig. S47).

3.2 Capillary filling in the nanochannels

The capillary flow of fluid in the micro-nanofluidic hybrid
chip was recorded using a fluorescence microscope. As

i
i
i
i

1 2 3 4 5 gm 1 2 3 4 5 6 7 pm

Fig. 3 (a)-(c) SEM and (d)-(f) AFM images of the Si pillars after peeling off the Si-pillared surface from the PDMS microchannel region and the flat
PDMS surface. The left half part of images (a) and (e) and images (b) and (d) shows the Si pillars in the microchannel region; the right half part of
images (a) and (e) and images (c) and (f) shows the Si pillars under the flat PDMS surface; the convex parts on the Si pillars indicate PDMS peeled
off from the flat PDMS surface. (g) The PDMS holes were constructed after peeling off from the Si pillar region. The scale bars in (a)-(c) are 1 um.

The scale bars in AFM images (d)-(g) are 10 um.

982 | Lab Chip, 2018, 18, 979-988

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c7lc01326d

Published on 20 February 2018. Downloaded by Library of Chinese Academy of Sciences on 5/20/2019 3:54:00 AM.

Lab on a Chip

shown in Fig. 4a, two microchannels with a distance of about
100 pum are connected by nanochannels (the depth of the
microchannels is about 25 um). The nanostructures under
the microfluidic channels exhibit a light brown color, while
the pillars under the flat PDMS surface show a dark brown
color. Since both the pillars and the PDMS surface were
treated with oxygen plasma, the whole surfaces of the nano-
channels were hydrophilic and water could transport in the
nanochannels by capillary force. When one drop of an aque-
ous solution (about 10 pL in volume) was dropped into the
inlet reservoir on the left side, it was transported into the
channel due to the existence of capillary force. Water vapor
formed near the nanojunctions, which led to the apparent
color change of the nanostructures on the left side (Fig. 4b).
The brown color of the pillars, either under the microchannel
or the flat slab, became deeper (Fig. 4b-e), indicating the ex-
istence of fluid in the nanogaps between the pillars. After-
wards, water vapor formed in the microchannel on the right
side, followed by the appearance of a deepened brown color
of the nanostructures (Fig. 4f-h). When the fluid was trans-
ported to the right microchannel, another drop of the solu-
tion was dropped into the inlet reservoir on the right side,
and it flowed through the microchannel (Fig. 4i-1); hence,
the two microchannels were connected by the nanoscale
gaps. The detailed capillary filling process is shown in Video
S1.f The vapor of the solution may play an important role in
the whole filling process, and the liquid in the nanogaps may

- (g)
(b)
0.10s
(c) (i)
0.13s

(d) (i)
(e) (k)
(f)

U]

Fig. 4 Capillary flow of the aqueous solution in the micro-nanofluidic
channel. Fluid transportation in the left microchannel, the nanogaps
between the nanostructures (a-h) and the right microchannel (i-l). The
scale bar is 200 um.
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result from the condensation of the vapor.*®3° Fluorescence
images were also taken to prove the existence of fluid in the
nanochannels (Fig. S51).

The properties of the surfaces become more and more
dominant when the dimensions decrease to the microscale
and nanoscale.’***! For the nanochannels, the wetting prop-
erty of the channel surfaces significantly influences the wet-
ting and transportation of fluid in the channel. The original
PDMS microchannel surface is hydrophobic when it is not
treated with oxygen plasma. When the untreated hydrophobic
PDMS microchannel was compressed onto the hydrophilic Si
structures to construct a micro-nanofluidic chip, we could
not observe an apparent color change in the pillars that con-
nect two microchannels after fluid filling (Fig. S67), because
the fluid did not flow through the nanogaps due to the large
Laplace pressure resulting from the top hydrophobic PDMS
surface of the nanochannel. Therefore, hydrophilic treatment
is essential for our PDMS-Si micro-nano chips, because
plasma treatment not only facilitates the fluid transportation
but also improves the bonding property of the chips.

3.3 Large-area nanochannel fabrication

Colloidal lithography provides a facile, low-cost, and efficient
nanofabrication technique for ordered nanostructures on a
large scale,®® hence, it has potential for the construction of
large-area nanochannels. Fig. 5a shows the SEM images of
the nanopillar structures of the large-area nanochannels. Af-
ter bonding the PDMS microchannel slab, capillary filling of
the solution in the large-area nanochannels was recorded.
The distance between the two microchannels connected by
the nanostructures was 6.18 mm, and the bonding between
the large-area nanostructures and the PDMS surface was uni-
form (Fig. S71). When a drop of the solution was dropped
into the inlet reservoir, it was transported into the micro-
channel and arrived at the nanopillars. In the nanochannels
within such a large area, the aqueous solution was trans-
ported between the nanopillars and spread towards the other
end. The fluid between the nanopillars changed the refractive
index of the surrounding of 2-dimensional colloidal crystals,
which led to an obvious change in structural color from dark
blue to light green (Fig. 5a).*> The detailed flow process is
shown in Fig. S8 and Video S2.7 The front edge of the fluid in
the large scale nanochannel was tracked, and the plot of dis-
tance (d) versus time (¢) (Fig. 5f) is similar to the characteris-
tic parabolic trend of a diffusion-limited phenomenon. Capil-
lary filling of fluid is induced by the negative Laplace
pressure and was first modeled by Washburn for circular
channels and adapted to planar nanochannels by Han et al.

v h;/cosé?\/;
2n

where u is the filling speed of liquid in the nanochannel, 4 is
the height of the planar nanochannel, y and 8 are the surface
tension of the liquid and the dynamic contact angle, respec-
tively, and 7 is the viscosity of the liquid.*>** The fluid filling
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Fig. 5 SEM images of nanopillars with different dimensions for large-area nanochannel fabrication and microscopy images of the nanochannels
before and after capillary filling. The etching times of PS-Si for the nanopillars in images (a)-(e) are 11-2.5 min, 11-3.5 min, 11-5.5 min, 9-2.5 min,
and 13-2.5 min, respectively. The scale bars of the SEM images are 1 um. The scale bars of the microscopy images are 500 um. Diagram of the fluid
front displacement versus time in nanochannels with (f) similar widths but different heights and (g) different widths but similar heights.

in the mesoporous pillared planar nanochannels was 4 to 6
times lower than that in pillar-free planar nanochannels.” In
our system, the presence of the nanostructures significantly
increases the quantity of interfaces and the apparent viscosity
of the solution. The fraction of water molecules subjected to
the hydration force at the solid interface is higher, which re-
sults in an increase in apparent viscosity.

The capillary filling in the nanochannels is affected by the
dimensions of the nanogaps between the nanostructures,
which could be accurately controlled through changing the
etching duration of colloidal particles and silicon. The dis-
tance between the adjacent nanostructures could be con-
trolled by changing the etching time of PS spheres, and the
height of the nanochannels could be tailored by changing
the etching duration of Si. Fig. 5a-e show the SEM images of
nanogaps with different dimensions (taken from the center
region of the patterned area). The nanogaps were uniform
across the patterned area and the sizes of the nanogaps in
the center region and along the edges were the same (Fig.
S9t). Some defects and mismatch of the lattice affect the uni-
formity of the nanogaps, but these disordered nanogaps in
very small areas are always surrounded by ordered nanogaps.
Ordered nanostructures on a large scale are the integration
of lots of small orderly arranged nanostructures. The etching
conditions and the detailed dimension parameters of the pre-
pared nanopillars are shown in Table 1. We changed the di-
mensions of the bottom gap from 190 to 560 nm by increas-
ing the etching time of PS from 9 to 13 min; the height of
the nanogaps increased from 240 to 480 nm when the etch-

984 | Lab Chip, 2018, 18, 979-988

ing duration of Si increased from 2.5 to 5.5 min. These nano-
pillars were used for large-area nanochannels and capillary
filling of the aqueous solution in these nanochannels were
studied. Due to the different sizes of the nanostructures, the
fluid in the nanogaps showed different color changes, which
facilitated the observation of fluid transportation in the
nanochannels. As shown in the plot of distance versus time
in Fig. 5f and g, the capillary filling speed of fluid was differ-
ent in these nanochannels. The capillary filling speed is
faster in the nanochannels with a large distance or high
structures. For the nanochannels with different widths and
heights, the apparent viscosity was high in the nanostruc-
tures with a smaller distance and height, which resulted in
the decrease in filling speed.

Nanochannels with a large height to width ratio could also
be prepared by this method. During the etching of Si, the PS
sphere masks were also consumed and the diameter of the
spheres was reduced. Thus, direct etching of Si was
performed using original close-packed PS spheres as masks
to prepare nanochannels with a large height to width ratio.

Table 1 Detailed parameters of the nanopillars prepared after etching of
PS and Si for different times

Tps—Tsi [min] D1 [nm] D2[nm] S1[nm] S2[nm] H [nm]
11-2.5 730 660 280 340 240
11-3.5 780 680 220 320 330
11-5.5 760 680 240 320 480
9-2.5 810 720 190 280 230
13-2.5 440 350 560 650 250

This journal is © The Royal Society of Chemistry 2018
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When Si was etched for a short time, the obtained nanogaps
were not connected (Fig. S101); when the etching time in-
creased to 8 min, the nanogaps were connected and nano-
channels with a large height to width ratio (670/70 = 9.57)
were obtained (Fig. 6a). In addition, the density of the pillars
could also be tailored by using PS spheres with different di-
ameters. Here, we used PS spheres 480 nm in diameter as
etching masks and chose an etching time of 5 and 2 min for
PS and Si, respectively. Fig. 6b shows the prepared high-
density nanostructures. The simple controllability of the di-
mensions and density of the ordered nanopillars expand the
potential of our method for different nanofluidic
applications.

3.4 Electrokinetic properties

In nanochannels, the electrical double layer overlaps at a low
ionic concentration and the surface properties of the chan-
nels play important roles in the molecular transportation in
the nanochannels. To study the electrical characteristics of
the nanochannels, the ionic current between two electrodes
in the PDMS-glass micro-nano hybrid chips filled with
electrolyte (KCI) solutions of different ionic concentrations
was recorded using a sourcemeter. I-V curves across the
nanochannels were recorded with the bias linearly varied
from -2 to 2 V and were used to calculate the ionic conduc-
tance. Fig. 7a and b show the planar and cross-sectional SEM
images of the glass nanostructures for the nanochannel prep-
aration. As shown in Fig. 7c, the conductance increases with
concentration almost linearly when the concentration is
higher than 107> M (the dashed line depicts the conductance
expected in the nanochannels from the conductivity of the
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Fig. 6 (a) SEM image of the nanogaps with a large height-to-width ra-
tio after direct etching of Si for 8 min; (b) SEM image of high-density
nanogaps using 480 nm PS microspheres as etching masks; the etch-
ing time of PS and Si is 5 and 2 min, respectively. The insets show the
corresponding cross-sectional SEM images. The scale bars are 1 um.
Lower microscopy images show the corresponding micro-nanofluidic
channels before and after fluid filling.
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Fig. 7 (a) and (b) Planar and cross-sectional SEM images of the glass
nanostructures (the etching time of PS and glass is 7 and 4 min, re-
spectively). (c) Conductance of the aqueous solution-filled nano-
channels as a function of the electrolyte concentration. The line de-
picts the conductance expected in the nanochannel from the
conductivity of the bulk solution.

bulk solution). The conductivity of the nanochannel is
strongly enhanced under the condition of low ionic strength
compared with that of the bulk solutions with the same ionic
strength because of the surface-charge-governed ion transport
properties in the nanochannels.’® The averaged ionic conduc-
tance at a concentration of 10™® M was comparable to that at
a concentration of 10~> M. This may have resulted from hy-
dronium ions arising from the dissolution of carbon dioxide
from the ambient atmosphere. The theoretical predictions
and experimental results of Jensen et al. show that at a low
ionic concentration (lower than 10> M), H' ions play an im-
portant role for the ionic conductivity of the nanochannels.*®
Therefore, the nanochannels based on the nanogaps between
the nanostructures have the same electrokinetic properties as
a single nanochannel.

Due to the nanoscale dimensions of the nanostructures,
the electrical double layer overlaps in the nanochannels at a
low ionic strength, which leads to the perm-selectivity of the
nanochannels. Among the nanofluidic phenomena, ion con-
centration polarization is a direct and exact indication of the
perm-selectivity of nanochannels.”” This property could be
utilized to concentrate a small amount of biomolecules in
the microchannels. In our experiment, PDMS-glass chips
were used to conduct the ion concentration polarization ex-
periment (Fig. 8a), and the glass nanopillars shown in
Fig. 7a and b were used. In our micro-nano hybrid system,
glass and PDMS are both negatively charged at near-neutral
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Fig. 8 (a) and (b) Microscopy image of the PDMS-glass chips for ion
preconcentration. (c) lon concentration behavior of sodium salt in the
hybrid chip under an applied voltage of 60 V.

pH, thus, the nanochannel formed by the PDMS and glass
nanostructures is cation-selective. A 1 mM KCI solution was
added to both the left and right microchannels, and an exter-
nal DC voltage of 60 V was applied across the nanochannels.
To observe the flow field and ion behaviors, 1 pg mL™ of a
fluorescein sodium salt solution was added to the solution.
The fluorescence images in Fig. 8c clearly show that an ion
concentration plug was around the anodic end of the nano-
channel. The preconcentration factor of the prepared nano-
fluidic device was measured based on the gray value of the
microscopy images for different concentrations of fluorescein
sodium salt solution using the same exposure time. There is
a background gray value of pure water in the microchannel,
thus, the real gray value resulting from the fluorescein so-
dium salt is calculated as follows:

Greal = Gapparent - Gbackground

The gray value after concentration for 11.2 s was 42.33
using our device, and the enrichment factor is 42.8 based on
the curve of the gray value obtained at different concentra-
tions (Fig. S117). The preconcentration factor may be further
increased by decreasing the size of the nanogaps or increas-
ing the surface charge density of the nanochannel surfaces.
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Fig. 9 Microscopy images of the nanochannels with different patterns
before and after capillary filling of the aqueous solution: (a) stripe
patterns with different widths; (b) large-area stripe arrays with the
same width; (c) branched nanochannel patterns. The scale bars are
500 um. The bottom images are the fluorescence images of the corre-
sponding micro-nanofluidic channels; the scale bars are 200 um.

Hence, the nanogaps in the nanopillar arrays could be used
to concentrate low concentration samples.*®*

3.5 Multiple micro-nanochannel designs

Since the structured region on the substrate was defined by
photolithography, multiple nanochannel patterns and large-
area nanochannels could be prepared in a parallel manner.
For example, we fabricated nanochannels with different
widths, where each nanochannel possesses different quanti-
ties of nanogaps, simply by using a photomask with stripes
of different widths (Fig. 9a). We also prepared large-area
stripe-patterned nanochannels, where each stripe could act
as a nanochannel and the flat stripes between the pillared
stripes define the boundary of the nanochannel (Fig. 9b).
Fig. 9c shows that a branched nanochannel that connects
three microchannels was designed and constructed in a sim-
ple way, which may have promising applications in nutrition
supply for cell or the transportation and analysis of small
amounts of cell metabolites.” It is worth mentioning that
the nanochannels on the same substrate were prepared in a
parallel manner and the fabrication time for the aforemen-
tioned complex chips was comparable to single channel de-
sign, indicating that our method is labour- and time-saving
for the fabrication of large-area and complicated micro-
nanofluidic chips. In addition, the nanochannels based on
nanogaps are compatible with conventional photolithography
and microfluidic channels, which facilitates the integration
of LOC devices with versatile functions.

Conclusions

This article presents a novel strategy for the fabrication of
nanochannels based on the nanoscale gaps in nanopillar ar-
rays. Si nanopillars were prepared in a designed position by
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combining photolithography with colloidal lithography. The
nanogaps between the pillars were used as nanojunctions
for the connection of microchannels. The gaps between
neighbouring nanopillars could be tailored by changing the
size of initial colloidal spheres and by an etching process,
which further determined the dimensions of the nano-
channels. Due to the perm-selectivity of the nanochannels,
the nanochannels could be used for the preconcentration
of low concentration samples. Benefiting from the advan-
tage of photolithography, large-area and complicated nano-
channels could be prepared in a parallel manner. This
nanochannel fabrication method is compatible with conven-
tional photolithography and microfluidic channels, which
facilitates the integration of LOC devices with versatile
functions. Moreover, the nanochannels based on the nano-
gaps between the nanostructures preserve a high-
throughput property and a large surface-to-volume ratio,
which shows their great potential in the development of
nanofluidics and their applications, such as separation of
small molecules, energy conversion, etc.
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