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Nanofluidic channels have received growing interest due to their potential for applications in the
manipulation of nanometric objects, such as DNA, proteins, viruses, exosomes, and nanoparticles.
Although significant advances in nanolithography-based fabrication techniques over the past few
decades have allowed us to explore novel nanofluidic transport phenomena and unique applications, the
development of new technologies enabling the low-cost preparation of hanochannels with controllable
and reproducible shapes and dimensions is still lacking. Thus, we herein report the application of
a nanofiber printed using a near-field electrospinning method as a sacrificial mold for the preparation of
polydimethylsiloxane nanochannels with circular cross sections. Control of the size and shape of these
nanochannels allowed the preparation of nanochannels with channel widths ranging from 70-368 nm
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Accepted 24th May 2018 and height-to-width ratios of 0.19-1.00. Capillary filling tests confirmed the excellent uniformity and
reproducibility of the nanochannels. These results therefore are expected to inspire novel nanofluidic
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Introduction

The subject area of nanofluidics has received significant
attention in recent years due to the unique physics of flow
systems and the advantages. This brings to a range of applica-
tions, such as energy conversion,* bioinspired ion channels,**
DNA manipulation,®® single molecule detection,'** and desa-
lination, among others. These applications require high-
resolution, uniform, and reproducible nanochannels with
precisely controlled channel shapes and dimensions, which can
be fabricated with low cost. Thus, nanoimprint lithography
(NIL),22* electron beam lithography (EBL),>** interference
lithography (IL),* and focused ion beam (FIB) milling*® have
recently been reported for the preparation of such nano-
channels due to their high resolution, and their precise control
of the size and positioning of the nanochannels. However, these
techniques also have a number of limitations, including long
and complex processes and high costs. In an effort to reduce
these difficulties, new approaches to fabricate the nano-
channels have been suggested including cracking®® or pyro-
lyzing®* structures prepared by photolithography. These
techniques are advantageous for fabricating hybrid micro-nano-
scale patterns. However, due to the photolithography process,
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of the shape and dimensions of the circular cross section.

these methods are still limited in terms of cost and processing
complexity due to the requirement of clean room facilities.

Polydimethylsiloxane (PDMS) could be considered a suitable
alternative material for the preparation of nanostructures due
to its facile fabrication. A number of groups have reported the
use of mechanical modifications to PDMS slabs and pre-
patterned PDMS to prepare nanochannels.*”* To be specific,
the nanoscale wrinkles or cracks formed on oxidized PDMS can
be utilized as nanochannels. In addition, predefined rectan-
gular PDMS microchannels can be collapsed by conformal
contact®® or by stacking and rolling;*” this leads to the formation
of triangular nanochannels at the edge of the original channel.
Although these methods are relatively simple and allow the
facile preparation of nanochannels, control of the position and
number of channels is difficult.

Other approaches to the preparation of nanochannels
include the use of sacrificial materials, such as nanofibers
(NFs)**® or nanowires (NWs).*"*> These sacrificial materials are
initially coated with PDMS or silicon dioxide prior to dissolution
or etching of the sacrificial materials to yield the desired
nanochannels. However, these approaches also suffer from lack
of reproducibility in addition to poor control of the number and
positions of channels. In addition, control of the cross-sectional
shapes of the nanochannels is challenging using the above-
mentioned technologies. This is of particular importance, as
circular and rounded shapes yield an improved flow uniformity
and reduced flow resistance compared to sharp-edged
nanochannels.?**
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Although nanochannels with round cross sections have been
previously prepared using hollow NFs,**** mechanically pulled
glass tubes*® or polymers,* the reflow of glass,*”* and sacrifi-
cial nanomaterials,*®** issues relating to the facility, controlla-
bility, and cost dominate. Thus, we herein report the
development of a near-field electrospinning (NFES) technique
for the preparation of nanochannels, with the aim of controlling
the dimensions, positions, and height-to-width ratios (HWRs)
of the circular cross sections with high reproducibility and
precision. This technique is expected to be simple and inex-
pensive and will be applied in the direct and continuous
deposition of NFs from a polymer droplet onto a substrate using
an appropriate electric field. During NF deposition, we aim to
precisely control the position of the substrate using an x-y
motion stage at various velocities.>»**

Experimental section
Materials and methods

The nanochannels were prepared according to the following
steps: (1) preparation of the PEO solution, (2) patterning of the
PEO NF on surface-modified substrates by NFES, (3) pouring
and partial curing of the h-PDMS, (4) curing of the s-PDMS, (5)
demolding of PDMS and the dissolution of the PEO NF, and (6)
bonding with the substrate (e.g., PDMS or glass). These
processes are described in further detail in the following
sections.

Preparation of the substrates. Si wafers were cut into squares
(2 cm x 2 cm) after cleaning with a nitrogen blow gun. The cut
Si substrates were then placed under vacuum with
(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane (10 uL)
for 30 min.

Preparation of the PEO solution. The 10 wt% polymer solu-
tion was prepared by dissolving PEO in deionized water. This
mixture was then stirred for 24 h using a magnetic stir bar.

Patterning of the PEO NFs. The humidity and temperature
were fixed at 35 or 50 RH% and 24 £ 2 °C, respectively, using
a humidifier controlled by LabVIEW software, a dehumidifier,
and an air conditioner. The silanized Si wafer substrate was
fixed on an x-y motion stage using double-sided carbon adhe-
sive tape. Subsequently, the PEO solution was dispensed using
a syringe pump until a 200 pm-sized droplet of the PEO solution
was formed at the end of the blunt stainless-steel needle (27-
gauge). To position the droplet at the desired spinning distance,
the distance of the droplet from the substrate (i.e., 500-1200
pum) was controlled using an electronic digital micrometer head.
After successful positioning of the PEO droplet, a voltage of
900 V was applied to the stainless-steel needle, and the
substrate was grounded. The droplet was then poked gently
using a tungsten probe to initiate the NF electrospinning
process, during which the x-y motion stage was moved
according to the G-code-designed motion (parallel lines sepa-
rated by gaps of 25 um, stage speed = 250-400 mm s ).

Preparation of the nanochannels in PDMS. For preparation
of the nanochannels, both h-PDMS and s-PDMS were employed.
Initially, h-PDMS was prepared by degassing a mixture of
vinylmethylsiloxane/dimethylsiloxane (3.4 g), a solution of
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a platinum divinyltetramethyl-disiloxane complex in xylene (18
uL), and 2,4,6,8-tetramethyltetravinylcyclotetrasiloxane (20 pL)
for 1 min in a vacuum chamber. The resulting solution was
gently mixed with methylhydrosiloxane (1 g) to give h-PDMS,
which was poured onto the NF-bearing Si substrates within
a few minutes. To ensure that the NFs were completely coated
by the h-PDMS, the substrates were placed in vacuum desiccator
for 15 min and baked at 40 °C for 15 min in an oven to achieve
partial curing. The s-PDMS was then poured onto the partially
cured h-PDMS. The s-PDMS was prepared by mixing the base
material and the curing agent in a 5 : 1 ratio and removing any
bubbles formed in a vacuum desiccator. Curing of the PDMS
layers was then completed by baking the samples in an oven at
40 °C overnight. This relatively low temperature (40 °C) was
required to avoid the deformation of PEO (melting point, 65 °C).
The cured PDMS was then detached gently from the Si wafer
substrate, immersed in filtered deionized water, and sonicated
for 1 min to dissolve the NF. After drying with a nitrogen blow
gun, the surface was cleaned using adhesive tape to ensure
stable bonding with the bottom substrate. Finally, the cured
PDMS and the glass coverslip were bonded together by oxygen
plasma treatment (50 sccm oxygen, 70 W, 90 s).

Characterization of the NFs and the nanochannels. Prior to
characterization of the PEO NFs and the PDMS nanochannels,
the various samples were coated with Pt using a sputtering
system (E-1045, Hitachi, Japan) and analyzed by cold field-
emission scanning electron microscopy (FE-SEM, S-4800, Hita-
chi, Japan). To visualize the nanochannel cross sections, the
PDMS chip was cut in half after being frozen using liquid
nitrogen. The cut PDMS chip was then cleaned and bonded with
a glass coverslip by oxygen plasma treatment (50 sccm oxygen,
70 W, 90 s). Finally, the bonded nanochannel was Pt-coated by
sputtering and its cross section was visualized by cold FE-SEM.

Capillary flow tests of the nanochannels. For the capillary
flow test, an aliquot (20 pL) of an 85 wt% aqueous glycerol
solution was dispensed in the nanochannel inlet. The capillary
flow in the nanochannel was then visualized in an inverted
microscope using an ORCA Flash 4.0 camera and a 100x Plan
Apo objective lens. At a low exposure time (8 ms), penetration of
the capillary flow through the nanochannel was recorded at
~100 fps. To determine the degree of fluid penetration through
the nanochannel, Image] software was employed.

Results and discussion

Using the NFES technique reported herein, polyethylene oxide
(PEO, Mw = 200 000) NFs were directly patterned on a ground Si
wafer (Fig. 1A, Video S1t) and were used as a sacrificial material
to prepare the nanochannels exhibiting the desired pattern over
a large area. Moreover, we also demonstrated precise control of
the shape and dimensions of the circular cross section by
controlling the solvent evaporation rate and stress imparted on
the pulled fiber (Fig. 1B). More specifically, the degree of evap-
oration could be tuned by varying the spinning distance
(through the electric field and the evaporation time required for
the polymer solution to travel from the tip of the needle to the
substrate) and the humidity of the environment (through the
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Fig.1 Fabrication of patterned nanochannels with circular cross sections of precisely controlled shapes and dimensions. (A) Using water-soluble
NF patterns prepared by NFES as a sacrificial mold, nanochannels that are patterned over a large area can be easily formed without the
requirement for cleanroom processes. During the NFES process, the spinning distance (d) and stage velocity (Vi) were varied. (B) Under dry
conditions (35 RH%), the stage velocity was controlled to give NFs with circular cross sections of various diameters. Under humid conditions (50
RH%), the spinning distance was controlled to prepare NFs with different cross-sectional HWRs. (C) Schematic representation of nanochannel
fabrication using the sacrificial NF mold. (D) NFs and nanochannels with mesh-type networks and parallel array patterns were examined by SEM

and fluorescence imaging.

evaporation rate). In addition, variation in the velocity of the
moving stage allows control of the stress applied to the pulled
fiber.

As shown in Fig. 1C, the process employed herein for prep-
aration of the nanochannels began with deposition of the PEO
NFs on a silicon wafer by NFES, followed by coating of the
sample with hard PDMS (h-PDMS) then soft PDMS (s-PDMS).
After subsequent curing, a PDMS thickness of ~3 mm was
achieved for facile sample handling. The cured NF-bearing
PDMS was then immersed in deionized water to dissolve the
sacrificial PEO NF array. Finally, the nanochannels were formed
by bonding the PDMS with glass coverslip through treatment
with oxygen plasma.

As indicated in the SEM images (Fig. 1D), the reported NFES
technique enables the facile printing of sacrificial NFs over
a large area and with an array pattern. More specifically, the
fluorescence images of the corresponding nanochannels filled
with an aqueous solution of the fluorescein sodium salt (1 mg
mL %) clearly show the capability of this rapid and cost-effective
method to prepare multiple nanochannel arrays with pre-
determined patterns (Fig. 1D and S17). Indeed, we successfully
prepared nanochannel arrays (70-368 nm diameter) with
controlled pitch sizes of 10 and 15 pm (Fig. S1A and B,
respectively.) in addition to mesh-type nanochannel networks
with a controlled pitch size of 10 pm (Fig. S1C¥). Furthermore,
the preparation of nanochannel arrays over a large area (i.e., 450
x 450 pm) was also demonstrated (Fig. S1D+).

This journal is © The Royal Society of Chemistry 2018

To control the diameter of the circular nanochannel, a rela-
tively dry environment was maintained by lowering the relative
humidity (RH) to 35%. This low humidity condition resulted in
complete evaporation of the solvent in the NF jet prior to
reaching the substrate, consequently resulting in solidification
of the NF and the deposition of a cylindrical NF with a circular
cross section on the substrate. During this process, movement
of the x-y motion stage results in collection of the NF on the
substrate in an arbitrary shape. Variation in the stage velocity
(Vs) alters the mechanical pulling stress imparted on the NF,
which in turn allows precise tuning of the NF diameter.

We then prepared nanochannels exhibiting a range of HWRs
in their circular cross sections. In this case, a higher humidity
was required to achieve partial evaporation of the solvent in the
NF jet. The resulting wetting pattern of NF on the collecting
substrate was then determined by the evaporation rate, which
was in turn influenced by the spinning distance (d). For
example, the NF is not fully cured prior to contact with the
substrate if the spinning distance is small, which results in the
formation of a nanoribbon rather than a circular cross section.

To demonstrate control of the nanochannel diameter while
maintaining the circular cross section, the following spinning
procedure was employed; a 10 wt% solution of PEO in deionized
water was electrospun at a spinning distance of 1.2 mm under
900 V at 35 RH%, and collected on substrates moving at 250,
300, 350, or 400 mm s . The NFs collected at the various
substrate velocities were then employed as sacrificial molds for
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nanochannel preparation. The corresponding SEM images of
the NFs and the nanochannel cross sections are shown in
Fig. 2A along with their schematic configurations. In addition,
as shown in Fig. 2B, a good correlation was observed between
the sizes of the sacrificial NFs and the corresponding nano-
channels. Indeed, through simple control of the sample stage
velocity under dry conditions, nanochannels bearing almost
perfect circular cross sections (HWR = 1.0) and channel diam-
eters of 89-173 nm were obtained (Fig. 2C and D). Here, the
conditions of voltage and stage velocity were chosen by
considering physical insights into electrohydrodynamic jetting
and mechanisms underlying it, as demonstrated in previous
investigations.**>° To optimize the voltage for stable jetting with
a smaller diameter, a critical voltage is considered based on the
minimum flow rate and associated electric field.”® The stage
velocity is varied to apply different drawing forces on the NFs to
control their diameters.”> Upon increasing the stage velocity,
the stronger mechanical stress applied to the pulled NFs
resulted in thinning of the NFs. Detailed dimensions of the
prepared channels are summarized in Table S1 of the ESL.{
Subsequently, we demonstrated fine control of the cross-
sectional shape with various HWRs by adjusting the spinning
distance (i.e., 0.5, 0.6, 0.8, 1.0, or 1.2 mm) while maintaining all
other operating parameters constant (i.e., stage moving velocity,
400 mm s~ '; electric potential, 900 V; and relative humidity, 50
RH%). As the spinning distance affects the evaporation time,
the degree of solvent evaporation for the printed NFs can also be

Paper

influenced as depicted in Fig. 3A. The SEM images of the
prepared NFs and the corresponding nanochannels are shown
in Fig. 3B, while detailed results are summarized in Table S2
shown in the ESL{ The dimensions in these tables are
measured from five different nanochannels, and their coeffi-
cients of variation are in the range of 4-20%, which is fairly well
controlled compared to those of other nanochannels fabricated
using simple methods.** In addition, as indicated in Fig. 3C, the
sizes of the NFs and the obtained nanochannels exhibit a linear
relationship (R*> = 0.99). Furthermore, Fig. 3D shows the rela-
tionship between the NF width and the spinning distance (0.5-
1.2 mm). Moreover, it is noteworthy that the HWR of the
channel increases linearly (R*> = 0.97) from 0.19 (semi-
ellipsoidal) to 0.96 (circular) upon increasing the spinning
distance (Fig. 3E). Indeed, variation in the spinning distance
also affected the electric field strength (E), which can be
approximated as outlined in eqn (1):
E= (1)
where Vis the applied voltage and d is the spinning distance.
In this context, Fig. 3F shows that the NF width is linearly
proportional (R*> = 0.97) to the square of the electric field (E?),
which implies that the NF width can be accurately controlled by
the electrical force, which in turn can be controlled by the
spinning distance. In this case, we found that NF widths of
~70-368 nm were obtained upon varying the spinning distance
between 1.2 and 0.5 mm. As the spinning distance is reduced at
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Fig.2 Nanochannels with controlled diameters and fixed circular cross sections. (A) Schematic representations and corresponding SEM images.
The nanochannel diameters were varied by manipulating the stage velocity under dry conditions (35 RH%). The corresponding NFs are also
shown below the SEM images of the nanochannels. Stage velocities of 250, 300, 350, and 400 mm s~ (left to right) were employed. (B) An
excellent correlation between the NF and nanochannel widths is shown (R? = 0.98). (C) Linear decrease in the nanochannel diameters upon
increasing the stage velocity (R> = 0.98). (D) The circular cross section is maintained upon controlling the diameter (H and W are indicated in the

SEM images of (A)).
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Fig. 3 Nanochannels with controlled circular cross sections and varying HWRs. (A) Nanochannels with differently shaped cross sections were
obtained by varying the spinning distance, thereby resulting in the formation of circular, D-cut, and ellipsoidal cross sections. (B) SEM images of
the NFs and the nanochannel cross sections corresponding to the schematic configuration of part (A). Spinning distances of 1.2, 0.8, and 0.6 mm
(top to bottom) were employed. (C) An excellent correlation between the NF and nanochannel widths is shown (R = 0.99). (D) Variation in the NF
width upon altering the spinning distance. (E) Linear relationship between the nanochannel cross section HWR and the spinning distance (H
and W are indicated in the SEM images of (B)). (F) Linear relationship between the NF width and the square of the electric field, which is in turn

controlled by the spinning distance.

a constant applied voltage and a relatively high humidity, the
jetting polymer volume is larger due to the increased electric
field, thereby resulting in a greater NF width. In addition, the
NF comes into contact with the substrate prior to complete
evaporation of the solvent, thereby giving an HWR of <1.0 for
the NF and yielding nanochannels exhibiting flattened semi-
ellipsoidal cross sections. In contrast, with a larger spinning
distance, the corresponding electric field is small and the
electrospun NF is fully cured prior to coming into contact with
the substrate. This gives a nanochannel with small channel
width and a circular cross section (HWR ~1.00).

To confirm the uniformity and the reproducibility of the
nanochannel fabrication process, we performed a capillary
filling test using nanochannels exhibiting various types of
circular cross sections (Fig. 4A). The viscosity of the fluid
employed (85 wt% aqueous glycerol) was tuned to reduce the
filling velocity and give accurate measurements of its penetra-
tion length in the nanochannels, which were recorded using an
optical microscope (Fig. 4B, Video S27). The penetration lengths
() of the capillary flow showed a highly linear relationship with
the square root of the filling time (Fig. 4C), which is predicted by
the Lucas-Washburn law. The balance between the capillary
suction of a hydrophilic channel and the opposing drag force
induced by the fluid viscosity can be expressed by eqn (2) for
a nanochannel with an arbitrary cross-sectional shape.*”**

This journal is © The Royal Society of Chemistry 2018

l:1/2f—ct:mt°'5 (2)
au

where [ is the penetration length of the fluid through the
nanochannel, f; is the surface tension force at liquid-air
interface, « is the dimensionless hydraulic resistance, u is the
fluid viscosity, and ¢ is time. Here, a highly linear relationship
(R?* = 0.99) was observed between the liquid penetration length
and time'/ for the four types of channel (n = 5 for each type).
This finding demonstrates not only good qualitative agreement
with eqn (2) but also the uniformity of the interior geometry of
the nanochannels along the length. In addition, the various
sizes and shapes of the nanochannel cross sections result in the
different slopes shown in Fig. 4C. In general, as the nano-
channel decreases in size, the slope, m, become smaller.
Furthermore, the experimentally estimated slopes were
compared with the predicted values detailed information and
measured parameters are provided with related eqn (S1-S9)** in
the ESL.f The deviations between the predicted and experi-
mental values are less than 9%, which shows excellent unifor-
mity and reproducibility, although there is dimensional
variation in the nanochannel. In the case of the nanochannel
with a width of 92 nm and a circular cross section, a deviation of
35% was observed, which was attributed to the apparent
viscosity of the liquid increasing by ~40% due to the electro-
viscous effect.>***
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Fig. 4 Capillary filling through the nanochannels. (A) Schematic representation of the capillary filling process. Nanochannels with controlled
cross-sectional shapes and dimensions are bonded with a glass coverslip using oxygen plasma treatment, and a drop of aqueous glycerol
solution is dispensed in the inlet reservoir. (B) Real-time imaging showing penetration of the aqueous glycerol solution through the nano-
channels (scale bar = 10 um). (C) Linear relationship between the position of the liquid meniscus (penetration length of the capillary flow) and the
square root of time. For validation, the capillary filling test was conducted using nanochannels with four different HWRs. Average values of the

experiments from five nanochannels (n = 5) are plotted.

Conclusions

We herein described a facile nanochannel fabrication method
that allows precisely controlling the channel dimensions and
the shape of the cross section without requiring a cleanroom
process or complex instruments. The obtained polymer-based
nanochannels were prepared using sacrificial NF arrays,
whose widths and circular cross sections were controlled by
manipulating the operating conditions during the NFES step.
More specifically, the evaporation rate (humidity), mechanical
pulling stress (stage velocity), and electric field (spinning
distance) were tuned to prepare custom-designed nano-
channels with channel widths ranging from 70 to 368 nm and
with either perfect circular cross sections or average HWR
values ranging from 0.19 (semi-ellipsoidal) to 0.96 (circular).
This simple, low-cost, and high-precision nanochannel fabri-
cation method provides the possibility of large-area mass
production, and it is expected to offer greater opportunities to
explore the undiscovered unique phenomena and practical
applications of nanochannels including further developments
in non-lithographic nanopatterning techniques,®>* ion
concentration polarization,* and nanofluidic diodes.®® It is
also promising for use in recently developed biological inves-
tigation fields, such as nano flow cytometry® for extracellular
vesicles or tunneling nanotubes,*”” which are used for inter-
cellular communication, since the dimensions of the

19656 | RSC Adv., 2018, 8, 19651-19658

nanochannels can be easily controlled on demand, and the
controlled range is comparable to the size of these nanotubes
(tens to hundreds of nanometers).
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