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Abstract: Nanofluidic structures are often the key element of many lab-on-chips for biomedical and
environmental applications. The demand for these devices to be able to perform increasingly complex
tasks triggers a request for increasing the performance of the fabrication methods. Soft lithography
and poly(dimethylsiloxane) (PDMS) have since long been the basic ingredients for producing low-cost,
biocompatible and flexible devices, replicating nanostructured masters. However, when the desired
functionalities require the fabrication of shallow channels, the “roof collapse” phenomenon, that can
occur when sealing the replica, can impair the device functionalities. In this study, we demonstrate
that a “focused drop-casting” of h-PDMS (hard PDMS) on nanostructured regions, provides the
necessary stiffness to avoid roof collapse, without increasing the probability of deep cracks formation,
a drawback that shows up in the peel-off step, when h-PDMS is used all over the device area. With
this new approach, we efficiently fabricate working devices with reproducible sub-100 nm structures.
We verify the absence of roof collapse and deep cracks by optical microscopy and, in order to assess
the advantages that are introduced by the proposed technique, the acquired images are compared
with those of cracked devices, whose top layer, of h-PDMS, and with those of collapsed devices, made
of standard PDMS. The geometry of the critical regions is studied by atomic force microscopy of their
resin casts. The electrical resistance of the nanochannels is measured and shown to be compatible
with the estimates that can be obtained from the geometry. The simplicity of the method and its
reliability make it suitable for increasing the fabrication yield and reducing the costs of nanofluidic
polymeric lab-on-chips.

Keywords: nanofluidic device; polydimethylsiloxane; polymeric device; nanochannel;
nanofabrication

1. Introduction

Biomedical and environmental applications of fluidic chips for the detection of nanoplastics [1,2],
proteins [3-5], viruses [6-8], bacteria [9,10] and DNA [11-13] rely on micro and nanofeatures that
are the core elements of these devices for their capability to allow in-situ and real-time analysis of
nanosize objects.

In order to achieve the desired functionality, these devices must be fabricated with nanometer-scale
structures, i.e., dimensions close to the objects of interest. In particular, devices equipped with
nanochannels that have, at least, one dimension under 100 nm allow exploiting several nanoscale
transport phenomena that are crucial in single-molecule sensing experiments [14].

A paradigmatic example is DNA sensing: here biological nanopores such as o«-haemolysin and
Phi29 connector channel represent a good choice for their suitable dimension and bio-compatibility, but
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they are extremely fragile and susceptible to the environmental conditions [15,16]. For this reason, the
integration of these pores in complex devices is difficult and not durable. Solid-state nanopores and
nanochannels offer an attractive alternative that is characterized by high design versatility and operative
soundness. Among the advantages of solid-state nanopores, one should mention the combination of
well-defined geometry and size, the mechanical, thermal and chemical stability, and, usually, high
suitability to optical and electrical experimental techniques [17-19]. Usually, solid-state nanochannels
are produced on Si, SiO; or glass substrates by using high-resolution nanopatterning techniques such as
focused ion beam (FIB) milling, e-beam lithography (EBL) or laser machining [20-25]. These techniques
provide excellent control of the geometry and high reproducibility but are usually expensive and not
easily scalable to a production stage.

To overcome these limitations, we proved that the coupling of the previously mentioned
nanopatterning techniques with polymer-based soft lithography methods [26-28] is an effective
strategy for reducing the fabrication costs, yet maintaining good resolution for the nanofluidic
structures. As an example, by using FIB milling for creating nanostructures on a micromachined silicon
chip, and by replicating this master through soft lithography, we were able to fabricate hundreds of
replicas of the same silicon master.

The main drawbacks related to the use of standard poly(dimethylsiloxane) (PDMS) for fabricating
nanostructures are: (i) the high viscosity of the material and (ii) the “roof collapse” phenomenon. High
viscosity, typically, limits the ability to reproduce the structures hindering a good replica fidelity [29].
“Roof collapse”, which occurs during the sealing process, can result in a partial or complete closure
of the nanostructures. In fact, during this process, shallow nanochannels characterized by a low
aspect ratio (height to width) tend to buckle on the closing substrate under the action of adhesion
forces [30,31]. This mechanism can cause a reduction of the nanochannel dimensions, that, in the worst
cases, results in a complete collapse of the structure, making the device unusable. In any case, a major
alteration in the geometry strongly impacts the fabrication process by requiring accurate modeling to
predict how the geometry will change. In extreme situations, when random effects sum up, all of this
undermines the reproducibility and the production rate.

An obvious solution for preventing the risk of “roof collapse” would consist in increasing
the Young’s modulus of the polymer used for the replica molding procedure. For example, hard
poly(dimethylsiloxane) (h-PDMS), a material proposed in 2000 by Schmid et al. [32], has all the
advantageous properties of PDMS, such as biocompatibility, optical transparency, and low cost, but it
is characterized by a higher Young’s modulus of nearly 8.2 MPa compared to 1.8 MPa of standard
PDMS [33]. So, if h-PDMS, is an effective material for replicating sub-100 nm structures [34], a major
drawback of its increased stiffness, consists in the fact that cracks are often present on the polymeric
replica surface [35], hindering the fabrication of large devices. These cracks are most probably produced
when the replicas are peeled-off of the master and the applied momenta more easily exceed the ultimate
shear stress of the device.

In this paper, we present a strategy called “focused drop-casting” for depositing h-PDMS, in
order to make nanochannels more resistant to the collapse, without increasing the overall stiffness of
the device. With this approach, we fabricate devices a few cm? large with functional nanostructures.
Specifically, we create an inhomogeneous material with the properties of h-PDMS in the critical regions
(i.e., the regions with nanostructures), while maintaining the flexibility of standard PDMS out of them.
This polymer patchwork approach allows obtaining stiff nanostructures and excellent replica flexibility
at the same time.

2. Materials and Methods

2.1. Fabrication with the Patchwork Approach

In Figure 1 we show a schematic representation of the fabrication process that was used in this
work. Itis divided into four main steps: in the first one (Figure 1A) a FIB (CrossBeam 1540 xb, Carl Zeiss



Nanomaterials 2019, 9, 1678 30f10

AG, Oberkochen, Germany) is used to pattern the nanostructures on a micromachined silicon mold.
The mold is purchased with custom microstructures fabricated by conventional photolithography.
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Figure 1. Schematic representation of the fabrication process of a polymeric nanofluidic device.
(A) Silicon master patterned by focused ion beam (FIB) milling and treated, by vapor phase, with an
antistiction layer of FOTS (1H,1H,2H,2H-perfluorooctyltrichlorosilane). (B) Negative replica fabrication
followed by FOTS deposition. (C) Positive replica fabrication using PDMS 10:1, 1:1 and h-PDMS
poured with “focused drop-casting” method, i.e., only one drop confined on the nanostructured region.
(D) Bonding procedure and picture of the final nanofluidic device. The insets show a scheme of the
geometries of the two nanostructures used for this study. Number 1 has an hourglass-shaped geometry,
while number 2 has a funnel-shaped geometry.

These structures consist of two facing U-shaped microchannels, separated by a 100 um gap. The
microchannels are 500 pm wide and 50 um deep. Properly spaced pillars, with a diameter of 50 pm,
prevent the collapse of the microchannels during the replica sealing process. In order to test different
kinds of nanostructures, two different nanopatterns are milled, with a FIB, on the gap of two silicon
molds. One is a nearly 2 um long nanochannel connected to two trapezoidal access regions, and it
results in being similar to an hourglass; the other is a funnel structure with a nanometric tip that is
nearly 6 pm long. Both these nanometric structures have an approximately triangular section with a
height of 80 nm and a width of nearly 800 nm. These structures constitute the only fluidic connection
between the two U-shaped microchannels.

Figure 1B shows the second step: i.e., the procedure for creating the negative replica. During this
step, we poured the degassed 10:1 mixture (prepolymer and curing agent w/w ratio) of standard PDMS
(DOWSIL™ 184 Silicone Elastomer Kit, Midland, MI, USA) on the silicon master. After 4 h of curing at
60 °C in the oven, the cross-linked polymer is peeled-off from the mold. In order to favor this process,
we deposited 1H,1H,2H,2H-perfluorooctyltrichlorosilane (FOTS—Sigma Aldrich, St. Louis, MI, USA)
onto the mold by vapor phase. The negative replica, that we obtain, has the patterned structures in
relief; thus, a second replica molding process is needed to obtain a positive polymeric copy of the
silicon mold.

This third step is shown in Figure 1C. We used several formulations of the same polymer: standard
(DOWSIL™ 184) PDMS 1:1 and PDMS 10:1 and h-PDMS. The h-PDMS was prepared by mixing four
compounds: (i) 1.7 g of a vinyl PDMS prepolymer (VDT-731, Gelest Corp. Morrisville, PA, USA),
(ii) 4.5 pL of Pt-based catalyst (platinum divinyltetramethyldisiloxane, Gelest Corp.), (iii) 0.05 g of
modulator (1,3,5,7-tetravinyl-1,3,5,7-tetramethyl cyclotetrasiloxane, Gelest Corp.) and (iv) 0.3 g of
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hydrosilane prepolymer (HMS-301 Gelest Corp.). Firstly, a drop of h-PDMS was slowly dispensed
with a syringe and a 30 gauge needle on the region of the negative replica with the nanostructures. The
volume was sized to confine the h-PDMS only in this region. We refer to this approach as “focused
drop-casting”. Then, the deposited h-PDMS drop was cured for 30 min at 70 °C. A layer of PDMS
1:1 was poured all over the negative replica, spun at 1000 rpm for 60 s and cured for an hour. Finally,
a layer of PDMS 10:1 was deposited and cured for 4 h at 70 °C.

The positive replica was peeled off the mold and further incubated at 150 °C overnight to ensure
complete cross-linking [36].

The fluidic access for the working solutions was obtained by drilling holes with a needle in
the reservoirs. In the final step, the replica was exposed to an oxygen plasma (Tucano TUC-1B-MEF,
Gambetti Kenologia s.r.1., Binasco (MI), Italy) at 50 W for 30 s and brought into contact with a glass
coverslip, thus obtaining a sealed and water-tight nanofluidic device (Figure 1D) ready to be filled
with sample solutions for sensing experiments.

2.2. Fabrication of Control Devices

The necessity and the effectiveness of this “focused drop-casting” method, which results in a
patchwork surface, was tested by fabricating two control devices with procedures analogous to that
described in Section 2.1, one without using h-PDMS but only PDMS 1:1 and 10:1, and another without
confining the h-PDMS that thus completely replaced the PDMS 1:1 layer.

2.3. Optical and Atomic Force Microscopy (AFM) Characterization of the Device

Optical microscope images of the devices were acquired during and after the fabrication with a
BX51 microscope (Olympus, Tokyo, Japan) equipped with an F-View II camera controlled by CellB
Software. For obtaining information on the effect of the sealing process on the nanostructures, both
the patchwork replica and the one without h-PDMS were brought into conformational contact with
a clean glass substrate. 81 Norland Optical Adhesive (NOA, Cranbury, NJ, USA) resin, previously
diluted in acetone (1:1 v/v), was inserted in one of the two microchannels, let fill the nanochannel,
and cured under ultraviolet (UV) irradiation for 2 h with a 365 nm UV lamp (Biolink, Vilber Lourmat,
Marne-la-Vallée, France). After curing, we peeled off the replicas and obtained two casts that were
imaged by atomic force microscopy (AFM) that provided information on the geometry and size of the
nanochannels after the device closure. The AFM measurements were performed in tapping mode by a
Dimension 3100 microscope (Veeco Instruments, Plainview, NY, USA) and silicon nitride tip (Olympus).
The software WSxM [37] was used to analyze and process the images.

2.4. Electrical Measurements

After filling the device with KCI 1 M, current-voltage (I-V) curves were acquired by using an
electronic amplifier (EPC 10 Usb, Heka Electronik, Multi Channel Systems MCS GmbH, Reutlingen,
Germany) and Ag/AgCl electrodes. All the electrical measurements were performed in a Faraday cage
for minimizing the external noise. The sampling rate was 10 kHz, and traces were filtered by low-pass
Bessel filter with cut-off at 2.9 kHz.

3. Results and Discussion

The optical investigations, performed during and after the fabrication procedure, confirmed
that the “focused drop-casting” method was effective in confining the h-PDMS in the region of the
nanochannel. Figure 2A shows the h-PDMS drop on the negative polymeric replica spreading along
the gap between the microchannels, covering the nanostructure, but not invading the regions that
extend in the direction orthogonal to the channels.
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Figure 2. Comparison of replicas produced using hard poly(dimethylsiloxane) (h-PDMS) with the
“focused-drop casting” approach and with h-PDMS all over the mold. The nanostructure patterned
on the gap separating the two microchannels consists in a short nanochannel linking two trapezoidal
access regions (green circle). (A) Optical microscope image of the polymeric negative replica with
a drop of h-PDMS spread in correspondence of the nanopatterned region. (B) Picture of a positive
polymeric replica fabricated depositing a layer of h-PDMS all over the negative replica surface. This
method generates undesired deep cracks (red circles). (C) Picture of the positive replica obtained using
h-PDMS dripped in a confined region. No cracks are visible. Here, it is possible to observe the interface
between the h-PDMS patch and standard PDMS 1:1 (yellow circle). Scale bar 500 um.

The h-PDMS remains confined because of the shape of the microchannels that act as a guide,
hindering the polymer from spreading out of them. This material results confined in this region, even
if other layers of PDMS (first 1:1 and then 10:1) are deposited over it, to produce the composite replica.
We deposited a layer of PDMS 1:1, over the h-PDMS drop, in order to decrease progressively the
stiffness of the material from h-PDMS to PDMS 10:1. In fact, it is demonstrated that increasing the
curing agent to prepolymer base ratio and the curing time results in a stiffer material [38]. The planar
heterogeneity of the material is visible (as a region with different contrast, see Figure 2C—yellow
circle), observing the surface of the positive replica with a microscope after the curing process. Thus,
the patchwork approach allows obtaining a replica stiffer in the nanostructured area, but more flexible
in the other regions of the device. By choosing, as peel-off direction, the one that reduces the bending
of the h-PDMS (shown by the black arrow in Figure 2C), we obtained an easy replica release without
the formation of undesired cracks. On the contrary, as shown in Figure 2B, the device produced with
h-PDMS, without using the “focused drop-casting” strategy, shows several deep cracks (red circles)
because of its excessive stiffness. These cracks represent competitive points of connection between the
two microchannels. They were not present on the negative replica and resulted in a discarded device,
e.g. for electrical biosensing applications.

As to the necessity of using h-PDMS, we compared the devices created with the patchwork
approach to the ones where we did not use h-PDMS. Figure 3 shows reflection optical microscopy
images of the sealed devices with all the combinations of materials and geometries explored.
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A)

Figure 3. Nanochannels after the bonding procedure. Optical microscope images of (A,C) hourglass
and funnel-shaped channels of a nanofluidic device made with standard PDMS and (B,D) made
using h-PDMS and the focused drop-casting approach. Images’ insets show a zoomed view of the
nanochannel region, allowing us to observe if they collapse or not. Scale bar 100 pum.

In all the cases, one can notice the microscale features that are contrasted by the difference of
refractive index of the trapped air with respect to the polymer. However, the nanometric regions are
visible only in devices made with h-PDMS and the “focused drop-casting” method (Figure 3B,D) while
the lack of contrast for these features in the devices without h-PDMS, i.e., made only of PDMS 1:1
and PDMS 10:1, (Figure 3A,C) indicates no trapped air and thus the collapse of the nanochannels.
We deduce that the stiffness of h-PDMS allows overcoming the attraction between the polymeric
replica and the glass coverslip caused by surface interactions, thus preventing the main cause of the
roof-collapse phenomenon [30,31,39,40].

3.1. AFM-Based Analysis of the Dimensions of the Casts

AFM was used to analyze the topography of NOA casts of the sealed funnel-shaped channels
and also to determine the impact of using h-PDMS on the transposition of the mold geometry to the
sealed device.

With this strategy, we estimated the dimensions of the nanochannel after closure as, due to “roof
collapse,” the nanostructure sizes change significantly before and after sealing.

Figure 4 shows the topography of casts obtained through the procedure described in Section 2.3
for devices fabricated by dripping h-PDMS with the patchwork approach and by using only standard
PDMS (1:1 and 10:1), respectively.



Nanomaterials 2019, 9, 1678

0O pum

D)

Z[nm]

=
(=]
LI I R L L L O L L LI

7 of 10

X[pm]

Figure 4. Atomic force microscopy (AFM) measurements. (A) Optical microscope image of the final
part of nanochannel with the funnel geometry made with h-PDMS and the patchwork approach. AFM
images of the NOA (Norland Optical Adhesive) cast of a funnel-shaped nanochannel made with (B) and
without h-PDMS (C). The green line in (B) corresponds to the height profile, reported in (D), for the
nanochannel made by using h-PDMS and the “focused-drop casting” strategy. Scale bar 4 um.

The collapse occurred in the latter can be deduced by the measure of the channel length from a
reference point (blue arrow in Figure 4B,C) to its tip. The measurements show that the replica made
using standard PDMS has a cast 6 um shorter, thus confirming the observations made by optical
microscopy. From the topography of the cast near the funnel tip (Figure 4B—green line) it is possible
to trace a profile (Figure 4D) from which we can estimate nanochannels’” dimensions. The NOA cast
cross-section can be approximated with a triangle of height 80 nm and a base width of nearly 800 nm.

3.2. Electrical Characterization of Devices

Finally, in order to test the devices’ functionality, we characterized them electrically by measuring
I-V curves both for the funnel and for the hourglass geometry fabricated using the patchwork approach.
Figure 5A,B show the curves acquired in the range +1 V. In the case of the hourglass geometry, the

curve is symmetric.
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Figure 5. Electrical device characterization: (A) current-voltage (I-V) curve of the nanofluidic device
with an hourglass-shaped structure and a short single nanochannel. (B) I-V curve of the nanofluidic

device with a funnel-shaped nanochannel. The red lines represent linear fitting cur.



Nanomaterials 2019, 9, 1678 8 of 10

We estimated the nanochannel resistance by a linear fit of the experimental points (red line),
obtaining (3.5 + 0.1) MQ) and, as expected, the curve had an ohmic behavior while the I-V curve of
the funnel geometry showed a slightly rectifying behavior probably due to the asymmetry of the
structure [41]. In this case, the figure estimated for the resistance was (10.3 + 0.1) MQ). Then, we used
the resistance values measured experimentally to verify the correspondence of the nanochannel sizes
measured on the NOA casts with those of a sealed PDMS device. Considering a resistivity value of
about 0.07 OOm for a 1 M KClI solution, we inferred the dimensions of the sealed nanostructures for
both device geometries: hourglass and funnel. We approximated the nanochannels’ cross-section
with a triangle, a reasonable assumption considering the profile reported in Figure 4D. The measured
resistance values were consistent with the cross-section dimensions estimated for the profile of the
NOA cast, i.e., a base around 800 nm, a height of 80 nm, and a length of 2 pm for the short nanochannel
of the hourglass geometry and 6 pm for the funnel. Thus, both the resistance values demonstrated
the good agreement between the nanostructures fabricated on the mold and on the positive replica,
confirming the fidelity of the “focused-drop-casting” approach in replicating nanostructures, and
proved the efficiency of this method for producing devices not affected by leakage problems, a crucial
advantage when used for electrokinetic measurements.

The polymeric sub-100 nm nanostructures fabricated with this approach could be exploited for a
variety of applications and, in particular, for the development of a new class of nanosensors based on
nanofluifidic structures, such as those used for the detection of single nano-sized objects [42].

4. Conclusions

We have presented a novel approach for the fabrication, by soft lithography, of polymeric
nanofluidic devices with nanochannels of different geometries. Sub-100 nm structures, with an aspect
ratio of less than 0.1, have been obtained in crack-free devices without incurring in “roof collapse”
phenomena. The proposed approach modulates the stiffness of the polymer across the device surface
in order to increase its value only in the regions with a geometry prone to collapse during the sealing
process. By maintaining overall flexibility, we can avoid the formation of cracks when the polymeric
replica is peeled from its master. The geometry of the devices and their electrical properties have been
characterized, showing that our approach can be used to obtain the characteristics required in the
fabrication of nanofluidic sensors. In conclusion, our method provides a simple and effective solution
for producing polymeric nanofluidic systems, reducing their cost, and improving their reliability.
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