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ABSTRACT: 2D material-based membranes have emerged as promising candidates
for next-generation separation technology due to their exceptional permeability and
selectivity. Integration of these membranes into microfluidic devices has offered
significant potential for improving the efficiency, throughput, and precision.
However, designing compact and reliable microfluidic devices with membranes has
many challenges, including complexities in membrane integration, analyte measure-
ment, and contamination issues. Addressing these challenges is critical for unlocking
the full potential of membrane-integrated devices. This paper proposes a systematic
procedure for integrating membranes into a microfluidic device by creating a pore in
the middle layer. Furthermore, an ion transport experiment is carried out across
various stacked graphene and poly carbonate track etch membranes in an Ostemer-based device. The resulting device is capable of
facilitating the concurrent measurement, a task that is cumbersome in standard macroscopic diffusion cells. The transparency and
compactness of the microfluidic device allowed for the in situ and real-time optical characterization of analytes. The integration of
microfluidic devices with 2D nanoporous membranes has enabled the incorporation of several analytical modalities, resulting in a
highly versatile platform with numerous applications.

■ INTRODUCTION
Nanoporous membranes fabricated from 2D materials offer the
potential for molecular-level filtration, identification, and
sequencing, in many respects similar to biological pores.1−5

A variety of biological nanopores use highly selective molecular
filtering to regulate critical physiological functions. The
possibility of mimicking them with 2D nanoporous membranes
has led to a large body of work over the past decade.6−9 The
majority of separation-based experiments are conducted using
either side-by-side diffusion cells or custom-made electro-
chemical cells with two reservoirs.9−13 The macroscopic nature
of the setup and the samples makes the reported findings
average over a large number of pores, which may obscure the
proper characterization of underlying physical phenomena near
the vicinity of a nanopore. The investigation of isolated
nanopores becomes even more crucial considering that the
transport of molecules, ions, gases, or polymer strands have
highly nonlinear dependence on features of the pores, e.g.,
their size or decoration.
On a practical level, the use of macroscopic implements

limits the modality, scale, and efficiency of studies, resulting
from the constraints of cost, time, and manual effort. For
example, in diffusion cell analysis, membranes are analyzed one
at a time, which limits suitability for in situ optical or spectral
analysis of analytes.14 A macroscopic area of the membrane,
defined by the opening in the cell, is used for investigations,
which either average out the effect of different-sized pores or
need careful preparation to limit the statistical distributions. To
reduce the predefined opening of the cell and mitigate
potential leakage issues, it is necessary to explore alternative

approaches to ensure secure connections to uphold the
integrity of the setup. The bulk of the setup hinders integration
and automation, besides being fiddly to work with the
setup.11,15,16

The integration of nanopores into microfluidics devices can
address most of these challenges elegantly and provide several
significant benefits.17−19 In microfluidic devices, the area of
investigation of the membrane can be scaled down to reduce
the statistical variance. Control over the opening of the
microfluidic device allows for a high-precision study of the
dynamics of translocation through the pores. Taken to the
extreme, with proper adjustment of the areal density of pores,
single pores could be investigated. The number of membranes
can be scaled up at the same time, providing well-controlled
data. Automation is inherent in microfluidic systems, over-
coming the limitations posed by manual handling in micro-
scopic setups.20 The majority of microfluidic systems are
amenable to high-quality optical and electrical investigation in
situ, offering real-time and simultaneous measurement, which
is impractical in diffusion cells.21−26 The integration can
extend to biochemical assays, facilitating a cohesive platform
for applications too.
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Even with such impressive benefits, the fabrication process
of integrating nanoporous membranes in microfluidic devices
has limitations in the literature. Material compatibility restricts
combinations of materials, leading to degraded adhesion and
long-term robustness of the devices. The most popular material
for microfluidics, polydimethylsiloxane (PDMS), lacks chem-
ical robustness and is hydrophobic.27−32 Along with material
incompatibility, integrating a membrane into a microfluidic
device is a challenging way for achieving the desired outcomes.
In ref 33, researchers applied adhesive along the edges of the
membrane. An alternative approach is to fabricate the
membrane in situ after bonding the two layers of the
microfluidic device.34 Sacrificial layers,35 3D printing,36 and
ultrasonic bonding37 have also been used, each with its own set
of pros and cons (a comparison table can be seen in
Supplementary Section 4). Common concerns include
fabrication complexities, leakage issues, material restrictions,
nonuniformities, residues, high costs, and contaminants, all of
which can impede the proper functioning of the devi-
ces.15,38−43

This paper proposes a facile way to integrate 2D nanoporous
membranes into a microfluidic platform to overcome
fabrication and characterization-related challenges. Nano-
porous graphene is supported on a relatively thick PCTE
(polycarbonate track etched)membrane incorporated on
Ostemer as a base material for fabrication of the device.
Electrical measurements are carried out on several separate
nanoporous graphene samples on a single device with on-
device electrodes. The performance of the device is compared
with the measurement obtained from diffusion cells.
Furthermore, in situ optical microscopy and Raman spectros-
copy are used to analyze dye diffusion through the graphene
embedded in the device. The characterizations are performed
without any special arrangements and bolster the versatility of
the platform for multimodal analysis.

■ EXPERIMENTAL SECTION
Fabrication of Stacked Graphene on PCTE Mem-

brane. Synthesis of CVD Graphene on Cu. Large-area single-
layer graphene is synthesized in a homemade LPCVD on a Cu
foil.44 The procedure involves cleaning the copper foil (Sigma-

Aldrich, 349208−33G) using deionized (DI) water, ethanol,
and dry air. The clean copper foil is directly placed into a CVD
chamber and anneals for 60 min at 1030 °C in a 100-standard
cubic cm3 (sccm) H2 flow. Then, 10 sccm of CH4 and 50 sccm
of H2 are introduced into the chamber to allow graphene
growth. The growth time is set to 30 min to ensure full
coverage of monolayer graphene. The copper foil is cooled to
room temperature under the 100 sccm H2 flow.

Transfer of Graphene to PCTE Membrane. Graphene is
subsequently transferred onto a polycarbonate track-etched
(PCTE, hydrophilic, Merck Millipore Ltd.) membrane with
200 nm pores that provide mechanical support using a direct
transfer method to ensure minimal surface contamination.10 At
first, the graphene on the backside of the copper is removed by
floating in a 0.1 M ammonium persulfate (APS) solution for 10
min. The remaining Cu foil, which has graphene on the top
side, is rinsed in two consecutive water baths for 15 min each.
After drying, the sample is placed on top of a glass slide,
followed by a piece of PCTE membrane on top of the
graphene, and a second glass slide is placed on top of the stack.
The whole stack is lightly pressed using a roller. The PCTE
membrane-supported graphene on copper is then transferred
to a bath of 0.1 M APS etchant for full removal of the copper.
The sample is then rinsed in a water bath, followed by a 50%
ethanol/water bath, and finally air-dried.

Nanopore Formation in Graphene Membrane. Graphene
membranes are exposed to air plasma in a tabletop Harrick
plasma system (PDC-32G, maximum RF power of 18 W) at
room temperature. The plasma treatment is performed for 4 s
at a power of 10 W, under 100 sccm of air, at a pressure of 10
mbar.
Fabrication of Membrane Integrated Microfluidic

Devices. The microfluidic devices are composed of bottom,
middle, and top layers. The bottom and top layers had
embedded channels, whereas the middle layer had cutouts to
create an opening on top of membranes, which are sandwiched
between the bottom and top layers. All of the layers are
molded from the Ostemer 322 Crystal Clear polymer. The
molds are made in PDMS, which is in turn molded by another
mold made of Ordyl 330 dry film resist (DFR, 55 μm thick).
Briefly, the DFR is laminated on a clean glass slide, and a Cr-

Figure 1. Fabrication process for the 3-layer microfluidic devices. (a) The bottom layer is placed on a glass slide, (b) followed by the placement of
nanoporous graphene supported on a PCTE membrane. (c) The opening in the middle layer is aligned to the membrane, and finally, (d) the top
layer is placed. All the layers are bonded at the end by heat curing. (e) 3D view of the device with vertically approaching channels on both sides.
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coated glass mask is used to expose the DFR. It is then
developed (developer XFB) and postbaked as per the vendor’s
guidelines. The slide with the Ordyl mold is kept at the bottom
of a Petri dish, and premixed, degassed PDMS is poured on it.
The PDMS is cured at 70 °C for 3 h on a hot plate and peeled
off. The bump formed in the peeled PDMS mold is filled with
premixed and degassed Ostemer 322 (1.09:1 mixture of parts
A and B). After covering the surface of the poured Ostemer
mix with a PET sheet, it is exposed to 1 min of UV-A (365
nm) radiation in a home-built exposure unit. The UV-cured
Ostemer 322 layer is then peeled from the glass slide and
placed upside down on top of another cleaned glass slide. This
bottom layer had the channels on the side exposed to air in
Figure 1(a). Pieces of PCTE membranes, having nanoporous
graphene on them, are manually placed at the junctions of the
bottom and top layer channels, as shown in Figure 1(b). A
small drop of water is put on the membrane so that it
conformally clings to the bottom layer due to capillary action.
The water is allowed to dry, and the middle layer is placed on
the devices with 100 μm holes aligned to the location of the
PCTE membranes in Figure 1(c). The top layer, which is
molded in the same manner as the bottom layer, is manually
placed on the stack so that the ports and junctions in the
bottom and top layers are aligned, as shown in Figure 1(d).
The stack is pressed from the top and heat-cured on a hot plate
at 110 °C for 1 h to yield the microfluidic devices. Detailed
methods are described in Supplementary Section 1.
Electrical Characterization. The electrical measurements

of the conduction of ions through the nanopores are done
using the setup shown in Figure 5(a). Micropipettes are glued
to the I/O ports of the microfluidic devices to provide space
for the insertion of Ag/AgCl electrodes. The pipettes are then
filled with 1 M KCl solution, and the electrodes are dipped in
the pipettes. A source measure unit (SMU, Keithley 2460) is
connected to the electrodes to apply voltage sweeps (10 mV
increments within −0.1 and 0.1 V). The current flowing
through the electrodes is recorded simultaneously. At the start
of the measurements, both sides of the membrane are rinsed
three times with 50% ethanol and water to wet the membrane.
The same measurements are done in a diffusion cell (7 mL,
Permegear Inc., 5.5 mm diameter opening), where membranes
are sandwiched between two silicone layers (opening of 1 mm
diameter), which are held and pressed between the two
compartments of the diffusion cell. Both cells are then filled
with KCl solution, and Ag/AgCl electrodes are used to apply
an electric potential across the membrane.
Optical Characterization by Raman Spectroscopy.

Raman spectra are collected using the WiTech 300R confocal
Raman microscope using laser excitation at 532 nm. Optical
microscopy is done with the same instrument using a 20X
objective. The typical laser power and accumulation time are
28 mW and 5 s. An integration time of 12 s is used to

accumulate a sufficient number of photons. The spectrometer
provides a Raman spectrum over the range of 150 to 2000
cm−1 with a spectral resolution of better than 3 cm−1.

■ RESULT AND DISCUSSION
Device Fabrication. Microfluidic devices are fabricated

based on the descriptions provided in the methods sections.
This work investigates the ion transport in stacked graphene
configurations using a microfluidic device, replicating our
findings in.45 Microfluidic devices, with multiple channels
featuring different membranes, simplify characterization
compared to diffusion cells, where changing membranes and
KCl concentrations are cumbersome. Rhodamine B is chosen
as the analyte for optical characterization. Despite its health
hazards, the dye is widely used in industry for coloring red
chilies, which causes liver dysfunction or cancer. The device
layout and photograph of the devices are shown in Figure 2(a)
and Figure 2(b), respectively. Different porous membranes
with open pores have been easily integrated into the single
microfluidic device to investigate desired analytes. It is
straightforward to place a large number of membranes on a
single device, which is possible due to the small size of
membranes and fluidic channels.
-layered microfluidic devices. The channels in the bottom

and top layers are shown in blue and pink colors, respectively.
Fluidic ports are also shown. The zoomed rectangle shows the
PCTE membrane (red circle) placed between the three-layered
device. (b) Photographs of the fabricated devices with different
membranes are shown.
Ensuring Leakproof Flow in the Microfluidic Device.

Integrating a porous membrane between two layers results in
the creation of a pocket at the periphery of the membrane due
to the deformation of the layers, as shown in Figure 3(a). This
pocket forms because the surfaces of the layers only come into
contact with each other after a certain distance from the edge
of the membrane. As fluid channels in each layer intersect this
pocket, an undesired path from one channel to another is
formed. To mitigate this issue, two approaches are proposed to
establish vertical contact between the channels.
The first approach involves ensuring that the membrane

connects vertically to the channels in both layers and opens
only within the periphery of the membrane, as depicted in
Figure 3(b). The second method allows only one channel to
vertically approach the membrane, as shown in Figure 3(c).
We have implemented this latter approach in our design. Other
methods to achieve the same goal are feasible. For instance,
instead of inverting the bottom layer, as we did, it can be
positioned with its channel side in contact with the substrate,
and an additional hole can be created at the junction location.
This alternative approach is simpler than our implementation.
Integration of porous membranes, even particularly thick

ones, in microfluidic devices should have leak-tight interfaces

Figure 2. (a) Layout of the three.
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so that the desired flow occurs through the pores rather than
through a parallel channel opened by the leak, as shown in
Figure 4(a). For nanoporous materials, even a minute leak can
swamp the flow characteristics of the nanopores (a detailed
method of membrane integration is mentioned in Supple-
mentary Section 2).
To assess the integrity of the membrane integration within

the microfluidic device, the device is subjected to a prolonged
leakage test. As prepared, the devices are submerged in ethanol
for 30 min to ensure infusion into the channels. Subsequently,
after removal of the device from ethanol, the inlet of one
channel is filled with a blue solution of a food-coloring dye in
ethanol. The channels are then observed under a microscope
for any signs of leakage. After monitoring for several hours, the
device did not show any leakage, as shown in Figure 4(b). In
contrast, the same experiment done in devices without a
middle layer, in which the air pocket at the edge connects the
two channels, produced leaks at the edge and, consequently,

the coloring of the other channel. This observation validates
the effectiveness of the proposed method, affirming its
capability to achieve a reliable and leak-proof seal.
In the experiment, the device design initially consisted of

only eight locations for membrane placement. However, with a
more compact layout design and tighter sizing of the
membranes, it becomes feasible to analyze many more
membranes simultaneously. In bioanalytical applications, the
integration of membranes should not cause any major
disruptions. After analysis of many single or multilayered
graphene, no leakage or any other mode of failure has been
observed in any of the devices tested. This emphasizes the
robustness of the integration process and highlights its
reliability for various applications.

■ ELECTRICAL AND OPTICAL CHARACTERIZATION
To evaluate the versatility of the microfluidic setup, both
electrical and optical methods are utilized. In the electrical
characterization process, the ionic current is measured across
various membranes while the solution concentration. Sub-
sequently, a comparison is made between the results obtained
from both microfluidic and diffusion cell setups. Following this,
optical characterization is conducted, which involves the
Raman analysis of a health-hazard dye.
Microfluidic systems offer the distinct advantage of the

integration of analytical capabilities in comparison with the
standard diffusion cell setup, as shown in Figure 5(a). The
compact devices and fluidic connections facilitate easy
integration into other instruments, and in some cases (e.g.,
electrical analyses), the analytical apparatus can be integrated
within the devices themselves. Moreover, with proper care,
microfluidic devices are able to operate in almost any
orientation. It is essential that the material of construction of
the device should also not add any noise to the analysis while
providing enough mechanical and chemical stability. There-
fore, Ostemer is chosen as a material for the fabrication of
devices.
Ionic transport through nanoporous graphene membranes

embedded in both setups is analyzed to observe any changes in
their behavior. In the microfluidic device setup as depicted in
the schematic Figure 5(b), micropipets are affixed to the I/O
ports of the devices and filled with electrolyte solutions. The
electrodes are immersed into the inlet and outlet ports filled
with electrolyte solution. The voltage is varied between −0.1 V

Figure 3. Schematics of the device: (a) A porous membrane
sandwiched between two fluidic layers creates a pocket at the
periphery of the membrane, which connects to the two fluidic
channels, leading to leaks. (b) Allowing access to the nanopores via a
vertical channel avoids the leak. (c) Similar to (b), but a single
channel moved away from the membrane. Arrows denote the fluid
flow path.

Figure 4. Photograph of the actual device after (a) the prolonged flow of blue-colored aqueous solution. (b) The liquid flows from the inlet port to
the outlet port through the membrane with the time in the device (from top to bottom: 0 s, 3 min, and 40 min).
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to 0.1 V with 0.01 V steps across the membrane, and current is
measured. Then, the experiment is carried out across the two
channels. A bare PCTE and single- and two-layer nanoporous
graphene (see Supplementary Section 3) are used. The
concentration of the KCl solution is 10 mM. The same
parameters are also used for measurements from a standard
diffusion cell. In the case of a diffusion cell, the membrane
needs to be changed, making it cumbersome to take
measurements. The V−I characteristics in both cases are
comparable, as depicted in Figure 5(c) and (d), indicating
parity of usage.
In another set of experiments, ionic current measurements

are performed across a two-layer stacked graphene membrane
under different salt concentrations, ranging from 1 μM to 1M.
The obtained V−I curve showed a linear behavior in Figure
6(a). The conductance plot with the KCl concentration
revealed two distinct trends, as shown in Figure 6(b). A linear
relationship is seen for concentrations above 10 mM. The
conductivity remained almost constant below this concen-

tration. The transition between these two regions occurs due
to the dependence of debye length on salt concentration. As
the salt concentration decreases, the electrical double layer on
graphene starts approaching the nanopore dimensions so that
the conduction is primarily governed by ions passing through
the double layer to reach the other side.
More advanced characterization techniques are just as

feasible with microfluidic devices as they are with electrical
measurements. Specifically, given the resemblance of devices to
a glass slide, albeit slightly thicker, they can be easily inserted
into optical instruments. In contrast, optical spectroscopy in
diffusion cells requires samples to be extracted, thereby
limiting its operation. Rhodamine-B is selected as the analyte
for optical characterization in the microfluidic setup. The
bottom channel of the microfluidic device is filled with a
solution containing 0.0001 M Rhodamine-B, while the top
channel is filled with deionized (DI) water. Real-time, in situ
characterization is performed by placing the device under the
Raman spectroscope. The Raman signature of Rhodamine-B is

Figure 5. Schematic of an electrical measurement setup using (a) a conventional diffusion cell and (b) a microfluidic device. The electrical
conductivity measurements from the two setups, (c) and (d) respectively, show the same characteristics. Error bars indicate the standard deviation
of three repeated measurements for each data point.

Figure 6. Electrical characterization: (a) VI curve of two-layer stacked graphene with 4 s of plasma exposure under a KCl concentration ranging
from 1 μM to 1 M. (b) normalized area conductance with KCl concentrations. Error bars indicate the standard deviation of three repeated
measurements for each data point.
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captured at 15 min intervals as it diffuses from the high-
concentration channel to the low-concentration channel
through the nanopores in graphene. These spectra, shown in
Figure 7, exhibited characteristic peaks at 1355 cm−1, 1504
cm−1, and 1644 cm−1. The increasing size of these peaks over
time indicates the continuous diffusion of Rhodamine-B
through the graphene nanopores into the adjacent channel.
This method of characterization is sensitive enough to detect
minute amounts of Rhodamine-B present in the system.
With the help of additional instrumentation, the basic

functionality of the device can be leveraged for better
characterization of ion movement across the nanopores. For
example, with a precision stage, an areal map of the diffusing
molecule can pinpoint the location of the pores, giving a direct
measurement of density and indirect confirmation of the size
of the pores. The latter can also be estimated and compared by
using electrical measurements. Another possibility lies in the
analysis of structured or masked membranes.

■ CONCLUSION
This paper proposes a fabrication technique to integrate
diverse types of membranes into multichannel microfluidic
devices to control molecular-level filtration and movement. A
middle layer with a strategically positioned hole was
introduced at the junction of both layers to prevent leakage
along the membrane edge. The middle layer served as a barrier
at the channel interface to ensure a leak-free flow of the fluid.
The experimental results have shown that no leakage has
occurred along the membrane edge, even after the fluid has
been flowed for a prolonged duration. Additionally, the
compactness and transparency of membrane-integrated micro-
fluidic devices have enabled a wide range of characterization
techniques for analytes. Specifically, electrical and optical
methods have been used to evaluate the transit of ions and
molecules through the membrane. The resulting platform has
shown remarkable capability to integrate the highly efficient
filtration of 2D nanoporous membranes into the bioanalysis
pipeline of microfluidic systems, such as protein or DNA
sequencing.
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