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Abstract

A 3D printed microfluidic device made of a thermoplastic material was used to study the
creation of molecular filters by controlled dielectric breakdown. The device was made
from acrylonitrile butadiene styrene (ABS) by a fused deposition modeling (FDM) 3D
printer and consisted of two V-shaped sample compartments separated by 750 um of
extruded plastic gap. Nanofractures were formed in the thin piece of ABS by controlled
dielectric breakdown by application voltage of 15-20 kV with the voltage terminated
when reaching a defined current threshold. Variation of the size of the nanofractures
was achieved by both variation of the current threshold and by variation of the ionic
strength of the electrolyte used for breakdown. Electrophoretic transport of two
proteins, R-phycoerythrin (RPE; <10 nm in size) and fluorescamine labelled bovine serum
albumin (f-BSA; 2—4 nm), were used to monitor the size and transport properties of the
nanofractures. Using 1 mM phosphate buffer both RPE and f-BSA passed through the
nanofractures when the current threshold was set to 25 pA. However, when the
threshold was lowered to 10 pA or lower, RPE was restricted from moving through the
nanofractures. When we increased the electrolyte concentration during breakdown
from 1 mM to 10 mM phosphate buffer, BSA passed but RPE was blocked when the
threshold was equal to, or lower than, 25 pA. This demonstrates that nanofracture size
(pore area) is directly related to the breakdown current threshold but inversely related

to the concentration of the electrolyte used for the breakdown process.
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1 Introduction

Nanostructures can be fabricated within microfluidic devices and used in a diverse range
of applications in chemical, electrical and biological science [1-4]. Important applications
for these nanostructures are in chemical sensors and biosensors. Nanostructures can
increase device specificity with surface functionalization methods to improve detection
sensitivity with high surface areas and to speed up sample delivery with nanofluidic
techniques [5,6]. During the last 10 years, 1D nanostructures have been widely used in
the field of biological science for the detection of various bio molecules [7-9].
Nanochannels offer great potential for optical detection in applications such as

preconcentration [10], mixing [11] and DNA manipulation [12].

There are several techniques available to fabricate nanostructures, the most commonly
used methods include electron beam lithography (EBL) and etching [13-15] and focused
ion beam (FIB) drilling [16-18]. Nanoporous membranes have also been used in
microfluidics for sample filtration, sample preconcentration, sensing and selective
delivery [19-21]. Conventional nanofabrication techniques rely on the production of
nanopores in a vacuum environment, which inevitably introduces handling risks and
wetting issues when transitioning into aqueous solutions for biosensing experiments

[22]. Nanofractures can also be formed by dielectric breakdown, where thermal and
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mechanical failure results when an insulator is placed in an electric field exceeding its
dielectric strength [23-28]. While this is a very simple and cost-effective technique for
creating nanopores between two microfluidic chambers, the repeatability is highly
variable because of the chaotic and almost random breakdown of the material.
Previously, a few research groups have demonstrated the ability to control the size of
the fractures produced in the breakdown of plastic by setting a current threshold which
terminates the voltage once a particular current is reached [23,26-30]. It is safe,
tuneable, very fast and allows creation of the nanofractures after fabrication of a
complete fluidic device. This means it may be possible to create nanofractures after the
sample is placed into a manufactured device that has been prefilled and packaged with

all the reagents needed for the analysis.

Three-dimensional (3D) printing has gained significant attention in manufacturing due to
its ability to manufacture 3D designs by retrieving computer-aided drawing (CAD) files
without the need of conventional microfabrication. The past few years has seen
significant improvements in the techniques of 3D printing technology that is now been
adapted to work with a diverse range of materials, includes production-grade plastics,
metals, and glass. As a result, this technology is not only being used in constructing a
mold for prototyping but also being used in manufacturing approach [31]. Recently,
several 3D printing techniques have been used to fabricate microfluidics chips, with the
most common being Stereolithography (SL) [32-35], Fused deposition modeling (FDM)
[36,37], and photopolymer inkjet printing [38,39]. Here, we used FDM 3D printing to
fabricate fluidic devices because they can be printed in production-compatible
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thermoplastic material that can be used for large-volume manufacturing. A wide range
of thermoplastic materials are available for FDM 3D printers, including acrylonitrile
butadiene styrene (ABS), polylactic acid (PLA), polycarbonate, polyamide, and
polystyrene, which provide a wide range of physicochemical and mechanical properties
and hence a choice of colour, optical transparency, and chemical and biological
compatibility. Multi-material FDM printers can also be used to produce devices
containing components or regions of greatly differing strength, flexibility, porosity,
electrical conductivity, etc. One area of considerable interest is the ability to print
materials of controlled or selective porosity, including active and passive integrated
membranes [20,40-44]. Despite the success in creating quite complex devices, the pore
properties are defined by the material used and there is no easily ability to vary their

properties.

In this paper, we used controlled dielectric breakdown to fabricate nanofractures in a
FDM printed fluidic device. The device was made using the thermoplastic material ABS
and the nanofractures created by termination of the breakdown voltage once a
threshold current was reached. Different current limits in different electrolyte
concentrations were examined to understand the impact of a variation in the sample
matric composition if nanofractures were to be created after sample was placed into the
device. The transport properties of the produced nanofractures were examined with
two proteins, natively fluorescent R-phycoerythrin (RPE) and fluorescamine labelled

bovine serum albumin (f-BSA).
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2 Materials and methods

2.1 Materials and Chemicals

Crystal clear ABS 1.75 mm filament (MatterHackers Inc; Foothill Ranch, CA) was used to
print the device. RPE (210 mg/mL, mW 250), BSA, fluorescamine, sodium phosphate
dibasic, sodium phosphate monobasic, Ferric chloride (FeCls) and hydroxypropylmethyl
cellulose (HPMC, MW 26 kDa, Catalogue number 29441-1) were purchased from Sigma-
Aldrich, (St. Louis, MQ). Potassium thiocyanate (KSCN) was purchased from AJAX
Chemicals (Sydney, Australia). All the experimental solutions used in this study were
prepared in milli-Q water obtained from a Millipore (North Ryde, Australia) purification

system.

2.2 Sample Preparation

BSA stock solution was prepared with a concentration of 2 mg/mL in milli-Q water.
Fluorescamine solution was prepared with a concentration of 3 mg/mL in acetone as a
stock solution. Immediately before the all experiment, f-BSA was freshly prepared by
incubate the BSA stock solution and fluorescamine solution at the ratio of 3:1 in
phosphate buffer for 15 minutes at room temperature. The 2.5 M of KSCN and 25 mM

FeCls solutions, 1 mg/ml of RPE solution were prepared in milli-Q water.

2.3 Device design and fabrication

The microfluidic chip design was first drawn in AutoCAD 2016 (Student version;

Autodesk, San Rafael, California) and then exported as a STL file. The STL file was then
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sliced into multiple 2D layers using Kisslicer PRO (www.kisslicer.com) and then exported
for printing as a g-code file. In this study, a FDM based 3D printer (Felix 3.0, Felix
robotics, The Netherlands) was used to print the microfluidic chip. The FDM printing
contains extruding thermal plastic through a heated nozzle, which was controlled by two
precision stepper motors, following coordinates specified by g-code generated using
Kisslicer, using the following parameters: layer height 100 um, extrusion width 0.2 mm,
infill 100%, print speed 30 mm/s. Previous study demonstrated that devices that printed
with the filament extruded parallel (0°) to the flow had better laminar fluidic behaviour
[45]. Therefore, the nozzle movement in the slicing software was also adjusted such that
the filament was extruded at angles of 0° (parallel) to the fluid flow of the channel and
printing the left V-shaped channel followed by the right V-shaped channel. After
printing each layer, the build platform was lowered 100 um before extruding the next
layer. A single nozzle was used to extrude clear ABS at a temperature of 220°C while the
print bed was at 70°C throughout the print. No support material was used. A schematic
of the device design is shown in Fig. 1A, with the V-channel dimension of 1 x 1 mm with
200 um gap between the tips of the V-channels. For the measurement of fabrication

channels, Image J software (NIH, USA) was used.

2.4 Dielectric breakdown process

Breakdown electrolyte solution (1 mM, 10 mM, 100 mM, 250 mM, 500 mM or 1000 mM
phosphate buffer, pH 7) was filled into both of the two V-shaped microchannels. Before
breakdown, a handheld digital multimeter (RS Components Pty Ltd, NSW, Australia) was

used to measure the fluidic resistance of two microchannels and confirmed there was no
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connection between the two V-shaped channels. Electrodes were placed in the reservoirs
and voltage was applied using an in-house built high voltage power supply controlled via
a Labview program (National Instruments, Austin, TX, USA). Data acquisition and
automation measurement were performed using this program controlling a National
Instrument USB 6212. Using this program, the voltage output was set at 1 kV increment
at every 10 seconds while monitoring the return current and keeping the current at the
threshold defined by the user. In addition, the Labview also set to automatically reduce
the voltage to zero when it detected the current is increasing. Once the desired current
level obtained, the applied voltage was terminated as controlled by the Labview software,
which prevents the further breakdown of the material and enlarged of the existing formed
nanofractures and/or creation of more nanopores. In this study, the breakdown process
was terminated at threshold currents of 50 pA, 25 pA, 10 pA, 5 pA or 1 pA at the final
applied voltage of 15 to 20 kV. A sharp increase in current was observed, which indicated
the occurrence of distinct breakdown event, as shown in current and voltage versus time
graph at breakdown condition of 25 pA threshold current in 1 mM phosphate buffer, pH 7
(Supplementary Fig. 1A). The bias voltage of ~0 kV using our in-house make power
supply system was observed in the current-voltage curve at different breakdown condition
at approximately 600 ms before the desired current though the applied voltage only

terminated when the set threshold current obtained as controlled by the Labview software.

In addition, there was > 0.8 pA of current was leaked through the plastic before the
breakdown as seen in the zoomed current versus time graph (Supplementary Fig. 1B).

After breakdown process, all devices were filled with FeCl; and KSCN solution

This article is protected by copyright. All rights reserved.
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respectively in two separate chambers to investigate if there was a presence of

nanofractures.

2.5 Electrokinetic transport

To evaluate the electrokinetic transport properties of two different size of proteins (RPE
and f-BSA) through the nanofractures, 10 mM phosphate buffer, pH 11.5 and 0.5%
HPMC was used as background electrolyte solution. The 0.5% HPMC was added in order
to suppress the electro osmotic flow (EOF) [27]. The natively fluorescent RPE (isoeletric
point of 4.1-4.2) and f-BSA become protonated with net negative charge at pH value
higher than their isoelectric point and migrated toward the anode (positive charge),
hence pH 11.5 was chosen during electrophoresis process. After nanofractures creation,
the V-shaped sample compartments (S) were filled with 10 mM phosphate buffer, 0.5%
HPMC at pH 11.5 and samples solution. The voltage was applied for 180 seconds using
external electrodes for each reservoir, with the sample reservoirs (S) of the left V-
channel applied at —200 V and the opposite sample waste reservoirs (SW) of the right V-
channel applied at +200 V. Visualization of the movement of the fluorescent molecules
was observed using an inverted fluorescence microscope (Nikon Eclipse Ti, Nikon, Tokyo,
Japan) integrated with Nikon high-definition colour charge-coupled device (CCD) camera
head (Digital Sight DS-Filc, Nikon, Japan) and operated with NIS-Elements BR 3.10
software (Melville, NY, USA). An in-house four- channel (0-5 kV) DC power supply was
used to apply the indicated electrical potentials to each reservoir. Multiband pass
excitation (Aex at 390, 482, 563, and 640 nm) and emission (A at 446, 523, 600, and 677

nm) filters (Semrock, Rochester, NY, USA) were used to capture all fluorescent images
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and videos. Mean fluorescence intensities within a specified region-of-interest (ROIl) of
the sample at opposite sample waste reservoirs (SW) of the right V-channel over time
were analysed with image J software (NIH, USA). In addition, we defined “passing” of
protein molecules through nanofractures when the value of (F-F,) greater than zero and
“restricted” when the value of (F-F,) equal to zero, where F is defined as the mean
fluorescence intensity within a specified ROl of the sample in the SW reservoir in the
right V-channel at time t=180s and F, is the baseline fluorescence intensity in the same
position at time zero. In this study, three devices from different breakdown conditions
were used for each analysis. The same device was used to evaluate both RPE and f-BSA
protein transport properties through the nanofractures, rinsing the device with Milli-Q

water at least three time after each test.

3 Results and discussion

Our previous work on controlled dielectric breakdown demonstrated control of the size
of the nanofractures produced by terminating the voltage once a defined current
threshold had been reached [23]. This was used to create size and mobility
nanofractures to purify and concentrate therapeutic drugs from whole blood prior to
electrophoretic separation and analysis of the target drugs within the same device
[23,26,27]. We envisage creating the nanofractures after fabrication of the device once
it is filled with sample, however, variation in the sample matrix could change the
nanofractures produced. Our aim was to understand how much these would be

influenced by ionic strength changes and whether usable devices could be obtained with

This article is protected by copyright. All rights reserved.

10



Accepted Article

www.electrophoresis-journal.com Page 11 Electrophoresis

a fixed current breakdown or whether we would need to measure the conductivity of
the sample first to select the appropriate breakdown threshold to obtain a fracture of a

desired transport range.

The devices used were created from ABS using a FDM printer. ABS is a very common
low-cost thermoplastic material. It is strong and durable and has moderate optical
transparency in the visible region of the spectrum with little or no autofluorescence,
allowing simple visual inspection of the breakdown performance [46]. Our FDM printer
is suitable for microfabrication with minimum features of 321 um + 5 um [31]. Thus, the
smallest physical gap to separate two fluidic chambers was approximately 750 um, using
a CAD design of 200 um. It was not possible to change this to be smaller while still
ensuring fluidic separation between the two fluid chambers due to the way in which the
software sliced the structure to construct the resulting FDM head movement, which
began by printing an outline of the two V fluidic structures. A photograph of the 3D
printed device filled with food dye solutions (yellow and green) is shown in Fig. 1B and a
zoomed microscope image of the double V-channel in Fig. 1C. Given the thickness of
plastic separating the two fluidic V channels was 750 um, a higher breakdown voltage
was needed than previously reported. Shallan et al. applied 2.2 kV to breakdown PDMS
(dielectric strength=21 V/um) [23] with a gap distance of 100 um. This study required a
higher voltage to be used (15-20 kV) to fracture the printed plastic device in a
reasonable timeframe (< 3 min) given the longer gap distance (750 um) and the

dielectric strength of 20-25 V/um in ABS [47].
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As the nanofractures are created by terminating the breakdown voltage once a specified
current threshold is reached, variation in the conductivity of the solution should result in
a different sized nanofracture based on the assumption that the voltage drop over the
plastic is constant and therefore the current is related to the resistivity of the media

filling the nanojunction that connects the two fluidic channels.

Our experimental setup can be considered as a physical resistor-capacitor (RC) circuit
system, as shown in Supplementary Fig. 2. When the voltage is applied to the system,
the ABS wall (specifically the region between the two channels) will act as a capacitor
while the electrolyte in the channels will act as resistors. Charge will start to accumulate
on the ABS surface until its capacitance is reached, leading to charging current
phenomena (also known as capacitor charging). When the capacitor is charging, the flow
of charge is restrained or restricted by the electrical resistance of media (electrolyte
concentration), which increases the time constant of the RC circuit system. As given by
equation (1), the conductivity of the electrolyte affects the time required to charge the
capacitors plates (defined as the time constant in the RC circuit). As the capacitor takes
a longer time to charge, this impacts on the flow of current at the moment of
breakdown. The threshold current — the after-breakdown current that is read by
Labview software — is purely resistive circuit given by equation (2) as capacitor is shorted
in RC circuit after breakdown, with R being the sum of the channel resistance and the

electrical resistance of the current path through the created pores.

This article is protected by copyright. All rights reserved.
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Where V is applied voltage across the ABS chip, Ic is the charging current during
breakdown, t is the elapsed time since application of the supply voltage, RC is the time
constant of the RC charging circuit, R is the total resistance of the media (electrolyte

solution), Igis the current after breakdown.

Different current limit (50 pA, 25 YA, 10 YA, 5pA or 1 pA) and different concentrations of
electrolyte (1 mM, 10 mM, 100 mM, 250 mM, 500 mM or 1000 mM, pH 7) combinations
were experimentally examined. In order to confirm or visualize the successful
generation of nanofractures, the device was filled with FeCl; and KSCN solution at either
side of the V-channels. Devices in which breakdown occurred resulted in observation of
a red colour from the iron thiocyanate complex formed in the gap within the two V-
channel, indicating the transport of small inorganic ion £ 0.3 nm), as illustrated in the

representative photograph (Fig. 1D).

The permeability results of two different size proteins, natively fluorescent RPE (250
kDa; hydrodynamic radius of ~ 10 nm) [27] and f-BSA (66 kDa; hydrodynamic radius of ~
4 nm) [27], were used to estimate the size of the fabricated nanofractures given the
difficulty in finding the structures by SEM and other imaging techniques given that we
have previously seen the nanofractures formed as a bundle of interconnected, highly
variable, non-uniform size structure with rough surface. Fluorescamine was used to label
the BSA because it reacts with primary amines in milliseconds to produce a fluorescent
product whilst the excess unreacted reagent is hydrolysed to a non-fluorescent neutral

This article is protected by copyright. All rights reserved.
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product effectively removing it from the reaction [48]. In order to minimise the risk of
degradation of the fluorescent product after the labelling reaction, we prepared the f-

BSA freshly before all the experiments.

Fig. 2 shows the transport of RPE (left) and f-BSA (right) in devices made at different
breakdown current thresholds using a 1 mM phosphate buffer, while Fig. 3 shows the
same images with 10 mM phosphate buffer. In Fig. 2, the nanofractures formed at 50
MA and 25 pA permit the transport of both RPE and f-BSA, while those created at 10 A
and 5 PA restricted the transport of RPE but allowed f-BSA to pass. When using the 10
mM electrolyte, only when a 50 pA breakdown current was used did both proteins pass
through the nanofractures, while all other conditions blocked the movement of RPE but
allowing transport of BSA. Similar experiments were performed with phosphate buffer
concentrations of 100, 250, 500 and 1000 mM, with an overview of the transport of RPE
and f-BSA shown in Table 1. At all currents and electrolyte concentrations of 100 mM
phosphate buffer and above, RPE was restricted from moving through the nanofractures
while BSA was able to move through freely. It is noticeable in Fig. 3, second row that,
nanofractures formed at 25 pA permitted the transport of protein RPE part way through
the nanofractures but did not make it all the way through into the main channel. We
believe that this is because the size and shape of the nanofractures are not uniform, as
shown previously by Shallan et al. [23]. Due to the varied geometry of the nanofracture,
migration of the RPE protein occurred into what we imaged to be a narrowing channel
where they become stagnant where their smallest pore size prohibits further migration.
Based on the permeability results of two different sized molecules (RPE ~10 nm, BSA 2—-4
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nm), we believe that, even though the fracture contains bundle of small pores with
varied geometry, the area of the largest opening fabricated inside the ABS to be

between 2 and 10 nm.

A more quantitative evaluation of the permeability was obtained by monitoring the
change in fluorescence intensity over time in the 3D printed ABS devices. Nanofractures
were created with a current threshold of 50 or 25 pA in 1 mM phosphate buffer and the
fluorescence intensity of RPE protein quantified from 0 s to 180 s at specified region-of-
interest (ROI). Fig. 4B shows the average and standard deviation of pores created using
25 YA and 50 pA in three devices. Fig. 4 shows that the fluorescent intensity of RPE
protein increased linearly over time for nanofractures created at both current thresholds
with regression coefficients (R?) of 0.9946 and 0.9875 for 50 pA and 25 pA, respectively.
Importantly, the slope of the intensity change is 2.3 times higher at 50 pA than 25 uA,
which is very close to the expected 2-fold increase in the surface area of the
nanofracture expected with doubling of the termination current. This shows that using
same electrolyte concentration (1 mM phosphate buffer) and similar experimental
conditions, nanofractures formed at higher current threshold will produced pores with
larger diameter and a higher permeability of protein molecule through the
nanofractures compared to smaller current threshold conditions. The relative standard
deviation of the slopes determined for three devices using 25 pA and 50 pA were

11.46% and 14.29%, respectively, indicating acceptable inter-device repeatability.

Attempts to fabricate smaller nanofractures by increasing the phosphate buffer

concentrations to 100, 250, 500 and 1000 mM, as shown in Table 1, failed to restrict the
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movement of f-BSA. At all currents and electrolyte concentrations of 100 mM
phosphate buffer and above, RPE was restricted from moving through the
nanofractures, suggesting little change in the nanofracture size even with a 20-fold
change in the conductivity of the electrolyte. These results were unexpected and
inconsistent with the work of Shallan et al. with devices made in PDMS where the
restricted transport of BSA through the nanofractures fabricated was achieved in similar
breakdown system using 1 mM phosphate buffer and a breakdown threshold current of
3 WA [23]. In contrast to the work of Shallan et al. [23] the movement of BSA was found
to transport through all nanofractures made at all defined current and electrolyte
concentrations in the 3D printed ABS devices. We believe that the difference in
transport properties might be due to the different physical properties of PDMS and ABS.
PDMS is elastomeric and flexible, and thus it is possible that the nanofractures relaxed
to a smaller size shortly after nanojunction creation which provided smaller
nanofractures than could be achieved in the more rigid ABS. Also, the considerable
increase (750 um) in the gap thickness in ABS device may result in a change of the
nanofracture shape. Tahvildari et al. [49], reported slight deviations of the actual
nanophore shape from assumed cylindrical geometry with thickness of 20 nm and 10 nm

of silicon nitride membranes.

Nevertheless, from the data in table 1, two trends are apparent. First, as reported
previously [23], a lower breakdown current threshold produces smaller nanofractures.
This is evidenced for the transport of RPE with nanofractures made at both 1 mM and 10
mM phosphate buffer. Second, that using the same breakdown current threshold, the

This article is protected by copyright. All rights reserved.

16



Accepted Article

www.electrophoresis-journal.com Page 17 Electrophoresis

size of the nanofractures is inversely related to the ionic strength of background
electrolyte. This is seen by the movement of RPE being restricted at 100 mM, 50 pA, but
passing through the nanofractures at both 10 mM and 1 mM. Also, nanofractures
created at 25 pA restricted the movement of RPE at 10 mM but passing through the

nanofractures at 1 mM.

These results indicated that both the current threshold and the electrolyte
concentration are important parameter to control the nanofracture size. This provides
animportant insight in the applicability of dielectric breakdown to create nanofractures
in point-of-collection devices, where devices, nanofractures have been shown to stop
biological macromolecules from interfering with a small molecule assay [23,26]. Initially,
it was thought pores could be made before use, allowing devices to be manufactured
pre-filled with all the reagents, and the nanofractures to be created after placing the
sample in the device. Given the influence of the electrolyte concentration on the size of
the nanofractures, variation in the sample matrix (e.g., changes in the salinity of urine)
may influence the size of the nanofractures formed and hence the transport properties

of target analyte within the device, potentially introducing a source of error.

4 Concluding Remarks

The creation of nanofractures capable of restricting protein transport movement in ABS
3D printed microfluidic devices has been demonstrated. The size-selectivity of the
nanofracture size was found to depend on both the breakdown current threshold (1 - 50

tA) and the concentration of the electrolyte (1-1000 mM phosphate pH 7) used for the

This article is protected by copyright. All rights reserved.

17



Accepted Article

www.electrophoresis-journal.com Page 18 Electrophoresis

breakdown process. Low ionic strength electrolytes (1 and 10 mM phosphate buffer)
resulted in larger pores, allowing for the passing of RPE when high threshold currents
were used (25 pA and 50 pA for 1 mM, 50 pA for 10 mM phosphate buffer, respectively).
The nanofractures for current thresholds of 10 pA and below blocked the passage of BSA
while permitting the transport of RPE. Additionally, when using electrolyte
concentrations of 100-1000 mM all tested current thresholds also restricted the passage
of BSA while allowing for the transport of RPE. For nanofractures formed using 1 mM
phosphate buffer, increasing the breakdown current from 25 pA and 50 pA was found to
increase the flux of RPE through the created pores 2.3 fold.. These findings are relevant
for the use of controlled dielectric breakdown for the creation of size-selective barriers

in devices for point-of-collection testing of pharmaceuticals in body fluids.
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Figure 1. A) CAD illustration showing the dimensions of the two V-channels and the gap
distance between the two V-channels. B) Photograph image of the two V-shaped 3D
printed ABS device filled with yellow food dye on the left V-channel and green food dye
on the right V-channel. Scale bar= 10 mm. C) Zoomed in microscope image of the double
V-channel. (Red box in Panel B). Scale bar= 325 um. D) Two sample reservoirs (S) and
two sample waste reservoirs (SW) were filled with FeCls and KSCN solution respectively.
Before breakdown, no changed was observed. After breakdown, these two chemicals
came into contact and the red iron thiocyanate complex (red colour) formed. The red
colour formation in the gap between the two compartments indicates the presence of

nanofractures. Scale bar= 10 mm.
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Rophycoerythrin  Breakdown current f-BSA

Break down electrol yte

Figure 2. Screenshots shows the electrophoretic transport of protein R-phycoerythrin
(RPE) (1mg/ml) and fluorescamine labelled BSA (f-BSA) (2 mg/mL) through the
nanofractures created at a different breakdown current limit using 1 mM phosphate
buffer, pH 7. Dashed lines were drawn at the tip of the V-channel to distinguish the
region between the nanofractures and main compartments. The top two rows show the
nanofractures formed at 50 A and 25 pA permitted the transport of both RPE (Left) and
f-BSA (Right) into the sample waste compartment. Third rows and fourth rows show the
nanofractures formed at 10 yuA and 5 YA respectively only permitted the transport of f-
BSA but restricted the RPE. Scale bar= 750 um. Each image is the representative of three

devices from different breakdown conditions. Images of the same device are presented

Accepted Article

for both RPE and f-BSA.
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R-phycoerythtin  Byeakdown current f-BSA

Break down electrol yte

Figure 3. Screenshots shows the electrophoretic transport of protein R-phycoerythrin
(RPE) (1mg/ml) and fluorescamine labelled BSA (f-BSA) (2 mg/mL) through the
nanofractures created at a different breakdown current limit using 10 mM phosphate
buffer, pH 7. Dashed lines were drawn at the tip of the V-channel to distinguish the
region between the nanofractures and main compartment. The top rows show the
nanofractures formed at 50 pA permitted the transport of both RPE (Left) and f-BSA
(Right) into the right, sample waste compartment. Second, third and fourth rows show
the nanofractures formed at 25 pA, 10 pA and 5 pA respectively only permitted the
transport of f-BSA but restricted the transport of RPE into the main sample waste
compartment. Scale bar= 750 um. Each image is the representative of three devices
from different breakdown conditions. Images of the same device are presented for both

RPE and f-BSA.
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Figure 4. A) Fluorescence image was opened in image J in RGB scale. Rectangular
module was used to draw the region of interest (ROI) (which is 425 um long and 195 um
wide in this study) and then used the command analyze: measure to obtain the mean
fluorescence intensity over time. Scale bar= 400 um. B) Graphs shows the mean
fluorescence intensity data of the electrophoretic transport of RPE (1 mg/mL) through
the nanofractures that formed by using 1 mM phosphate buffer, pH 7 at 50 pA or 25 pA
current thresholds at ROI. BGE in the channel during electrophoretic process is 10 mM
phosphate buffer, pH 11.5 with 0.5% HPMC. Applied voltage was set at =200 V and + 200
V for sample reservoirs (S) and sample wastes reservoirs (SW) respectively. Error bar =

mean £ SEM; n = 3.
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Supplementary Figure 1. A) Current (orange) and voltage (blue) versus time curve for
dielectric breakdown of ABS device at 25 pA breakdown current limit using 1 mM
phosphate buffer at pH 7. The graph shows that, the current increased following the

dielectric breakdown event and voltage was reduced by the Labview software. When the
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desired threshold current was reached, the voltage supply system switched off
immediately. In addition, B) there were some leakage of current (= 0.8 pA) observed
before the breakdown event occurred as shown in the zoomed current versus time
graph. Real time current and voltage recording as well as voltage switch off/on control is
executed with a Labview program that equipped with a multifunction data acquisition

device.

Supplementary Figure 2: A) Equivalent resistor-capacitor (RC) circuit of the experimental
setup for controlled dielectric breakdown. B) Current-Voltage vs Time constant curves
explaining dielectric breakdown. Where, V = Applied voltage, Ic= Charging current before
breakdown, Iz = Current after breakdown, B = Breakdown Instant, R = Total resistance of
the media (electrolyte), C = Capacitance in the plastic gap interface, T = Time constant of

the RC, LV= Labview interface.

Table 1. Electrophoretic transport of R-phycoerythrin (RPE) (1 mg/iml) and
Fluorescamine labelled BSA (f-BSA) (2 mg/ml) through the nanofractures formed at
different breakdown conditions. Triplicate experiments were done for each condition.
The “passing” of protein molecules through nanofractures when the value of (F-F,)
greater than zero and “restricted” when the value of (F-F,) equal to zero, where F is

defined as the mean fluorescence intensity within a specified ROl of the sample in the
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SW reservoir in the right V-channel at time t=180s and F, is the baseline fluorescence

intensity in the same position at time zero.

Breakd | Phosphate Buffer Concentration

own
1mM 10 mM 100 mM 250 mM 500 mM 1000 mM

Current

(HA) RPE f- RPE f- RPE f- RPE f- RPE f- RPE f-

BSA BSA BSA BSA BSA BSA

50 Passin | Passi | Passin | Passi | Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi
g ng g ng ted ng ted ng ted ng ted ng

25 Passin | Passi | Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi
g ng ted ng ted ng ted ng ted ng ted ng

10 Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi
ted ng ted ng ted ng ted ng ted ng ted ng

5 Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi
ted ng ted ng ted ng ted ng ted ng ted ng

1 Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi | Restric | Passi
ted ng ted ng ted ng ted ng ted ng ted ng
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