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We presented a novel strategy of using Parafilm® sheets for making microchannels in rigid substrates-based
microfluidic devices with fast prototyping and cost-effectiveness. The strategy uses a Plotter cutter and Paraf-
ilm® sheets via the Thermal fusing bonding method to prepare Rigid substrate-based Microfluidics (PPTRy) in a
short span of ~ 10 min. The Cricut® Explore plotter cutter, as a cheaper alternative to conventional laser cutters,
with a ~ 500 pm resolution to Parafilm® sheet, was shown to create sharp angle micropatterns with a uniform
angular distribution. Process parameters like sealing temperature were optimized to minimize channel defor-
mation and enhance device sealing. A 55 °C sealing temperature shows sufficient bonding strength and ensures
minimal microchannel width deformation (< 5%). Parafilm® sheets used to make the microchannels showed
good chemical resistance to different pH and polar solvent environments. The practical use of the PPTRy protocol
to prepare a two-dimensional concentration gradient generator and a microfluidic electrochemical transducer
was successfully demonstrated. The same protocol was extended by appropriately extending the sealing time to
10 min to prepare a three-dimensional microfluidic device with a hybrid structure of "glass-Parafilm®-glass-

Parafilm®-glass."

1. Introduction

Thousands of novel microfluidic point-of-care (PoC) diagnostic
platforms and applications have been published over the past two de-
cades [1]. Polydimethylsiloxane (PDMS) has been widely used in
microfluidics due to its excellent biocompatibility, high optical trans-
parency, and ease of fabrication (Table 1). However, fabricating
microfluidic channels using PDMS wusually involves costly and
laboratory-intensive etching, baking, or bonding steps in cleanroom
environments. To simplify fabrication and lower costs, microchannels
have been fabricated using thermoplastics such as Polymethyl methac-
rylate (PMMA) and Adhesive double-sided tapes (ADST) [2-4]. PMMA
layer-by-layer chips are widely used in microfluidic applications due to
their low cost and high optical transparency [5]. However, PMMA-based
microfluidics has a significant drawback in meeting fast prototyping
needs. ADSTs like ARcare® 90106NB and ARseal™ 90880 are popular
for the scalable production of microchannel layers in microfluidics [3,6,
7]. However, the adhesive residuals and high-cost limit their use in

microfluidic chips. For example, for the double-sided tape (ARcare®
90106NB), one roll of 0.75 feet x 30 feet (in width x length, respectively)
will cost around $300.

Parafilm® sheet is a low-cost, stretchable, sticky thermoplastic ma-
terial extensively used in laboratories for sealing or protecting vessels.
Parafilm® sheet is composed of polyolefin and wax, melting at around
60 °C. Parafilm® is increasingly used to build sidewalls of micro-
channels in microfluidic paper-based analytical devices (uPADs) [4,
13-15]. For example, Koesdjojo et al. demonstrated a colorimetric
microfluidic device using Parafilm® infused paper to detect heavy metal
ion substrates [13]. In another recent work reported by Kim et al.,, a
three-dimensional (3D) push-on valve is demonstrated using Parafilm®
infused paper [14]. The use of Parafilm® in pPADs is because the melted
Parafilm® wax penetrates paper’s cellulose fibers at high pressure and
temperature, solidifying as the temperature drops, creating hydrophobic
barriers in the paper networks. However, the use of Parafilm® to pre-
pare microchannels in pPADs also faces some drawbacks, such as the
deformation of microchannel dimensions, mainly due to the
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Table 1
A summary of different microfluidic chip materials [8-12].
Materials ~ Advantage Disadvantage Microchannel Bonding
Preparation Strategy
PDMS Bio-compatible; Water Soft Plasma
Easy-to-mold; permeability; lithography treatment
Gas permeable; Swelling in
Low organic solvents;
autofluorescence Incompatible
with large-scale
manufacturing;
Adsorption of
hydrophobic
molecules
PMMA Bio-compatible; Incompatible Injection Thermal
High Scratch with fast molding; Hot bonding,
resistance; prototyping; embossing; Solvent
Environmental Limited heat Laser ablation; bonding,
sustainability; resistance Reactive ion Adhesive
Recyclable (80 °C); Limited etching bonding
chemical
resistance
ADST Compatible with Poor optical Laser ablation; ~ Adhesive
fast-prototyping; qualities; Xurography; bonding
Low auto- Inherent
fluorescence; resolution
Excellent limitations;
flexibility Difficult to make
multilayer
architecture;
Residuals from
adhesive
materials

heat-assisted lamination process and the inhomogeneity of the porous
paper structure [15]. Laser ablation and plotter cutting are two simple
and popular methods for cutting microfluidic channels in thermoplas-
tics. Both methods have a similar workflow: a laser or knife feeds and
cuts the substrate. Laser cutters have the advantage of non-contact
cutting and higher resolution. However, these benefits come at the
expense of high equipment costs [16]. Plotter cutting, or xurography,
uses a drag knife printer to cut microfluidic designs from laminate
substrates. While these methods do not provide the superior resolution
of photolithography methods, their use is more translatable to scalable
manufacturing methods [3].

Inspired by these interesting previous works and based on the prin-
ciple of "do-it-yourself," cost-effectiveness, and rapid prototyping. We
propose a novel method of using a plotter cutter and Parafilm® sheets
via the thermal fusing bonding method to prepare rigid substrate-based
microfluidics (PPTRy) for the first time. Here, silica glass slides are
adopted as substrates of microfluidic devices. This is because rigid
substrates are more economical, easy to assemble, and reliable than
flexible substrates for creating miniaturized microfluidic electro-
chemical transducers (pFETs) [17-20]. Silica glass slides are still one of
the most used rigid substrates to perform various microelectrode (pE)
layers or dielectric depositions [21,22]. The Parafilm® sheets are
adopted to prepare microchannel patterns and used as middle bonding
layers in the hybrid "glass + Parafilm® + glass" systems. During the
thermal fusion process, a static pressure of 2.5 kPa is applied to remove
air bubbles between the layers of the hybrid device system.

As a proof-of-concept, practical adoption of the proposed PPTRp
strategy to prepare two-dimensional (2D) concentration gradient gen-
erators (CGG), PFETs, and 3D microfluidics have been carried out. The
temperature’s influence on the device sealing is studied, and it is found
that a 55 °C sealing temperature shows sufficient bonding strength (~
0.13 MPa) while ensuring minimal deformation (< 5%) of the Parafilm®
microchannel geometry. Silica glasses are chosen as the substrates here,
while any rigid substrates, including silicon and hard plastic substrates,
can be used. This proposed fast prototyping, cost-effectiveness, and
easy-to-adopt PPTRy protocol can be an ideal alternative for preparing
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robust microfluidic devices for other research groups.
2. Experimental section
2.1. Chemicals and equipment

Potassium nitrate (KNOs), 99%, was purchased from Thermo Fisher
Scientific. Potassium Ferri/ferrocyanide (Ks/K4[Fe(CN)gl) (99.0% min
Crystalline) was purchased from Sigma-Aldrich. Commercially available
water-soluble food colorings were purchased from Modern Biology Inc.
for the microchannel characterizations. Isopropyl alcohol (99%, ASC)
was purchased from VWR Chemicals BDH® and used for cleaning the
glass slides. Different solvents, including Acetone (> 99.5%, VWR
Chemicals BDH®), Dimethyl Sulfoxide (DMSO, > 99.7%, Sigma-
Aldrich), Methanol (VWR Chemicals BDH®), Ethanol (94-96%, Alfa
Aesar), and N, N-Dimethylformamide (DMF, anhydrous, 99.8%, Sigma-
Aldrich), were used for different solvent-resistant testing for the Paraf-
ilm® channel. The super glue was brought from the LOCTITE®. The de-
ionized (DI) water was collected from a Milli-Q® Direct 8 Water Puri-
fication System and, without further purification, was used to prepare
coloring solutions and target analytes needed in the experiments. Super
glue from Loctite® was used to glue the tube connector to the prepared
devices. The electrical conductivity meter was purchased from HORIBA.
Parafilm® wrapping sheet was ordered from Thermo Fisher Scientific.
Adhesive double-sided tapes (ARseal™ 90880 and ARcare® 90106NB)
were purchased from Adhesive Research®. Standard glass slides with a
dimension of 75 mm x 25 mm x 1 mm in height x width x length were
purchased from Globe Scientific Incorporated and used as substrates for
microfluidic devices or electrode deposition. A drill press ordered from
central machinery was used to prepare ports for the microfluidic chips.
The interfacial bonding strength between the Parafilm® layer and glass
substrates was tested using a tensile tester obtained from Instron® (Se-
rial Number: VS04180724). The channel characterization of assembled
devices was conducted using a Scanning Electron Microscope (SEM,
Model: JSM-7900 F SEM) and an optical microscope (Olympus BX51).
The NE-300 syringe pump from New Era Pump Systems, Inc. (USA) was
used to pump the target solutions through the studied devices.

2.2. Parafilm® sheets based device preparation

Parafilm® sheet was used here as the channel and middle bonding
layer (Fig. S1). A Cricut® Explore machine (No: CXPL0001) was first
used to get pre-designed micropatterns in the Parafilm® sheets. The
Parafilm® sheet with micropatterns was transferred from the cutting
mat (12 in x 12 in) to the glass substrates and thoroughly cleaned using
Acetone. The top glass slides were drilled with the inlet and outlet holes.
This work used a non-automated drill press with a drill bit diameter of
0.5 mm to create inlet and outlet holes. Unlike the automated one, which
is more applicable to delicate patterns, this relatively cheap, non-
automated drill press makes it more available to people who want to
DIY alone. The assembled device was then placed onto a hot plate and
applied with a static pressure of around 2.5 kPa for about 5 min. The
superglue bonds the tube connector to the inlet and outlet holes. The
food coloring or target analyte solutions were passed through the
microchannel using New Era pumps. The total fabrication time was less
than 10 min, which makes it attractively easy to design and fabricate
versatile structures with this simple PPTRp protocol.

3. Results and discussion
3.1. Comparison of plotter-cut thermoplastics

Creating micropatterns with sharp angles is still challenging during
preparation [23-25]. The applicability of the plotter cutter to design

micropatterns with sharp angles in the soft thermoplastic Parafilm® was
tested. Two widely-used double-sided tapes, including ARseal™ 90880
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Fig. 1. (a) Image of Parafilm® sheet that cut with star-shaped patterns. (c) Box plot statical results of the angular values of the star-shaped patterns.
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Fig. 2. (Left) Picture of a proof-of-concept device with multiple microfluidic channels of different widths. (Right) Optical microscope images of selected
microchannels.

(thickness = ~ 140 pm) and ARcare® 90106NB (thickness = ~ 140 um), designed micropatterns in the two double-sided tapes. It was surpris-
were compared with the Parafilm® sheet (at a similar thickness of ingly easy to get these sharp micropatterns in Parafilm® sheet since it
around 130 pm). Fig. S2 shows that the plotter cutter failed to get the has a softer texture than the other two thermoplastic double-sided tapes.

é Hrs I.atqﬁ

Fig. 3. (a) A picture of microfluidic devices prepared under different combinations of temperatures (room temperature, 35 °C, 45 °C, 55 °C, and 70 °C). (b) A
comparison of microfluidic devices prepared under room temperature and 70 °C. (¢) and (d) Comparison of microfluidic devices prepared under different tem-
peratures and time points.
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Fig. 4. Optical images of microchannels prepared under different sealing temperatures. From top to bottom, the sealing temperature is 30 °C, 40 °C, 55 °C, and
70 °C, respectively. The length of the scale bar is 1000 ym, which applies to all images shown in Fig. 4.

Therefore, compared to the ARseal™ 90880 and ARcare® 90106NB
double-sided tapes, a plotter cutter is more reliable to prepare micro-
channels in soft plastics, such as Parafilm® sheet. Fig. 1 shows the
adoption of a plotter cutter to compose classical star-shaped sharp-angle
micropatterns in the Parafilm® sheet. The five sharp angles of each
pattern are calculated via the software ImageJ (NIH) and presented in
Fig. 1(b). The statistical results show that the created micropatterns
have a uniform angular distribution. However, the technical limitations
of the blade rotation at the endpoint will result in the deformation of the
patterns (Fig. S3). A plotter cutter makes preparing Parafilm micro-
channels in Parafilm® more efficient and easier, especially for micro-
channels that do not have complicated designs.

3.2. Resolution study of Cricut® explore plotter cutter

Instead of using a laser cutter with a spot size of tens of micrometers,
in this present work, we opted for a plotter cutter to prepare micro-

channels in Parafilm® sheet, which is more suitable for mass
manufacturing and rapid prototyping [14,15,26]. The channel size is
essential for microfluidics, as it can directly determine the amount of
sample and reagents required to perform the assay [27]. The channel
size can directly affect a microfluidic sensor’s sensitivity and selectivity
[28]. Therefore, for the Cricut® Explore plotter cutter used in this work,
it is necessary to confirm its resolution when used for the Parafilm®
sheet. The resolution is defined as the minimum cutting size with a
discrepancy (Ap, Eq. (1)) less than 5% [29].

Vdesign - Vdevice

Ap = | | % 100% (€D)]

Vdesign

Where Vqesign represents the designed channel width and Vgevice is the
measured prepared device width.

One device with multiple microchannels was prepared for this
measurement, as shown in Fig. 2. From left to right, the microchannels
have different designed channel widths of 1000, 700, 500, 300, 100, and



Z. Lietal

100pm JEOL 2/10/2023

SEM WD 7.9mm  13:20:32

Sensors and Actuators: B. Chemical 404 (2024) 135212

100pm JEOL 2/10/2023
EM WD 11.2mm 14:35:07

Fig. 5. Cross-section SEM image of Parafilm® microchannel that is prepared under (a) 30 °C, (b) 40 °C, (¢) 55 °C, and (d) 70 °C sealing temperature.

60 pm, respectively. From the microscopy images, it was found that the
actual measured channel width for 500 pm is 497 + 3 um, for 300 um is
408 + 9 pm, for 100 um is 337 + 10 um, and for 60 pm is 231 + 7 pym,
respectively. A considerable Ap in the channel width happens when the
designed cutting dimension is reduced below 300 um. Based on Eq. (1),
a Ap of ~ 36%, ~ 1370%, and ~ 2850% is observed for the designed
channel of 300, 100, and 60 um, respectively. A sharp increase in the
cutting discrepancy appears when the channel width is reduced to
100 um; however, a Ap of only ~ 1% is observed for the 500 ym
designed channel. We observed that the resolution of the Cricut®
Explore plotter cutter is about 500 um, i.e., the smallest size that can be
cut within an acceptable margin of Ap.

3.3. Influence of temperature on device sealing

Parafilm® is a thermoplastic material whose properties are greatly
influenced by temperature [30,31]. To ensure sufficient bonding
strength and prevent leakage while maintaining the pre-designed
microchannels, the study of temperature’s influence on device sealing
is presented in Fig. 3. A microchannel with a dimension of
40 mmx 500 um x 130 um in length x width x height was cut in the
Parafilm® sheet and used in the prepared proof-of-concept devices
(Fig. 3(a)). Five microfluidic devices were designed using silica sub-
strates under different sealing temperatures, ranging from room tem-
perature to 70 °C. Static pressure of approximately 2.5 kPa was applied

100

orce (b)

ansducer

60

Load (N)

40

20

for about 5 min to each device. The devices prepared under different
temperatures were subsequently characterized by pumping red food
coloring with a flow rate of 1 ml/min. Fig. 3(b) displays the device
prepared at 70 °C with a visible microchannel distortion. Figs. 3(c) and
3(d) compare prepared microchannels at different points in time. Fig. 3
(d) shows that the adhesive force between the glass slides and Parafilm®
sheet layer cannot prevent leakage at room temperature.

The images in Fig. 4 were taken before passing the red coloring, from
left to right, were taken at a 1 cm distance from the top end of the
channel (Fig. 3(c)), the middle of the channel, and 1 cm from the end of
the channel, respectively. The channel width along the yellow double
arrow solid line was collected and analyzed for each temperature con-
dition. An analysis of the variations in the channel width is shown in
Fig. S4(a). For the microchannels prepared under 70 °C sealing tem-
perature, the discrepancy between the Vgesign and Vevice rises to ~
65.3% at 70 °C. For other cases, this value is lower than 5%. In addition,
upon careful comparison of the images, we observed that the contacted
areas between the Parafilm® sheet layer and glass slides became more
transparent as the sealing temperature increased. Removing the tiny air
bubbles from the hybrid sandwiched structure of "glass-Parafilm®-glass"
can help the transparency. The existence of air bubbles is one of the main
reasons for the leakage [32,33]. Additionally, the variations in channel
thickness were examined along with changes in width (Fig. 5). The
microchannels prepared under 55 °C sealing temperature have a similar
channel thickness of around 130 um, the thickness of a pristine

w— Unheated

e 30 Degree
40 Degree
w55 Degree
=70 Degree

Device Separation

0.0 05 1.0 15 20
Extension (mm)

Fig. 6. (a) Setup of the tensile strength test. (b) Bonding strength of different device samples that are prepared under different sealing temperatures.
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Fig. 7. The relationship between different flow rates and inlet pressures.

Parafilm® sheet [29]. While for the 70 °C case, the thickness of the
Parafilm® microchannel is increased to ~ 145 pym. Therefore, the Par-
afilm® sheet cannot keep its initial geometric structure when packaged
at high temperatures (= 70 °C).

The interfacial adhesion property is tested using a tensile tester
(Fig. 6(a)). Here, the device samples were firmly held by the upper and
lower jaws, prepared under different sealing temperatures, and with the
same contact area of ~ 500 mm? (Fig. S5). During the testing, the upper
jaw moved upward at a uniform speed of 15 mm/min, and the tensile
force was recorded simultaneously until the glass slides failed to bond.
Corresponding results are shown in Fig. 6(b). The results obtained show
that compared to the devices prepared with 30 °C and 40 °C sealing
temperatures, the devices prepared at sealing temperatures of 55 °C and
70 °C have a much higher bonding strength (~ 0.13 MPa) as shown in
Fig. S4(b). During testing, it was observed that the glass slides broke
before separating from the Parafilm® sheet at temperatures > 55 °C. It
has been found that a sealing temperature of 55 °C can both prevent
geometric deformation of the microchannels and ensure strong bonding.

As shown in Fig. 7, the inlet pressures were measured under different
flow rates (0.5, 1, 2, 4 ml/min). Fig. S6 shows the complete testing
system. As shown in Fig. S7, there was no observed leakage at the
highest flow rate of 4 ml/min (pump limitation), and the inlet pressure
was approximately 0.4 MPa. The observed pressure profile fluctuations

(a)

Tube Connector

Glass Slide

eservoir 5 E 5 !'
\8\—///::;;" Microchannel

Glass Slide

\//
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are related to the pumping pulses from the pump. Similarly, for the cases
of 2, 1, and 0.5 ml/min, the inlet pressure is around 0.3, 0.13, and
0.07 MPa, respectively. These results demonstrate that a sealing tem-
perature of 55 °C is sufficient to prevent potential device leakage when
the inlet pressure is less than 0.4 MPa. Unless otherwise stated, the de-
vices below are set with a sealing temperature of 55 °C.

3.4. Practical application of PPTRu to prepare 2D CGG and uFET

As shown in Fig. 8, the use of Parafilm® microchannel with a
designed channel width of 500 ym in a 2D concentration gradient
generator (CGG) and microfluidic electrochemical transducer, pFET, is
demonstrated. A 2D CGG is prepared based on the proposed PPTRp
protocol, and no leakage is observed. Here, 100 mM KNO3 and
50 mM Ks,4[Fe(CN)g] in 100 mM KNO3 were pumped into the CGG with
a 100 puL/min flow rate. Solution samples from different reservoirs were
collected and tested to verify whether a concentration gradient was
successfully created. Therefore, a pFET made by two pairs of non-planar
interdigitated pEs (hereafter, NP-uFET) and using one middle Parafilm®
microchannel/bonding layer was prepared for the subsequent
verification.

The collected cyclic voltammograms (CV) from the NP-pFET using
different solution samples are demonstrated in Fig. 9(a). The voltam-
mogram of 50 mM K3[Fe(CN)g] and K4[Fe(CN)g] (1:1, mole ratio) in
KNO3 (100 mM) at a scan rate (v) of 100 mV/s shows oxidation at
anodic peak potential (E,,) of ~ 110 mV Pt RE and a back reduction at
cathodic peak potential (Ep) at ~ — 80 mV vs. Pt RE. Similarly, corre-
sponding values are summarized in Table 2 for other solutions collected
from the reservoirs. The gradual decrease (from Reservoir 4 to Reservoir
1) in the current density (the cathodic and anodic processes’ peak cur-
rents (Ipc/Ipa)) demonstrates that a concentration gradient of the [Fe
(CN)6]3'/ 4 redox couple has been generated in the collected solutions
samples. Furthermore, the collected differential pulse voltammograms
(DPV) and electrochemical impedance spectroscopy (EIS) from NP-pFET
using different solution samples are demonstrated in Fig. 9(b) and 9(c),
respectively. For the DPV results, a typical voltammogram of the 50 mM
[Fe(CN)¢] 3-/4- couple appears at a peak potential (Epeax) of ca. 5 mV and
with a full width at half maximum (FWHM) of ~ 120 mV. Epeax @ 5 mV,
7 mV, 7 mV, and 2 mV can be observed for the solutions obtained from
Reservoir 4, 3, 2, and 1, respectively. An FWHM of 120 mV, 117 mV,
108 mV, and 114 mV are observed for the solutions obtained from
Reservoirs 4, 3, 2, and 1, respectively. Similarly, like in the CV test, a

(b)

Fig. 8. (a) Schematic diagram and (b) a picture of 2D concentration gradient generator. (c) Side-view and (d) Top-view of a fully integrated non-planar interdigitated

microelectrodes based pFET (NP-uFET).
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Fig. 9. (a) Cyclic voltammograms, (b) Differential pulse voltammograms, and (c) Electrochemical impedance spectroscopy that are obtained from NP-uFET using
different solutions, including 100 mM KNOs, 50 mM K3 ,4[Fe(CN)g], and solutions collected from different reservoirs. (d) Electrical conductivity testing results and
corresponding DPV peak current results from different solutions, including 100 mM KNO3, 50 mM K3,4[Fe(CN)¢], and solutions collected from different reservoirs.

Table 2

Redox Features of Fe(CN)s]>”* Couple in NP-uFET.
Solutions Epa (mV) Ipa (UA) Epc (mV) Tpe (MA)
50 Mm Kj,4[Fe(CN)g] ~ 110 ~ 605 ~ 80 ~ 507
Reservoir 4 ~ 103 ~ 515 ~ — 64 ~ 423
Reservoir 3 ~ 105 ~ 405 ~ — 68 ~ 309
Reservoir 2 ~ 92 ~73 ~—64 ~ 59
Reservoir 1 ~ 85 ~1.5 ~ — 58 ~1.1

gradual decrease (from Reservoir 4 to Reservoir 1) in the peak currents
that related to the [Fe(CN)g]>/# couple’s reduction process is observed
(Fig. 9(d)). More details about the electrical conductivity can be found
in Table S1. The EIS results in Fig. 9(c) also clearly show us that the
value of the intersection of the EIS curve with the x-axis (representing
the resistance of the solution trapped between the top and bottom uE
layers) decreases as the solution changes from Reservoir 1 to Reservoir
4. This is because the solution concentration between the top and bot-
tom pE layers increases from Reservoir 1 to Reservoir 4. Therefore, all
the results demonstrate the successful practical use of Parafilm® sheet to
prepare 2D CGG in silica rigid substrates-based microfluidic chips.

3.5. Chemical resistance of Parafilm® channel

Parafilm® channel was tested for its chemical resistance to acid/base
and organic polar solvents in challenging practical use. Fig. S8 illustrates
a proof-of-concept device that consists of three identical microchannels.
After sealing, three different coloring solutions with varied pH values (4
to 10) were pumped through the microchannels to examine the flow

1000
Chemically Resistant to Organics - Inilial
B 1 hour

800 |
€
= Eieviation Eeviation  Edeviation
= 600 F  Eueviasion Eieviation
S =1.1% =2.4% =4.0%
B =0.94% ’ ’ 0% _o.9%
E
©
£ 400
(]
£
o

200

DMSO _ DMF

Ethanol Methanol Acetone

Fig. 10. Statistical results of the channel width variation along the running of
different solvents. The height of the red dotted line is 500 pm.

profile. The microscope images showed no noticeable changes in the
channel’s shape or size. The study suggests that Parafilm® sheets exhibit
strong chemical resistance across various pH environments. Further-
more, five assembled microfluidic devices with identical 500 um width
were prepared for testing organic polar solvents (Fig. S9). The relevant
statistical results are shown in Fig. 10. During the observation period
(three hours), the channel width remained constant with negligible
variations (€deviation < 5%). After the observation, no leakage was
observed.
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Fig. 11. (Left) Side-view of 3D microfluidics made by Parafilm microchannel/bonding sheets. (Right) A picture of the prepared 3D microfluidics.

3.6. Extension of PPTRy protocol to prepare 3D microfluidics

3D microfluidic devices have a higher density of functional struc-
tures (e.g., movable membranes and porous mats) than their 2D coun-
terparts, which allows for complex fluid manipulation and multiple
analytical tests [34]. The traditional way of using PDMS is challenging
for building complex 3D structures because the bonding of PDMS usually
requires silane coupling agents to treat the PDMS surface [29]. The
device is generally created by sequentially bonding one layer at a time.
To extend the application of the proposed PPTRy sealing protocol, 3D
microfluidic devices with a hybrid structure of "glass--
Parafilm®-glass/Parafilm®-Parafilm®-glass" were tried here, as shown
in Fig. 11 and S10. For adequate bonding, the thermal bonding time for
the 3D microfluidic device in Fig. 11 is extended from 5 to 10 min. Here,
three different coloring solutions are pumped through the device with a
100 pL/min flow rate, and no leakage was observed during the flow
characterization.

4. Conclusion

This work has demonstrated the feasibility of using a Plotter cutter
and Parafilm® sheets via the Thermal fusing bonding method to prepare
Rigid substrates-based Microfluidics (PPTRp). The study has confirmed
the practicality of using a cheap plotter cutter (Cricut® Explore) to
create micropatterns in Parafilm® sheets with high precision. We
studied the effect of processing temperature on bond strength, channel
deformation, and device sealing. We found that a sealing temperature of
55 °C is sufficient for achieving strong bonding (~ 0.13 MPa) while
minimizing channel deformation, with a discrepancy in the micro-
channel width of less than 5.0%. This study demonstrates that the PPTRp
protocol simplifies the preparation of microfluidic devices, including a
two-dimensional concentration gradient generator and a microfluidic
electrochemical transducer, which were successfully characterized. The
extension of our protocol to prepare a three-dimensional microfluidic
device with a hybrid structure of "glass-Parafilm®-glass-Parafilm®-
glass" has also been proved by appropriately extending the sealing time
from the previous 5 min to 10 min. The current protocol presents a fast,
cost-effective, and easily adaptable approach for constructing robust and
sophisticated microfluidic devices for various research applications.
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