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Abstract

Integrating microfluidic mixers into lab-on-a-chip devices remains challenging yet important for
numerous applications including dilutions, extractions, addition of reagents or drugs, and particle
synthesis. High efficiency mixers utilize large or intricate geometries that are difficult to manufacture and
co-implement with other lab-on-a-chip processes, leading to cumbersome two-chip solutions. To that
end, we present a universal dry-film microfluidic mixing sticker that can retrofit pre-existing microfluidics
and maintain high mixing performance over a range of flow rates and input component mixing ratio. To
attach our pre-mixing sticker add-on module, one simply removes the backing material and presses the
microfluidic sticker onto an existing microfluidic or substrate. Our key innovation centers around the
multilayer use of laser-cut commercially available silicone-adhesive coated polymer sheets as microfluidic
layers to create geometrically complex yet easy to assemble designs that can be adhered to a variety of
surfaces, namely existing microfluidic devices. Our approach enabled us to assemble the well regarded
yet difficult to manufacture “F-mixer” in minutes, and conceptually extend this design to create a novel
space-saving spiral F-mixer. Computational Fluid Dynamic simulations and experimental results confirmed
that both designs maintained high performance for 0.1<Re<10, and disparate input mixing ratios of 1:10.
We then tested the integration of our system by using the pre-mixer to aid in the fluorescent tagging of
proteins encapsulated in an existing microfluidic. When integrated with another microfluidic our pre-
mixing sticker successfully combined primary and secondary antibodies to fluorescently tag
micropatterned proteins with high spatial uniformity, unlike a traditional pre-mixing “T-mixer” sticker.
Given the ease of this technology, we anticipate numerous applications for point of care devices,

microphysiological-systems-on-a-chip, and microfluidic based biomedical research.
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Introduction

When integrated into lab-on-a-chip devices, microfluidic mixers have the potential to automate
many laboratory steps including dilutions, extractions, addition of reagents or drugs, and particle
synthesis 7. To that end, numerous stand-alone, highly-efficient microfluidic mixers have utilized clever

810 In all cases,

design principles to overcome diffusion limitations that hinder microscale mixing
increasing the geometric complexity of the device enhances mixing through various mechanisms
including: inducing transverse flows, chaotic advection??!, or folding flows via splitting and recombing?2.
Unfortunately, increased fabrication complexity typically accompanies the increased geometric
complexity of these devices in the form of more complex soft lithography molds or multilayer assembly

processes that can be difficult to co-implement with other lab on a chip processes 4,

Using current approaches, it remains more practical to integrate geometrically complex mixers

t'%, This multi-chip approach makes biomedical

into lab-on-a-chip devices as a stand-alone componen
research with microdevices more cumbersome and complicates translational efforts for point-of-care
devices. New methods, such as 3D printing'®!” have shown excellent potential towards improving the
manufacturability of integrated microfluidic devices. However, more work is needed to reduce the long
print times and significant process optimization for reproducible results. To complement existing
fabrication and 3D printing approaches, we present an easy to manufacture microfluidic pre-mixing

sticker that seamlessly retrofits existing microfluidics without tubing and with no change to the device

footprint.

Our work builds on the excellent advancements of others using dry-film adhesive tape

technology. Dry-film adhesives have been used to micropattern and deposit materials'®; create devices

19,20 22,23,

between glass!¥?°, wax?! and polymers???3; create pneumatic valves in 3D fluidics?; facilitate cell

culture?; and for use as an intermediary layer to seal channels 2%, This work leverages several key
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advantages of dry film adhesives including simple patterning with craft and laser cutters?® and
adhesiveness to many surfaces?>%. Innovative applications of using dry film adhesives for creating

freestanding microfluidics exist3%32

, including using these adhesives to simplify the mixing manufacturing
process>3. Building on this work, we show that silicone dry film adhesives can easily add multi-layer high

efficiency upstream and downstream processes to existing microfluidics.

Our upstream and downstream devices are essentially microfluidic “stickers” that can be peeled
from a backing and applied to nearly any surface with instantaneous bonding, akin to stickers used for
labels, signs, and amusement. Our approach, with a larger feature size set by the minimum line width of
the laser cutter, complements the other creative implementations of sticker-like properties for
microfluidics capable of smaller sized features3***. This approach also decouples the fabrication process
for the upstream or downstream component from the main device, and offers an alternative path to

monolithic integration.

As each layer of the dry-film adhesive readily sticks to itself and other surfaces, it greatly
simplifies the manufacture of geometrically complex microfluidic mixers and other structures. This
enables rapid fabrication of multilayer, geometrically complex, microfluidic structures while
circumventing the need for complex alignment processes, varying ratios of polydimethylsiloxane (PDMS)
polymers3®, integrated photoresist/PDMS processes®’, spun layers of PDMS®, surface treatments®’, heat
mediated thermoplastic bonding*®, and more. For example, the well-regarded F-mixer!? can be adapted
to a sticker format and assembled in minutes (FiglA). Building on this simple fabrication process, we
now introduce a highly efficient “spiral F-mixer”, a 12-layer, small footprint device that can still be
assembled in minutes (Fig 1B). As mentioned, both stickers conform onto flexible surfaces (Fig 1C) or

retrofit existing microfluidics (Fig 1D).
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A Linear F-mixingll B Compact spiral
F-mixing sticker

Silicone-compatigle”
dry adhesive

Retrofits existing
microfluidics

Fig 1 The versatile novel pre-mixing microfluidic stickers can be attached to any surface, including
pre-existing microfluidics. A Classic Linear and B novel compact spiral F-mixing sticker designs shown
with standard inlet and outlet ports. C Stickers are capable of conforming to curved surfaces when
using a PDMS layer as the base. D Due to the silicone-compatible dry adhesive, the sticker is able to
seamlessly retrofit existing microfluidics to implement an on the spot mixing step where necessary.
In this configuration, the outlet port of the pre-mixing sticker aligns with the inlet port of the
retrofitted microfluidic.
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Fig 2 Laser cut dry film tape can be layered in a straightforward manner to enable geometrically
complex microfluidic stickers. A The linear F-mixer comprises of 3 main layers with one PDMS fluidic
interface, and two layers of 3M 96042 tape. B The Spiral F-Mixer is a space saving compact form of
the Linear F-Mixer consisting of one PDMS fluidic interface and a total of 11 layers of 3M 96042 tape.
The final bottom layer for each microfluidic is not included in the figure, but up to user preference.
Shown linear F-mixer configuration is for standalone use, and the spiral F-mixer configuration can be
adhered to existing microfluidic.
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The roll-based silicone microfluidics were first drafted using Adobe illustrator. In preparation for
laser cutting, a non-silicone release liner (3M 5053) was layered onto the dry adhesive exposed side of
the 0.13mm thick roll-based silicone dry-adhesives on a polyethylene terephthalate (PET) carrier (3M
96042). Any air bubbles between the two layers that formed were removed by scaping the top the
release liner with a squeegee. The specific characteristics of silicone dry-adhesive was important in that
it is designed to stick to silicone surfaces unlike more commonly available double-sided tape, as acrylic
dry-adhesive wouldn’t hold the same adhesive strength to PDMS. Selecting the silicone dry-adhesive
allows the sticker to have a flexible PDMS roof, and optionally have an existing PDMS microfluidic based
bottom layer. The combination was then used to manufacture the final pieces of tape with a laser cutter
(Universal Laser Systems VLS 4.60) to create the tape layers shown in Fig. 2a, b. The settings used were
0.13 mm for the height, and -50% quality. These settings prevented excessive scorching on the tape for
easier cleaning and a channel width of 200um. Particulates were removed from the laser cut pieces of
tape via brushing off with the blunt edge of a razor blade and simple tape cleaning. A PDMS interface
layer was manufactured from Sylgard 184 (Dow Inc) at a standard 10:1 mixture of elastomer base:
curing agent. After mixing for vigorously for 1-2 minutes, the PDMS solution was degassed for 40
minutes and 10 grams was poured into a 100x15 mm petri dish. The PDMS interface layer was cured in a
65°C oven for 3-4 hours, or until use. After curing, the interface layer was peeled out of the petri dish
and manually cut to the dimensions of the final sticker device. The PDMS can be made in bulk
beforehand to save additional time when assembling the microfluidic sticker. A catheter punch (Syneo)
was used to create 0.75 mm@ hole for the inlets and outlets. Once the sticker is complete the user can
select the bottom layer based off of their applications. The configurations for the linear and spiral mixer
shown in Fig. 2 are for the linear mixer to be used as a traditional standalone device, and the spiral
mixer to be retrofit. An additional configuration for the linear F-mixer to be compatible with being

adhered to an existing microfluidic is found in Supplemental Figure 1.
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The stickers are built layer by layer from the top down (Fig. 3a), starting with the PDMS interface
layer. As shown in Fig. 3b for the linear F-mixer, a clear backing must be removed from the silicone tape
layer before adhering it to the PDMS fluidic interface layer. Alignment was done easily by eye, as each
layer was designed with tolerances to allow for minor human error during assembly. Because each piece
has an adhesive backing, only gentle pressure is needed to attach the first tape layer to the PDMS fluidic
interface layer (Fig. 3c). Before attaching the second silicone tape layer the white backing must be
removed from the first tape layer (Fig. 3d). The second tape layer is attached following similar steps to
the first one (Fig. 3e,f). When adhered to the first tape layer and PDMS layer, the linear F-mixer sticker is
ready to be adhered to the user’s floor layer of choice (Fig. 3g). The bottom layers could consist of a
traditional glass slide, PDMS, a pre-existing microfluidic, or any other mixing surface of interest. The
spiral F-mixer is manufactured in a similar method, however requires more than two pieces of silicone
tape layers and a vacuum step to reduce the prevalence of bubbles blocking the channels. The F-layer of
the spiral fluidic has been designed to be able to be rotated 90 degrees and create as many layers as
necessary to mix the fluid. In this paper, eight F layers for the spiral mixer were chosen for optimal
mixing performance. Immediately prior to each experiment the lone spiral mixer was placed in a vacuum
chamber for at least an hour to eliminate bubbles prior to being adhered to a pre-existing microfluidic.
Within seconds of removing the tape from the vacuum chamber, the spiral mixer was attached to a floor
layer and 1x PBS was loaded into the channels to prime and aid in the removal of bubbles from the
channels. 20 uL droplets of 1x PBS was placed at each inlet and outlet of the completed microfluidic. The
adhesive bond for each layer was strong, able to withstand Reynold’s numbers up to ~23 before

exhibiting signs of leakage.
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A PDMS Fluidic Tape Layer 1 Tape Layer 2
Interface (TL1) (TL2)

Remove backing Remove'Backing
from TL1 from TL1'\Qal k2

Removgbacking B o 4Crg | cticker

from Tk2

Fig 3 Sticker microfluidics can be assembled by hand in minutes. A Microfluidic stickers are
comprised of a fluidic interface of PDMS (Sylgard 184) with multiple laser cut tape layers. B Each tape
layer has two backing layers that must be removed during the assembly process. C Upon removal of
the first backing layer, Tape Layer 1 can then be gently pressed onto the PDMS fluidic interface. D
The second and final backing layer is removed from Tape Layer 1 with tweezers, and the first backing
of Tape Layer 2 is removed to prepare for adhesion. E Tape layer 2 is applied with similar gentle
pressure onto Tape Layer 2. F The final backing is removed from Tape Layer 2 with tweezers. G The
finished microfluidic mixer is done and ready to be applied to the user’s surface of choice.
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Simulated Mixing Performance

Solidworks was used to create a model of the linear and spiral mixers, as shown in Figure 2. A
computational fluid dynamics (CFD) simulation was run in AutoCAD CFD on each model to generate
simulated mixing results under steady state conditions. The diffusion coefficient characteristic of
rhodamine 6g used for the simulations was 4x102° m2/s*'. The simulation was run at standard boundary
conditions of constant normal flow velocity and fixed pressures at inlets and outlet. To test the mixer’s
ability to create an equal mixture, the mixer was tested over a range of Reynold’s numbers (0.23-11.53).
This range was chosen to thoroughly characterize the sticker over a range that passive mixing devices
with simple designs, such as the T-mixer, would traditionally fail over and test the highest limits for the
mixer. The model was also used to simulate highly disparate mixing at the Reynold’s numbers 0.1, 1, and

10. The disparate mixing ratios tested were from 1:0 to 1:10, increasing by increments of one.

Experimental Mixing Performance

Experimental data was collected from the previously mentioned mixers. The equal mixing and
disparate mixing were collected on a single device for the linear experiments, as well as for the spiral
mixer tests. The linear mixer was run by attaching it to a coverslip, and the spiral mixer was adhered to a
pre-existing microfluidic for the data collection. The region of interest of on the linear mixer was easy to
visualize. Due to the complexity of the multiple layers on pre-mixing spiral sticker, the region of interest
was difficult to analyze so it was placed on a separate microfluidic device. No significant changes in
mixing performance were expected based off of the attachment to the existing microfluidic. Multiple
devices were used to collect the data for the experiments. Rhodamine B (5g/L) diluted to 1:100 in pure
DI water was mixed with pure DI water. Two 10 mL syringes were loaded with the diluted Rhodamine
and DI water, one for each. The syringes were then loaded onto a syringe pump (Harvard Apparatus PhD

Ultra), tygon tubing (Cole-Parmer EW-06419-01) was connected via a blunt needle tip, and the lines
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were primed prior to placing the tubing into the microfluidic. The set up was placed on the microscope

stage and imaged using 3D imaging with a Nikon Ti2 and CFI Plan Apochromat Lambda 20x objective (NA
0.75). Three 3D images were taken of the end of the channel right before the outlet over the course of 5
minutes. The 3D images were processed and analyzed using Imagel. The intensities of the cross sections

for each 3D image were analyzed in Imagel using the measure intensity feature and were recorded.

Evaluation of Pre-Mixing Sticker Integration

An array of pairs of fibrinogen microdots with a radius of 1.25 um and separation of 4 um were
patterned and stamped on plasma treated coverslips (No 1.5, 24mm x 50mm) as described
previously*>*3, Briefly, the microdot pattern was created by a silicon mold using standard lithography
and etching techniques. Fibrinogen (Enzyme Research Laboratory) was incubated on square (10 mm x 10
mm x 3 mm) polydimethylsiloxane (PDMS) at 30 pg/mL for 30 minutes at 37 degrees before being rinsed
with water and dried with nitrogen gas. These fibrinogen coated PDMS squares were then placed onto
the plasma treated silicon mold in order to create the microdot patterned PDMS “stamp”. Two
micropatterned “stamps” were then placed side by side on to a plasma treated 24 mm x 50 mm
coverslip and subsequently blocked with 1% BSA before experimentation. A simple four channel
microfluidic was laser cut from the roll-based silicone to create the channels for the microfluidic and
adhered to the coverslip containing the “stamp”. A PDMS roof containing inlets and outlets was then

placed on top of the four channel tape channels, and 1% BSA was pipetted into the channels.

To explore a functional application for the mixer, we assessed its ability to work for binding
primary and secondary antibodies to fluorescently tag microdots. The spiral F-mixer was utilized to be
retrofit to a pre-existing microfluidic that contained the micropatterned dots. Equal amounts of two
different antibodies were flowed into the channels at a Reynold’s number of 0.23. The primary antibody,

mouse Anti-Human fibrinogen monoclonal antibody (Enzyme Research Laboratory), was mixed with 1%
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BSA solution (1:40). The secondary antibody, Alexa Flour 488 tagged Goat Anti- Mouse antibody
(Thermofisher), was mixed with 1% BSA solution (1:80). Total Internal Reflectance Fluorescence (TIRF)
microscopy was used to capture fluorescent images of the antibodies binding to the micropatterned
dots over 20 minutes. The resulting images were then analyzed via custom Python script to capture and
record the increasing intensity of the dots over time using region property analysis implemented with

scikit-image®**.

To further compare the F-mixer’s efficiency against a traditional T mixer, a T mixer was laser cut
from the same roll-based silicone used to make the F-mixers and adhered to a pre-existing microfluidic
similar to that of the spiral F-mixer. The T-mixer was cut to have a similar footprint as the spiral F-mixer.
An additional T-mixer was laser cut that shared the approximate total length (70mm) of the spiral F-
mixer was also created for supplemental data. The primary antibody, sheep Anti-Human fibrinogen
monoclonal antibody (Enzyme Research Laboratory), was mixed with 1% BSA solution (1:40). The
secondary antibody, Alexa Flour 488 tagged Donkey Anti- sheep antibody (Thermofisher), was mixed
with 1% BSA solution (1:80). A sheep antibody was used to assess mixing performance across different
sources. The primary and secondary antibodies were flowed through the channels of the T and F mixer
at a flowrate of 10 uL/min. After 5 minutes, the flow was stopped and the channels were flushed with
200 pL of 1x PBS three times. Fluorescent images of the antibodies binding to the microdots were then

taken over the entire surface to quantify the spatial uniformity.

Results

Linear and Spiral F-Mixer Design

The linear F-mixer design follows the traditional injection molded F-mixer design, consisting of

two inlets and one outlet. As each fluid goes in through their respective inlet, the two fluids meet at the
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beginning of a T mixer before being split through the first F in the series. While going through the series,
the fluids will be continuously split and then recombined to ensure that mixing is not reliant only on
diffusion like a “T-mixer”. The spiral F-mixer represents a conceptual extension of the classic F-mixer
that leverages our rapid manufacturing process. Each split and recombine process also features a 90-
degree rotation. The layers for each F were designed to be interchangeable, one simply rotates each
subsequent layer by 90 degrees to connect to the previous layer. This particular aspect helps simplify
the design and assembly by having only 4 unique device layers. This 90-degree rotation after each split
and recombine allowed for a significant reduction in the area of the device. From a design perspective,
the spiral F-mixer utilizes approximately 50% less space than the linear F-mixer. Both sticker microfluidic
modules are easily implemented onto virtually any surface and can be assembled in minutes. In

addition, our multilayer design approach can be conceptually extended further to include more layers.
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A Equal (1:1) volume mixing
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Fig 4 Our simulations predict that both mixers will have high mixing performance for different flow
rates and input volume ratios. A The linear and spiral F-mixing stickers are able to mix a 1:1 ratio of
equal volume mixing over low (0.1) and high (10) Reynold’s numbers consistently. B The pre-mixing
stickers are also capable of thoroughly mixing highly disparate volumes at a 1:10 ratio low (0.1) and
high (10) Reynold’s numbers.
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The simulations run on AutoCAD CFD showed that the linear and spiral mixer were able to mix
reliably over a range of Reynold’s numbers as shown in Fig. 4. Excellent mixing performance was
predicted for high (10) and low (0.1) Reynold’s numbers as well as for varying volumetric ratios of
inputs, from 1:1 to 1:10. Beginning first with mixing equal ratios of each fluid, at a low Reynold’s number
(Re=0.1) the final concentrations were 0.502 and 0.514 for the linear and spiral mixers, respectively (Fig.
4a). When simulated at a high Reynold’s number (Re= 10) the values were 0.505 and 0.517 (Fig. 4a).
Both cases are close to the ideal 0.5 expected for perfect mixing. The mixer exhibited a comparable
performance when mixing highly disparate volumes. When mixed at a 1:10 ratio at a low Reynold’s
number of 0.1 the linear mixer’s concentration was 0.945 and spiral mixer’s concentration was 0.929
(Fig. 4b). The high Reynold’s number of 10 the linear and spiral mixers concentrations were 0.959 and
0.929, respectively (Fig. 4b). Again, this was close to the theoretical 0.909 that would be expected for

perfect mixing.
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Fluorescent dye mixing performance
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Fig 5 Our experimental results strongly correlate with simulated predictions. A The mixing
performance at a 1:1 input volume ratio remains steady over a wide range of Reynold’s numbers
(2.31-11.53). B, C, D The premixing stickers experimental results match with predicted values from
simulations at Reynold’s numbers 0.1, 1, and 10 for a wide range of input volume ratios.

Our experimental results show that the mixers have excellent performance that closely aligns
with the predicted simulated results for a range of flowrates and disparate mixing ratios. To thoroughly
characterize the mixing for the microfluidic, the mixer’s performance was first evaluated over a range of
Reynold’s numbers from 2.31-11.53, which is a range that encompasses flow rates that would not be

conducive to mixing with a traditional passive mixer. A Reynold’s number of 0.02 would be needed for
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successful mixing with a comparatively sized (similar channel width) diffusion-based T-mixing sticker.
Our results showed that the linear and spiral simulations strongly correlated with the experimental
values, as shown in Fig. 5a for both the linear and spiral F-mixers. To continue to test the performance of
the F-mixers, disparate mixing was performed via simulation and experimentally. The mixing was tested
at three different conditions (Re # 0.1, 1, 10). At Reynold’s number 0.1, the values very closely
correlated with the simulated values (Fig. 5b). As the Reynold’s number increased, the mixed
concentration values continued to follow the trend that was set by the simulated results with very minor
deviations (Fig. 5¢c, d). Additional simulations were run to assess whether or not the addition of adhering
the sticker to an existing device would alter the mixing of the mixers. This was shown to have no

significant change in the mixing efficiency (Supplemental Fig. 2).

Manufacturing Optimization

We found that careful and consistent pressure during assembly was key to consistent high
mixing performance. The best results were achieved by a light tapping pressure applied throughout the
surface of each tape layer during manufacturing. When the assembly pressure is too high, channel
collapse and/or collapse of the port structures could obstruct the channels and reduce the mixing
efficiency. Optimization of the laser cutting parameters to reduce burning on the edges of the tape was
also essential to maintain proper mixing. Excessive burning on the edges of the channels resulted in
particulates that were hard to reduce during the sticker layer procedures which would in turn release
particulates into the downstream microfluidic and pre-mixing sticker. Throughout testing, the spiral
mixer showed a non-symmetric nature, seemingly favoring one side over the other rather than showing
no preference like the linear mixer, at a 10:1 ratio with splitting and mixing the steams of fluids. This
resulted in minor streamlines of high and low concentration through the channel. This was found to

have negligible deviations in the mixing performance, as it could be eliminated by switching the inlets
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279  that each solution would flow through. The inlet with the highest amount of volume flowing through it

280  tended to work best when being at inlet 1, shown in Fig 4.
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Real-time mixing of antibodies to immunofluorescently label micropatterned proteins
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Fig 6 A spiral pre-mixing sticker retrofitted onto an existing microfluidic successfully mixed primary
and secondary antibodies to immunofluorescently stain microstamped proteins. A The inherently
biocompatible spiral F-Mixing sticker was retrofitted onto a pre-existing microfluidic device that had
a microstamped protein on the bottom coverglass surface. B Time lapse fluorescent images show
that the mix of primary and secondary antibodies were able to successfully immunofluorescently
stain the microstamped proteins in an even manner to saturation over 20 minutes. This highlights
both the successful mixing and biocompatibility of the pre-mixing sticker.
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Mixing primary and secondary antibodies immediately prior to labeling a microstamped protein
exemplifies the key strengths of our sticker-based microfluidics. The tape used for the sticker has been

shown previously to be

did not disturb or alter micropatterned proteins, as shown with the initial sticker microfluidic that was
adhered to the surface to create simple straight channels followed by a pre-mixing sticker (Fig. 6a). The
unlabeled primary antibody mixed with the labelled secondary antibody and the successful product of
the mixture was shown on the microdots. As time passed and more of the antibodies continued to mix
and flow through the channels the intensity of the microdots continued to increase (Fig. 6b). The
microdot intensity continued to increase until the microdots were saturated with bound antibodies. The
spiral F-mixer sticker was shown to easily be able to mix two antibodies and distribute the completely

mixed antibodies throughout the channel.
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A  Spiral F-Mixer

R

Glass Surface

C | AppliedFlow } D

B

Secondary Secondary
= Antibody e Antibody
\ ST Inlet : Inlet
» \
¢ — '
| “Outlet Do
Primary
Antibody Primary
Inlet Antibody
Micropatterned Inlet Micropatterned

T-Mixer

Glass Surface

v Applied Flow {

10500 - 10500
_ 9000+ 9000+
> >
K 7500+ 8 7500+
= 2
‘e 6000+ . ‘e 6000 - o
g Minimum 5 Minimum
- Microdot = Microdot
£ 45007 Visibility £ 4900 Visibility
g i
é 3000+ g 3000 -

1500 1500
0 T T I T T T 0
0 200 400 600 800 1000 0 200 400 600 800 1000

Distance (um) Distance (um)
Fig 7 The Spiral F-Mixer has vastly superior mixing spatial distribution as compared to a diffusion
limited T-mixer. a A spiral pre-mixing sticker was retrofitted onto an existing microfluidic containing
micropatterned proteins. b The T-mixer was laser cut in the same tape material as the spiral mixing
sticker and adhered onto a pre-existing microfluidic device. ¢ The spiral sticker successfully mixed the
primary and secondary antibodies that subsequently enabled the visualization of all patterned
proteins in the channel. d Conversely, the T-mixer only enabled visualization of proteins along the
middle of the channel as antibody mixing was diffusion limited. For both experiments, Re = 0.23.
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In addition to showing the mixer’s biocompatibility and ability to pre-mix two components, we
also wanted to test the spatial performance of the mixer, and how well distributed these components
were. For a control, we created a standard T-mixer with a similar footprint to our F-mixer, in which two
streams meet and mixing is performed exclusively via diffusion. Both our spiral F-mixer and a traditional
T-mixer were adhered upstream of a straight channel microfluidic, with a width of ~0.2mm (Fig. 7a,b).
The results in Fig. 7c,d showed that at the same Reynold’s number (Re = 0.23) as the spiral F-mixer, the
T-mixer performance was suboptimal. This was clearly shown with the bright line in the middle of the
channel showing a successful mix of the antibodies surrounded by significantly less bright microdots
(Fig. 7d). Dark areas on the T-mixer indicate the absence of either the primary or secondary antibody
since both are needed to generate a fluorescent signal. In comparison, the spiral F-mixer outperformed
the T-mixer and had a well distributed brightness of the microdots enabling the visualization of every
protein microdot across the channel (Fig. 7c). The T-mixer, also, showed about half of the fluorescent
intensity when compared to the spiral F-mixer, potentially indicating that there was less successful
mixing done overall. A long T-mixer with similar total channel length to the spiral F-mixer was created in
order to investigate the contribution of geometry to mixing. Similar to the shorter T-mixer, it was found
to have half of the overall fluorescent intensity as the spiral F-mixer (Supplemental Fig 3). Important to
note, while collecting the longer T-mixer system proved to be suboptimal and cumbersome for practical
applications as the existing microfluidic and long T-mixer combination didn’t fit on to a traditional
microscope stage meant for microscope slides. As a result, the mixer had to be carefully cut with a blade
to be able to load the existing microfluidic onto the microscope stage and collect the data. Additionally,
insufficient mixing can be seen clearly by eye when comparing the long T-mixer with the F-mixer at

various Reynold’s numbers (Supplemental Fig 4).

Discussion
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In this paper, we demonstrate a novel universal mixing sticker. The key innovation was
implementing the laser-cut silicone-adhesive coated polymer sheet to create the once complex to
manufacture F-mixer. The sticker was utilized to not only easily create multilayer designs, but also
revamped this design by creating the first to our knowledge spiral F-mixer. The spiral F-mixer not only
decreases the amount of surface area required for the mixer, but also showcases the polymer’s ability to
build multilayer structures with ease. This paper aptly characterizes a linear (traditional) F-mixing sticker
and the spiral F-mixing sticker to compare it against the F-mixers previously published performance.
Upon characterization, the mixer is applied to mix primary and secondary antibodies on a
micropatterned microdot array to exemplify its ability to distribute an even mix throughout the channel.
As a final testament to its superior design, the same experiment was conducted and compared against
the performance of a T-mixer. The results demonstrated promising performance of the stickers being
able to mix not only at a range of Reynold’s number, but also disparate volumes lending this technology

to limitless applications.

For decades classic microfluidic mixers have traditionally been difficult to manufacture and
integrate into microfluidic devices. To our knowledge, this paper was the first introduction to a new
paradigm of universal sticker microfluidic mixers that are simple to manufacture, flexible, and adapt to
any application via their ability to retrofit pre-existing microfluidics and work reliably over a wide range
of Reynold’s numbers. The revamped F-mixers mirrored the CFD simulation, and were able to mix highly
disparate volumes despite being tested over three different magnitudes of Reynold’s numbers. Mixing
primary and secondary antibodies showcased this technology’s limitless potential for different
applications, as well as confirming its ability to outperform a T-mixer. The mixer’s strong performance

opens the doors for sticker microfluidics to change the way we think about microfluidics as a whole.

Our dry-film sticker microfluidics could find broad use in basic biomedical research utilizing

microfluidics. While several implementations of double coated adhesive tape layers have been used as

Page 24 of 31



354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

interfaces for sensors, surprisingly few implementations have been done on biologically active surfaces.
For example, our approach to can create simple microfluidic channels that attach to biologically active
micropatterned surfaces that are often used in hematology research ***’. Moreover, our pre-mixer can
be added to existing devices to enable integrated on-chip re-coagulation of whole blood by mixing
whole blood with CaCly, especially as our mixer is agnostic to the flow speed or mixing ratio. Such an

1548 and solve the issue of recalcified blood clotting

approach would replace existing 2 chip approaches
in upstream syringes/tubes. As our bonding process is non-destructive, it can also simplify point-of-care
assay assembly by enabling sticker microfluidics to be added on top of microspotting & lyophilization of

key reagents on simple flat substrates 49°°,

More broadly, the ability to add up- and down-stream processes to existing microfluidics could
prove useful in a variety of settings. As many point-of-care devices require some sample preparation
before use, upstream processes to dilute samples or extract biomarkers may help such devices begin to
bridge the translational gap by making them easier to use. Our dry film sticker technology could also be
adapted to add inexpensive commercially available upstream filters to existing point-of-care devices, to
enable them to process more complex patient samples such as blood, urine, sweat, and saliva.
Traditional approaches of sample processing in microfluidics consist of separate systems that are either
designed in with the rest of the point-of-care devices or a separate entity of its own that gets connected
via tubing®l. The seamless integration to existing microfluidics and reduction of the overall surface area
frames the sticker microfluidic as an attractive option to continue to innovate better point-of-care

microfluidics.

For microphysiological systems on a chip, our dry film sticker approach could open up the option
of integrating upstream bubble traps to help protect long term cell cultures from catastrophic damage
due to bubbles. Many bubble traps have been designed to be incorporated within the microfluidic®.

This would save from having to redesign the microfluidic to include a bubble trap, in the case that the
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case of air bubbles wasn’t identified until after the microfluidic platform was tested. The modularly
added bubble trap to the existing microfluidic platform could then be loaded with cells. The weeks and
months saved from having another mold made in the cleanroom to address this would significantly

reduce the overall amount of time spent troubleshooting.

Sticker microfluidics offer many remarkable advantages to traditional microfluidics. The
seamless incorporation into existing microfluidics, sticker or traditional, allows for endless modular
customization of microfluidics. The sticker will find many uses not only in integration, but also when
used with surfaces that need to be preserved without the need for tedious manufacturing steps. The
benefits are infinite in sample preparation, mixing and manipulation of fluids regardless of the

application at hand.
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