
CHAPTER 6

Printed Open-channel Microfluidics

The following three chapters in this dissertation presents some applications of surfaces with patterned
wettability in fabricating microfluidic devices. This chapter details a novel maskless fabrication
method developed to produce inexpensive open-channel microfluidic devices on fluorinated paper
by directly depositing wettable material. This chapter combines an excerpt from a published article
in Advanced Functional Materials,248 co-authored with Dr. Chao Li, and an unpublished manuscript
demonstrating an application of the printed devices for the on-chip lysis and colorimetric detection
of trace contamination of water by E. coli bacteria, co-authored with Sarah Snyder.

6.1 Introduction
Paper has recently emerged as a promising materials platform for microfluidic devices due to its

low cost, easy disposal, high surface area, capillary-based wetting, flexibility, and compatibility
with a wide range of patterning and printing techniques.249 Since the first report of using paper
as a base material in microfluidics by Whitesides et al. in 2007,250 a new era of paper-based
microfluidic devices has arisen.251–255 The ability to pattern wetting/non-wetting channels on paper
has allowed multiplexed small-volume fluid control, both in two-dimensional lateral flow on a single
surface,256–261 and three-dimensional flow on stacked layers connected through pores.262–267

Generally, fluidic channels introduced on paper surfaces are composed of wettable domains
bounded by non-wettable domains or air gaps.268–271 Inmost cases, paper-basedmicrofluidic channels
have been developed to contain only water or aqueous solutions.272 Few reported techniques used for
generating patterned wettability on paper result in devices compatible with even a limited number
of non-aqueous liquids.273–275 Furthermore, the wettable channels in the paper-based microfluidic
systems reported thus far show no selective wettability with liquids possessing different surface
tensions and/or polarities.

In other words, all liquids wet these fluidic channels. Overall, there is no established technique
that allows for the selective generation of all four “extreme wettabilities”276,277 on paper-based
microfluidic channels; that is, the four possible combinations of wetting of oil (oleophilic – OL
or oleophobic – OP) and water (hydrophilic – HL and hydrophobic – HP) on a surface. The four
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extreme wettabilities are: HP/OP (omniphobic, all liquids non-wetting), HP/OL (water non-wetting,
oil wetting), HL/OP (water wetting, oil non-wetting), and HL/OL (omniphilic, all liquids wetting),
as shown in Figure 6.1a.

In this work, we have developed a method of generating omniphobic fluorinated paper surfaces
that are resistant to wetting by a broad range of liquids, including numerous low surface tension
solvents. Further, we also developed two methodologies to introduce channels which are selectively
wettable by liquids with varying surface tension and polarity on a paper surface. The first utilized
masked oxygen plasma to selectively remove the fluorinated modifier from the paper to tune the
wettability of the channel. This technique allowed us to realize the four extreme wettabilities with oil
and water, as discussed above, on paper surfaces (Figure 6.1a). Such selective extreme wettabilities
of fluidic channels, combined with improved fluidic control, made several new applications of
paper-based microfluidic devices possible. The second was a maskless direct-printing technique
developed to address the inconvenience of fabricating or purchasing masks in the first method. With
the printing technique, we were able to fabricate HL/OL and HP/OL channels, depending on the
material deposited.

6.1.1 Wettability
There are two key requirements for open-channel microfluidic devices defined by domains of
contrasting wettability. Firstly, a highly non-wettable background, which has high advancing contact
angles with the liquid, so that it may be effectively confined. High receding angles also help recover
from overflow into the background, but are not strictly required. Secondly, the channels need to be
highly wettable by the target liquid. In multi-phase immiscible liquid flows, such as those used in
flow-focusing droplet generation, the target liquid may need to preferentially wet selected channel
areas.

As described in Section 1.2, the engineering of liquid-repellent surfaces typically involves the
manipulation of two key surface parameters: surface energy and roughness. These may be tuned to
either enhance the non-wettability of the background, or the wettability of the channels.

Typically, the background needs to maintain all liquids in the system in a robust Cassie-Baxter
state, maximizing θa and θr , such that the liquids may be effectively contained at high flow rates in
the channel, as well as extended durations of usage. Hierarchically textured, re-entrant, low surface
energy materials are ideal for making superomniphobic substrates for this purpose (see Section 1.2).

The liquid flowing within the channel should be in the fully wetted Wenzel state. The inherent
contact angle of the liquid on the material of the channel must be < 90 ◦, so that any roughness
enhances wetting. The wetting length of a liquid in a capillary tube is described by Washburn’s
equation as follows278
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Figure 6.1: (a) An illustration of the changes in wettability of an omniphobic paper (fluoro-paper A) surface
on exposure to O2 plasma for varying times. Short exposure time yields a hydrophobic and oleophilic
surface. Further O2 plasma exposure yields an omniphilic surface. Extended etching eventually yields a
hydrophilic and oleophobic surface due to re-deposition of some of the fluorinated silane. Thus, it is possible
to systematically transition between surfaces with all four extreme wettabilities by simply changing the O2
plasma exposure time. (b) Schematic illustration of the procedure to make a wettability-patterned paper
device by selective O2 plasma etching of fluoro-paper A.

L2 =
γDt cos θ

4η
(6.1)

where L is the wetting length, γLV is the liquid surface tension, D is the capillary diameter, θ is the
intrinsic contact angle, and η is the viscosity of the liquid.

If the capillary tube were to be fully wettable, or “omniphilic” (θ = 0◦), L and the average
wetting velocity of capillary flow (L/t) for the seven test liquids should increase with increasing
surface-tension to viscosity ratio (γLV / η) as follows: acetone > water > hexane > chloroform >

dimethylformamide > ethanol > hexadecane. However, on most real surfaces, a finite resistance
to wetting exists, and there exists a contact angle typically proportional to the γLV. Water, with its
anomalously high surface tension, tends to exhibit the slowest wetting velocities and lowest wetting
lengths in partially wettable channels.

In multi-phase flows, it is usually desirable to enhance the selective wetting of one phase
in defined areas of the channel to enhance the functionality of the device. As described in the
introduction, our fabrication techniques can enable this with many combinations of immiscible
liquids.
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6.2 Fabrication of Omniphobic Paper Background
6.2.1 Paper Functionalization
Paper, made from cellulose fibers, is both textured and inherently hydrophilic and therefore must be
chemicallymodified to preventwetting. With fluoro-silanization, it is possible to produce omniphobic,
or even superomniphobic cellulose paper that resists wicking or spreading of most liquids, including
low surface tension solvents. Careful selection of paper texture and pre-processing yields a broad
range of wettability and robustness of the composite interface with water and oil. The substrates were
either cellulose filter papers (GE Life Sciences, Whatman Grade 3, pore size 6 m, thickness 390 µm)
or cellulose copy paper (Boise X-9 Multiuse OX9001, OfficeMax). Fluorosilanes, (heptadecafluoro-
1,1,2,2-tetrahydrodecyl trichlorosilane and heptadecafluoro-1,1,2,2-tetrahydrodecyl triethoxysilane),
were purchased from Gelest. Asahiklin AK-225 (dichloropentafluoropropane) was purchased from
SPI Supplies. All of the materials and reagents were used as received. See Table 6.1 and Figure 6.2
for a summary of the three types of fluoro-paper developed.

For fluoro-paper A, each batch of cellulose filter papers was treated with 400 µL of trichlorosilane
per 400 cm2 (an excess quantity) by vapor phase deposition in a vacuum oven (Precision Scientific,
50 ◦C, < 5 mmHg) for 18 hours (Figure 6.2, fluoro-paper A). After fluorosilanization, the paper was
soaked in 250 mL AK-225 for 24 hours to remove the unreacted fluorosilanes. The re-entrant texture
of the cellulose fibers, combined with the low surface energy of the fluoro-silane, yielded a porous
omniphobic substrate, referred to as fluoro-paper A (Table 6.1, 6.2). The apparent advancing contact
angle (θ∗a) of water on fluoro-paper A was > 160◦, and the robustness parameters A∗water = 24.6
and A∗hexadecane = 4.5, indicated that both water and hexadecane were in a stable, non-wetted,
Cassie-Baxter state (see Methods for details). In addition, even very low surface tension liquids,
including hexane (non-polar, 18.4 mN/m, θ∗a= 91◦), and ethanol (polar, 22.3 mN/m, θ∗a= 112◦) did
not wet this surface (Table 6.1).

For fluoro-paper B, the substrate was copy paper, and the treatment method was similar to that of
fluoro-paper A (Figure 6.2, fluoro-paper B), but at a higher temperature, and longer time (70 ◦C, 24
hours). Compared to fluoro-paper A, fluoro-paper B has flattened fibers resulting in reduced overall
roughness, which yielded receding contact angles close to zero. However, advancing contact angles
with both water and hexadecane remained high (Table 1). While the hysteresis on this surface was
significantly higher than on the fluoro-paper A surface, the A∗ values remain� 1, indicating that
the paper still strongly resisted wetting by all liquids (A∗water = 19.3, A∗hexadecane = 3.1).

For fluoro-paper C, the substrates were filter papers, pre-treated by O2 plasma etching with
a Plasmatherm 790 (chamber pressure 20 mTorr, O2 flow rate 20 sccm, bias RF source power
200 W, etching time 10 min) to produce nanoscale fibrillar texture. The silanization process was
similar to that for fluoro-paper A, but at a higher temperature, and for a longer duration (120 ◦C, 24
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Figure 6.2: Schematic illustration of the silanization procedures employed to prepare omniphobic fluoro-
papers. Scale bars on the SEMs are 10 µm.

hours) (Figure 6.2, fluoro-paper C). The triethoxy functional silane was used instead of the trichloro
functional silane to avoid embrittlement of the paper (already weakened by the extended plasma
etching) by the hydrochloric acid byproduct produced during extended high temperature reactions
with chloro-silanes. The micro- and nano-scale hierarchical texture due to the pre-functionalization
etching made fluoro-paper C omniphobic, with significantly lower contact angle hysteresis than
fluoro-paper A (Table 6.1).

6.2.2 Wettability Characterization
All contact angle measurements were obtained using a Ramé-Hart 200-F1 goniometer. 3 µL
droplets were used for static contact angle measurement. The advancing and receding contact angles
measurements were performed starting with a 3 µL droplet on the surface and then growing and
shrinking it by adding and removing a small volume (∼2µL) using a 2 mL micrometer syringe
(Gilmont) while continually measuring contact angles. Contact angle hysteresis was calculated as
the difference between advancing and receding contact angles. At least three measurements were
performed on each sample surface. Typical error in measurements was ± 2◦.
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Table 6.1: Fabrication parameters and the resulting contact angles with water and hexadecane (HD) for each
of the three different fluorinated paper substrates developed in this work.

Type Substrate Silanization
conditions

Contact angles (◦) A∗

Water Hexadecane H2O HD Media

θ∗a θ∗r θ∗a θ∗r

A filter paper
50 ◦C,

< 5 mmHg, 18 h
trichlorosilane

161 143 136 5 24.6 4.5 –

B copy paper
70 ◦C,

< 5 mmHg, 24 h
trichlorosilane

153 0 113 0 19.3 3.1 –

C filter paper
120 ◦C,

< 5 mmHg, 24 h
triethoxysilane

167 157 162 128 > 45.0a 13.6 25.4

a. No breakthrough could be observed for the minimum measurable droplet size (1 µL)

To measure A∗, a series of droplets of varying volume were deposited on surfaces. A higher
Laplace pressure can be expected from a smaller droplet due to the increase in curvature.17 A
decrease in the apparent contact angle of droplet will result from an increase in Laplace pressure
as it causes the composite interface to sag deeper into the texture. The apparent contact angle
was measured with the goniometer. If the apparent contact angle was below 90◦ with a specific
droplet volume, the droplet was considered to be definitively in the wetted Wenzel state, and the
corresponding Laplace pressure considered to be greater than the breakthrough pressure for the
surface. A∗ was then calculated as the Laplace pressure divided by the reference pressure for the
liquid.

6.3 Fabrication of Wettable Channels
It is possible to treat the obtained superomniphobic or omniphobic paper samples with high

power oxygen plasma to obtain the complete range of selective extreme wettabilities towards water
and oil (Figure 6.1). Microfluidic with defined dimensions and wettabilities could be fabricated
by selectively covering fluoro-paper A substrates with polyimide tape prior to O2 plasma etching
(Figure 6.1b). This process is described in detail in our manuscript.248

However, during optimization of a device geometry, it is useful to be able to pattern the channels
with a mask-less technique to rapidly fabricate prototypes for testing. The method using Kapton tape
in Figure 6.1 requires significant labor, or requires the purchase of pre-fabricated masks with a fixed
design. Additionally, leakage of the oxygen plasma underneath the mask through the paper substrate
decreases the effective patterning resolution. To improve usability and reduce the time required for
the patterning process, we also developed a mask-free, direct printing technique to produce fluidic
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channels of arbitrary geometry, capable of containing very low surface tension liquids (Figure 6.3a).
This maskless process involves the direct deposition of high surface energy material onto fluoro-

paper B. Compared to fluoro-paper A, the near-zero θr for both water and oil on fluoro-paper B
guaranteed no dewetting during application of the ink, allowing the precise deposition of continuous
wettable channels. The retention of reasonably high θa on the background prevented the ink from
wicking or spreading on the surface. The ink was deposited by directly applying a viscous solution
through a tapered deposition nozzle attached to an XYZ motorized stage. The ink was a water-based
polyurethane (Aleene’s Fabric Fusion permanent fabric adhesive), dissolved in ethanol to make a
500 mg/mL solution, and then diluted 1 : 3 by volume with a 20 mg/mL sodium dodecyl sulfate
aqueous solution to tune the surface tension and viscosity. The final solution was probe sonicated
(Heat Systems Ultrasonic Processor Sonicator) for 2 min and filtered through a 0.2 µm syringe filter.

Figure 6.3: Mask-free, direct printing of fluidic channels on omniphobic paper. (a) The printing apparatus
consisting of a syringe-pump feeding a nozzle attached to an XYZ motion stage. (b) A printed pattern on a
fluoro-paper B surface. The channels have been filled with silicone oil (γLV = 19.8 mN/m), dyed red. The inset
is the 5.3 × 4.4 cm pattern being printed. Scale bar is 5 mm. (c-e) SEM images highlighting the magnified
texture for different areas on the patterned surface shown in (b) after the channel is filled with silicone oil.
The corresponding areas are labeled as c, d, and e in (a). Scale bars are 50 µm for c, 500 µm for d, and
200 µm for e.

This ink formed uniform, transparent films on fluoro-paper B, with minimal dewetting (due to
the low surface tension, low viscosity, and moderate evaporation rate of the ink), excellent adherence
to the paper, and formed channels which were rapidly wet by most liquids other than water.

Figure 6.3 shows the lab-made printing apparatus. The printing head is a tapered polypropylene
dispensing nozzle (24 gauge or 570 µmouter diameter, McMaster-Carr) connected via silicone tubing
(1/16” inner diameter, McMaster-Carr) to a syringe pump (KD Scientific Model 200) operating at
1 mL/h. A motorized XYZ motion stage (Shapeoko 2) allowed selective deposition. The motion of
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each axis was computer-controlled, as was the syringe pump. The fluoro-paper B substrates were
temporarily attached to glass plates with a spray adhesive, which were then mounted to a carefully
leveled hot plate held at 45 ◦C.

The minimum width of the printed lines, and the interstitial spacing between lines, were 700 µm
and 400 µm respectively. A line drawing of the Lurie Bell Tower at the University of Michigan
(5.3 × 4.4 cm) was successfully printed on fluoro-paper B and filled with a low viscosity silicone
oil (γLV = 19.8 mN/m) (Figure 6.3 b-e). Patterns for the XYZ platform were generated by drawing
them in vector graphics software (Inkscape) and then converting them to G-code commands. The
pattern chosen was a line drawing of the Lurie Bell Tower at the University of Michigan, with an
overall size of 5.3 cm × 4.4 cm. When ∼25 µL of low viscosity silicone oil (dyed with Oil Red
O) was placed in each of the four reservoirs, the whole pattern was completely filled, with wetting
driven only by capillary forces, demonstrating the capability to fabricate relatively complex wettable
channel geometries.

6.4 Increasing Channel Wettability
Note that the liquid filling the channels in the demonstration in Figure 6.3 was specifically chosen

to maximize the wetting length, as follows from the Washburn Equation. The silicone oil exhibits
θa ≈ 0◦ on the polyurethane channels, low viscosity, and is also practically non-volatile, enabling
complete filling of the complex pattern before the liquid evaporated.

However, aqueous solutions are predominant in most biomedical applications, and the relatively
high water θa ≈ 45◦ on the polyurethane severely limited the maximum wetting length and wetting
velocity, especially in channels with widths < 1 mm. Extensive experimentation was performed
with various hydrophilic polymers, including cellulose acetate, polyvinyl acetate, poly(vinyl
alcohol), poly(vinyl pyrrolidone), cross-linked polyethylene glycol diacrylate, and direct-printing of
polydopamine. A polymeric ink with a combination of good adhesion to the fluorinated paper, very
low water contact angles, and no swelling or dissolution during extended exposure to water proved
elusive. Adding silica nanoparticles did improve wetting somewhat as the this decreased the contact
angle according to Wenzel’s equation as discussed in Section 1.2.3.1.

The addition of photocatalytic titanium dioxide (TiO2) nanoparticles proved to be critical to
achieving superomniphilic channels with fast wetting, including water. Anatase TiO2 is a well known
photo-catalyst that becomes extremely hydrophilic on exposure to ultraviolet light. Exposing the
printed channels to 254 nm ultraviolet light causes the accelerated degradation of organic compounds
in contact with it, yielding extremely low contact angles. The same water-based polyurethane was
used as a binder, with 30wt.% 32 nm anatase nanopowder, but the solvent was switched to pure
acetone to better disperse the TiO2. This change required some minor modifications to the printing
apparatus for solvent compatibility (Figure 6.4).
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6.5 Application: On-chip Lysis and Detection of Escherichia
coli Bacteria

6.5.1 Introduction
The coliform, Escherichia coli, is a major pathogen worldwide due to its ability to cause fatal
diarrheal and extraintestinal diseases.279 Currently, the ‘gold standard’ for the determination of
E. coli contamination are methods that use automated polymerase chain reaction (PCR) and
fluorescence detection.280 While those systems can provide accurate results within 24 hours, they
rely on expensive, complex instrumentation and user expertise. Thus, there has been recent interest
in developing paper-based detection devices to not only significantly reduce cost, but to also decrease
result retrieval time. By printing the TiO2–loaded superomniphilic ink as described in the previous
section, we fabricated an integrated device capable of detecting dilute concentrations of bacteria.
This all-in-one coliform lysis and colorimetric detection device could be employed as an affordable,
portable detector for water or food contamination.

To detect E. coli, we utilized chlorophenol red-β-D-galactopyranoside (CPRG) as a substrate
for the enzyme, β-galactosidase (β-gal). β-gal is an enzyme present inside all coliforms, including
E. coli. When β-gal cleaves the glycosidic bond within the CPRG substrate, the CPRG is converted
to chlorophenol red, with an accompanying color change from vibrant yellow to a deep red.281

Several works have employed this method, utilizing a paper-based µPAD and a hydrophobic sol-gel
patterned paper-based device to detect E. coli at a concentration of 101 colony forming units
(CFU)/mL in 12 hours and a concentration of 107 CFU/mL within 30 minutes, respectively.274,282

Still, these devices require at least two steps for sample analysis: lysing the bacterial cells to
release the β-gal enzyme off-chip and adding the lysed cells to the paper-based device for detection.
This is due to the fact that most paper-based microfluidics systems can contain only high surface
tension liquids for extended periods.272 However, recently developed paper devices have shown the
capability to contain low surface tension liquids, including lysing solutions with high concentrations
of surfactants.248,273–275,283–286 This work leverages these advances and presents, to the best of
our knowledge, the first time that E. coli has been lysed and detected through β-gal on a simple,
paper-based microfluidic device.

6.5.2 Materials and Methods

6.5.2.1 Device Fabrication

Pieces of the fluorinated paper were adhered to glass slides with solvent resistant double-sided
tape (3M 9629PC) and placed onto a leveled heated stage (∼70 ◦C) in a lab-built printing
apparatus (Figure 6.4b). This consisted of an XYZ motion stage (Shapeoko 2) holding a tapered
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Figure 6.4: The fabrication and characterization of the paper-based E. coli detection devices. (a) The steps
required to manufacture a complete E. coli detection device, including O2 plasma cleaning, vapor phase
silanization with a fluorinated silane, printing of the TiO2 channels and exposure of the devices to 254 nm UV
light, (b) the omniphilic channel printing apparatus modified from the one in Figure 6.3a, (c) SEM images of
the TiO2 thin film on top of the silanized copy paper. The inset highlights the nanoscale roughness of the
printed TiO2 thin film. (d,e) Liquid drops on the omniphobic and superomniphilic regions, respectively, and
(f ) a channel in the shape of a single E. coli bacterium filled with dyed silicone oil, demonstrating the ability
to confine low surface tension liquids and to print any desired microfluidic channel with this technique.
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polypropylene dispensing nozzle (20 gauge or 610 µm outer diameter, McMaster-Carr) connected
via polytetrafluoroethylene tubing (1/32” inner diameter, McMaster-Carr) to a syringe pump (KD
Scientific Model 200) which dispensed the solution at 2.25 mL/h from a glass syringe. The motion
and operation of the pump and XYZ stage were computer-controlled with GCODE commands,
which were generated from design files produced in Inkscape, an open-source vector drawing
software. This apparatus allows the mask-free patterning of arbitrary polymer solutions on a variety
of substrates with ∼500 µm resolution. Two passes were performed to ensure uniform coverage of
the TiO2 ink on the fluorinated paper. Once deposited, the ink was exposed to 254 nm UV light in a
sterilizer cabinet (purchased from Salon Sundry) for 5 hours to render it wettable by all liquids prior
to use.

6.5.2.2 Device Testing

Dynamic contact anglesweremeasured on the fluorinated paperwith aRamé-Hart 200-F1 goniometer,
using the sessile drop technique. Dyed deionized water, hexadecane (Alfa Aesar), 3 wt.% aqueous
solutions of Triton X-100 (MP Biomedicals) and sodium dodecyl sulfate (Hoefer) surfactants, and
2X B-PER Bacterial Protein Extraction Reagent (purchased from Fisher Scientific) were used to test
the capacity of the printed devices to contain a broad range of liquids (Figure 6.4d,e). The pendant
drop method was used to measure the surface tensions of these liquids with the goniometer.

6.5.2.3 Mixing Channel Design

An approximate model of the cell lysis device was generated in COMSOL 5.2 to guide the design of
the channel to ensure thorough mixing of the cell lysis reagents and the E. coli, in order to enhance
the reproducibility and speed of the assay. The central segment of the device was modeled as a
laminar flow channel, with a no-slip boundary condition at the solid-liquid contact at the channel
base, and a slip boundary condition for the liquid-air interfaces at the top and sides. A chemical
species was introduced at one inlet of the flow channel, and its concentration was plotted to evaluate
the effectiveness of mixing of various geometries. The results were compared to photographs taken
of aqueous food-dye solutions (McCormick) mixing in the channels.

Due to the laminar flow within microfluidic channels, with a low Reynolds number of
approximately 2.25 (assuming the density of the fluid is ρ = 1,000 kg/m3, the velocity of the
fluid is u = 1 mm/s, the characteristic linear dimension is L = 2 mm, and the kinematic viscosity of
water is η = 8.9 × 10−11 Pa·s), it is difficult to achieve complete, homogeneous mixing of two liquids.
Therefore, we designed our device with two inlets leading into a serpentine mixing zone that ends at
a detection patch. We simulated how adding 2, 3, 4 or 7 turns to the serpentine mixing zone affects
the mixing of the two fluid streams with a simplified COMSOL model of the central section of the
device. Figure 6.5a shows the concentration profiles obtained for the 0 and 7 turn open-channel
devices. It is clear that increasing the amount of turns in the serpentine mixing section effectively
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increases the mixing between the two fluid streams.

Figure 6.5: Optimization of device design to achieve complete mixing. (a) Concentration profiles generated
from COMSOL models of lysis devices with zero or seven turns in the mixing channel. Dark red represents a
100% concentration of liquid A and dark blue represents a 100% concentration of liquid B. (b-c) Images
demonstrating the effective mixing in the serpentine region of the device with (b) dyed water and (c) LB
and 2X B-PER. The addition of more turns in the serpentine region increased mixing, allowing for nearly
homogeneous mixing in the 7-turn device.

After fabricating all five devices, we experimentally tested the mixing effectiveness of the
serpentine regions by adding water dyed yellow into one inlet and water dyed blue in the other.
The results shown in Figure 6.5b exhibit that adding more turns in the serpentine region increased
mixing: there was a clearly defined interface in the detection region of the 0 turn device and as more
turns were added, that interface became less clear until it was almost entirely mixed in the detection
region of the 7 turn device. This matched the trend observed in the COMSOL model.

We also tested the mixing capability of all five devices for the E. coli assay by adding LB
Broth (Lennox), the bacteria medium, in one inlet and blue-dyed 2X Bacterial Protein Extraction
Reagent (B-PER), the lysis buffer, in the other, shown in Figure 6.5c. These results followed the
same trend as those in Figure 6.5b, however, the two streams appeared to effectively mix within
fewer turns when compared to the number of turns it took the dyed water to mix. This can be
attributed to the Marangoni effect, which describes the mass transfer across an interface with a
surface tension gradient,287 as LB has an approximate surface tension of 72 mN/m while 2X B-PER
has an approximate surface tension of 31 mN/m. The Marangoni flow opposing the pressure-driven
and capillary flows was clearly observable during the filling of the channels.
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6.5.2.4 E. coli Culture and Growth

Colonies of Escherichia coli (UTI89), were grown overnight at 37 ◦C onto LB broth (Lennox)
agar (from Fisher Scientific) plates and all colonies were used within two weeks of growth. To
perform experiments, one colony scraped from the LB agar plate was grown in LB Broth (Lennox,
MP Biomedicals) on a shaker at 37 ◦C with 10 mM isopropyl β-D-1-thiogalactopyranoside (IPTG,
purchased from Invitrogen). When the optical density at 600 nm reached 0.6 ± 0.1 (measured
with a Biochrom Ultrospec 2100 pro UV/Visible Spectrophotometer), indicating an approximate
concentration of 107 colony forming units (CFU)/mL, the E. coli were tested on the serpentine
devices. Here, the term colony forming unit is not necessarily equivalent number of cells, as even
a viable bacterium may fail to form a colony when cultured. The total concentrations of cells in
all experiments performed were quantified by simultaneously plating on an LB agar plate while
testing the devices. For the sensitivity tests, one colony forming unit was grown in LB until the
optical density reached 0.6 ± 0.1. The E. coli in LB was serially diluted down to approximately
102 CFU/mL and 1 mL was placed into 99 mL of sterile LB, yielding an effective cell concentration
of 1 CFU/mL. The E. coli were incubated with 10 mM IPTG and samples were taken out at various
time points. At each time point, the withdrawn sample was used to measure optical density and to
induce a color change on the diamond-shaped devices.

6.5.2.5 Lysis-on-a-chip Assay

1 µL of chlorophenol red-β-D-galactopyranoside (CPRG) (purchased from Sigma-Aldrich) dissolved
in 2X Bacterial Protein Extraction Reagent (B-PER, purchased from Fisher Scientific) at a
concentration of 3 mg/mL was placed in the detection region of the device and allowed to
evaporate. E. coli in LB and 2X B-PER were pipetted into their respective inlets and were allowed
to wet the omniphilic regions of the device. Characterization images were taken on a Nikon D3200
camera with fixed exposure and lighting settings.

6.5.2.6 Image Thresholding

All thresholding to identify the CPRG color change from digital photographs was performed in
MATLAB R2014a. Since the CPRG reagent is initially yellow and gradually transforms to a deep
red, all three color channels (Red, Green, and Blue) need to be considered simultaneously. Figure 6.6
shows a schematic of all RGB colors and the colors within the white box represent all possible
colors that can be observed as the assay transforms from a bright yellow to a deep red, within the
thresholding limits of R> 140, G < 200, and B< 200.

6.5.3 Results
To optimize the design of the lysis-on-a-chip assay, two detection patch shapes, circles and diamonds,
were considered because once the assay is performed, sensitive detection relies on the edge

113



Figure 6.6: RGB schematic with a white outlined box showing the colors contained within the thresholding
limits of R> 140, G< 200, and B< 200.

Figure 6.7: (a) Bright-field images and corresponding processed images via thresholding for both circular
and diamond-shaped detection patches. (b) Counted pixels per unit area of the processed images for both
circular and diamond-shaped detection patches. With a higher number of counted pixels, diamond-shaped
detection patches exhibit a statistically significant (p = 0.0228) increase in sensitivity compared to circular
detection patches.

concentrating coffee ring effect.288 Using the thresholding limits discussed above, we investigated
which shape would be more optimal: circles or diamonds. Figure 6.7a shows the bright-field
images of the circular and diamond-shaped patches along with their respective processed images via
thresholding, where a white pixel indicates a pixel with RGB values within these limits. While it is
visually clear that the diamond-shaped patch has more white pixels or ‘hits’, we also quantified this
difference in Figure 6.7b, a plot of the white counted pixels per unit area for both the circles and the
diamonds. The statistically significant (p = 0.0228) difference in counts can be attributed to the
increased perimeter to surface area ratio of the diamonds: for circles, the perimeter to surface area
ratio is 2πr/πr2 = 2/r and for diamonds, the ratio is 4r/r2 = 4/r. Thus, diamond-shaped detection
patches better enhance the coffee ring effect.

To perform the lysis-on-a-chip assay, E. coli in LB with isopropyl-D-1-thiogalactopyranoside
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Figure 6.8: (a) E. coli lysed on chip at a concentration of ∼107 CFU/mL with the E. coli inlet, 2X B-PER
lysis buffer inlet and the CPRG detection patch labeled. The E. coli spent approximately one minute mixing
with the lysis buffer in the serpentine region before reaching the detection patch, and there was a noticeable
color change within 5 minutes at the detection patch. After 15 minutes, the color change nearly reached
completion. (b) The growth curve and corresponding color change images with their respective processed
images on the lysis devices for ∼1 CFU/mL incubated in medium over time. After 6 hours of incubation,
there was a noticeable onset of color change.

(IPTG, a lactose-like molecule used to induce β-gal production)289 and 2X B-PER were added to
their respective inlets in the 7 turn mixing devices, as shown in Figure 6.8a. The 7 turn serpentine
channel devices allowed for a residence time of about one minute, providing both diffusion across
the interface and chaotic advection as mechanisms for mixing.290 Figure 6.8a shows the time-lapse
images of the E. coli (at a concentration of ∼107 CFU/mL) mixing with the lysis buffer in the
serpentine region of the device and the resultant color change after the solution reaches the detection
patch. A color change initially becomes observable within 5 minutes after the liquid reaches the
detection patch, but the change nearly reaches completion after about 15 minutes in the patch. Thus,
the devices were not only able to contain the lysis buffer, but they successfully lysed the E. coli,
releasing the β-gal within the cells and causing the CPRG to become chlorophenol red.

For real-world applications, coliform detection devices need to be sensitive to much lower
bacterial concentrations.291 To address this issue, we incubated 1 CFU/mL of E. coli in LB at
37 ◦C and tested the inoculum at various time points. Figure 6.8b shows the growth curve with the
corresponding color changes and processed images within the diamond-shaped patches indicated
at their respective time points. After 6 hours, the color change started to become apparent to the
naked eye and after 7 hours, the color change nearly reached completion. Therefore, with minimal
incubation time (∼6 hours), the diamond-shaped devices were able to detect a concentration of
1 CFU/mL, a concentration that is more applicable outside of the laboratory.
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6.5.4 Conclusion
In this work, we demonstrated the capability to create an all-in-one lab-on-a-chip device that
can lyse and detect pathogenic E. coli within minutes. The device was composed of omniphilic
channels fabricated on omniphobic paper with a direct printing technique, allowing rapid maskless
fabrication of arbitrary channel geometries. The materials were engineered to contain the low
surface tension lysing solution, and the channel was designed with a serpentine shape to ensure
effective, homogeneous mixing of the E. coli and the lysing solution prior to detection. After lysing,
the enzyme, β-galactosidase, was used to determine the presence of E. coli (at a concentration
of 107 CFU/mL) in the contaminated sample with a yellow to red colorimetric assay. A dilute
sample at only 1 CFU/mL was detectable by incubation prior to introduction to the device, allowing
detection within 6 hours. While this device was only shown to detect E. coli, the printing fabrication
method discussed in this chapter allows for versatility in developing essentially any 2D open-channel
paper-based microfluidic device, opening the door to a plethora of potential bio-applications.
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CHAPTER 7

Open-channel, Water-in-Oil Emulsification
in Hybrid Paper-Based Microfluidic Devices

This chapter is adapted from an article published in Lab on a Chip, equally co-authored with Dr.
Chao Li.292 It details the fabrication of a laser-cut paper-based microfluidic device capable of
containing low surface tension liquids at higher flow rates than the method described in Chapter 6,
enabling the first demonstration of water-in-oil emulsification in an open-channel device.

7.1 Introduction
The majority of microfluidic devices discussed in the literature are composed of covered or

closed capillaries. As discussed in Chapter 6, in recent years, there have been multiple reports
on open-channel devices in which one to three sides surrounding the liquid channel have been
removed.293–295 Such open-channel devices have several distinguishing advantages, including their
inherently large liquid-vapor interface,294 easy accessibility to the flowing fluid,296–298 relatively
rapid and low-cost fabrication methodology,299 ease of use, and low fluid shear force,300 making
them particularly useful for many biological and biomedical applications.301,302 One significant
application of microfluidic devices is the generation of monodisperse emulsions and particles of
precisely tunable composition and size.303,304 Such devices rely on the co-axial flow of two or more
immiscible phases through a geometric constriction, with the resulting shear forces breaking-up the
inner phase(s) into droplets suspended in the outer fluid.305

However, reports of droplet generation in open channel devices have been very limited. This is
because relatively high flow rates are required to maintain a stable emulsification interface within
the channel.303,306,307 That is, the outer phase flow rate must be sufficient to confine the inner phase
to the flow-focusing region. The inner phase must not be allowed to overflow into the inlet channels
or past the constriction without being emulsified. Liquids at these flow rates are easier to contain in
closed capillaries with physical walls.248 Water-in-oil emulsions, required for creating monodisperse
droplets composed of an aqueous phase, are particularly difficult to generate with open-channel
devices. This is because the low-γLV liquid in the outer (oil) phase must be confined while flowing
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at sufficiently high flow rates to induce emulsification of the inner (aqueous) phase without any
physical confinement. Monodisperse droplets composed of an aqueous phase are desirable for many
life science and biomedical applications. These include the fabrication of hydrophilic microparticles
for drug delivery, and the encapsulation of cells within hydrophilic polymers or hydrogels.305,308,309

To confine liquids in open channels, typically a wettability barrier is employed in lieu of solid
channel walls (physical confinement). The wettability barrier is achieved by employing either a
contrast in solid surface energy and / or texture between the channels used for fluid confinement
and the background.250,273,286,295,310–313 Compared to water (γLV = 72.1 mN/m), liquids with low
surface tension (γLV < 30 mN/m) are much more difficult to confine in open channels, as they readily
spread on most surfaces. Materials with very low surface energy and precisely engineered textures
are necessary to maintain a sufficiently high advancing contact angle with low surface tension
liquids.5,40,43 This explains why most open-channel microfluidic devices reported in the literature
are usually only compatible with water or other high-surface-tension aqueous solutions.272–275

Oil-water interfaces are commonplace in many chemical reactions and biological systems.314

This makes methodologies for the fabrication of open-channel microfluidic devices compatible with
all liquids relevant to a wide range of academic and commercial interests. For example, Whitesides
et al. previously developed a methodology for fabricating paper-based microfluidic devices using
fluoro-silanized paper.273 When the devices were infused with perfluorinated oil, liquids with surface
tension as low as 15 mN/m could be physically confined within the folded paper. In our first approach
to fabricating paper-based microfluidics, as discussed in Chapter 6, selective wettability between
polar and nonpolar liquids was also achieved by selective treatment of fluorinated paper with oxygen
plasma. This combination of wettabilities enabled several novel open-channel microfluidic devices,
among which was the first demonstration of open-channel oil-in-water microfluidic emulsification,
which was used to fabricate hydrophobic polymer microparticles. However, due to the limited
flow rate of oil in that system, which employed wettability-patterning alone, achieving water-in-oil
emulsification remained challenging.248

The question of how to maximize the liquid flow rate in open channels has been previously
studied.315–317 The flow rate for a given liquid in an open channel, with a constant cross-sectional
area, is increased by augmenting the ratio of the wetted interface to the free air-liquid interface.315

Based on this principle, a higher flow rate can be expected from an open channel with a wettable
floor and two wettable sidewalls, compared to an open channel with only a wettable floor. Thus, for
our devices, the channel floor and the two side-walls needed to be selectively wet by the outer oil
phase, and allow for a high-enough flow rate for water-in-oil emulsification. Simultaneously, the
upper surface of the emulsification device needed to completely repel both water and oil, in order
to confine these liquids within the wettable channel. This implied that the upper surface has to be
“superomniphobic”,77 achieving very high contact angles with both water and oil (See Section 1.2.4).
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7.2 Device Overview
As discussed previously in Chapter 6, a robust superomniphobic surface may be fabricated

from paper which is plasma etched to introduce hierarchical nanotexture and then treated with a
hydrophobic fluoro-silane. This “fluoro-paper C” could then be laser-cut into the desired channel
geometry, selectively plasma-treated to create hydrophobic-oleophilic sidewalls, and adhered to
a hydrophobic-oleophilic substrate – namely, the bidentate PDMS silane discussed in Chapter 5.
Without this treatment, if the substrate were in its inherent omniphilic state, the water droplets
would have sank to the bottom of the channel (due to their higher density) and displaced the oil.
This would have prevented the motion of the dispersed aqueous-phase droplets and stopped the
device from functioning. Open channels fabricated with this combination of superomniphobic paper
channels and hydrophobic/oleophilic sidewalls and floor can even confine hexane (γLV = 18.4 mN/m
at 20◦C), or hexadecane (γLV = 27.5 mN/m at 20◦C) at sufficiently high flow rates for emulsification
(up to 2 mL/min in 2 mm wide channels). The fully-assembled emulsification device is shown in
Figure 7.1a. From top to bottom, it consisted of a PMMA tubing holder, a PMMA spacer to keep
the holder from touching the liquid in the channel, and the fluoro-paper channel on the smooth
hydrophobic/oleophilic substrate. The flow-focusing nozzle306 used in our device was a trapezoidal
constriction in the channel (Figure 7.1d). The water-in-oil emulsification behavior was then studied
with this open-channel device.

7.3 Experimental Details
7.3.1 Preparation of Superomniphobic Fluoro-paper Substrates
A superomniphobic, robust liquid barrier for both water and oil was fabricated by producing
nano-fibrillar texture on top of the filter paper microfibers using oxygen plasma etching prior to
fluoro-silanization as in our previous work (see fluoro-paper C in Section 6.2). The ultralow surface
energy of the grafted fluorosilane, combined with the hierarchical micro- and nano-structures
(Figure 7.1d, i), yielded high advancing and receding contact angles with both water and oil on the
treated paper surface. This produced superomniphobic “fluoro-paper” enabled droplets of both
water and various oils to readily bounce off its surface (Figure 7.2, Table 7.1).

7.3.2 Preparation of Open-channel Flow-focusing Devices
A schematic of the entire fabrication process is presented in Figure 7.3. The superomniphobic
fluoro-paper was attached to solvent-resistant double-sided tape (3M 444) on the back side, and laser
cut with the desired dimensions (Full Spectrum Laser H-Series) using patterns designed in Inkscape,
an open-source vector design software. The laser-cut side-walls also showed a significantly smoother
surface texture than the as-etched upper surface. This was because the hierarchical nanotexture was
eliminated and many of the microfibers were fused together (Figure 7.1d, ii). To make the channel
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Figure 7.1: (a) A photograph of the open-channel emulsification device. (b) A schematic of the emulsification
device, (c) droplets of the hexadecane (blue) and water (red) on an unmodified glass substrate (far left), and on
a substrate with a grafted PDMS thin film (middle). This modification is necessary to allow the continuous
phase to preferentially wet the channel and allow the emulsified droplets to flow in the channel. Both liquids
are completely repelled by the fluoro-paper (far right). (d) SEM of the flow-focusing section of the channel
(nozzle width 800 µm) highlighted in (b), with detailed views of (i) the upper surface with plasma-etched
nanofibrillar texture and (ii) the laser-cut edge of the channel.

Figure 7.2: Frames from a high-speed video of (a) water and (b) hexadecane droplets bouncing off the
fluoro-paper from a height of 10 cm and 1 cm, respectively. The water droplet bounced several more times
before coming to rest.
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Table 7.1: Contact angles and hysteresis for water and hexadecane on superomniphobic fluoro-paper,
unmodified glass, and PDMS-grafted glass.

Substrate Liquid θa (◦) θr (◦) ∆θ

Fluoro-paper Water 167 157 10
Hexadecane 162 151 11

Unmodified
glass

Water 12 0 12
Hexadecane 31 0 31

PDMS-grafted
glass

Water 115 96 19
Hexadecane 39 32 7

PDMS-grafted
silicon wafer

Water 105 100 5
Hexadecane 36 34 2

walls hydrophobic and oleophilic to ensure sufficient flux of the carrier fluid, they were selectively
exposed to O2 plasma between a glass slide and a laser-cut PMMA mask with the same channel
geometry to protect the top surface (Harrick Plasma PDC-001, 30W, 250 mTorr, 0.4 sccm O2, 5
min).

The channel substrate was either a glass slide or silicon wafer, cleaned with glassware detergent
and deionized water, air-dried, and then exposed to a vapor of 1,3-dichlorotetramethyldisiloxane
(Gelest SID3372.0) for 10 min at room temperature, then thoroughly rinsed with toluene. This
process yielded a robust hydrophobic/oleophilic PDMS-grafted monolayer that enhanced the flux
of oil in the channel, and allowed submerged aqueous droplets to slide (Table 7.1). The laser-cut,
adhesive-tape-backed fluoro-paper channel was then adhered to the substrate, and assembled with
laser-cut PMMA components as shown in Figure 7.1a,b.

7.3.3 Materials
Deionized water was generated with a Pall Corporation Cascada RO-water purification system.
Hexadecane was purchased from Fisher Scientific. FD&C Red 40 food coloring (McCormick) was
used to dye water for visibility. Oil Blue N (Alfa Aesar) was used to dye hexadecane. Ethylene
glycol (Acros Organics) and poly(vinyl alcohol) (98% hydrolyzed, 88 kDa, Acros Organics) were
used to tune the surface tension, density, and viscosity of the aqueous dispersed phase according to
the literature.294 The outer fluid was hexadecane with 10 wt.% Span 80 nonionic surfactant (TCI
Chemicals) to enhance emulsification. Model drug delivery hydrogel particles were fabricated from
cross-linked polyethylene glycol diacrylate (PEGDA, Mn = 700, Sigma-Aldrich), photo-initiated
with 1 wt.% 2-Hydroxy-2-methyl-1-phenyl-propan-1-one (Ciba Darocur 1173), and loaded with
25 wt.% of an 800 µg/mL doxorubicin aqueous solution (drug purchased from Adooq Bioscience).
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Figure 7.3: Overview of the fabrication process for the major components of the open-channel flow-focusing
emulsification device – namely, the hydrophobic/oleophilic substrate, the laser-cut fluoro-paper channel with
superomniphobic top surface, and the hydrophobic/oleophilic walls.
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Figure 7.4: (a) Absorbance spectra for varying concentrations of aqueous doxorubicin solutions and (b) the
calibration curve generated from these absorbance spectra for determining doxorubicin concentration released
from the particles.

7.3.4 Open-channel Emulsification and Particle Generation
The organic continuous phase and aqueous dispersed phase flow rates were independently controlled
with syringe pumps (KD Scientific KDS-230). Flow through the flow focusing geometry of the
channel forced the formation of monodisperse droplets of aqueous solutions or hydrophilic polymer
precursors. The polymer precursor droplets were flowed past a 365 nm UV LED spot source
(Henkel EQ CL10, 3% intensity, 6 mm spot diameter, placed 5 mm above the channel) to initiate the
photocuring reaction. A silicon wafer was substituted for the glass slide for the particle generation
experiments as it was necessary to localize the transmission of UV light to the flow-focusing region.
Stable operation was observed for over an hour with this configuration. The droplets or particles
were collected from the channel by applying vacuum into a jar serving as a reservoir. Particles were
rinsed with hexane and water to remove surfactant and unreacted monomer, then filtered, collected,
and stored in hexane until imaging or drug delivery studies.

7.3.5 Drug Release
Drug release measurement was performed by placing 350 mg of dry particles into a vial with 2 mL
deionized water. Visible absorbance spectra were periodically collected for 1 mL of the supernatant
transferred to a cuvette, then returned to the vial. The absorbance at 499 nm was compared to a
reference curve generated by measuring aqueous doxorubicin solutions of known concentration to
determine the concentration of doxorubicin released from the particles, and therefore the percentage
released compared to the total drug content (Figure 7.4).

123



7.3.6 Characterization Methods
Photographs and videos were recorded with a digital camera (Nikon D3200). Image analysis
for particle sizing was performed with ImageJ. Fluorescent images were obtained with a Nikon
Eclipse 80i. SEM images were acquired with a Hitachi SU8000 ultra-high resolution SEM with
an accelerating voltage of 10 kV. UV-visible spectra were collected with an Agilent/Varian Cary
50. High speed video was captured with a Fastec Imaging HiSpec 1 at 500 fps for water and
hexadecane droplets released from a microsyringe at 10 cm and 1 cm above the fluoro-paper
substrate, respectively. All contact angle measurements were obtained using a Ramé-Hart 200-F1
goniometer. The advancing and receding contact angles measurements were performed starting with
a 3 µL droplet on the surface and then growing and shrinking it by adding and removing a small
volume (∼ 2 µL) using a 2 mL micrometer syringe (Gilmont) while continually measuring contact
angles. Contact angle hysteresis was calculated as the difference between advancing and receding
contact angles. At least three measurements were performed on each sample surface. Typical error
in measurements was ± 2◦.

Figure 7.5: Water-in-hexadecane emulsification under varying flow conditions with the device shown in
Figure 7.1. The continuous organic phase (clear) is composed of hexadecane + 10 wt.% Span 80, and the
dispersed aqueous phase (red) is composed of water + 10 wt.% glycol, 2 wt.% polyvinyl alcohol.

7.4 Results
When the outer flow rate was held constant and the inner flow rate increased, the size of aqueous-

phase droplets was found to increase (Figure 7.5a-c, Table 7.2). A similar trend has been previously
observed with closed-channel microfluidic emulsification.303,306,307 On the other hand, when the
inner flow rate is kept constant, and the outer flow rate is increased in closed-channel devices,
typically there is a transition from “dripping” to “jetting” emulsification. In jetting emulsification,
the inner liquid extends into an elongated thread downstream from the flow-focusing channel and
the break-up into droplets occurs at its tip.
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Table 7.2: Dimensions of droplets from open-channel emulsification of water in hexadecane (Figure 7.5).

Outer flow
(µL/min)

Inner flow
(µL/min)

Droplet
diameter
(µm)

Droplet
center-to-center
distance (µm)

500 50 820 ± 40 2400 ± 100
500 100 1200 ± 50 3000 ± 100
500 150 1430 ± 60 3000 ± 100
1000 100 1130 ± 60 5800 ± 500

This results in significantly reduced emulsion droplet size.306 This transition was not observed
with the water in hexadecane emulsification using the open channels reported here. Rather, increasing
the outer flow rate, while maintaining a constant inner flow rate, only increased the spacing between
the emulsified droplets without significantly changing the droplet diameter (Figures 7.5b,d, Table 7.2).

Monodisperse particle generation was also achieved within our open-channel microfluidic
devices by the in situ, photo-initiated, cross-linking of droplets produced by the emulsification of a
precursor solution. This precursor solution was composed of polyethylene glycol diacrylate (PEGDA,
Mn = 700), with 1 wt.% 2-Hydroxy-2-methyl-1-phenyl-propan-1-one as a radical photoinitiator, and
25 wt.% 800 µg/mL doxorubicin aqueous solution. The selection of doxorubicin as a model drug
was based on its long-established use as a potent chemotherapy drug, its significant water solubility,
and its bright color which facilitated visual observation of particles and UV-visible drug release
studies.318,319 The flow-focusing region was narrowed, as well as tapered, and the continuous phase
channels were angled at 45◦ compared to the device in Figure 7.5 to enhance stable emulsification
of the more viscous polymer precursor (Figures 7.6 & 7.7a). An inner flow rate of 10 µL/min
and an outer flow rate of 750 µL/min was used in our experiments. After the emulsified aqueous
phase droplets passed under a 365 nm UV LED spot lamp downstream of the flow focusing device,
the droplets cross-linked into hydrogel microparticles (Figure 7.7a). The microparticles were then
collected and analyzed. As the droplets were confined by the shallow liquid film in the channel,
when cross-linked, the resulting hydrogel microparticles possess a morphology similar to flattened
disks (Figure 7.7b,c).320 The particles were also noticeably elongated and skewed along one axis
due to the shear force in the flow direction (725± 30 µm × 560± 30 µm).

The size of the microparticles could be altered by altering the flow conditions within an
open-channel device, possessing a fixed geometry (Table 7.3). While holding the outer flow rate
constant at 750 µL/min, increasing the inner flow rate to 15 and 25 µL/min yielded larger particles.
These particles are shown in the left and middle panels of Figure 7.7d. Additionally, reducing
the outer flow rate to 500 µL/min, with an increased inner flow rate of 15 µL/min also made the
particles significantly less skewed along the flow direction, reducing the aspect ratio (Table 7.3). The
evaluation of drug release from the doxorubicin-loaded particles in Figures 7.7b,c was performed by
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Table 7.3: Dimensions of particles from open-channel emulsification of PEGDA-25% aqueous doxorubicin
solution in hexadecane, as shown in Figure 7.7.

Outer flow
(µL/min)

Inner flow
(µL/min)

Particle
major axis

(µm)

Particle minor
axis (µm) Aspect ratio

750 10 730±30 560±30 1.29
750 15 1260±30 980±30 1.29
750 25 1600±80 1200±100 1.31
500 15 1080±60 950±50 1.13

Figure 7.6: An SEM micrograph for the flow-focusing region on the device used for drug delivery particle
fabrication (nozzle width 500 µm). This modification was made to reduce the particle size and improve the
emulsification stability with the more viscous polymer precursor solution.

placing 350 mg of dry particles into a vial with 2 mL deionized water. Visible absorbance spectra
were periodically collected from 1 mL of the supernatant transferred to a cuvette, then returned to the
vial. The absorbance at the 499 nm peak was compared to a reference curve generated by measuring
aqueous doxorubicin solutions of known concentration. This allowed for the determination of the
percent of the drug present in the particles, as well as the amount that was released into the solution
(Figure 7.7e).

7.5 Conclusions
In conclusion, we have fabricated the first open-channel microfluidic devices capable of water-

in-oil emulsification. This capability was enabled by the combination of a superomniphobic
background, and channel walls which are simultaneously hydrophobic and oleophilic. The robust
all-liquid repellent, superomniphobic fluoro-paper kept all liquids, including the low-surface-tension
outer organic phase, from overflowing from the open fluid channels, even at high flow rates. The
hydrophobic and oleophilic laser-cut and plasma-treated sidewalls and b-PDMS floor of the open
channels greatly enhanced the flow rate of the continuous organic phase, enabled the emulsification
of the aqueous phase, and prevented the aqueous phase from pinning on various surfaces of the
microfluidic device. We also utilized the fabricated open channel devices for the fabrication of
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Figure 7.7: (a) An optical image of the emulsification device, modified with a UV lamp for the fabrication of
doxorubicin-loaded PEGDA hydrogel microparticles (dispersed phase: 74.3% PEGDA, 0.7% photoinitiator,
25% 800 µg/mL aqueous doxorubicin solution, continuous phase: 10 wt.% Span 80 in hexadecane). (b) An
optical image and (c) scanning electron micrographs for the microparticles fabricated using our open channel
water-in-oil emulsification device. (d) Doxorubicin release profile obtained by monitoring light absorbance of
water above a known mass of particles. Insets show the structure of doxorubicin and a fluorescent micrograph
of doxorubicin-loaded PEGDA microparticles.
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hydrogel based, relatively monodisperse microparticles capable of incorporating doxorubicin, a
hydrophilic chemotherapy drug. This work represents an extension of the capability of low-cost,
rapidly-produced, open channel microfluidic devices to fabricate hydrophilic microparticles for drug
delivery, and potentially the encapsulation of cells within different polymers, both of which are
highly desirable within the biological and biomedical fields.
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CHAPTER 8

Microfabricated, Open-channel Microfluidic
Devices on Nanotextured Silicon

This chapter briefly presents a prototype for a photolithographic method for fabricating open-channel
microfluidic devices in silicon, with dimensions which are roughly an order of magnitude lower
than those of the devices in Chapters 6 & 7.

8.1 Introduction
While the previous two chapters on open-channel microfluidic devices pushed the boundaries

of the minimum γLV liquid that may be constrained and discussed the broad range of applications
that this ability enables, the fabrication methodologies (plasma-patterning, printing, laser-cutting)
remain relatively imprecise, producing channels with widths down to 200 µm at best. This is
limiting especially for flow-focusing emulsion generation, as droplets generated in these devices at
stable flow rates were still practically at the millimetric scale, whereas the most attractive biomedical
applications of such monodisperse particles would require particles at least an order of magnitude
smaller.

Conventional closed-channel microfluidic devices typically use photolithographic processes
performed in cleanroom environments to fabricate molds from cross-linked photoresist, such as
SU-8. These molds are then used to fabricate channels in poly(dimethyl siloxane). Bonding the
PDMS structures to glass substrates then creates closed micro-capillaries of the desired geometry,
with minimum channel widths as low as a few micrometers. To explore the limits of open-channel
microfluidics, we developed a method capable of fabricating channels with near-ideal wettability
contrast with most liquids, i.e., θ∗a � 0◦ on the background, and θ∗a ≈ 0◦ within the channel, down to
channel widths of 25 µm.

8.2 Fabrication Method
A schematic of the fabrication process is shown in Figure 8.1. Nanoscale texture was desired

both on the background and within the channels to enhance non-wetting, and wetting respectively.
While the background would be coated with a fluorinated silane to yield maximum θ∗a, the channels
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would be selectively coated with photoactive TiO2 to yield superomniphilic channels. Patterned
devices were produced with or without sidewalls in addition to wettability contrast. Microfabrication
was performed in the Lurie Nanofabrication Facility, generally following standard protocols.

Silicon wafers (University Wafer, P-type, test grade, 500 µm thickness, 1.5 nm native oxide layer,
〈100〉 orientation) were pre-cleaned with oxygen plasma and then first exposed to an anisotropic
plasma etch in a combination of sulfur hexafluoride and oxygen in a STS Pegasus 4 DRIE tool. This
produces a dense array of anisotropic nanostructured silicon, known as nanograss, or “black silicon”
due to its non-reflective properties which has found use in a variety of applications, including solar
cells.321,322 Increasing SF6 was found to increase the density of these nanostructures, but limited the
etched area to the center of the wafer, whereas increasing O2 spread the etched area outwards but
greatly reduced the nanograss density at the center. It was found that the optimal etch conditions in
this tool was a multiple step method, with 1200W coil power, 40W platen power, 35 mTorr chamber
pressure throughout, with 3 min 225:200 sccm SF6:O2 to etch the outer edge, followed by 1.5 min
275:200 sccm SF6:O2 to fully etch the center.

This completely etched wafer was then patterned with positive photoresist (Shipley SPR 220-3.0,
3 µm thick) to define the channel geometry. Figure 8.2 is an image of the mask, where the black
regions represent the photoresist as well as a diagram of the emulsification device used for testing. It
contains several flow devices as well as a number of straight channels for testing. The flow focusing
device is based on the design used in Figure 7.7a, but miniaturized. The overall dimension is 30 mm
× 9 mm. There are two, rather than three, inlets the center one for the dispersed phase and the outer
one for the carrier phase, as well as an outlet port. The flow-focusing orifice width varies from
15 µm to 200 µm, and the rest of the channels are 350 µm wider than the width of the constriction,
yielding an ∼40◦angled taper into and out of the constriction. This geometry was transferred to an
inexpensive emulsion-on-polyester film photomask (Advance Reproductions).

For the channels with sidewalls, a standard Bosch process etch (STS Pegasus DRIE) was then
used to anisotropically etch the exposed silicon, yielding 50 µm deep channels with vertical sidewalls,
while the nanograss on the background was protected by the photoresist. Then, a second nanograss
etch was performed to maximize roughness within the channels to enhance wettability. For the
channels without sidewalls, these two steps were omitted.

Next, physical vapor deposition of a 100 nm thick film of titanium dioxide was performed in
an Angstrom Engineering Evovac electron beam evaporator. This highly directional deposition
coated the bottom of the channels better than the sidewalls, but some accumulation was observed
throughout in SEM (Figure 8.4).

Finally, the photoresist was stripped in a bath of N-methylpyrrolidone (NMP) held at 100 ◦C.
A probe ultrasonicator was used to remove residual photoresist and TiO2, and was particularly
necessary for channels without sidewalls, as TiO2 covering the edge of the photoresist strongly
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Figure 8.1: Schematic of the lithographic fabrication process to produce superomniphilic TiO2-coated
silicon nanograss channels or trenches on a superhydrophobic/oleophobic fluorosilanized silicon nanograss
background.

Figure 8.2: Diagram showing the design of a flow-focusing device, as well as the overall mask layout.
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Figure 8.3: SEM images of the bare silicon nanograss and TiO2-coated nanograss in a planar emulsification
device. The residue at the edge of the channel is likely to be TiO2 which was on the photoresist sidewalls and
was not completely removed.

adhered it to the substrate. Samples were rinsed thoroughly with water while removing from the
NMP bath to prevent accumulation of particles, then rinsed with isopropanol and dried with air.
Fluorosilanization was performed by first cleaning the surface with low power oxygen plasma (30W,
15 min, Harrick Plasma PDC-001) and exposing the wafer to a vapor of perfluorodecyltrichlorosilane
(Gelest) for 3 h at 120 ◦C under a cover on a hot plate. At this stage, the entire wafer was non-wettable,
as both SiO2 and TiO2 react well with chlorosilanes. However, three hours of exposure to 254 nm
UV light caused the photoactive TiO2 to selectively degrade the fluorinated silane, yielding highly
wettable superomniphilic channels.323 This UV exposure process could be used repeatedly whenever
channels become contaminated to completely restore their wetting properties. After exposure,
channels retained their superomniphilicity for at least several days when stored in ambient light in
air.

Emulsification tests were performed by flowing liquid into the inlets with syringe pumps (KD
Scientific KDS 200) attached to poly(tetrafluoroethylene) tubing, which connected to 21 gauge
stainless steel needles held just above the device inlets in a laser-cut poly(methyl methacrylate)
block. Another PTFE tube was held above the outlet, and connected to a dry vacuum pump via a
glass jar acting as a catch basin, in order to keep the device from flooding. The entire assembly
could be tilted so that gravity could assist with stable emulsification.

8.3 Results
8.3.1 Structures
Figure 8.3 shows the structure of the planar channels. The reason for the color change on the channel
backgrounds after applying and then stripping the photoresist is unknown. There was no readily
apparent change in the nanotexture in SEM relative to pristine silicon nanograss. There was also no
detrimental effect on the non-wettability of the background. The nanograss within the channels was
rounded due to the deposition of TiO2, but most of the roughness remained intact. Some residual
photoresist and planar TiO2 is observable at the boundary between the channels and background.
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Figure 8.4: SEM images of the trench geometry devices and test channels. (a–c) Note the better definition of
the edges of the channels than in Figure 8.3, as the deep groove effectively undercuts the photoresist on the
background and makes lift-off significantly more effective. (d) The difference in texture of the nanograss at
the base of the channel compared to the initial nanograss etched on a smooth wafer is evident, but doesn’t
seem to have significant consequences for wettability. (e–g) Close-ups of the sidewalls, channel base, and
background. The silicon nanograss is finely textured and has sharp edges, which are rounded by the deposition
of TiO2. Due to the highly directional deposition, the sidewalls are coated much less than the base. (h,i)
Images of the test channels of widths including 200,150,100,75,50, and 25 µm showing consistent etch depth
to 50 µm and well-defined sidewalls.

133



Table 8.1: Contact angles of various liquids on the fluorosilanized silicon nanograss background

Liquid γLV (mN/m) θ∗a/θ∗r (◦)

Water 72.1 171/169
Hexadecane 27.5 153/0
Dodecane 23.8 138/0
Ethanol 22.1 90/0

Figure 8.5: Goniometer images of water, hexadecane, dodecane, and ethanol advancing contact angles on
the fluorosilanized silicon nanograss

Figure 8.4 shows the structure of the trench channels. Reasonably well defined 50 µm deep
channels were obtained down to the 25 µm width, but the 10 µm. Aside from the rounding due
to TiO2 deposition within the channels, as on the planar samples, the nanograss on the channel
base has a distinct texture compared to that on the background. It is very likely that the trenches
affect the behavior of the second nanograss etch as they affect the flow of the reactive gases in the
plasma-etching tool.

8.3.2 Wettability
The fluorosilanized silicon nanograss background exhibits very high advancing contact angles due
to its low surface energy and high roughness (Figure 8.5). Contact angles with various liquids are
reported in Table 8.1. However, the lack of re-entrant geometry means that the background does not
maintain low-γLV liquids in a low-∆θ Cassie-Baxter state. As long as the channels do not overflow,
this is not a significant concern. Fabricating nanoscale re-entrant texture would be significantly more
difficult to incorporate into this lithographic process. Any contamination in the background with
wetted liquids could be readily removed with volatile organic solvents such as acetone if necessary.

The TiO2 coated nanograss, after silanization and exposure to UV, was ideally superomniphilic,
exhibiting θ∗a ≈ 0◦with all liquids (Figure 8.6). However, within the narrow channels still exhibited
a finite advancing contact angle with water despite the clear presence of a condensed vapor front
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Figure 8.6: (a) Water droplet on a fluorosilanized planar substrate prior to UV, showing that the backgrounds
and channels are all highly non-wetting. (b) Top: water on a silanized TiO2 substrate after 3 h UVC exposure.
If the drop were released from the needle, it would spontaneously spread into a thin film. Note the wetted front
around the edge of the droplet where vapor from the droplet is condensing on the substrate. Bottom: however,
the same material in a planar channel which is 400 µm still exhibits a finite resistance to wetting under
pressure driven flow, as indicated by a non-zero contact angle behind the wetted front. (c) This resistance
to wetting means that channels do not spontaneously fill with water even when there is a Laplace pressure
applied from a curved droplet. The length of wetting is also erratic due to the presence of defects in the
channel that impede wicking.

ahead of it. This hemi-wicking behavior was found to be insufficient to permit water to flow at
high rates within the narrowest channels, and also would not allow it to spontaneously wet the
entire downstream channel, let alone wick past the flow-focusing orifice. Pressure-driven flow rates
with water were extremely limited, < 15 µL/min through the 50 µm wide device even when it was
tilted by 45◦to drive the flow forwards with gravity. This compares poorly to the hybrid device in
Chapter 7, which achieved outer flow rates of > 750 µL/min with hexadecane without tilting the
device.

Subsequent experiments focused on the trench geometry. In agreement with the findings in
Chapter 7, the addition of side-walls to the open wettable channel greatly improved wettability by
all liquids, and in this configuration both water and hexadecane would readily wet the entire device
when a 5 µL droplet was placed into the central inlet, even through the 15 µm wide × 50 µm deep
constriction (Figure 8.7). Wicking times were significantly faster for devices with wider orifices, e.g.,
for the 100 µm wide × 50 µm deep device, water wicked to the end in 1.2 seconds and hexadecane
in 13.7 seconds. Note that water wicks significantly faster than hexadecane, which consistent with
wetting in a fully-wettable capillary according the Washburn relation (Equation 6.1), as opposed to
the partially wettable capillaries with finite contact angles produced by selective oxygen plasma
in Chapter 6. Under pressure-driven flow, water flow rates of 50 µL/min were achieved through
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the 50 µm wide × 50 µm deep orifice with the channel held horizontally, which is reasonable
considering that the cross-sectional area of this orifice is only about 6% of the one in the laser-cut
device in Figure 7.6.

Figure 8.7: Timelapse photographs of water and hexadecane wetting 50 µm deep trench emulsification
devices with 15 µm wide flow-focusing orifices. Due to the higher viscosity of hexadecane, it is considerably
slower despite its lower surface tension.

8.3.3 Emulsification
The 100 µm wide × 50 µm deep device was used to generate microscale droplets of hexadecane,
dyed with oil red O, in a carrier fluid composed of water + 2 wt.% sodium dodecyl sulfate (SDS)
surfactant (Figure 8.8). The aqueous flow rate was 15 µL/min, and the inner flow was 0.1 µL/min,
and appears to produce droplets with diameters comparable to the 100 µm wide orifice. The droplet
production rate was too fast to capture without high-speed videography. In both of these respects,
the performance of these devices far exceeds that of the paper-based devices demonstrated in the
previous chapters. Further quantitative characterization is necessary. Future work will focus on
generating water-in-oil emulsions and cross-linked particles from UV-curable acrylates such as
TMPTA and PEGDA, as well as bio-medically relevant hydrogels such as agarose and calcium
alginate. These microparticles could be ideal for capturing single viable cells for subsequent
culturing and analysis.

Figure 8.8: Photograph of flow-focusing emulsification of hexadecane in water in an open-channel device
with a 100 µm wide, 50 µm deep orifice.
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CHAPTER 9

Spheroidal Cell Culture on
Hierarchical Superhydrophobic Surfaces

This chapter briefly outlines a method for fabricating a surface capable of maintaining stable droplets
of media containing cancer cell cultures in the Cassie-Baxter state for extended periods. The
curvature of the droplet and limited solid-liquid contact causes the cells to aggregate into spheroids,
which are more accurate models of tumor growth in vivo. This approach improves stability and
ease-of-use relative to existing hanging drop plates. This is a collaborative effort with Prof. Geeta
Mehta. Pooja Mehta performed the cell culture experiments. Alex Kate Halvey assisted with
substrate design and fabrication.

9.1 Introduction
9.1.1 Background
The evaluation of potential cancer therapeutics requires rigorous, high-throughput screening to test
their efficacy with broad range of variables and a large number of replicates to ensure statistical
validity. The prohibitive cost and time required for clinical trials in humans limits their use to
treatments which have the highest chance of success. Testing in animal models is also time-
consuming, and questions have been raised about their relevance to human biology in light of
false positive results later contradicted in human testing. It is therefore necessary to improve
the ability of in vitro cell culture, which is comparatively rapid and inexpensive, to accurately
reproduce in vivo cancer biology. This capability allows the rapid screening of drugs and drug
delivery systems, allowing optimization of parameters prior to committing to extensive testing in
vivo.324–326 Additionally, rapid and accurate replication of cancer biology in vitro could enable
greater individualization of treatments. Cancer biology is frequently highly complex, and varies
from patient to patient. A small number of cancer cells extracted from the patient may be used
to generate large populations of three-dimensional cell cultures. This enables precise study of a
genetically pure cell line, as well as potentially enabling rapid screening of therapeutics for their
efficacy before treating the patient.327,328
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It is now well-known that conventional two-dimensional cell culture fails to capture important
aspects of how cancer cells grow and differentiate in vivo, due to key differences in the environmental
conditions. Numerous methods have been developed that attempt to replicate the in vivo
microenvironment, in terms of geometry, mechanical properties, and surface chemistry. Various
porous scaffolds fabricated from biological materials or synthetic biocompatible polymers have
been employed with varying effectiveness to stimulate cells to accurately reproduce native tissue.
However, it is simpler to generate and image free-floating spheroidal cell cultures, and they are more
likely to accurately reproduce in vivo behavior as no foreign extracellular materials are present that
could their biology. The cells self-organize into free-floating microscale spherical aggregates which
closely resembles the early growth and propagation stage of some malignant cancers. Such spheroids
better reproduce critical physiological conditions such as the diffusion of oxygen, nutrients, waste,
and drugs which are insufficiently replicated by two-dimensional cell cultures.329,330 Additionally,
spheroids may be used with microfabrication techniques to rapidly generate complex tissues.331

There are numerous ways of producing spheroidal cultures, including well plates with non-
adhesive surface treatments, agitated culture vessels, hanging drops, and microfluidic devices.325 Of
these, hanging drop plates are relatively common, as they are relatively simple and can produce
individual spheroids in each drop, enabling precise assays.330,332 Typically, individual 10–20 µL
droplets of cells in media are adhered to some hydrophobic, but high-∆θ surface (such as a
polystyrene petri dish lid, a PDMS microfluidic device, or a high-∆θ superhydrophobic polystyrene
surface). The substrate is inverted during cell culture such that the bottom surface of the droplet,
where cells tend to aggregate due to gravity, only contacts air and prevents cell attachment. The high
curvature of the droplet, due to the hydrophobicity of the substrate, also accelerates cell aggregation
into a spheroid. Specialized commercial high-throughput hanging drop plates now exist. The key
drawback of this suspended configuration is the risk of droplets falling or spreading during routine
plate handling. This could be catastrophic for a spheroidal culture experiment which can take
several days to weeks to complete. Replacing the air interface at the base of the hanging drop with a
superhydrophobic substrate should significantly improve the stability of such a system and prevent
such loss of time and effort.

9.1.2 Design of a Superhydrophobic Spheroidal Cell Culture Substrate
A deep well with a high θ∗, low-∆θ superhydrophobic surface that minimizes solid-liquid contact
area could potentially replicate the performance of a hanging-drop plate, while retaining the inherent
stability of a conventional well plate. While a droplet in a superhydrophobic well could oscillate
or bounce due to mechanical shock, ideally it would return to its original location under gravity.
To ensure spheroidal growth, the droplet must remain in a stable non-wetted Cassie-Baxter state
for extended periods of time. Retaining superhydrophobicity in a cell-culture environment can
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be challenging, however. Cell media contains salts and other additives that reduce its surface
tension. Cells excrete proteins that can readily adhere to the hydrophobic substrate. The incubation
environment is held at high relative humidity, to minimize the loss of droplet volume to evaporation.
As previously discussed, under such vapor conditions, superhydrophobic surfaces are vulnerable to
wetting due to condensation of droplets within the superhydrophobic texture itself.56 The small,
spherical droplet of culture media (typically < 20 µL) also applies some Laplace pressure on the
entrapped air pockets. It is therefore important to fabricate a surface with very high robustness to
wetting under pressure or condensation. As discussed in Section 1.2.5, this is done by reducing
the smallest texture features to nanoscale dimensions.63 Nanotextured superhydrophobic surfaces
typically exhibit extremely low ∆θ and high robustness to wetting even when immersed for extended
periods at elevated pressures.333–335

Reducing the texture length scale below the wavelength of visible light also reduces light
scattering, making such a surface effectively transparent. Inverted microscopes, in which the
objective lenses point upwards through the sample, are commonly used in cell biology. Imaging
spheroids from the underside of the droplet is preferable to limit image distortion, as cells tend to
accumulate at the bottom interface due to gravity. A well plate uniformly coated with a transparent
nanotextured superhydrophobic coating could be ideal for imaging. Numerous transparent, robust
superhydrophobic surfaces have been previously demonstrated in the literature, using a wide array
of methods.57,105,107,124,336 Naturally, methods relying on photolithographic patterning are difficult
or impossible to apply to a high-aspect ratio well capable of containing a mobile droplet on a low-∆θ
superhydrophobic surface. Uniform application of a superhydrophobic coating with dip, spray, or
spin coating methods to a well plate can also be challenging, due to the difficulty of applying a
uniform thin film of coating solution and maintaining uniformity during drying. Bottom-up growth
of superhydrophobic nanotexture could be more amenable to uniform, conformal deposition on
high-aspect-ratio structures. There are numerous solution-phase or vapor-phase approaches that
have been demonstrated to produce low-∆θ transparent superhydrophobic surface.337,338 However,
most of these require tight control over the deposition conditions to simultaneously optimize low
∆θ, high robustness, and high transparency.

Even if the superhydrophobic surface appears transparent to the naked eye, any material in the
imaging path of a microscope can introduce distortion. In addition, certain fluorescent cell stains,
such as DAPI, are excited by near-ultraviolet light,339 which is absorbed by many hydrophobic
organic materials. Therefore, it may be simpler and more effective to incorporate macro-scale pores
below the droplet that allow completely unobstructed imaging through the base of the drop. An open
mesh substrate crimped into a well array geometry, covered uniformly in nanotexture and a highly
hydrophobic modifier, could be an ideal method for generating and maintaining cell spheroids in
vitro.
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Table 9.1: Nominal dimensions of aluminum meshes used in this work, and D∗ as calculated using
Equation 1.12

Mesh size Wire diameter Wire spacing D∗

30 × 30 0.29 1.52 3.61
20 × 20 0.25 1.30 3.55
16 × 16 0.23 1.14 3.50
14 × 14 0.20 0.86 3.13
12 × 12 0.14 0.56 3.00

9.2 Superhydrophobic Surface Fabrication
9.2.1 Hierarchically Textured Fluorosilanized Aluminum
A highly pressure-resistant, hierarchically nanotextured superhydrophobic surface may be produced
from aluminum by acid etching, then immersion in boiling water, then treating the surface with a
fluorosilane to lower the surface energy. The process used was similar to that used for Surface # 4 in
the drag reduction project (see Section 3.7), which in turn was adapted from methods previously
reported in the literature for super-repellent surfaces.139

The substrates were 6061 T6 aluminum alloy plates or 5052 alloy aluminum meshes with varying
dimensions (McMaster-Carr, Table 9.1). First, the surfaces of the plates and meshes were abraded
with a fine wire brush, washed with soap and deionized water, then dried with compressed air. This
removes any surface oxides and contaminants and exposes pure aluminum. To form wells to hold
the cell culture droplets, the substrates were indented with a ball bearing (radius ≈ 3 mm) using a
drill press. The substrates were then immersed in 2.5 M hydrochloric acid (Fisher Scientific) held
at 60◦C on a hot plate until they were uniformly etched and all of the original planar surface was
removed. This created a micro-structured surface, most likely due to enhanced etching along the
grain boundaries of the aluminum alloy.340 Depending on the effectiveness of pre-cleaning, the
exact aluminum alloy, and the geometry of the sample, complete etching was achieved between
5 and 20 minutes, and was monitored by periodic visual inspection of the sample. While there is
some evident variation in the morphology of the microtexture due to variation of the effectiveness
of the acid etch, this does not appear to have a significant effect on the water contact angles or
pressure stability of the resulting superhydrophobic substrates. Following etching, the majority of
loosely adhered aluminum particles were removed with a combination of agitation in a water bath
sonicator, rinsing in water, and drying with compressed air. The etched aluminum was then boiled
in deionized water for one hour, which caused the conformal growth of γ-boehmite (AlO(OH))
nano-platelets (Figures 9.1 & 9.2).

To make the etched substrates superhydrophobic, they were exposed to 1H,1H,2H,2H-
Heptadecafluorodecyl triethoxysilane (Gelest) vapor for 48 h at 60 ◦C at ∼5 mTorr in a vacuum
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oven. All samples exhibited θ∗ >170◦ with ∆θ approaching 0◦. All crimped meshes were capable
of suspending 10 µL droplets of deionized water (2.7 mm diameter) with good stability except
the 12 × 12 which had slightly excessive spacing and allowed droplets to penetrate (Figure 9.3).
Note that the crimping and acid etching process can make meshes slightly sparser than the nominal
initial dimensions, as the wires are inevitably distorted by the crimping process and slightly thinned
by the etching process. The resistance to wetting of the samples under pressure and time was
evaluated by placing the samples into a cylinder of DI water at a depth of 30 cm (P ≈ 3 kPa). The
samples appeared highly reflective, indicating the presence of trapped air, or a plastron.2 While
this diminished over time due to dissolution of the excess plastron into the water,335 the surfaces
remained completely non-wetted when removed from the water column > 30 h later.

9.2.2 Design for High-Throughput
To improve ease of handling, particularly during imaging, and increase overall throughput, we
adapted the mesh substrates to a higher density multiwell cell culture plate form factor. Rather
than crimping the meshes as described above, the sidewalls to contain the droplets were formed
by drilling an array of sixty 6 mm diameter holes in a ∼6 mm thick sheet of 6061 aluminum alloy,
using standard 96-well plate spacing. This geometry improved lateral droplet confinement. The
meshes and sidewalls were treated as described above to make them superhydrophobic. The meshes
were clamped to the base of the sidewalls, using screws and laser-cut poly(methyl methacrylate)
mounting plates, and secured within a modified well plate incorporating a water reservoir along its
perimeter (Figure 9.4). This reservoir reduces droplet evaporation during cell culture by maintaining
a saturated environment. This assembly was placed between a standard well plate lid and a 6 well
plate filled with water, and the sides sealed with Parafilm during culturing. For imaging, the center
assembly was removed from this bottom well plate, to accommodate the working distance of the
inverted microscope used for imaging. All parts should ideally be re-usable with sterilization, and
the meshes easily exchanged in the assembly if necessary.

9.3 Cell Culture and Imaging Methods
Cell culture reagents were purchased from Life Technologies, unless otherwise specified. Prior

to any cell culture experiments, the substrates were cleaned by thoroughly washing in sterile
phosphate-buffered saline solution (PBS) and deionized water, then sterilized with a germicidal
ultraviolet lamp. Crimped planar and mesh samples were placed in polystyrene petri dishes during
culturing. Excess water added to the dish adjacent to the superhydrophobic substrates to maintain
high humidity. The multiwell plate was used as described above.

A high grade serous ovarian adenocarcinoma cell line, OVCAR-8 (provided by Dr. Nouri
Neamati, University of Michigan), was used. Spheroidal culture was performed using previously
published methods.327,330 Cells were cultured in growth media until 70% confluency, then diluted to
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Figure 9.1: SEM images of the various length scales of texture on the finer scale substrates initially tested:
etched, boiled, fluorosilanized aluminum plates, 30 × 30, and 20 × 20 meshes.
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Figure 9.2: SEM images of the coarser etched, boiled, fluorosilanized meshes (16 × 16, 14 × 14, and
12 × 12).
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Figure 9.3: Photographs of 10 µL water droplets placed on the various crimped superhydrophobic substrates.

Figure 9.4: (a) Schematic of a superhydrophobic etched fluorosilanized aluminum well plate with mesh base
for imaging. Photographs of: (b) the complete well-plate assembly; (c) a 10 µL water droplet in a well; (d)
the central assembly, highlighted in blue on the schematic in (a).
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Figure 9.5: Micrographs of cells grown on the planar substrate taken after transferring droplets to a cover
slip. (a) Bright-field image for day 3 (b) Bright-field and Live/Dead assay for day 6. No completely coalesced
spheroids were observed.

the final seeding density of 500 or 1000 cells/10 µL droplet of media (RPMI 1640 supplemented
with 10% fetal bovine serum and 1X antibiotics/antimycotics). Incubation was performed at 37 ◦C in
a humidified in a 5% CO2 atmosphere for up to seven days. Cell growth was monitored with periodic
imaging, and cell medium was replenished on alternate days as necessary. Crimped mesh substrates
in petri dishes could be imaged directly in the inverted microscope (Olympus IX81 equipped with
an ORCA R2 cooled CCD camera and CellSens software). For in situ imaging in the fabricated
well plate, the bottom reservoir plate was removed to accommodate the working distance of the
microscope.

Cell viability was evaluated with a standard Live/Dead fluorescent assay (ThermoFisher
Scientific). A staining solution of 8µM Calcein AM and 16µM ethidium homodimer-1 was
introduced to the media droplet, with a subsequent incubation of 1 h. Viable cells were selectively
stained fluorescent green with calcein-AM due to ongoing intracellular esterase activity, while
the plasma membrane breakdown in dead cells enabled their DNA to be stained fluorescent red
with ethidium homodimer-1. The stained cells were carefully transferred to glass coverslips and
imaged using a laser scanning confocal microscope (Olympus IX81, equipped with a Yokogawa
CSU-X1 confocal scanning laser unit, Andor iXon x3 CCD camera, and Metamorph 7.8 software),
with constant gain and exposure settings between samples. Viable spheroidal cultures should only
contain a few dead cells, primarily in the oxygen-deficient core.

9.4 Results
9.4.1 Preliminary Results
The initial trial on 30 × 30 crimped meshes and crimped aluminum sheets (Figure 9.1) yielded
promising results. Cells began to aggregate by day 3 on both substrates. The separate spheroids
on the planar substrate did not fully coalesce by day 6 (Figure 9.5). However, on the mesh, a fully
coalesced spheroid formed in each droplet by day 6. The droplets were transferred to a coverslip for
bright-field and fluorescent imaging (Figure 9.6).

The 16 × 16 mesh, with its significantly increased open area, significantly improved the rate of
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Figure 9.6: Micrographs of cells grown on the 30 × 30 crimped mesh substrate. (a) In situ bright-field image
for day 3 and (b) Bright-field and Live/Dead assay images of single coalesced spheroids in three separate
droplets after transferring to a cover slip at day 6.

Figure 9.7: In situ bright-field micrographs of cells grown taken after three days of growth on the 16 × 16
crimped mesh substrate over two different trials. 500 cells/10 µL density, (a) first trial (b) second trial, and
1000 cells/10 µL density, (c) first trial (d) second trial.
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Figure 9.8: In situ bright-field micrographs of OVCAR8 spheroids taken after three days of growth on the 60
well plate with 14 × 14 mesh growth surface.

coalescence. Spheroids were fully-formed by day 3 in two separate trials on the same substrate with
1000 cells/10 µL, suggesting that the substrates can be successfully re-used to generate spheroids
(Figure 9.7). However, 500 cells/10 µL yielded less consistent results. Attempting to grow cells
on even coarser crimped meshes placed in petri dishes yielded unsatisfactory results. The 14 × 14
mesh apparently allowed the suspended droplets to partially contact the underlying petri dish. The
cultures which were initially spheroidal started to spread when they contacted the flat dish. The
12 × 12 mesh proved to be too unstable for cell culture conditions, and all droplets passed completely
through it to the underlying petri dish.

9.4.2 Ongoing work: Testing in Multiwell Plate
The 14 × 14 mesh was selected for initial testing. Though media droplets wetted the petri dish
in tests on the crimped mesh, there was no apparent break-down of the non-wetted state, and
it should function when no substrate is present immediately below the mesh. The first revision
of the multiwell plate design used spacers laser-cut from standard 96 well plates, with no water
reservoir around the perimeter. The excess air volume contained in this design prevented sufficient
humidity to prevent droplet evaporation, causing them to shrink to films suspended within the mesh
squares. Unexpectedly, cells apparently grew in a monolayer across the water film surface, spanning
adjacent wires in the mesh. However, the well-array as shown in Figure 9.4 successfully prevented
15 µL droplets from evaporating for extended periods of time. Viable spheroids of OVCAR8 were
successfully generated in this device (Figure -9.8), though spheroid quality and formation time was
somewhat inferior compared to the earlier crimped plates and further optimization may be required.

Future work will focus on the validation of this platform for typical tasks performed with
spheroidal cell cultures, including a chemotherapy drug assay, and co-culture with non-cancerous
cells such as 3T3 fibroblasts, to study cell-cell interactions which are relevant to in vivo biology.
Practical tests will also be performed, including stability testing to confirm improvement over
conventional hanging drop plates. Preliminary testing to generate controlled lateral impacts with a
pendulum showed that conditions which caused 25/25 20 µL water droplets to fall from a commercial
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hanging drop plate caused only the merging of two droplets on the 60 well 14 × 14 mesh plate out
of 25, showcasing the improved stability. Compatibility will be tested with large scale sterilization
techniques, such as ethylene oxide, as well with automated plate readers. The reusability of these
substrates over multiple sterilization and culture cycles will be tested. These tests may suggest future
revisions to the plate design to further improve overall ease of use and functionality. Subsequent
projects will focus on using the optimized platform for biological experiments with greater novelty.
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CHAPTER 10

Summary and Future Outlook

10.1 Robust Omniphobic Surfaces
Surfaces capable of repelling a multitude of liquid and solid contaminants have a vast array of

potential applications, some of which were discussed throughout this work. Longevity is critical for
all of these usage areas; however, this issue is insufficiently explored in the literature. The work
presented in this thesis has made some major strides in the design and fabrication of surfaces that
are robust, in all senses of the word. They were subjected to mechanical abrasion, droplet impact or
immersion in high-pressure flows, exposure to low-surface tension solvents, acids, bases, and even
fluorinated liquids, irradiation, high temperatures, and micro-organisms and showed good retention
of non-wettability in most cases.

However, much work remains to be done to produce a scalable, substrate-independent coating
that simultaneously achieves all of the desirable characteristics: omniphobicity, solid-repellence,
transparency, and robustness to a broad range of harsh environmental conditions. The surfaces in
each of the first four chapters excelled in one aspect or another, but none were ideal for all applications.
The hierarchical surface in Chapter 2 showed highly pressure-resistant superomniphobicity, but
were neither scalable nor mechanically robust. The durable superhydrophobic coatings in Chapter 3
were not transparent, nor strongly pressure resistant, especially under high shear flows, and allowed
low surface tension liquids to wet. The smooth omniphobic coatings in Chapter 4 repelled a broad
range of liquids and are transparent, but remained vulnerable to elevated temperature, swelled or
dissolved on exposure to some solvents, were far less durable than the textured superhydrophobic
coatings, and were not ideally temperature resistant. The abrasion resistance requirements for a
smooth omniphobic coating are far more stringent than that those for a textured superhydrophobic
coating, as any surface scratching can greatly increase hysteresis with low surface tension liquids.

The grafted PDMS chains in Chapter 5 even repelled fluorinated liquids in addition to solids,
appeared to be impervious to mild abrasion, were not irreversibly damaged when wetted, and were
far more heat-resistant than the previous coating. However, they had significantly reduced contact
angles and exhibited optimal ∆θ only on select hydroxide-rich surfaces, and relied on a vapor-phase
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deposition which may not be scalable to large substrates. Reducing solid adhesion remained largely
unexplored in this work except on these grafted PDMS surfaces, but for many applications the
repulsion of solid contaminants such as ice, polymers, wax, minerals, proteins, micro-organisms,
and even larger organisms like barnacles, is even more critical than ensuring that most liquids can
dewet. Studying the adhesion mechanisms of the more complex heterogeneous solids and producing
surfaces capable of indefinitely resisting their attachment will require significant investigation.
While liquid-like tethered polymers do appear to be promising, a single repellent chemistry may not
be capable of producing a “truly omniphobic” surface, but perhaps mixed chemistries will.

Better understanding of the mechanisms by which grafted PDMS chains or densely-crosslinked
PDMS repel liquids, especially those solvents that strongly swell elastomeric PDMS or dissolve
linear PDMS, will be necessary to optimize these grafted surfaces. It remains unclear why certain
strong solvents (e.g., toluene) for PDMS readily recede from PDMS brushes while others (e.g.,
hexane) spontaneously wet. Other liquids such as isopropanol consistently exhibit anomalously
high hysteresis compared to very similar liquids such as ethanol and 1-propanol. One of a variety
of highly surface-sensitive spectroscopy techniques may be able to reveal how the PDMS chains
conform in the presence of different liquids.341 Combining such a detailed investigation with a
systematic study of different capping agents (alkyl chains with varying lengths, fluorinated alkyl
chains, or other functional groups) may enable the development of brushes that repel a broader
range of liquids with higher contact angles without compromising low solid adhesion.

There are a few potential routes to a generalizable and durable surface. The deposition of a
hard PDMS elastomer, as mentioned in Section 5.7, may be one method to produce a durable
smooth omniphobic coating, but such systems remain far too brittle to improve durability relative to
FPU + F-POSS thus far. A vast array of additives exist for PDMS matrices alone, and thorough
exploration of these reinforcing fillers, including modified inorganic nanoparticles, polyhedral
silsesquioxanes, and reactive non-siloxane copolymers may yet reveal an optimal formula which
is relatively impervious to abrasion damage and shows excellent adhesion to a broad range of
substrates. More extensive synthetic approaches may be necessary to exceed the performance of
existing commercial products, such as the synthesis of reactive reinforcing fillers, or the modification
of matrix polymer components with reinforcing side groups prior to formulation and deposition.
The combination of a sol-gel deposition of silicon dioxide and subsequent treatment with PDMS
may also be an alternative to yield a substrate-independent modification technique. The matrix
could also be a tougher polyurethane or epoxy polymer with grafted PDMS functionality - as long as
the matrix resists scratching or disintegration, surface grafted PDMS chains may act as solid-state
lubricants that reduce abrasion damage.
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10.2 Marine Drag Reduction
The published work on drag reduction in turbulent flows discussed in Section 3.7 was enlightening

as to the necessary properties for superhydrophobic surfaces that reduce rather than increase drag.
However, ongoing testing suggests that maintaining a stable non-wetted state under unbounded, high
pressure, high velocity, turbulent flow is even more challenging than previously expected. Scaling
these coatings to the towed submersible model remains the subject of future testing, and the key
requirement will be balancing the reduction of microscale roughness to reduce form drag while
sufficiently shielding the nanoscale texture from damage. The development of new methods for
scalable fabrication of geometries with segmented air pockets that resist plastron depletion under
hydrodynamic shear could also be necessary, as the thick air layers initially visible on immersed
coated surfaces seem to be vulnerable to lateral displacement under flow or pressure gradients.

Other challenges will arise from use in a marine environment: corrosion, bio-fouling initiated
by various microorganisms, as well as other practical considerations such as ensuring that the
fuel savings can justify the cost of materials and application. It may be necessary to combine
active air-replenishment technologies such as air injection through porous substrates151,342 and
solid-repellent chemistries, such as the tethered PDMS brushes, to improve the long-term stability
of drag-reducing superhydrophobic surfaces.

10.3 Open-Channel Microfluidics
Paper-based and open-channel microfluidic devices largely remain confined to the laboratory.

The technologies in Chapters 6 – 7 are excellent demonstrations for the potential uses in chemical
and biomedical analysis of novel open-channel devices with patterned omniphobicity and could be
useful for future research, but remain far from large-scale adoption. Demonstration of truly scalable
surface treatment patterning methods, such as roll-to-roll deposition of omniphobic background
modifiers and wettable channel materials, will be necessary to fulfill their promise to be inexpensive,
disposable devices.

Another interesting research direction could leverage the potential for controllability of fluids
within devices. Selective deposition of the photoactive TiO2-containing ink in combination with
the hydrophobic-oleophilic ink could be used to fabricate a selectively photo-responsive device,
perhaps for an on-demand separation process. Selective exposure to ultraviolet light through a
simple mask could also be utilized for sequential activation of fluidic valves, for example, and may
be necessary for more complex assays that require sequential addition of reagents at set times rather
than the simple single-step mixing of two reagents followed by colorimetric detection demonstrated
in Section 6.5.

While the nanostructured silicon open-channel devices in Chapter 8 successfully demonstrated
precise, microscale confinement of low-surface-tension liquids, they have production costs and
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scalability comparable to conventional PDMS closed-channel microfluidic devices rather than
paper-based devices. An application needs to be developed that leverages their fundamentally
unique aspects, most notably, a large liquid-air interface and the confinement of low-surface-tension
liquids. A likely route may be to utilize the flow-focusing emulsification design to carry out a
confined reaction or assay within water-in-oil droplets that requires the presence of oxygen or another
gaseous reagent. Alternatively, the fabrication of an organ-on-a-chip device that requires long-term
maintenance of a living tissue could be significantly simpler on an open device.

10.4 Spheroidal Culture on Superhydrophobic Surfaces
The spheroidal culture substrate in Chapter 9 is a promising proof-of-concept design, but

will require significant development. In addition to the validation experiments for stability and
functionality already discussed in the chapter, the need for large-scale production and ease of
use will demand reduction of part complexity to that of the commercial hanging drop plates. An
improved geometry could confine each droplet in a conical well with a single hole at the base for
imaging purposes, which should improve stability and reliability. It could be possible to stamp this
geometry in a single operation from a sheet of aluminum, prior to the etching/boiling/silanization
process already discussed. More scalable bottom-up deposition methods for hierarchical texture on
injection-molded plates could also be considered, such as hydrothermal synthesis of nanowires as
discussed in Chapter 2.

The potential to grow spheroids in stable droplets on low-hysteresis superhydrophobic surfaces
opens the potential to deliberately agitate droplets during growth, while maintaining localization
of small initial cell populations. This could potentially accelerate the formation of tightly-packed
spheroidal clusters. Inducing liquid flows within the media droplet due to motion may also be
useful for simulating physiologically relevant conditions, such as those experienced by free-floating
malignant cancer cells in the bloodstream or in ascites.

10.5 Closing Remarks
On the whole, the field of liquid- and solid- repellent surfaces remains full of fascinating

engineering challenges and open scientific questions, as we continue to aim for an ideal surface that
remains unaffected by virtually all substances and resists virtually all damage. The work in this
thesis represents only a small part of a global effort towards that goal, and the exceptionally high
demand for these repellent surfaces in all walks of life ensures that this research area will remain
highly active for the foreseeable future.
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