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ABSTRACT: The stability and longevity of surface-stabilized lubricant layers is a critical question in their application as
low- and non-fouling slippery surface treatments in both industry and medicine. Here, we investigate lubricant loss from
surfaces under flow in water using both quantitative analysis and visualization, testing the effects of underlying surface
type (nanostructured versus flat), as well as flow rate in the physiologically-relevant range, lubricant type, and time. We
find lubricant losses on the order of only ng/cm? in a closed system, indicating that these interfaces are relatively stable
under the flow conditions tested. No notable differences emerged between surface type, flow rate, lubricant type, or time.
However, exposure of the lubricant layers to an air/water interface did significantly increase the amount of lubricant re-
moved from the surface, leading to disruption of the layer. These results may help in the development and design of ma-
terials using surface-immobilized lubricant interfaces for repellency under flow conditions.

1. INTRODUCTION

The use of surface-immobilized liquid interfaces as
pressure-stable, omniphobic surfaces has recently
emerged as a way of fabricating a highly adaptable new
class of non-stick materials for industry and medicine.!
Originally inspired by the Nepenthes pitcher plant and
termed SLIPS (short for Slippery Liquid Infused Porous
Surfaces), these coatings have been shown to be effective
against adhesion of a wide range of substances including
crude oil,' blood,*? ice,3 and bacterial biofilms>45°7, as well
as in marine environments.®9 Furthermore, the relatively
simple concept on which they are based - that the liquid
must have a greater affinity for the surface than the sub-
stance being repelled' - provides significant flexibility.
This allows surface-immobilized liquid layers to be fabri-
cated on several different types of substrates including
aluminum,? glass,>3">" and multiple types of plastics, 3> as
well as on state-of-the-art tunable polymeric materials.>*

The foundation of this technology is the presence of
the surface-stabilized liquid overlayer, which provides a
low-adhesion interface that prevents the permanent at-
tachment of fouling materials and, in the case of damage,
can self-heal. This is in stark contrast to other solid mate-
rial-based non-stick technologies, which frequently make
use of either chemical methods, such as surface function-
alization with low-fouling molecular species3'+' or physi-
cal methods such as air trapped between nanostruc-
tures'¢17181920 to produce a repellent effect, which is how-

ever very limited due to the inherent stickiness that can
be a property of exposed solid surfaces.*

For practical applications, it is important to consider
the stability and longevity of immobilized liquid layers as
surf ace coatings, especially under flow conditions. Liquid
alone is, by its nature, a highly mobile phase of matter
prone to change with relatively minimal input from ex-
ternal forces. The stability of liquid/liquid interfaces un-
der flow has received some attention in the petroleum
industry in the form of investigations into the effective-
ness of core-annular flow as a method of reducing friction
in pipes.>>24 Although an increased relative flow rate
between the water and oil phases in these systems (result-
ing in turbulent rather than laminar flow) increased the
instability of the interface, both mathematical modeling
and experimental evidence showed that the proximity of
the tube wall dampened this effect, stabilizing both the
oil and water layers. Furthermore, this macroscale stabili-
zation effect appeared to be more pronounced the closer
the wall was to the liquid/liquid interface.>>*+ Studies of
this type usually take place on the scale of centimeters to
millimeters; however the types of liquid interfaces used
for omniphobic surface coatings are generally on the or-
der of micrometers to nanometers from the solid surface
to which they are bound,**5*° which may increase the sta-
bilization effect.

Previous reports on the stability of surface-bound
liquid layers under static conditions have focused on the
behavior of individual droplets of test liquids, primarily



water, interacting with these surfaces.»>%272¢ These inves-
tigations have shown the surface-immobilized liquid layer
to remain stable upon introduction of the droplets; how-
ever, the appearance of a thin cloaking or wrapping layer
of lubricant covering the droplets has been sometimes
observed.?%27 The origin of this wrapping layer has been
ascribed to the differences in surface energy between the
surface-immobilized liquid, the liquid being repelled (wa-
ter), and the air: the low surface energy of the lubricant
makes a lubricant-air interface more energetically favora-
ble than an air/water interface. The result is formation of
a thin layer of lubricant over the droplet upon introduc-
tion of the droplet to the surface.?%?” Nevertheless, the
amount of lubricant necessary to cover the droplet has
generally not appeared to be enough to noticeably disrupt
the underlying lubricant layer.

Yet a thorough investigation of the stability of lubri-
cant/liquid interfaces under flow is still required, as this is
directly relevant to the ways such surfaces would be used
in many industrial and medical applications. Here, we
begin addressing this question by quantifying lubricant
loss from surfaces under flowing water using both analyt-
ical and visual methods. We examine lubricant layers of
two different viscosities immobilized on both flat and
structured surfaces of similar chemistries under physio-
logically relevant flow conditions.

We find that after an initial conditioning step in
which any excess lubricant is removed from the surface,
further loss in a closed-loop system is minimal as deter-
mined by our methods. Furthermore, the amount of lub-
ricant removed from the surface does not differ signifi-
cantly between chemically functionalized flat and struc-
tured surfaces, nor between the two different viscosities
tested over multiple flow rates and time points up to 16
hours. However, the lower viscosity lubricant does ap-
pear to be more mobile on the surface. Finally, we find
that the most disruptive force to the lubricant layer is the
passage of the air/water interface, which appears to peel a
significant amount of the lubricant from the surface.
These results help to answer questions about the stability
of these layers under flow, specifically in closed systems,
which will aid in their further development for medical
and industrial applications.

2. EXPERIMENTAL SECTION

2.1 Macroscale lubricant loss. Investigations of lub-
ricant loss on the macroscale were performed by attach-
ing sections of medical-grade, polyvinyl chloride (PVC)
tubing to a peristaltic pump and allowing water to flow
through the tubing for defined periods of time. Two
types of fluorinated surfaces were created on the interior
of the tubing: one with alumina sol-gel-based nanoscale
structures functionalized with perfluoroalkyl phosphate
surfactant® (henceforth structured surfaces), and another
with just the tubing surface itself functionalized with
tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane?
(henceforth flat surfaces). Details on the fabrications of
these surfaces are below.

2.1.1 Tubing interior surface treatments. Flat and
structured fluorinated surfaces were fabricated on the
insides of Tygon or Sorin PVC tubing as outlined in the
Supplementary Information. The surfaces were visualized
using a Zeiss Supra Field Emission Scanning Electron Mi-
croscope (Carl Zeiss, Oberkochen, Germany) to ensure
either the presence (for the structured surfaces) or ab-
sense (for the flat surfaces) of nanoscale topography (Fig-
ure 1). All surfaces were also analyzed using a Thermo
Scientific K-alpha X-ray photoelectron spectrometer
(XPS) to confirm the presence of the fluorine functionali-
zation (Supplementary Information Figure S1).

Figure 1. SEM images of the interior surface of un-
treated PVC tubing (A), flat fluorinated surface cre-
ated inside the tubing (B), and a nanostructured
fluorinated surface created on the inside of the tub-
ing (C) and its magnified view (D).

2.1.2 Pump setup and surface lubrication. A flow
setup with a peristaltic pump was assembled according to
Figure 2. Silicone peristaltic pump tubing with an inner
diameter of %4” (McMaster-Carr, Robbinsville, NJ) running
through the pump heads was first thoroughly cleaned by
pumping through de-ionized, distilled water for 5 min in
an open loop, followed by rinsing with hydrofluoroether
Novec HFE 7100 solvent (3M, St. Paul, MN) to remove any
residuals, followed again by DIW for 20 min. Untreated
silicone tubing (rather than lubricant-coated tubing) was
used to run through the peristaltic pump heads in order
to eliminate any artifacts that may have been caused by
the mechanical deformation of the tubing and coating by
the pump rollers.

Immediately prior to measurements, 8-cm pieces of
the PVC tubing with either fluoro-functionalized flat or
structured interior surfaces were treated with one of two
different types of perfluorinated lubricant: Krytox 103 per-
fluoropolyether (DuPont, Wilmington, DE) or per-
fluorodecalin (PFD) (Sigma-Aldrich, St. Louis, MO).
Krytox was chosen as its chemical inertness, general im-
miscibility, and high wettability in fluorinated porous
substrates have made it highly useful for industrially-
relevant applications.*3> PFD, in contrast, has been
viewed as an appropriate lubricant for SLIPS due to its



previous application as a component of blood
substitutes33' as well the material aiding in vitreoretinal
surgeries,3»3 making this lubricant a desirable candidate
for medical applications.?

Lubricant was added in excess, then allowed to drain
out for approximately 5 min for Krytox, or approximately
1 min for PFD (due to its lower viscosity and higher evap-
oration rate). Nylon barbed luer locks and caps (McMas-
ter-Carr, Robbinsville, NJ) were then added to the ends of
the tubing to prevent further lubricant loss through
drainage or evaporation. Weights were measured before
and after lubricant addition to calculate the amount of
lubricant remaining on the tubing interior surfaces.

The 8-cm pieces of the treated tubing were then con-
nected to one end of the silicone tubing running through
the peristaltic pump. Fresh DIW was pumped through
one end of the system and allowed to flow over the treat-
ed tubing continuously for 20 min at 10 mL/min to re-
move excess lubricant. Following this step, the treated
tubing was connected to the end of the silicone tubing to
form a closed loop (Figure 2A). Water was then pumped
in the closed loop at 10, 50 or go mL/min, chosen as flow
rates representative of those used in applications such as
neonatal haemodialysis3* and concentrated ascites reinfu-
sion therapy.3s All flow experiments were performed sim-
ultaneously in triplicate using a triple peristaltic pump
head. Water aliquots of approximately 10 mL were col-
lected for analysis by Gas Chromatography-Mass Spec-
trometry (GC-MS) after 2, 4, and 16 h of continuous flow
through the closed loop. The water sampling was then
followed by complete refilling of the loops with fresh wa-
ter before being further subjected to continuous flow in a
closed loop for the next time point. Samples were col-
lected while taking great care not to pass any air/water
interfaces over the treated tubing surfaces until after the
final 16 h time point.

2.1.3 Lubricant Extraction. Collected water aliquots
were spiked with 4 pL of a perflubron internal standard
(64 pg/g) (Sigma-Aldrich, St. Louis, MO), followed by 1
mL of HFE 7100 as the extracting solvent. The two were
mixed vigorously for 10 min and centrifuged for 10 min at
4000 rpm. The bottom HFE fraction was then removed
for analysis either by GC-MS (for PFD) or Gas Chroma-
tography with an Electron Capture Detector (GC-ECD)
(for Krytox 103).

2.1.4 Gas chromatography analysis. The detection
of PFD was done using an HP 7890/5975 GC-MS system
(Hewlett-Packard, Palo Alto, CA). The chromatographic
separation was performed by injection in the pulsed split-
less mode of 5 pL of the HFE extract containing PFD and
perflubron into a HP-sMS capillary column having 5%
phenyl/95% methyl siloxane as the stationary phase
(length: 30 m; I.D. 0.25 mm,; film thickness: 0.25 pm) (Ag-
ilent Technologies, Santa Clara, CA). Helium pressure was
10 psi. The injector temperature was 200°C and the initial
oven temperature was 35°C. After injection, the oven
temperature was raised to 50°C at 4.8°C/min and held for
0.5 min. Then, the column temperature was heated at
82°C/min to 250°C and held for 6 min. The transfer line

temperature was set to 250°C. Analysis was performed by
electron impact ionization-quadrupole mass spectrome-
try. The ion source temperature was set to 230°C. The
electron energy was 70 eV. PFD and perflubron were ana-
lyzed in SIM mode. Two selected ions were recorded for
each compound: ions m/z 293 (CsF.,)* and m/z 243 (CsFs)*
specifically for PFD, and ions m/z 419 (CsF,;)* and m/z 331
(CsF,oBr)* specifically for perflubron.
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Figure 2. (A) Diagram of the macroscale peristaltic flow experimental setup. (B) Diagram of the
mesoscale experimental setup used for the visualization experiments.

The detection of Krytox 103 was done using the same
HP 7890 GC system but with an electron capture detector
(GC-ECD) for analysis. The chromatographic separation
was performed by injection in the pulsed splitless mode of
5 puL of the HFE extract containing K103 and perflubron
into an HP-1IMS capillary column having 100% dime-
thylpolysiloxane as the stationary phase (length: 30 m;
I.D. 0.25 mm; film thickness: 0.25 pm) (Agilent Technolo-
gies, Santa Clara, CA). Helium pressure was 10 psi. The
injector temperature was 325°C and the initial oven tem-
perature was 35°C. After injection, the oven temperature
was raised to 50°C at 4.8°C/min and held for o.5 min.
Then, the column temperature was heated at 82°C/min to
250°C and held for 6 min. The oven temperature was then
increased to 325°C at a rate of 99°C/min and held for 2.18
min. The total run time was 15 min. The electron capture
detector was operated at 300°C while maintaining a nitro-
gen makeup flow of 10.85 mL/min.

Quantitation of lubricant concentration for both PFD
and Krytox 103 was done using ChemStation Enhanced
Data Analysis with the ChemStation or RTE integrator
(Agilent Technologies, Santa Clara, CA), with perflubron
serving as the internal standard. Each sample run includ-
ed a blank solvent injection with HFE 7100 for every three
sample injections as well as a 0.064 pg/g PFD standard to
monitor instrument stability.

2.2 Mesoscale Lubricant Loss. Mesofluidic channels
with flat and structured fluorinated surfaces were pre-
pared in order to visualize lubricant loss and provide con-
firmation of the results found using the peristaltic pump
and treated tubing. Briefly, a VersaLaser engraving system
(Universal Laser Systems, Dade City, FL) was used to cut a
channel approximately 1 mm wide into an expanded poly-
tetrafluoroethylene (ePTFE) membrane (5 pm porosity,
Sterlitech Co., Kent, WA). This membrane was then
sandwiched between two transparent PMMA sheets (Fig-
ure 2B), resulting in a fully enclosed mesofluidic channel
with dimensions of approximately 1 mm x 15 mm x 0.2
mm.

2.2.1 Surface treatment of the mesofluidic devic-
es. In order to create the structured and flat fluorinated
surfaces used in the mesoscale lubricant loss experiments,
the two PMMA sheets enclosing the ePTFE spacer were
functionalized with either a similar nanostructured, fluor-
inated surface or simply fluorinated surface. SEM analysis
of the surfaces post-treatment showed structures similar
to those observed for the treated tubing.

To create the nanostructured surface on a PMMA
plate, a sol-gel method involving acetoacetate-stabilized
aluminum tri-sec-butoxide solution in a mixture of iso-
propyl alcohol and water was adopted.?s Prior to applica-
tion, the underlying acrylic substrate was activated using
oxygen plasma (250W for 5 min in a Plasma Etch PE-200)
to promote adhesion. The sol-gel solution was then
spread uniformly across the substrate surface via spin-
coating to achieve an alumina layer measuring approxi-
mately 1 pm in thickness. Following a 1 h curing at 70°C,
the substrates were immersed in 70° C DIW for 10 min to
convert the alumina surface into a layer of boehmite.>®
These structured surfaces were then fluorinated using an
inductively-coupled C,Fs plasma (600W for 8 s in a Sur-
face Technology Systems Inductively Coupled Plasma-
Reactive Ion Etching system).

The flat fluorinated surfaces were fabricated by di-
rectly fluorinating the PMMA using the same inductively-
coupled C,Fg plasma method. The resulting devices were
assembled such that each had one structured fluorinated
surface and one flat fluorinated surface to allow for the
direct comparison of the two surface treatments in a sin-
gle experiment.

2.2.2 Mesofluidic flow device lubrication. Directly
prior to device assembly and measurement, the ePTFE
spacer containing the channel was soaked with either
fluorescently labeled Krytox 103 or fluorescently labeled
PFD. Both lubricants were labeled using ~70 nm calcium
carbonate nanoparticles with surface carboxyl groups
(Minerals Technologies, Inc., Bethlehem, PA) ionically
coupled to rhodamine B fluorophores.



Briefly, the fluorescently labeled lubricants were fab-
ricated by first mixing the nanoparticles with a solution of
rhodamine B overnight, resulting in an ionic attachment
of the fluorophores. This was followed by a liquid-liquid
extraction by vigorously shaking the mixture with a car-
boxyl terminated Krytox 157 FSL diluted 1:5 in HFE 7100
specialty liquid until a pink color appeared in the oil
phase. The oil phase was then diluted approximately 1:10
in either Krytox 103 or PFD for the experiments.

After addition of the lubricants to the spacer and se-
curing of the top and bottom surface-treated PMMA piec-
es, water was pumped through the channel at a rate of 100
pL/min for 5 min using a syringe pump (Harvard Appa-
ratus, Holliston, MA) to remove excess lubricant. The
pump was then run for 5 min each at flow rates of 100,
200, 400, 800, and 1600 pL/min. Using a Zeiss Confocal
Laser Scanning Microscope (LSM 700, Carl Zeiss Micros-
copy GmbH, Jena, Germany) a confocal stack was taken at
the end of each interval to assess the amount of fluores-
cent signal remaining on the structured and flat surfaces.
Finally, the flow rate was returned to 100 pL/min and an
air/water interface was passed through the channel.

Confocal images were analyzed using Image] software
with the microscopy package from the McMaster Biopho-
tonics Facility. All images were thresholded and quanti-
fied for mean intensity of the fluorescent signal as an in-
dication of the amount of lubricant remaining on the sur-
faces.

2.3 Statistics. All statistical analyses were performed
using IBM SPSS Statistics version 20 (IBM, Armonk, NY).
Univariate analysis of variance (ANOVA) was used with
lubricant loss as the dependent factor and surface type,
flow rate, lubricant type, and time as the independent
factors 3°.

3. RESULTS AND DISCUSSION

3.1 Macroscale Quantification. Gravimetric analysis
and sliding angle measurement showed that both the flat
and structured functionalized tubing retained their lubri-
cant layers after 16 h under continuous flow. Treated tub-
ing coated with Krytox 103 and drained of excess lubricant
before flow contained 0.05 g (£0.01 g) and 0.04 g (+0.01 g)
of retained Krytox 103 for the structured and the flat sur-
faces, respectively. Untreated control tubing lubricated in
an identical manner showed retention values of 0.003g
(x0.002g), confirming that little to no lubricant remained
on these surfaces even before flow. Gravimetric analysis of
structured, flat, and control samples after 16 h of flow
showed no detectable change in these values. Sliding an-
gles for a 70 pL water drop on the lubricated structured
tubing were below 5° both before and after flow. Sliding
angles for the flat tubing were at or under 5° before flow,
but were found to be an average of 12° + 6° after flow; the
large error indicating areas of non-uniform lubricant loss.
Sliding angles for untreated controls after the same
treatment were found to be 24° + 2° both before and after
flow.

GC-ECD analysis of the water pumped over the sur-
faces showed very little loss of the lubricant from either

surface type after 2, 4, and 16 h of flow. Figure 3 shows the
amount of Krytox 103 per cm? of the inner surface of the
tubes present in the water at these time points for the
three flow rates tested (10, 50, and 9o mL/min). The aver-
age solubility of Krytox 103 in water under static condi-
tions after 16 h was found to be approximately 52 ng/cm?
(46 ng/cm?) (see Figure Sz in the Supplemental Infor-
mation for details). Although the values for the amount
of lubricant in the water at times appeared higher, espe-
cially for the flat surfaces, and the variability increased
considerably, the amount of lubricant detected under all
conditions stayed in the ng/cm? range. A univariate
ANOVA revealed no significant differences in Krytox 103
concentrations among the flow rates or time points for
either surface type under flow (P = 0.267), or between the
surfaces under flow and under static conditions (P =
0.508).

These results suggests that the 20 min conditioning
step at 10 mL/min was enough to stabilize the immobi-
lized liquid on both surface types, which then remained
stable at all three of the flow rates tested over 16 h. If all of
the tubing sections were completely stripped of lubricant,
we would expect to see measured values solidly in the
pg/cm? range, about 2-3 orders of magnitude higher. The
fact that this is not observed suggests that the lubricant
remains on the surface, in agreement with the sliding
angle data that show little to no change and after flow.

3.2 Mesoscale Visualization. Visual analysis of simi-
lar surface types (structured and flat) under flow in a
mesofluidic channel confirmed the GC-MS and GC-ECD
results. Figure 4A shows a top-down image of the struc-
tured and flat surfaces after 10 min of water flow at 100
pL/min. The structured surface appears to retain more
lubricant than the flat surface, as indicated by the bright-
er red color. This is in agreement with the gravimetric
data taken from the tubing, which showed more lubricant
retention on the structured surfaces than the flat surfaces,
as well as with previous results on similar systems under
shear applied by spinning in air.>

Figure 4B shows the change in the amount of lubri-
cant remaining on these surfaces, measured via average
red intensity, as water is pumped through the channel at
increasing flow rates. There is no drastic drop in the fluo-
rescence intensity coming off the surface, even at the
higher flow rates. The calculated shear stress caused by
the water flowing over these surfaces was found to be
between 0.14 and 2.32 kg/m-s?, making the amount of ex-
erted shear stress 1-2 orders of magnitude larger than
those tested on the peristaltic pump system (0.01-0.07
kg/m-s?) (see Supplementary Information Table Si for
details). Although this is an indirect measurement of the
presence of the lubricant, it is in agreement with the GC-
MS and GC-ECD results showing that the lubricant layer
is retained under these conditions.
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Figure 3. Amount of Krytox 103 lubricant (K103) present in the flow liquid (water) after 2, 4, and 16 h
under flow over structured (left) and flat (right) surfaces. Statistical analysis revealed no significant dif-
ference between the two surface types, nor among the flow rates or times measured (P > 0.05).

When the flow rate is increased to 8oo and 1600
pL/min, there does appear to be a slight decrease in the
fluorescence intensity, which may correspond to some of
the lubricant being sheared off the surface in this experi-
ment. However, control experiments using either un-
treated (non-fluorinated) surfaces or fluorinated solvents
in place of water as the flow liquid, showed a drop in in-
tensity to nearly zero on the flat surfaces under these
conditions (Figures S3 and S4 in the Supplementary In-
formation). The decrease in fluorescence seen in Figure4B
is very small in comparison, and a an analogous experi-
ment did not show it to be a consistent occurrence (Fig-
ure S5 in the Supplementary Information). These small
changes can be further seen in Figure 4C, which shows a
cross-section of the channel at 100 and 1600 pL/min. The
thickness of the lubricant layer in these images does not
change drastically between the low and high flow rates.

Results from the macroscale pump experiments and
the mesofluidic channel experiments both confirm that
only a trace amount of lubricant is being lost into the
bulk water under the flow rates and conditions tested. As
discussed in the introduction, previous calculations and
experimentation done on the stability of liquid/liquid
interfaces have shown a strong dependence on the dis-
tance of the interface from a solid wall*>?4 although only
calculated and measured for systems scaled on the order
of mm to cm. Part of the reason for the lack of lubricant
loss in our systems may therefore be the close proximity
of the tube or channel wall, which is on the order of nm
to um, based on previous studies reporting the lubricant
thickness as a function of shear* as well as the results
shown in Figure 4C.

The fact that there is no apparent difference in lubri-
cant loss between the structured and flat surfaces may be
somewhat surprising at first glance. Previous work on the
retention of Krytox lubricants on various surfaces under
shear from spin-coating has shown that a flat, fluorinated,

and lubricated silicon wafer loses its low contact angle
hysteresis at an rpm of only 3000, indicative of a loss of a
confluent lubricant layer. In contrast, nanostructured
surfaces similar to those used here retained low contact
angle hysteresis values even after spinning at 10,000
rpm.> The difference between these results and what is
reported here may be explained by the magnitude of the
force. Calculations of the impulse per unit area for the
two systems (spin vs. flow) yielded a value 10 to 100 times
greater for lubricant-coated surfaces exposed to force by
spinning compared to those exposed to force from flow
over the surface. Furthermore, the way in which the lub-
ricant was forced from the surface may have played a role.
When shear is created via spin, the centrifugal force is
applied more or less evenly throughout the thickness of
the lubricant layer. This is in contrast to shear created by
the flow of a liquid layer over the lubricant, in which the
force is only applied to the top layer and must be distrib-
uted downward, resulting in less overall force per unit
area of lubricant. In addition, since any excess lubricant
present on the surfaces was removed during the condi-
tioning step prior to both types of experiments reported
here (macroscale and mesoscale), the remaining layer
would be indeed expected to be relatively stable. There-
fore, the force applied via flow, combined with the rela-
tively low flow rates used in these experiments, may ex-
plain why no significant difference between the lubricant
loss from the flat and structured surfaces is observed.
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3.3 Effect of Lubricant Type. The same set of exper-
iments (quantification, visualization) was performed us-
ing the lubricant perfluorodecalin (viscosity 2.94 ¢St at 25
°C) in place of Krytox 103 (viscosity 8o ¢St at 25 °C) to test
the effect of lubricant type on loss. Gravimetric analysis
showed an initial lubricant retention of 0.04 g (+0.02 g)
for the structured surfaces and sliding angles of less than
5° both before and after flow. The flat surfaces showed
some areas of dewetting after addition of the lubricant,
and as a result retained a more variable amount of per-
fluorodecalin (0.1 g 0.04 g). The initial sliding angles for
this tubing were at or below 5° in areas where the lubri-
cant layer was confluent, but pinning points were present
in dewetted areas. After flow, more pinning points were
present giving a sliding angle of 21 + 5°. However, lubri-
cant was still visible by eye on the surfaces, unlike non-
fluorinated controls which showed no visible lubricant
after flow.

GC-MS analysis of the water for perfluorodecalin
concentrations after flow also showed very low amounts
(ng/cm? range) present in the water after passing over the
lubricated surface (Figure 5). There were no significant
differences among flow rates or times, nor between sur-
face types or measured solubility under static conditions
(P > 0.05, refer to data in Supplementary Info), similar to
what was observed in the tubing treated with Krytox 103.
However, the results did appear to be more variable than
those measured for Krytox 103.

This greater amount of variability in the amount of
lubricant removed from perfluorodecalin-lubricated sur-

faces as compared to Krytox 103 coated surfaces may be
due to the differences in viscosity between the two lubri-
cants (2.8 ¢St for perfluorodecalin versus 8o cSt for Krytox
103). The lower viscosity of perfluorodecalin would make
a lubricant/liquid interface of this material and water
more easily deformed than one of Krytox 103/water. De-
formations, in turn, can lead to migration of the lubricant
on the surface, creation of dewetted islands or entrain-
ment of drops in the flowing water, which can then lead
to more variable measurements.

Visual analysis of perfluorodecalin-coated structured
and flat surfaces under flow showed less lubricant on the
flat surface compared to the structured surface (Figure
6A). This difference was even more pronounced than for
the samples coated in Krytox 103 (Figure 4A). Further-
more, the flat surfaces coated with perfluorodecalin ap-
peared to show patches of dewetting, consistent with
what had been observed in the tubing with flat surfaces
coated with this type of lubricant. As the flow rate in-
creased, the structured surfaces showed a variation in
intensity. The flat surfaces appeared to remain somewhat
constant throughout the experiment (Figure 6B). Exami-
nation of the cross sections of the channels at 100 pL/min
and 1600 pL/min (Figure 6C) appeared to show some dis-
continuity in the lubricant layer at the lower flow rate,
which became less pronounced at the higher flow rate.
However, a clear lubricant layer was present at all flow
rates for both the flat and structured surfaces. This is no-
table given the relatively high shear stresses applied un-
der these conditions (2.32 kg/m-s* for flow at 1600
pL/min) and suggest that the shear conditions under



which these surfaces would fail are likely very high. The
variation in intensity on the surfaces at the different flow
rates may indicate a movement of the lubricant around
the surface.
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Figure 5. Amount of lubricant present in the flow liquid (water) after 2, 4, and 16 h under flow over struc-
tured (left) and flat (right) surfaces. A univariate ANOVA revealed no significant difference in the amount of
lubricant present among the three flow rates, or between the flat and structured surfaces (P > 0.05).

The greater difference between the amount of
lubricant on the flat versus the structured surfaces for
perfluorodecalin compared to the Krytox 103 lubricant
used in Figure 4 is not unexpected and may again be due
to the difference in viscosity between the two. The less
viscous perfluorodecalin lubricant would require less en-
ergy to push along the surface and a layer of this type of
lubricant would, therefore, be more likely to be thinner
after the same amount of time and application of shear
force. The capillarity of the nanoscale topography of the
structured surface, however, would be expected to retain
more of both types of lubricants than the flat surfaces
when exposed to shear 25, which would explain why the
fluorescence intensity of the structured surfaces appears
brighter when coated with either perfluorodecalin or
Krytox 103.

The areas of apparent dewetting on the flat surfaces
(Figure 6A) may explain to some extent the presence of
pinning observed in the tubing with flat surfaces, espe-
cially after 16 h of flow. No unlubricated patches were
observed on the structured surfaces due to the capillary
action of the nanostructures that stabilizes the lubricant
within the nanostructured pores. The larger lubricant
reservoir present on the structured surfaces in compari-
son to the flat surfaces may have also made it possible for
these samples to self-heal the dewetted areas, if they
form." In support of this, control experiments on lubricant
retention on flat and structured surfaces with no fluorina-
tion did still show a constant amount of lubricant re-
tained on structured surfaces, in contrast to flat surfaces
(see Supplemental Information Figure S4). However, this

could also be due to retention of nanoparticles within the
surface structures

3.4 Effect of the Air/Water Interface. Although sur-
face type, flow rate, lubricant type, and time up to 16 h
did not significantly affect the integrity of the lubricant
layer under flow, passage of an air/water interface over
the surface did. Figure 7 shows a quantification of the
total amount of either Krytox 103 or PFD present in water
after 16 h under flow. The first set was collected complete-
ly under liquid (i.e. no air/water interface was intro-
duced), while the second set was collected immediately
after the first set by passage of an air/water interface over
the lubricated surface.

For both Krytox 103 and perfluorodecalin, as well as
for both flat and structured surfaces, the total amount of
lubricant present in water before passage of the air/water
interface is in the single pg scale, while subsequent intro-
duction of an air/water interface to the same surface re-
sults in an increase in the amount of lubricant removed
by 1-2 orders of magnitude (up to tens of pg, see Figure 7).
It should be noted that these results were found to be
highly dependent on the number of air/water interfaces
that passed over the surface as well as the shape of the
interface: only those with single, clean air/water interfac-
es passages are shown here. Even with this limitation, the
amount of lubricant removed was highly variable.
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Figure 7. Amount of Krytox 103 (A) and perfluorodecalin (B) present in water after collection with-
out passing an air/water interface over the structured (dark bars) and flat (light bars) tubing surfaces,
then passing a single air/water interface over the tubing surfaces directly afterward. The passage of the
air/water interface significantly increases the amount of lubricant present in the water in all cases (P <

0.05).

The increase in lubricant loss from the surface
with passage of the air/water interface is logical given the
known tendency of these low-surface-energy liquids to
form a wrapping layer over single water droplets in air.2%>7
If this happens while the drop is in motion, it will carry
away the lubricant covering it, effectively stripping that

amount of lubricant from the surface. This effect was vis-
ualized using the mesoscopic channels and fluorescent
lubricant. Figure 8 shows a schematic and a series of top-
down images of a mesofluidic channel as an air/water
interface passes through. A concentration of fluorescent
lubricant can be seen at interface.



Water

Figure 8. Schematic (A) and composite fluorescent- light microscopy image (B) of a microchannel as
the air/water interface passes (top-down view). The interface shows a distinct coating of the lubricant,
as would be expected due to the formation of a wrapping layer.

The effect that the air/water interface has on both flat
and structured surfaces coated in Krytox 103 can be seen
in Figure 9. Both surface types are affected by the passage,
losing both fluorescence intensity as well as layer conti-
nuity. However, the structured surface appears to retain a
more even layer than the flat surface. This observation is
in agreement with the sliding angle results found in the
pump-flow experiments using Krytox 103. After 16 h of
flow in the coated tubing, followed by the necessary pas-
sage of the air/water interface to remove the liquid, the
sliding angles of the structured surface remained consist-
ently below 5° while for the flat surfaces they became on
average higher and more variable (12° + 6°).

The ability of the structured surfaces to retain more
lubricant under flow than the flat surfaces (as seen in Fig-
ures 4 and 6) may explain the apparently greater disrup-
tion of the lubricant layer on the latter. If a thicker lubri-
cant layer is initially present, such as what was observed
on the structured surfaces, then more lubricant will re-
main on the surface after the air/water interface has
passed to continue to provide slippery functionality.

4. CONCLUSIONS

We have investigated lubricant loss from surface-
immobilized lubricant layers under flow using a combina-
tion of gas chromatography to quantify the amount of
lubricant in the flow liquid (water in a closed loop) and
confocal microscopy to visualize lubricant retention. We
have tested both nanostructured, fluorinated and flat,
fluorinated surfaces over a range of physiologically-

relevant flow rates for up to 16 h and compared them to
the unfunctionalized controls. Furthermore, we have ex-
amined these systems coated with two types of lubricants
(Krytox 103 and perfluorodecalin) with differing viscosi-
ties.

We find no significant differences in lubricant loss
between fluorinated structured and flat surfaces under
any of the conditions tested (flow rate, time, lubricant
type). Instead, all surface types, flow rates, times, and
lubricant types yielded lubricant losses into the water on
the order of ng per cm?of the inner coated surface, rough-
ly equivalent to what was observed for static diffusion due
to the intrinsic solubility of the lubricant. These quantita-
tive results were confirmed with visualization experi-
ments, which showed no continuous losses of fluorescent-
ly-labeled lubricant with increasing flow rates through
mesofluidic channels (although variation in the amount
of lubricant on the surfaces was observed, especially for
the low-viscosity perfluorodecalin). Furthermore, the in-
significant difference between the structured and flat sur-
faces suggests that we are indeed measuring lubricant loss
from just the lubricant/water interface, as flat surfaces are
expected to have less overall lubricant than structured
surfaces,? and would therefore be expected to show less
lubricant loss overall if all the lubricant were being
stripped away from the surfaces.
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Figure 9. Top-down views of the flat and struc-
tured surfaces coated with Krytox 103 before and af-
ter passage of the air/water interface.

Altogether, these results demonstrate that the sur-
face-stabilized lubricant/liquid layers tested are stable
under the physiologically-relevant flow conditions used in
these experiments. Furthermore, no stripping of the lub-
ricant layer was observed when shear stresses were in-
creased up to This included qualitative results up to 2.32
kg/m-s?, suggesting that the shear stresses at which these
layers fail will likely be quite high. Determination of ex-
actly when they fail will be an important next step, and
especially useful for many industrial applications.

Nevertheless, it was observed that this stability was
highly dependent on keeping the surfaces under liquid,
with any passage of an air/water interface over the lubri-
cant layers resulting in a significant increase of the
amount of lubricant removed from the surface. This was
attributed to the formation of a lubricant wrapping layer
at the air/water interface, which would then carry the
volume of wrapping lubricant away. This resulted in a
decreased amount of lubricant on the surfaces, and in
cases where less lubricant was present an extensive dis-
ruption of the continuous layer.

The systems studied here use fluorinated surfaces
and fluorinated lubricants. However, other types of lubri-
cants do exist that can satisfy the desired surfaces energy
relationship between lubricant/air, lubricant/water, and
water/air for which the formation of the wrapping layer
becomes unfavorable (and therefore substantially less
pronounced). The selection of such lubricants for a SLIPS
system should result in a significantly increased longevity
in the face of air/water interfaces, and should therefore be
considered for applications in which these conditions will
be present. It is important to note that the experiments
presented here were only performed over a certain range
of relatively low flow rates. At much higher rates, the
effects observed are likely to be even more pronounced or
may be different.
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