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Abstract

Superhydrophobic, porous, 3D materials composed of poly( ε -caprolactone) (PCL) and the

hydrophobic polymer dopant poly(glycerol monostearate-co- ε -caprolactone) (PGC-C18) are

fabricated using the electrospinning technique. These 3D materials are distinct from 2D

superhydrophobic surfaces, with maintenance of air at the surface as well as within the bulk of the

material. These superhydrophobic materials float in water, and when held underwater and pressed,

an air bubble is released and will rise to the surface. By changing the PGC-C18 doping

concentration in the meshes and/or the fiber size from the micro- to nanoscale, the long-term

stability of the entrapped air layer is controlled. The rate of water infiltration into the meshes, and

the resulting displacement of the entrapped air, is quantitatively measured using X-ray computed

tomography. The properties of the meshes are further probed using surfactants and solvents of

different surface tensions. Finally, the application of hydraulic pressure is used to quantify the

breakthrough pressure to wet the meshes. The tools for fabrication and analysis of these

superhydrophobic materials as well as the ability to control the robustness of the entrapped air

layer are highly desirable for a number of existing and emerging applications.
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1. Introduction

Superhydrophobic surfaces have large apparent contact angles which exceed 150 ° as a

result of air maintained at the water-material interface.[ 1–9 ] The presence of air reduces the

interfacial energy by minimizing the contact between water and the high surface area

hydrophobic material. These surfaces are found in nature on animal fur, plant leaves, and

insect legs, and are now commonly produced synthetically by adding surface roughness to a

low surface energy material using a variety of processing techniques.[ 10–16 ]

The stability of the superhydrophobic surface state is key for many applications including

corrosion prevention, reduction of biofouling, improving buoyancy, and self-

cleaning.[ 17–26 ] In fact, some of these materials are able to maintain their super-

hydrophobic properties despite more stringent degassing conditions, including turbulent

flow, surfactant addition, and increased water immersion depth.[ 27–35 ] These observations

of stable surface superhydrophobicity are also supported by theoretical studies that have

described such cases when an appropriate surface roughness, chemistry, and geometry are

present.[ 36 , 37 ]

We are interested in the fabrication and wetting of bulk 3D superhydrophobic materials.

Figure 1 demonstrates pictorially the difference between the wetting and super-hydrophobic

states in a 2D surface compared to a 3D structure. At a thin 2D surface, with a metastable

superhydrophobic state, the loss of the entrapped air occurs relatively quickly with complete

wetting of the surface. In contrast, a 3D structure maintains air at the surface and throughout

the bulk material. Water infiltrates more slowly as a new water-air-material interface (i.e.,

super-hydrophobic state) is continuously created as water penetrates into the material. One

can envision how such a scenario would afford the use of superhydrophobic materials for

applications distinct from those currently being considered for simple 2D super-hydrophobic

surfaces (e.g., drug delivery applications).

We recently reported the use of a superhydrophobic 3D mesh as a drug delivery device, and

demonstrated the ability to control the stability of the bulk air layer which influences the rate

of drug release. Use of a 300 μ m thick superhydrophobic electrospun mesh enabled a

sufficient concentration of drug to be loaded for an intended application and control of the

wetting/air displacement to affect drug release.[ 38 ] Electrospinning was selected as the

fabrication method for the mesh since there is significant precedence for this method in the

literature.[ 14 , 39–42 ]

Investigating the surface and bulk wetting properties of superhydrophobic meshes will be

important for potential drug delivery applications[ 43–53 ] as well as for other industrial

applications where time of wetting or loss of the superhydrophobic property is crucial to

function. Consequently, characterizing and understanding the superhydrophobic state in a

mesh and identifying the advantages and limitations of these materials are critical. Herein,

we report the: 1) relationships between mesh fiber size, surface fill fraction, and surface

chemistry on hydrophobicity; 2) rate of water infiltration into electrospun meshes with

varying hydrophobicity using quantitative 3D X-ray imaging; 3) dependence of contact

angle on changes in surface tension or with surface adsorption events; 4) critical surface
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tension of a solvent required to infiltrate into an electrospun mesh; and 5) applied hydraulic

pressure required for initial water breakthrough through the meshes.

2. Results and Discussion

In order to characterize the stability of the superhydrophobic state in electrospun meshes we

performed a number of material and physio-chemical experiments to: 1) determine the

contact angle of the meshes as a function of polymer composition, mesh formulation, and

fiber size; 2) measure the rate of water penetration into the mesh; 3) assess the role of

surface energy on the phenomena; and 4) identify the requisite pressure to transition from

the Cassie to the Wenzel state of wetting.

2.1. Chemistry and Fabrication of the Meshes

The superhydrophobic 3D materials under investigation are electrospun poly(ε -

caprolactone) (PCL) and poly(glycerol monostearate-co-ε-caprolactone) (PGC-C18), where

PCL is doped with PGC-C18 in different proportions to tailor the overall superhydrophobic

state. PGC is a copolymer of caproic acid and glycerol (4:1), where the glycerol subunit can

be modified with various pendant groups to impart functionality or alter the hydrophilicity/

hydrophobicity of the polymer.[ 54 , 55 ] In this study, stearic acid was added to produce a

hydrophobic polymer (PGC-C18) to slow, or prevent, water penetration into the mesh. The

presence of a large number of hydrophobic stearate (–O(O)C(CH2)16CH3) pendant groups

leads to a decrease in the surface energy of the doped meshes. Undoped PCL electrospun

meshes are modestly hydrophobic with an apparent contact angle of 123°. Adding PGC-C18

to PCL increases the apparent contact angle of the electrospun meshes to 150° with 30 wt%

PGCC18 doping (20 wt/v% electrospinning solution) (Figure 2). The stearate modification

is required for the superhydrophobic effect, since electrospun PCL with doped PGC-OH,

which lacks the stearate group, has no apparent contact angle (ACA = 0°) and wets with the

application of a water droplet. The molecular weight of PGC-C18 is much lower than the

PCL used in these studies (20 kDa vs. 70-90 kDa). Therefore, increasing the amount of

PGC-C18 also leads to a decrease in electrospinning solution viscosity and subsequent

decrease in fiber size.[ 56 , 57 ] With 10% PGC-C18 doping there is a modest decrease in

fiber size compared to PCL (7.7 μm vs. 7.2 μm), and a greater decrease with 30% PGC-C18

doping (2.46 μm). Thin (50 μm) and thick (500 μm) electrospun meshes of these

compositions possessed the same apparent contact angle, which supports the concept that as

water penetrates into the mesh it will see a new superhydrophobic water-air-material

interface.

2.2. Polymer Hydrophobicity, Mesh Fiber Size, Surface Roughness, and Contact Angle
Measurements

Changes in polymer hydrophobicity and electrospun fiber size contribute to

superhydrophobicity, as both the surface energy and the proportion of air exposed at the

surface (i.e., air fill fraction) influence the overall superhydrophobic state.[ 41 , 58 , 59 ] In

order to observe changes in polymer surface energy, we compared the contact angles of flat

PCL-PGC-C18 blended surfaces to the electrospun meshes. Solvent cast films prepared

from PCL, PCL with 10% PGC-C18, and PCL with 30% PGC-C18 have contact angles of

Yohe et al. Page 3

Adv Funct Mater. Author manuscript; available in PMC 2014 October 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



83°, 109°, and 111°, respectively, where an increase in the hydrophobic polymer dopant

PGC-C18 to PCL leads to a larger contact angle, and thus a lower surface energy. All of the

contact angles for the cast films are lower than the contact angle values for the

corresponding meshes (121°, 143°, 150°, respectively), confirming the presence of

entrapped air at the surface of the mesh and the property of superhydrophobicity for those

PCL meshes doped with 30% PGC-C18. Next, the fiber size of the electrospun meshes was

altered to study the effect of surface roughness and surface fill fraction on

superhydrophobicity by modifying the electrospinning solution and processing parameters.

Figure 3 shows the resultant apparent contact angle for the three superhydrophobic mesh

chemistries as a function of changes in fiber size/surface roughness. All meshes have

porosities of 80-90%; micrometer-sized fiber meshes had lower porosities, and decreasing

fiber size led to an increase in porosity. PCL electrospun meshes were produced with fiber

sizes ranging from 166 nm to 7.7 μm. The smallest fibers lead to an apparent contact angle

of 141°, whereas the largest fiber had an apparent contact angle of 123°. This result was

expected, as it is known that decreasing the surface fill fraction of a surface, or reducing the

amount of polymer exposed at a given surface (and increasing the air fraction), will result in

a higher apparent contact angle. The 10% PGC-C18 and 30% PGC-C18 doped PCL meshes

initially follow this trend (where a decrease in fiber size leads to an increase in apparent

contact angle), but exhibit an eventual decrease in contact angle with continued fiber size

reduction. Specifically, the 10% PGC-C18 doped PCL meshes reached a maximum apparent

contact angle of 148° with a fiber size of 2.7 μm, followed by a decrease to 142° with 123

nm fibers. The 30% PGCC18 meshes reached a maximum apparent contact angle of 157°

with 641 nm fibers, and the apparent contact angle decreased to 149.3° for the 296 nm

fibers. One possible explanation for this increase and subsequent decrease in apparent

contact angle with fiber size reduction is that the PGC-C18 is partitioning to the surface of

the fibers. Polymers of different compositions are known to phase separate, both within the

bulk and at the surface of the material.[ 60 , 61 ] Differential scanning calorimetry

experiments indicate that phase separation within the bulk of the electrospun meshes does

not occur, as PCL and PGC-C18 are sufficiently chemically similar.[ 38 ] However, phase

separation at the surface may be occurring to reduce the surface energy at an interface,

which is commonly observed with polymer blends both on flat and textured material

surfaces.[ 60–65 ] Our results suggest that the hydrophobic soft chain stearate segment of our

copolymer preferentially partitions to the material surface such that a significant

hydrophobic effect is observed with modest additions of PGC-C18. With large fibers, the

exposed surface becomes easily saturated with these highly hydrophobic pendant groups.

However, as the surface area to volume ratio becomes larger, as a consequence of a decrease

in fiber size, the same PGCC18 content is insufficient to cover the fiber surface and generate

the same hydrophobic effect. With 10% PGC-C18 doping, superhydrophobicity begins to

decrease with fiber sizes below 2.8 μm, with the underlying PCL bulk material contributing

to the surface composition. Increasing the doping to 30% PGCC18 in PCL meshes provides

three times the amount of stearate groups to functionalize this larger surface area, but there

is still an eventual decrease in the apparent contact angle at a smaller fiber size. Usually a

decrease in surface fill fraction from smaller fibers leads to a higher apparent contact angle,

as is seen in single phase PCL meshes. However, the addition of PGC-C18 presents a

competing mechanism, where higher concentrations of PGC-C18 are required to cover the
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increased surface area produced with small fibers to maintain the superhydrophobic effect.

PCL meshes with 50% PGC-C18 doping were fabricated next to confirm these competing

effects. The largest fibers produced (8.7 μm) have an apparent contact angle of 142°, while

the smallest fibers (206 nm) have an apparent contact angle of 169°, demonstrating that

superhydrophobicity continues to increase with a reduction in fiber size, and that 50% PGC-

C18 is sufficient to functionalize a larger surface area.

2.3. Regeneration of the Superhydrophobic State After Wetting

Next, we determined whether the superhydrophobic state of a mesh could be revitalized

after repetitive wetting. Three superhydrophobic meshes from the previous study (PCL with

30% PGC-C18, ACA = 157°) were wetted, where the meshes were first dipped in ethanol

for 5 s to remove the air layer, and subsequently immersed into a water bath for 12 h. The

meshes were then removed from water and dried at ambient conditions for 5 h. The contact

angle of the superhydrophobic mesh was then measured. This procedure was repeated two

more times for a total of three cycles. After three cycles of wetting and drying, the contact

angle of the meshes was not significantly different (<3°), demonstrating that the surface

does not become permanently wetted after exposure to water, and that superhydrophobic

property is reversible and returns after the water is removed.

2.4. Mesh Superhydrophobicity and Performance Studies

The short and long-term stability of the air layer in superhydrophobic electrospun meshes is

important for a given application. The presence or absence of air within the meshes was

confirmed by the observation that meshes float with air present (and sink when not), air

bubbles can be released from meshes after applying a sufficient pressure (i.e., squeezing

them) to them while underwater, and using clinical ultrasound to visualize the wet and dry

states.[66] In order to characterize the stability of the Cassie state (non-wetting state) of these

superhydrophobic mesh formulations, we measured the wetting and water infiltration rate of

a series of superhydrophobic 3D meshes. Specifically, we further characterized the PCL (7.7

μm, 123°), 10% PGC-C18 doped PCL (7.2 μm, 142°), 30% PGCC18 doped PCL (2.4 μm,

150°), and 50% PGC-C18 doped PCL (169 nm, 168°) meshes using a number of physio-

chemical techniques (Figure 3). These mesh formulations were selected to span a range of

superhydrophobicities, fiber sizes, and surface chemistries. The current interpretation for the

large apparent contact angle with these meshes is that the entrapped air layer in PCL meshes

is weakly metastable, but the addition of PGC-C18 to PCL affords a more robust air layer at

the surface and throughout the bulk material.

2.5. Water Infiltration Measurements

A number of researchers have assessed long-term underwater stability of superhydrophobic

surfaces using techniques such as the reflection of light,[28,67] oxygen sensing[33], and fluid

dynamics.[29–31,68] Since we are interested in determining the stability of the air throughout

these bulk superhydrophobic materials, we chose instead to use quantitative X-ray

microcomputed tomography (μCT) to measure the rate and depth of water infiltration. A 3:1

water-ioxaglate solution (an anionic iodinated CT contrast agent) was incubated with the

superhydrophobic electrospun meshes and the depth/rate at which water penetrated into the

mesh was determined from the CT signal as the contrast agent solution wetted the mesh.
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Figure 4 shows the results of this study pictorially, where the progression of water

infiltration is tracked through the cross section of a representative mesh for PCL, PCL with

10% PGC-C18, and PCL with 30% PGC-C18. The infiltration rate into super-hydrophobic

meshes is plotted in Figure 5, where PCL is fully wetted within ten days and all air has been

displaced within the meshes. Approximately 80% of the air is displaced within two days,

followed by the removal of the remaining 20% of air in the following eight days. The

weakly metastable state of entrapped air within PCL allows for eventual removal of all air.

The more hydrophobic electrospun PCL meshes with 10% PGC-C18 doping are also

metastable, but show a much slower, sustained displacement of air, where an average of

52% of air has been displaced by 77 days. Finally, PCL with 30% PGC-C18 showed a stable

air layer over the length of the study, with only 1% of air displaced over 35 days and water

is only observed at the outer superhydrophobic material surface. A follow up scan of 30%

PGC-C18 doped PCL electrospun meshes after 75 days of incubation showed <4% of the

meshes had been infiltrated, demonstrating prolonged underwater stability of the Cassie

state. A linear regression analysis of the water infiltration data revealed that PCL, PCL with

10% PGC-C18, and PCL with 30% PGC-C18 showed infiltration rates of 13.5, 2, and 0.07

μm/day/ side, respectively, which corresponds to 5.4%, 0.8%, and 0.03% total infiltration

(both sides) per day for 500 μm meshes. Differences in infiltration rates were statistically

significant using an analysis of covariance (ANCOVA) (p < 0.01). The PCL mesh with 50%

PGC-C18 doping was not studied since water infiltration would be even slower as it is more

hydrophobic than the 30% PGC-C18 containing meshes. The results of this study support

the conclusions that both PCL and PCL with 10% PGCC18 doping are in the metastable

state where water infiltrates the mesh and displaces entrapped air, and that 30% PGC-C18

doping leads to a stable Cassie state where the air layer is permanently maintained.

2.6. Surfactant Studies

The Cassie state of wetting that defines superhydrophobicity is a result of an interaction

between a low surface energy material and a high surface tension liquid (i.e., PCL-PGC-C18

meshes and water). Air is maintained at the material-liquid surface reducing formation of a

high energy interface. The superhydrophobic characteristics of a surface are decreased or

removed with changes in the surface energy of either phase, either with an increase in the

surface energy of the material surface or a decrease in the surface tension of the liquid. The

use of surfactants is one method to modulate the energy of either/both phase(s),[69–71] where

surfactants decrease the surface tension (ST) of water by lowering the energy of the air-

water interface, or alternatively, the hydrophobic domains of the surfactant can bind the

hydrophobic material surface to increase the energy of the surface. The effect that a

particular surfactant has on water surface tension and material surface energy will depend on

both the surfactant structure as well as the extent of adsorption.

We used two common surfactants, sodium dodecyl sulfate (SDS) and polysorbate 20, to

determine the dependence of the superhydrophobic state on exposure to surfactants. The

charged SDS surfactant was used at two different concentrations (0.001 M, 0.01 M), where

the SDS was added to the probing solution for apparent contact angle measurements (Figure
6). By adding SDS to the probing medium, we assessed the effect of a decrease in water

surface tension since insufficient time was provided for SDS to adsorb to the mesh
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surface.[70] The difference (Δ) in apparent contact angle between water and SDS containing

solutions was statistically significant when comparing any pair of mesh chemistries (i.e.,

PCL vs. PCL with 10% PGC-C18 with 0.001 M SDS; p-value < 0.001). Application of

droplets containing 0.001 M (ST ≈ 63 mN/m)[72] to electrospun PCL meshes resulted in no

apparent contact angle (i.e., complete wetting), compared to 123° for water alone.

Application of 0.001 M SDS solutions to electrospun PCL meshes with 10%, 30%, and 50%

PGC-C18 resulted in lower apparent contact angles compared to water, where increased

PGC-C18 showed less of a reduction in contact angle (Δ47°, 13°, and 6° respectively). A

ten-fold increase in the SDS concentration (0.01 M; ST ≈ 35 mN/m) provided a sufficient

drop in surface tension to fully wet the 10% and 30% PGC-C18 doped PCL meshes. The

50% PGC-C18 containing meshes were not completely wetted, though a significant drop in

the apparent contact angle to 109° (Δ60° from water) was observed.

The effect of the neutral polysorbate 20 surfactant on mesh superhydrophobicity was

examined under two conditions: 1) surfactant was added to the water probe in a manner

similar to the above SDS experiments and 2) by soaking electrospun meshes in polysorbate

20 solutions prior to exposure to a water droplet. These experiments enabled us to study how

a decrease in surface tension alters the superhydrophobic characteristics of the meshes using

a second surfactant, as well as to examine how long term incubation allows adsorption of

surfactant to a mesh surface, leading to an increase in surface energy. The effect of

polysorbate 20 concentration on apparent contact angle when added to the water probe was

performed at three concentrations (0.001 M, 0.01 M, 0.1 M). Surface tension values for all

of solutions are ≈40 mN/m, and all concentrations are above the critical aggregation

concentration for polysorbate 20.[73] The difference in apparent contact angle between the

surface and water or surface and a polysorbate 20 containing solution was statistically

significant when comparing any pair of mesh chemistries (i.e., PCL vs. PCL with 10% PGC-

C18 with 0.1 M polysorbate 20; p-value < 0.01), except between 30% PGC-C18 and 50%

PGC-C18 meshes with 0.001 M solutions, and 10% PGCC18 and 30% PGC-C18 meshes

with 0.01 M solutions. When probing PCL mesh surfaces, all concentration of polysorbate

20 probing solutions led to immediate penetration of the solution, and no apparent contact

angle was observed (Figure 7A). Adding 10%, 30%, and 50% PGC-C18 to PCL electrospun

meshes stabilized the entrapped air layer, and only showed a modest decrease in apparent

contact angle for all polysorbate 20 concentrations, where even the largest polysorbate 20

concentration (0.1 M) was not sufficient to wet the meshes (Δ19°, 11°, 3°, respectively, for

0.1 M solutions). We then incubated superhydrophobic meshes in polysorbate 20 solutions

(0.0001–0.1 M) for 24 h, after which samples were air-dried and probed using pure water. In

this procedure, the polysorbate 20 had adsorbed to the surface of the meshes. The resulting

polysorbate 20 treated meshes possessed a significantly reduced apparent contact angle

(Figure 7B). PCL electrospun meshes wetted with water after exposure to all polysorbate 20

concentrations. Adding 10% PGC-C18 to the PCL mesh affords a slightly more robust

entrapped air layer, with an apparent contact angle observed for only the lowest polysorbate

20 concentration used for incubation (Δ10° for 0.0001 M solution). The surfaces were

incrementally more robust with addition of 30% PGC-C18, and an apparent contact angle

was detected for the two lowest concentrations selected (Δ1° for 0.001 M; Δ10° for 0.0001

M). PCL meshes with 50% PGC-C18 formed an apparent contact angle with all but the
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highest polysorbate 20 solution (0.1 M), with apparent contact angle changes of 0°, 14°, 40°

for solutions with 0.0001 M, 0.001 M, and 0.01M polysorbate 20. The difference in apparent

contact angle between meshes with and without polysorbate 20 incubation was statistically

significant when comparing any pair of superhydrophobic mesh chemistries (i.e., PCL vs.

PCL with 50% PGC-C18 with 0.01 M polysorbate 20; p-value < 0.01), except between 30%

PGC-C18 and 50% PGC-C18 meshes with 0.001 M polysorbate 20 incubation.

2.7. Critical Surface Tension Measurements

We next expanded on our surfactant studies by creating a “modified Zisman curve” for each

of the superhydrophobic mesh chemistries. Zisman curves are used to probe flat surfaces,

where solvents of different surface tensions are used to identify the critical surface tension in

which there is no observable contact angle. We adapted this method to characterize the

meshes and used solvents possessing different surface tension values to probe the mesh

surface, ranging from water (72 mN/m) to ethanol (22 mN/m). In this experiment, the

critical surface tension corresponds to an apparent contact angle of 0°, or one where there is

no barrier to immediately absorb into the electrospun material.

PCL electrospun meshes were determined to have a critical surface tension of 57 mN/m,

where only a small decrease from the surface tension of water (Δ15 mN/m) resulted in no

barrier for wetting (Figure 8). The entrapped air layer was more robust for PGC-C18 doped

meshes as compared to PCL alone. PCL with 10% PGC-C18 formed an apparent contact

angle with solvents with surface tensions as low as 44 mN/m, and PCL with 30% PGC-C18

formed an apparent contact angle until 39 mN/m. PCL with 50% PGC-C18 formed an

apparent contact angle with solvents with surface tensions as low as 33 mN/m. Solvents

exposed to these materials below these surface tension values resulted in complete wetting,

where, for example, ethanol treatment results in complete wetting for all mesh types. A best-

fit line was then calculated, which approximated the surface tension required for a 50%

reduction in apparent contact angle from pure water for each superhydrophobic mesh

chemistry. These values were found to be 60.6, 40, 34.7, 30 mN/m for PCL, PCL with 10%

PGC-C18, PCL with 30% PGC-C18, and PCL with 50% PGC-C18, respectively, which

closely match critical surface tension values that lead to complete infiltration (57, 39, 33,

27.6 mN/m). The small difference in surface tension for a 50% reduction in apparent contact

angle and complete infiltration shows that the stability of the superhydrophobic state drops

quickly as the critical surface tension is approached. Critical surface tension values for

complete wetting found in this study are also consistent with our surfactant studies, where

PCL meshes wetted below surface tensions of 63 mN/m, 10% and 30% PGC-C18 were

shown to wet below 35 mN/m, and 50% PGC-C18 meshes did not wet in contact with

solutions with surface tensions of 35 mN/m.

2.8. Water Breakthrough Measurements

We also studied the pressures required for water to infiltrate into the superhydrophobic

meshes using a filtration setup. This water pressure value typically signifies the transition

from a Cassie state (air entrapped) to a Wenzel state (air removed) for superhydrophobic

materials.[74,75] Water pressure applied to the electrospun meshes was increased to the point

of initial wetting and breakthrough observed. PCL electrospun meshes were easily wetted,
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with only 2.5 kPa of water pressure necessary to induce this transition (Figure 9). Increasing

the PGC-C18 doping in PCL meshes raised the barrier to wetting with a 2.9-fold increase

(7.3 kPa) in the pressure required to cause breakthrough with the 10% PGC-C18 doped

meshes. A 4.5-fold increase (11.3 kPa) in the pressure was required for breakthrough over

PCL meshes for 30% PGC-C18 doped PCL. The difference in breakthrough pressure

between any pair of meshes was statistically significant (p-value < 0.001). In general,

decreased porosity increases breakthrough pressure. However, the PGC-C18 containing PCL

meshes have higher breakthrough pressures even though they possess slightly greater

porosities (and thus greater total air content) signifying that superhydrophobicity plays a

major role. Meshes with 50% PGC-C18 doping could not be evaluated, as the meshes tore

before infiltration of water occurred.

3. Conclusion

In summary, superhydrophobic 3D meshes were fabricated from PCL with varying amounts

of PGC-C18 using the electrospinning technique. We directly measured the infiltration of

water into the electrospun meshes using X-ray computed tomography, enabling us to

characterize the stability of the entrapped air layer within PCL meshes doped with various

amounts of the hydrophobic polymer dopant PGC-C18. Next, we identified the boundary

conditions at which this superhydrophobicity can function, and when the effect can be

removed. The addition of surfactant to the water droplet led to a decrease in entrapped air

stability within superhydrophobic meshes through a decrease in water surface tension, and

likewise adsorption of a surfactant to the mesh surface also increases the surface energy of

the mesh. Solvents of varying surface tensions were then used to estimate the critical surface

tension and wetting of the mesh. Finally, hydraulic pressure was applied to the meshes to

find the requisite pressure to cause water breakthrough and transition from the Cassie state

of wetting to the Wenzel state. Overall, the results from these fundamental studies provide a

means to: 1) fabricate polymeric superhydrophobic meshes using the electrospinning

method; 2) establish guidelines to design a specific mesh property; and 3) employ

techniques and procedures to characterize these types of superhydrophobic compositions.

Continued investigation of superhydrophobic materials will lead to new knowledge and their

evaluation in a number of biomedical and industrial applications.

4. Experimental Section

Materials: All solvents were purchased from Sigma (St. Louis MO) without further purifi

cation. Stannous 2-ethylhexanoate, ε-caprolactone, stearic acid, N,N′-

dicyclohexylcarbodiimide, and 4-(dimethylamino) pyridine were purchased from Sigma.

Palladium on carbon was purchased from Strem Chemicals. Poly(ε-caprolactone)

(70,000-90,000 MW) was purchased from Sigma. 5-benzyloxy-1,3-dioxan-2-one was

prepared as previously reported.[54] All reactions were performed under nitrogen atmosphere

unless otherwise noted. NMR spectra were recorded on a Varian INOVA spectrometer (1H

at 400 MHz). Chemical shifts were referenced to residual solvent peaks (CHCl3 peak at 7.24

ppm). DCM = dichloromethane, THF = tetrahydrofuran, DCC = N,N′-

dicyclohexylcarbodiimide, DCU = dicyclohexylurea, DMAP = 4-(dimethylamino) pyridine,
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PCL = poly(ε-caprolactone), PGC-C18 = poly(glycerol monostearate-co-ε-caprolactone),

Pd/C = 10% palladium on activated carbon, and PBS = phosphate buffered solution.

Synthesis of Poly(glycerol Monostearate-co-ε-caprolactone) (PGCC18): Poly(glycerol

monostearate-co-ε-caprolactone), or PGC-C18, was prepared as previously reported.[54]

Briefly, ε-caprolactone and 5-benzyloxy-1,3-dioxan-2-one monomers were mixed at a 4:1

molar ratio in a schlenk flask and subsequently evacuated and flushed with N2 three times.

Sn(Oct)2 was used (M/I = 500) to catalyze the ring-opening polymerization of the co-

monomers at 140°C for 18 h, and the resulting copolymer was isolated by precipitation in

cold methanol (99% yield). The benzyl-protecting groups on the copolymer were removed

via palladium-catalyzed hydrogenation overnight in THF, and fi ltered through Celite (95%

yield). The deprotected polymer, stearic acid, DCC, and DMAP were dissolved in DCM and

stirred at room temperature for 18 h. Precipitated DCU was fi ltered and the solvent

evaporated. The product, PGC-C18, was dissolved in DCM and precipitated in cold

methanol. The polymer was fi ltered and dried by evaporation (93% yield).

Size Exclusion Chromatography (SEC): Molecular weight determinations were performed

via size exclusion chromatography using THF as the eluent on a Polymer Laboratories

PLgel 3 μm MIXED-E column (3 μm bead size) and a Rainin HPLC system (temp = 25°C;

flow rate = 1.0 mL/min). Polystyrene standards (Polysciences, Inc.) were used for

calibration. PGC-C18 was shown to have a Mn = 21,100 and a polydispersity of Mw/Mn =

1.73.

Formation of Doped and Undoped Poly(ε-caprolactone) Meshes: All electrospinning

solutions were 5-40 w/v% and prepared in a solvent mixture of 5:1 chloroform/methanol.

Undoped PCL electrospinning solutions were prepared by dissolving PCL in chloroform and

allowing full dissolution. This was followed by adding methanol with rigorous vortexing.

Doped PCL electrospinning solutions were prepared in a similar fashion, where 10, 30, or 50

wt% of PCL was replaced with PGC-C18. Solutions were loaded into a glass syringe and

placed into a syringe pump set at a flow rate of 10 mL/h. A 12–18 kV high voltage lead was

applied at the base of the syringe needle. A grounded rotating collector was covered in

aluminum foil and placed 9–24 cm away from the needle. Meshes were fabricated with a

total thickness of 300 μm, except for those meshes used for the water infi ltration

experiment, which had a thickness of 500 μm. Porosity measurements of the meshes were

determined by measuring the mass and volume with a known material density. Exact pore

sizes of electrospun meshes are ill-defi ned as the meshes are composed of a random array

of fi bers, and one can only calculate a surface pore size. Mathemetical models are best used

to describe average pore size of meshes, and further information on doing so can be found in

the provided references.[76,77]

Fiber Morphology and Characterization: Samples for scanning electron microscopy (SEM)

were prepared by mounting meshes on an aluminum sample stub and then sputter-coated

with a 5 nm layer of gold–palladium alloy. Samples were then imaged on a Zeiss SUPRA

40VP fi eld emission scanning electron microscope using an accelerating voltage of 2 kV.

Fiber size was analyzed using Image J, where all fi bers in a representative SEM image were

sized to characterize the mesh.

Yohe et al. Page 10

Adv Funct Mater. Author manuscript; available in PMC 2014 October 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Apparent Contact Angle Measurements: Hydrophobicity and surface energy of electrospun

meshes were assessed by apparent contact angle measurements using microdrop analysis

(Kruss DSA100 Goniometer) with deionized water at 20°C. Microdrop analysis was

selected over other prominent techniques for measuring contact angles on rough material

surfaces due to relative ease in the experimental setup and suffi cient accuracy for the

studies.[9,10,16,78–84] The fi rst study involved the application of a 3 μ L droplet of water,

water with polysorbate 20 (0.001-0.1 M) (CAC = 1.7 × 10−5 M)[73], or water with SDS

(0.001-0.01 M) (CAC = 0.008 M) [72] to the surface for measurement, and fi t using Young-

Laplace mode. Contact angle measurements were taken 30 s after droplet placement to

minimize time for surfactant to adsorb and to avoid evaporation. In the second study, the

electrospun meshes were soaked in polysorbate 20 solutions (0.0001-0.1 M) for 24 h to

allow for surface adsorption, after which the meshes were removed and air dried for 24 h.

Contact angles of meshes incubated in the latter way were probed with water alone to

determine the effect of surfactant adsorption to the surface. Statistical signifi cance between

apparent contact angle measurements of superhydrophobic meshes was performed using a

Student's t-test.

Measuring Contrast Agent Infi ltration Using μCT: Electrospun meshes were incubated in

an 80 mgI/mL aqueous solution of Ioxaglate (Hexabrix; an anionic iodinated CT contrast

agent) for 28–77 days, and were periodically scanned using a μCT imaging system at an

isotropic voxel resolution of 18 μm3, 70 kVP tube voltage, 114 μA current, and 300 ms

integration time. Surface tension of the water-Hexabrix solution was 72 mN/m (measured by

pendant drop at 20°C). The sequential slices obtained using the μCT system were then

converted into the standard image format (DICOM) using the proprietary software from

Scanco Medical. This data was then analyzed using commercial image processing software

(Analyze, BIR, Mayo Clinic, Rochester, MN, USA). The 3D μCT data sets were imported

into Analyze where a representative cross-section of each electrospun mesh type (PCL, PCL

with 10% PGCC18, and PCL with 30% PGC-C18) was analyzed at multiple timepoints over

the duration of the study to compare relative infi ltration. The total distance that water had

penetrated into each electrospun mesh type (n = 3) was then quantitatively measured using a

volumetric measurement (100 pixels × 100 pixels) through the thickness of the mesh, where

pixel values >1500 were considered to be infi ltrated, and pixel values <1500 were not

considered to infi ltrated. This volumetric measurement resulted in a fraction or% of water

infi ltration, where an infi ltration depth/rate could then be calculated with a known mesh

thickness (500 μm). A linear regression was fi t to infi ltration data in order to calculate the

infi ltration rate of each electrospun mesh type. Statistical signifi cance between infi ltration

rates of 3D superhydrophobic meshes was analyzed using analysis of covariance

(ANCOVA) with Prism 5.0d (GraphPad, La Jolla, CA) (F = 8.8, DOF = 2,12, p = 0.0044).

Modifi ed Zisman Curve: A modifi ed Zisman curve was constructed for the four electrospun

mesh types used in this study. An apparent contact angle of 0°, or no apparent contact angle,

was defi ned as the critical surface tension (ST) of the meshes. Meshes were probed with a

series of different solvents that span a large range of surface tensions (highest to lowest):

water (72 mN/m), glycerol (64 mN/m), dimethyl sulfoxide (44 mN/m), benzyl alcohol (39

mN/m), 1,4-dioxane (33 mN/m), 1-octanol (28 mN/m), acetone (25 mN/m), and ethanol (22
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mN/m). Surface tension values are at solvent-air interface at 20°C, and were obtained from

the chemical vendor. Ethanol-water solutions were prepared to probe PCL meshes to better

resolve a critical surface tension for infi ltration. PCL meshes were wetted with an

application of a 10% ethanol solution (57 mN/m).[85] A double exponential curve was used

to fi t the apparent contact angle data (curve fi tting toolbox, Matlab, Matlab 2011a, Natick,

MA). The best fi t curves were used to approximate the surface tension required to produce a

50% drop in apparent contact angle relative to the apparent contact angle formed with water.

Superhydrophobic Mesh Burst Pressure: Electrospun meshes were tested to determine the

critical pressure (“burst pressure”) to switch from a Cassie state of wetting to a Wenzel state

of wetting. A modifi ed water level was used, where electrospun meshes were attached to

one side of the level in order to allow water pressure to be applied. The side of the water

level attached to the electrospun mesh fi ltration setup was lowered at 1 cm per 5 s to

increase the applied water pressure. The burst pressure was recorded as the applied water

pressure where the mesh was fi rst wetted. Increasing beyond the burst pressure allowed

water to freely flow through the electrospun mesh. The 50% PGC-C18 fractured before

water infi ltration, thus, preventing determination of a burst pressure value. Statistical signifi

cance between superhydrophobic mesh burst pressures was performed using a Student's t-

test. Tap water was used for these studies.
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Figure 1.
Comparison between the behavior of a 2D superhydrophobic surface (left) and a

superhydrophobic 3D material (right). A 2D super-hydrophobic surface, when metastable,

will lose all of the air entrapped at the interface relatively quickly and become wetted. In

comparison, a metastable superhydrophobic bulk 3D material will loss air over time as water

infi ltrates more slowly as a new water-air-material interface (i.e., superhydrophobic state) is

continuously created.
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Figure 2.
Superhydrophobic 3D materials were produced by electrospinning. By varying the amount

of the hydrophobic polymer dopant PGCC18, the apparent contact angle was increased by

virtue of a lower surface energy and higher surface roughness. Meshes shown in the

microscopy images were spun with 20 wt/v% polymer electrospinning solutions.
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Figure 3.
Apparent contact angle dependence on electrospun fi ber size for four superhydrophobic

mesh chemistries. PCL and PCL with 50% PGC-C18 meshes show a continued increase in

apparent contact angle with a decrease in fi ber size. 10% and 30% PGC-C18 meshes have

an initial increase in apparent contact angle, followed by a decrease. Inset shows 50%

PGCC18 micro- and nanofi bers, where fi ber size is modifi ed through changes in the

electrospinning parameters selected. Fibers with diameters below 1500 nm showed a beads-

on-a-string morphology. Formulations highlighted in yellow were selected for further study

to span a range of superhydrophobicity. ( N = 3; average ± SD)
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Figure 4.
Cross-sectional images of the kinetic infi ltration of water into PCL, PCL with 10% PGC-

C18, and PCL with 30% PGC-C18 from Day 0 (D0) to as long as 77 days (D77). Water

quickly infi ltrates into PCL electrospun meshes (unwetted meshes shown in red with

increasing water content progressing from yellow to green to blue). Adding 10% PGC-C18

affords a metastable superhydrophobic state, where water slowly infi ltrates over time.

Adding 30% PGC-C18 achieves a stable superhydrophobic state and water only penetrates

the surface of the material. Meshes were 500 μm thick.
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Figure 5.
Degree of water infi ltration within superhydrophobic electro-spun meshes over time.

Increasing PGC-C18 and superhydrophobicity leads to slower removal of entrapped air and

thus slower wetting. (N = 3; average ± SD).
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Figure 6.
Apparent contact angle measurements for superhydrophobic electrospun meshes when

probed with water or water containing SDS. With 0.001 M SDS, PCL meshes did not form

an apparent contact angle, and meshes containing 10%, 30%, or 50% PGC-C18 had lower

apparent contact angles compared to water alone. Increasing the SDS concentration by 10-

fold in the probing solution resulted in no apparent contact angle for all superhydrophobic

mesh chemistries other than 50% PGC-C18, where instead a signifi cant drop in apparent

contact angle is observed. (N = 3; average ± SD).
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Figure 7.
Apparent contact angles of superhydrophobic electrospun meshes when A) probed with

polysorbate 20 solutions or B) after 24-h incubation in polysorbate 20 solutions and probed

with water. PCL electrospun meshes are completely wetted with polysorbate 20 solution

probes and after mesh incubation for all concentrations. In contrast, PCL with 10%, 30%,

and 50% PGC-C18 doping only showed a modest decrease in contact angle with polysorbate

20 probes. Incubating 10% and 30% PGC-C18 doped meshes with polysorbate 20 solutions

allowed wetting to occur much more readily, with apparent contact angles only observed at

the lowest polysorbate 20 concentrations. 50% PGC-C18 meshes are only wetted when

incubated with the highest concentration of polysorbate 20. (N = 3; average ± SD).

Yohe et al. Page 21

Adv Funct Mater. Author manuscript; available in PMC 2014 October 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 8.
Measurement of apparent contact angles using solvents with varied surface tension to

determine the critical surface tension required for immediate infi ltration into

superhydrophobic electrospun meshes. PCL meshes are easily wetted, while increasing

PGC-C18 content and superhydrophobicity affords a more robust entrapped air layer in the

porous meshes to prevent solvent infi ltration. Best fi t curves were double exponential. (N =

3; average ± SD).
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Figure 9.
Break through pressures required to force water from the Cassie state to the Wenzel state of

wetting. Increasing the PGC-C18 content increases the amount of pressure necessary to

cause water to breakthrough. Meshes using 50% PGC-C18 fractured before infi ltration, and

could not be used in this study. (N = 3; average ± SD).
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