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Abstract

We report the fabrication and performance of mechanically-responsive multilayer 

superhydrophobic composites. The application of tensile strain triggers the release of small 

molecules and proteins from these composites, with different tensile strain magnitudes and coating 

thickness influencing agent release. These mechanoresponsive composites consist of an absorbent 

drug core surrounded by an electrosprayed superhydrophobic protective coating that limits drug 

release in the absence of tensile strain. Coating thickness and applied tensile strain control release 

of chemotherapeutic cisplatin and enzyme β-galactosidase, as measured by atomic absorption and 

UV-Visible spectrophotometry, respectively, with preserved in vitro activity. Such mechanically-

responsive drug delivery devices, when coupled to existing dynamic mechanical forces in the body 

or integrated with mechanical medical devices, such as stents, will provide local controlled dosing.

Graphical Abstract

Stretching triggers the release of agents from multi-layered superhydrophobic composites 
Both the strain magnitude and superhydrophobic barrier coating thickness modulate release, 
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resulting in the graded delivery of dye, chemotherapeutic cisplatin, and enzyme β-galactosidase 

with preserved in vitro activity.
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Mechanically-responsive biomaterials are key components in drug delivery devices,[1,2] 

tissue engineering scaffolds,[3,4] and sensors.[5,6] The abundance of mechanical cues present 

within the body or applied externally to the body can serve as functional dynamic triggers.
[2,7,8] For drug delivery applications, these mechanoresponsive devices provide 

spatiotemporal control over release of an active agent in response to compression,[9–11] 

tension,[12,13] or shear.[14–17]

In contrast, conventional polymeric drug delivery systems offer continuous release due to 

passive diffusion, hydration, or polymer degradation with control over the release profile 

based on both polymer and agent composition, structure, molecular weight, hydrophobicity, 

and/or charge as well as their interplay. Mechanoresponsive polymeric drug delivery systems 

provide an additional feature—active control via a mechanical stimulus. Of the agents 

delivered in the clinic, small molecules and proteins are the mainstay but each possesses 

specific delivery challenges. For example, water-soluble small molecules embedded in 

polymer systems typically have low encapsulation efficiency and require targeted or 

triggered delivery to effectively localize the drug payload, due to diffuse biodistribution 

and/or fast clearance.[18–20] Alternatively, the delivery of proteins suffers from similar 

obstacles as biologically-sensitive molecules are prone to denaturization and aggregation 

with low bioavailability.[21–23] Therefore, strategies to minimize the initial release, or trigger 

release on demand, as well as to modulate the release rate are of significant clinical interest.

To address these challenges and increase the portfolio of drug delivery strategies available, 

we are investigating multi-layered mechanoresponsive drug delivery systems, where the 

agent is loaded in a hydrophilic core and shielded by a protective superhydrophobic barrier 

from the surrounding milieu.[13] Release of the agent occurs upon the application of tensile 

strain through the formation of macroscopic cracks on the barrier layer that facilitate device 

wetting. Herein, we report the fabrication and performance of devices with varied 

superhydrophobic coating thicknesses (100, 200, and 350 μm) on a hydrophilic core 

substrate. The core substrate is amenable to solvent or aqueous loading of agents such that 

small molecules (dye, cisplatin) or proteins (β-galactosidase) are efficiently encapsulated. 

Application of tensile strains modulates agent release through strain magnitude, barrier 

coating thickness, and the nature of the entrapped agent. Biological function is preserved 

after release, as evident by the continued activity of β-galactosidase towards its substrate, 

and cytotoxicity of the released chemotherapeutic cisplatin to cancer cells in vitro.

Superhydrophobic materials, defined as having an advancing water contact angle greater 

than 150°,[24–26] have been successfully incorporated in drug delivery systems.[27] These 

systems demonstrate entrapped air stability over weeks to months, and are thus robust 

barriers against release in the absence of mechanical stimuli. Utilizing this strategy, we 
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fabricated mechanoresponsive systems (Figure 1) composed of an inner hydrophilic 

polyester cellulose drug core that wets immediately with water (Figure 1c, water contact 

angle = 0°) and outer superhydrophobic polymeric coatings of varying thicknesses. Both the 

low surface energy of the coating composition, consisting of biocompatible[28,29] and 

biodegradable polymers poly(caprolactone) [PCL, Mw = 45 kDa] and poly(glycerol 

monostearate carbonate-co-caprolactone)[30,31] [PGC-C18, Mw = 140 kDa], and the high 

surface roughness via electrospraying (Figure 1a),[32] results in superhydrophobic coatings. 

Coatings of 100 μm, 200 μm, and 350 μm were electrosprayed onto the cellulose polyester 

core (Figure 1b), rendering the polymeric multi-layer structure superhydrophobic (Figure 

1c–d) by increasing electrospraying time (10 w/v% 1:1 PGC-C18:PCL blend in chloroform, 

2 mL/hour at 20–25 kV). A representative SEM image of the 350 μm coating shows surfaces 

composed of 2–7 μm interconnected particles with an advancing water contact angle of 167° 

(Figure 1d). A cross-sectional SEM image of the composite is available in Figure S1c. 100 

μm and 200 μm coatings exhibit similar morphology and measured contact angles. Based on 

previous mechanical analysis,[13] the mismatch under tension between the electrosprayed 

coating and the drug-loaded core propagates parallel crack patterns perpendicular to the 

direction of applied strain, resulting in strain-dependent release while maintaining a robust 

barrier in the absence of tension.

As an initial proof of concept, green dye (Yellow 5/Blue 1 (Mw Blue 1 = 0.8 kDa, Mw 

Yellow 5 = 0.5 kDa)) was used as a model hydrophilic compound and loaded into the 

cellulose polyester core. We have previously reported that composites with hydrophobic, but 

not superhydrophobic, coatings composed of only PCL resulted in rapid wetting and release 

of agents in the absence of tensile strain.[13] In the absence of tensile strain, 100 μm 

superhydrophobic coatings minimized release of agents, with less than 10% release over 2 

hours, while 50 μm superhydrophobic coatings did not provide a sufficient barrier to agent 

release (Figure S3).[13] With superhydrophobic coatings of 350 μm, the system displayed 

strain-dependent release at 10%, 30%, and 50% strains with significant differences after 5 

minutes when submerged in simulated biological fluid (PBS with 10% fetal bovine serum) 

(Figure 2a). After 1 hour, ~87%, ~44%, and ~9% of the dye had released at 50%, 30%, and 

10% strains, respectively, as detected by UV-Visible spectrophotometry at 630 nm.

Applying uniaxial tensile strain of 10% (stretched to a length 10% longer than the original 

length of the mesh), the mechanoresponsive systems exhibited greater release with 

decreasing coating thickness (Figure 2b). After 15 minutes at 10% strain, the devices with 

100 μm coatings had significantly greater cumulative release than the devices with 200 μm 

and 350 μm coatings. Between 40 and 50 minutes, there were significant differences in 

release between the 200 μm and 350 μm coatings. After 2 hours, ~55%, ~22%, and ~14% of 

the dye cumulatively released with the 100 μm, 200 μm, and 350 μm coatings, respectively.

According to our recent study,[13] applying greater tensile strain results in the development 

of cracks, increasing in both area and number, for water to infiltrate through the coating and 

subsequently release loaded agents. In this current study, the increase in coating thickness 

yields fewer and smaller cracks at low strains (Figure 2c, 10% tensile strain). To overcome 

the hindrance of the thicker barrier, higher tensile strains must be applied (350 μm coating at 
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30% strain vs 100 μm coating at 10% strain) to achieve a similar release profile (no 

statistical difference, Figure S2a).

However, further increasing strain causes the cracks to enlarge (Figure 2f), providing rapid 

water infiltration, and resulting in greater release compared to lower strains but no 

significant differences in release among different coating thicknesses subjected to the same 

higher strain magnitudes. For example, at 30% strain, the release is slower from the thicker 

coating (350 μm) but there is no statistical difference in the release compared to the 100 μm 

coating (Figure 2d). Furthermore, at 50% (Figure 2e) and 100% strains (Figure S2b) the 

release is further accelerated with no statistical difference in the cumulative release.

Successful demonstration of hydrophilic dye release based on strain magnitude and coating 

thickness led to the determination of release kinetics and in vitro efficacy of cisplatin, a 

hydrophilic chemotherapeutic, at 10% strain. Owing to its low molecular weight (0.3 kDa), 

the release kinetics are hypothesized to be analogous to the dye loaded mechanoresponsive 

system described above. Cisplatin was encapsulated with an efficiency of 97.8 +/− 8.8% and 

its release from the device was determined by atomic absorption. As shown in Figure 3a, 

there are significant differences in cisplatin release starting at 5 minutes for the 100 μm 

coating, compared to the 200 μm and 350 μm coatings. However, the release only 

significantly differs between the 200 μm and 350 μm coatings at 40 minutes and 50 minutes 

(at which ~44%, ~14%, and ~4% are released from the 100 μm, 200 μm, and 350 μm 

coatings, respectively). Despite these minimal differences in cumulative release, the amount 

of cisplatin delivered affects the corresponding viability of OE33 cells, an esophageal cancer 

cell line, with significant differences after 2 minutes and until 60 minutes between the 200 

μm and 350 μm coatings (Figure 3b). At 40 minutes, there is still ~92% viability with the 

350 μm coating, compared to ~53% and ~2% viability for the 200 μm and 100 μm coatings, 

respectively, demonstrating control over dosing kinetically and by coating thickness in vitro.

Based on the dye and cisplatin release results with varied strain magnitudes and coating 

thicknesses, we determined the release kinetics for a model protein, β-galactosidase. β-

galactosidase is a 116 kDa enzyme that catalyzes the conversion of β-galactosides into 

monosaccharides. To determine whether the activity of β-galactosidase is retained with our 

processing fabrication conditions, the enzymatic conversion of the substrate ortho-

nitrophenyl-β-galactoside, a colorless compound, into β-D-galactose and ortho-nitrophenol, 

a yellow compound, was quantified by UV-Visible spectrophotometry at 420 nm.

Proteins form highly organized structures from which they generate specific functions. 

Hence, the preservation of protein activity is aligned with its structural stability, which can 

be denatured through physical parameters, such as temperature, light, dehydration, and pH.
[33] To overcome this challenge, excipients, including buffering agents, osmolytes, 

carbohydrates, polymers, salts, surfactants, chelators anti-oxidants, and preservatives, are 

used to stabilize proteins.[34] Specifically, trehalose is a disaccharide and osmolyte that has 

been shown to maintain protein activity especially during drying or lyophilization.[35] With 

trehalose as an excipient, 72 +/− 4.5% of the loaded β-galactosidase remains enzymatically 

active (Figure 4a), as solvent exposure is minimized from the electrospray coating process at 
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ambient temperatures. Therefore, these gentle processing conditions may also be amenable 

for the encapsulation and delivery of other active therapeutic proteins.

With an intermediate coating thickness of 200 μm, the mechanoresponsive system exhibits 

strain-dependent release of β-galactosidase at 0%, 50%, and 100% strain with significant 

differences in release after 5 minutes until 30 minutes (p < 0.05) (Figure 4b). Half of the β-

galactosidase releases within 5 minutes at 100% strain, while it requires 30 minutes to 

achieve the same cumulative release at 50% strain. However, due to its larger molecular 

weight compared to both the dye and cisplatin in the previous examples, the diffusion of β-

galactosidase is slower and therefore requires a greater strain magnitude to trigger release 

(50% vs 10%). At the intermediate 50% strain, the effects of coating thickness are visible: 

half of the β-galactosidase releases within 10 minutes, 40 minutes, and 90 minutes with the 

100 μm, 200 μm, and 350 μm coatings, respectively (Figure 4c). After 5 minutes, there are 

significant differences in release with the 350 μm coating compared to the 250 μm and 100 

μm coatings, and after 25 minutes between the 200 μm and 100 μm coatings.

As proof-of-concept, we selected a hydrophilic non-elastic blend of polyester/cellulose for 

the core material. However, the electrospraying process is amenable to coating various 

substrates, ranging from aluminum foil, nitrile rubber, cotton fabric, and collagen.[36] While 

the coating affords barrier properties, the choice of substrate determines the bulk mechanical 

properties and agent loadability of the composite. The high absorbency of the polyester/

cellulose core allows facile loading of hydrophilic small molecules and proteins, in addition 

to lipophilic agents, as we have previously reported.[13] However, this versatile absorbance is 

inelastic, thus limiting release to non-reversible tensile strain.

The concept of utilizing crack patterns under tensile strain has been previously explored for 

both drug delivery and tissue engineering, but our strategy differs from the published 

literature. For example Zhu et al[37] demonstrate precise control of periodic parallel crack 

patterns in polydimethylsiloxane from tensile strains of 5% to 50%, whereby the underlying 

material is exposed for template-free protein patterning. Both myoblasts and neuroblasts 

reversibly spread out and retract across fibronectin-coated cracks in vitro. Alternatively, 

Mertz et al[38] use polyelectrolyte multilayered systems that allow an increase in enzymatic 

activity of embedded alkaline phosphatase under 70% tensile strain. Too few polyelectrolyte 

layers result in permeable diffusion of enzyme substrate while thicker layers minimize the 

exposure of catalytic sites, reducing enzymatic activity. However, our approach differs as it 

releases agents rather than immobilizing them and exhibits a graded strain-dependent 

response compared to the switchable release from these examples. Nevertheless, the surface 

layers are critical to the architecture amongst all systems, as with oxidized PDMS coated 

with Pluronic in the former example, capping polyelectrolyte layers in the latter example, 

and superhydrophobic coatings in our mechanoresponsive system.

In summary, applying various tensile strains triggers the release of encapsulated agents from 

multi-layered superhydrophobic composites. These composites are composed of an inner 

inelastic hydrophilic core and an outer electrosprayed superhydrophobic coating. The 

superhydrophobic coating is a barrier against water infiltration, and limits the release of 

hydrophilic dyes, a chemotherapeutic, and a protein. Coating thickness and applied tensile 
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strain magnitude control agent release. Thicker coatings afford slower release rates with 

greater overall cell viability and decreased enzymatic activity in vitro. However, increases in 

strain magnitude overcome this barrier dependence of the coating thickness with relatively 

rapid agent release. Nevertheless, the functionality of the agents is preserved after device 

loading, indicating that this mild fabrication approach is amenable to the encapsulation of a 

wide-range of agents for biomedical applications. For example, integration of these drug-

loaded multi-layered superhydrophobic composites with existing medical devices that 

perform solely a mechanical function (i.e., mechanotherapy) would enhance their current 

capability to include both pharmacotherapy and mechanotherapy.

Experimental Section

Polymer synthesis

Poly(glycerol carbonate-co-ε-caprolactone), the precursor to poly(glycerol monostearate 

carbonate-co-caprolactone), was prepared as previously described and characterized.[31] The 

Tin(II) catalyzed (0.002 eq) polymerization of monomers ε-caprolactone and 5-

benzyloxy-1,3-dioxan-2-one 4:1 (mol) was conducted at 140°C for 18 hours over nitrogen. 

Further deprotection by hydrogenolysis with palladium at 50 psi and stearic acid grafting via 

DCC coupling yielded poly(glycerol monostearate carbonate-co-ε-caprolactone) (PGC-C18, 

1:4 comonomer ratio, Mw = 140 kDa, PDI = 1.5) after repeated precipitations in cold 

methanol. This corresponds to approximately n = 71 and × = 395 repeating units for PGC-

C18 and PCL, respectively as shown in Figure 1a.

Device fabrication

Solutions of dye (50 μL), β-galactosidase (100 μL of 2 mg mL−1 in 0.3 M trehalose), and 

cisplatin (50 μL of 25 mg mL−1 anhydrous dimethylformamide) were loaded onto the 

cellulose and polyester blended mesh, followed by air-drying for 24 hours. Loaded core 

substrates were affixed to a rotating and translating grounded aluminum drum for even 

coating coverage. PGC-C18 and PCL (1:1) was dissolved in chloroform at 10% (w v−1) and 

electrosprayed (20–25 kV) at a flow rate of 2 mL hr−1 and tip-to-collector distance of 15 cm 

at 30–40% relative humidity. Cisplatin was loaded at 2.4 wt% with 97.8 +/− 8.8% 

encapsulation efficiency, as previously reported.[13] β-galactosidase was loaded at 0.54 +/

− 0.02 wt% with 72 +/− 4.5% encapsulation efficiency.

Tension-mediated release

Devices were placed between the grips of Instron 5848 tensile tester with 100 N load cell 

and submerged in a bath of PBS with 10% v v−1 FBS, or RPMI cell culture media (10% v v
−1 FBS, cisplatin-loaded devices) with magnetic stir bar. All devices were stretched at 7% 

strain per second until the desired strain magnitude was reached. Dye concentrations were 

measured with HP 8453 UV-Visible spectrophotometer at 630 nm. Cisplatin concentrations 

in RPMI with 10% v v−1 FBS was assessed using Varian AA240Z atomic absorption 

spectrophotometer at 265.5 nm with pyrolytic carbon-coated graphite tubes and Zeeman 

background correction.
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Cell culture assays

OE33 esophageal cancer cells were seeded into 12-well plates at a density of 2 × 104 cells 

per well for 24 hours before aspiration and subsequent incubation of release media from 

cisplatin-loaded devices. After 72 hours, in vitro cell viability was measured using the 

tetrazolium-based colorimetric MTS assay with absorbance at 492 nm with Beckman 

Coulter AD 340 Plate Reader.

β-galactosidase activity

β-galactosidase activity was measured based on the released enzyme’s ability to convert 

ortho-nitrophenyl-β-galactoside into ortho-nitrophenol, measured with HP 8453 UV-Visible 

spectrophotometer at 420 nm. Released β-galactosidase aliquots were incubated with 5.55 

mM ortho-nitrophenyl-β-galactoside in 20 mM phosphate citrate buffer at pH 4.5. After 5 

hours of incubation at 20°C the reaction was stopped with 200 mM borate buffer at pH 9.8.

Statistical analysis

Dye, drug, and protein release was normalized to the release area (excludes area of Instron 

mechanical tester grips). This data is presented as mean +/− standard deviation (or + 

standard deviation for ease of visualization) with a sample size of at least 3. Statistical 

significance was determined by one-way ANOVA at each time point with p < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fabrication method and characterization of superhydrophobic mechanoresponsive systems. 

a) The release agent (green) is first loaded into the mesh core and then electrosprayed with a 

mixture of PCL and PGC-C18 (yellow box). b) Various coating thicknesses of 100 μm, 200 

μm, and 350 μm were fabricated (cross-sectional views shown). Characterization of c) 

hydrophilic core and d) superhydrophobic coatings with SEM (left; scale bars = 100 μm and 

10 μm, respectively) and advancing water contact angle measurements (right). Figure not 

drawn to scale.
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Figure 2. 
Release kinetics of model hydrophilic dye from superhydrophobic mechanoresponsive 

systems with a) 350 μm coating with various tensile strains, and varying coating thickness at 

tensile strains of b) 10% with c) corresponding photographs of coating cracks (top: 100 μm 

coating, bottom: 350 μm coating), d) 30%, and e) 50% with f) corresponding photographs of 

coating cracks (top: 100 μm coating, bottom: 350 μm coating). Error bars denote + SD, * 

denote p < 0.05, N = 3, scale bar = 0.5 cm.
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Figure 3. 
a) Cumulative cisplatin release at 10% strain with varying coating thicknesses and b) 

corresponding in vitro viability of OE33, an esophageal cancer cell line. Error bars denote +/

− SD, * denote p < 0.05, and N = 3.
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Figure 4. 
a) Preservation of β-galactosidase activity with and without trehalose excipient before and 

after encapsulation, b) tensile strain-dependent release of enzyme β-galactosidase, and c) β-

galactosidase release with varying superhydrophobic coating thickness. Error bars denote +/

− SD, * denote p < 0.05, N = 3
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