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Stretch-Induced Drug Delivery from Superhydrophobic Polymer
Composites: Use of Crack Propagation Failure Modes for Controlling
Release Rates
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Abstract: The concept of using crack propagation in poly-
meric materials to control drug release and its first demon-
stration are reported. The composite drug delivery system
consists of highly-textured superhydrophobic electrosprayed
microparticle coatings, composed of biodegradable and bio-
compatible polymers poly(caprolactone) and poly(glycerol
monostearate carbonate-co-caprolactone), and a cellulose/
polyester core. The release of entrapped agents is controlled
by the magnitude of applied strain, resulting in a graded
response from water infiltration through the propagating
patterned cracks in the coating. Strain-dependent delivery of
the anticancer agents cisplatin and 7-ethyl-10-hydroxycampto-
thecin to esophageal cancer cells (OE33) in vitro is observed.
Finally the device is integrated with an esophageal stent to
demonstrate delivery of fluorescein diacetate, using applied
tension, to an ex vivo esophagus.

Mechanoresponsive polymeric materials are of significant
interest as key functional elements in self-healing assem-
blies,[1] sensors and electronics,[2] and biology/medicine.[3]

Consequently, mechanoresponsive materials are actively
being developed that respond to mechanical stimuli such as
compression,[4] tension,[5] shear,[6] or ultrasound.[7] Implanted
medical devices also experience many of these forces, and
even exert their own mechanical forces during use (e.g.,
stents).[8] Our approach to designing functional mechanores-
ponsive materials for drug delivery uses crack propagation
failure modes of composite materials to control drug release.
We hypothesized that crack formation could be initiated and
propagated through superhydrophobic coatings on a multi-
layered drug delivery system by applying tension, with
consequent device wetting and drug release. Given our
interests in triggered drug release from polymeric[9] and
superhydrophobic[10] materials, we realized an opportunity to
design and evaluate such a new drug delivery system for an
esophageal stent. Herein, we report: 1) the fabrication of

a multilayered electrosprayed polymeric device; 2) the
entrapment and subsequent controlled release of both hydro-
philic and lipophilic agents under various applied strains;
3) analysis of the crack propagation mechanism with deter-
mination of the fracture toughness and critical strain energy
release rate; 4) the demonstration of in vitro tension-medi-
ated delivery of cisplatin and 7-ethyl-10-hydroxycamptothe-
cin (SN-38) to cancer cells; and 5) the integration of the
device with an esophageal stent to demonstrate fluorescein
diacetate delivery, using applied tension, to an ex vivo
esophagus.

By design, the device consists of a hydrophilic mesh core
(containing release agent) encased by two superhydrophobic
coatings that resist overall wetting. The mismatch in mechan-
ical properties, resulting from a strong core and weaker
coating, ensures mechanical failure of the coatings in the
presence of applied tension, with crack propagation leading to
water infiltration and release of the agent. Specifically, the
absorbent cellulose/polyester core is rendered water-imper-
meable by electrospraying its entire surface with a low surface
energy polymer blend. We selected electrospraying (Fig-
ure 1a) to produce superhydrophobic coatings, as opposed to
other processing techniques,[11] due to its ability to generate
coatings of interconnected, hydrophobic micro- and nano-
particles on otherwise hydrophilic bulk materials, and
because it is an industrial scalable technique.[12] The combi-
nation of low surface energy from the blend of two
biodegradable, biocompatible polymers (polycaprolactone
(PCL, Mw = 45 kgmol¢1) and poly(glycerol monostearate
carbonate-co-caprolactone) (PGC-C18, Mw = 30 kg mol¢1))[13]

(Figure 1a) and high surface roughness from electrospraying,
are requisites for eliciting superhydrophobicity (advancing
water contact angles > 15088).[14] Hydrophilic meshes (250 mm
thickness) homogenously loaded with dye or anticancer
agents are electrosprayed with a 100 mm-thick coating (Fig-
ure 1b). Cross-sectional SEM image (Figure 1c) shows the
three layers of the device, with coatings composed of
interconnected particles of 2–7 mm diameter (Figure S1 in
the Supporting Information); these superhydrophobic surfa-
ces exhibit advancing water contact angles approaching 17088
as opposed to hydrophobic PCL electrosprayed surfaces with
advancing contact angle of 11988 (Figure 1d). Without these
superhydrophobic coatings, the hydrophilic core rapidly
absorbs water and organic solvents. This indiscriminate
absorbency also permits a variety of molecular agents to be
loaded and studied.

The tension-mediated release of agents from these multi-
layered devices is readily visualized using a hydrophilic green
dye and quantified by UV/Vis spectrophotometry. These

[*] J. Wang,[+] Dr. J. A. Kaplan,[+] Prof. M. W. Grinstaff
Departments of Biomedical Engineering and Chemistry
Boston University
Boston, MA 02215 (USA)
E-mail: mgrin@bu.edu

Dr. Y. L. Colson
Division of Thoracic Surgery, Department of Surgery
Brigham and Women’s Hospital
Boston, MA 02115 (USA)

[++] These authors contributed equally to this work.

Supporting information and ORCID(s) from the author(s) for this
article are available on the WWW under http://dx.doi.org/10.1002/
anie.201511052.

Angewandte
ChemieZuschriften

2846 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 2846 –2850

http://dx.doi.org/10.1002/anie.201511052
http://dx.doi.org/10.1002/ange.201511052
http://dx.doi.org/10.1002/anie.201511052
http://dx.doi.org/10.1002/anie.201511052


devices do not wet when submerged in simulated biological
fluid (PBS with 10 % FBS) for prolonged durations
(> 24 hours). When subjected to tension, however, disruption
of this otherwise superhydrophobic barrier occurs via coating
fracture and causes subsequent dye efflux. Importantly, dye
release rates are controlled by the magnitude of applied strain
input (Figure 2a). All release aliquot concentrations after
application of strain are significantly higher than those
measured in the absence of strain (e = 0), and aliquot
concentrations of dye for e = 0.1 and e = 0.3 are significantly
different from e = 1.0 after 5 minutes and 10 minutes,
respectively (ANOVA one-way, p< 0.05). Electrosprayed
coatings that are merely hydrophobic (PCL, qadv = 11988,
Figure 1d) rapidly wet even in the absence of tension,
confirming the necessity of superhydrophobic coatings to
prevent release. Water infiltration upon coating fracture is
observed also using contrast-enhanced microcomputed
tomography (mCT) by subjecting the superhydrophobic
devices to tension (e = 1.0) while submerged in a solution of
PBS with 10% FBS and iodixanol. As shown in Figure 2b,
mCT attenuation between un-stretched (left) and stretched
(right) devices noticeably differ due to the compromised
superhydrophobic coating and consequent core hydration
after applying tension. Because bulk wetting of the coating
does not occur, as visualized by the minimal attenuation at the
outer layers of the device, the mechanism of release is
attributed to core hydration by water infiltrating through the
fractured superhydrophobic coatings.

Next, we investigated the mechanism of release using
fracture image analysis and tensile testing. The image
sequence in Figure 2c shows the effect of increasing tensile
strain (e = 0 to 1.0) to initiate release. Mode I macroscopic
crack initiation occurs at strain magnitudes of � 0.3, followed
by propagation and additional crack formation as strain
increases. As shown in Figure 2d and e, the number of cracks
increases at first and then begins to decrease as the cracks
merge with one another, resulting in greater mean crack area
with increasing strain. As a result, more of the core surface
area is exposed, leading to faster release rates. These fracture

patterns are reminiscent of those found in thin films adhered
to rigid, deformable substrates,[15] which consist of periodic
parallel cracks formed perpendicular to the direction of
applied strain. Mechanical analysis in accordance with ASTM
Standard D 5049-99, using a polydimethylsiloxane (PDMS)
substrate analog of our cellulose/polyester mesh system (see
Supporting Information), estimates plane-strain fracture
toughness (KIc) and critical strain energy release rate (GIc)
at 0.0103� 0.00165 MPa m1/2 and 1.253� 0.595 Nmm¢1,
respectively. These KIc and GIc values represent a lower
limit of fracture resistance in terms of applied stress and strain
of the coating, respectively. Using the KIc and GIc values, and
accounting for the volume fraction of the two materials, the
YoungÏs modulus (E) of the coating is estimated through the
relation

E ¼ K2
Icð1¢ u2Þ

GIc
, ð1Þ

resulting in a value of 0.0303� 0.014 MPa—two orders of
magnitude lower than the core substrate (3.2 MPa). Together
with KIc and GIc, E of the coating and substrate describe the
favorable conditions for forming cracks,[16] and will aid in the
design considerations for future tension responsive systems.

Mechanoresponsive drug delivery systems can be inte-
grated with and controlled by current medical devices.
Specifically, radially expanded esophageal stents are used
for the palliative treatment of esophageal cancer. Esophageal
cancer is the sixth deadliest cancer worldwide with a 5-year
survival rate of 17.5 %.[17] Patients typically have difficulty
swallowing solid and liquid food due to tumor ingrowth. In
order to mitigate symptoms, esophageal stents are often used
to keep the esophagus open to improve intake of nutrients,
increasing patient comfort, and quality of life. Our composite
system can be an outer polymeric sheath that is stretched with
stent expansion, enabling mechano-triggered control over
drug delivery while minimizing side effects, eliminating drug
loss during stent deployment, enabling increased drug dose,
and providing easier patient nutrient intake. As the first steps

Figure 1. Fabrication schematic and concept of tension-responsive system. a) The PGC-C18 and PCL electrosprayed barrier coating (yellow)
prevents release from the drug-loaded core (green). b) Photographs of the native mesh with no dye, after dye-loading, and after subsequent
coating. Tension is applied to the spray-coated system (bottom) longitudinally. c) SEM image of device cross-section shows consistent
morphology of microparticle coatings surrounding mesh core. d) Advancing water contact angles for electrosprayed hydrophobic (top, PCL) and
superhydrophobic (bottom, PCL:PGC-C18 1:1) coatings.
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towards this demonstration, we studied the release of two
chemotherapeutic agents (cisplatin or SN-38) from the device,
and integrated the device with an esophageal stent to deliver
localized fluorescein diacetate ex vivo using applied tension.

In vitro efficacy of cisplatin or SN-38 delivery (2.4 wt%
and 0.1 wt % loading capacity, 97.8� 8.8% and 97.1� 4.8%
encapsulation efficiency, respectively) from the multilayer

tension responsive device is evaluated against the OE33
human esophageal cancer cell line. As shown in Figure 3a, the
release profile for cisplatin is similar to the hydrophilic dye.
Statistically significant differences in release from the control
(e = 0) are achieved starting at 2 minutes at e = 1.0 and after
40 minutes for both e = 0.1 and 0.3. Likewise, strain-depen-
dent release rates are observed with SN-38-loaded devices,
but over a longer duration because SN-38 is lipophilic
(Figure 3b). Statistically significant increases of SN-38 release
occur after 0.5 hour and 2.5 hours between the control and e =

1.0 or e = 0.5, respectively. Release aliquots from drug-loaded
devices elicit efficacy (cytotoxicity) against OE33 cells only
after applying strain (Figure 3c and d). In vitro dose response
is reflected in the significantly different cell viabilities
achieved by varying the applied strain magnitude of cispla-
tin-loaded devices from 0 (control), 0.3, and 1.0 after
30 minutes. Similar strain-dependent dose-response behavior
is observed using SN-38-loaded devices subjected to strain
magnitudes of 0, 0.5, and 1.0 after 15 minutes. All tests were
conducted with ANOVA one-way (p< 0.05). The difference
in release kinetics of these two chemotherapeutic agents are
attributed to inherent differences in aqueous solubilities, as
cisplatin is hydrophilic and SN-38 is lipophilic.

Localized ex vivo delivery is accomplished by integrating
the tension-responsive device with a metal esophageal stent.
Fluorescein diacetate was chosen as the release agent due to
its strong fluorescent signal after hydrolysis into fluorescein
(lex = 490 nm, lem = 525 nm) to enable visualization of dye
delivery. The fluorescein diacetate loaded devices were
sutured around a self-expanding Ni-Ti alloy esophageal

Figure 2. Strain-dependent release of model hydrophilic dye from
a tension-responsive, superhydrophobic drug delivery system via crack
propagation. a) Cumulative dye release with electrosprayed coating of
PCL:PGC-C18 1:1, or PCL (control, orange hexagon) as a function of
tensile strain. Error bars denote + SD, n= 3 for each time point.
b) Contrast-enhanced microcomputed tomography (mCT) images
before and after applied tensile strain (left and right, respectively),
indicating water absorption (blue) after coating fracture. Arrowheads
define the boundary of the device. c) Image sequences from video as
device is stretched along the x-axis showing crack development in the
superhydrophobic barrier coating. d) Coating fracture analysis in terms
of number of cracks and total crack area as a function of increasing
strain, n =1. e) Average crack area as a function of increasing strain,
n = 1.

Figure 3. Tension-responsive release of chemotherapeutic agents from
the superhydrophobic multilayered device. Cumulative release of
a) cisplatin, and b) SN-38. Corresponding strain-dependent dose
response of in vitro c) cisplatin and d) SN-38 delivery to esophageal
cancer cells (OE33) after 30 minutes and 15 minutes, respectively.
Error bars denote + SD with * = p<0.05, n =3 for each time point.

Angewandte
ChemieZuschriften

2848 www.angewandte.de Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 2846 –2850

http://www.angewandte.de


stent to form an enveloping sheath, capable of undergoing
radial expansion with the stent. Next, the stent was inserted
into excised bovine esophagi, and expanded to e = 1.0.
Current esophageal stents on the market can be expanded
to a broad range of strains, from e = 0.14 to 2.83, via selection
based on various diameters of stents and introducers.[18] After
8 hours, the esophagi were dissected longitudinally to reveal
a fluorescent band corresponding to the tension-responsive
device under UV light (Figure 4a and b). The fluorescence
from the expanded systems (e = 1.0) is greater than the
unexpanded controls (e = 0) in subsequent esophageal cross-
sections (100 mm thickness) with better lumenal localization
to the esophageal epithelial mucosa layer (Figure 4c and d).

While selective wetting of superhydrophobic materials
and stimuli-responsive drug delivery are active areas of
functional materials research,[7a, 19] the tension-induced wet-
ting of a superhydrophobic material via crack propagation
departs from previously reported approaches. For example
Zhang et al.[20] used a triangular polyamide mesh to reversibly
transition from superhydrophobic to superhydrophilic (i.e.,
wetting) states using equibiaxial strains greater than 120%.
This wetting transition was due to an increase in the average
side length of the triangular net-like pores, which reduced
surface roughness, thus overcoming the droplet surface

tension and causing its collapse. Recently, Huang et al.[21]

demonstrated the ability to reversibly switch between super-
hydrophobic to superhydrophilic states and achieved wetting
triggered by increases in strain, pH, or temperature due to
expansion of various hydrogels coated with silanized glass
particles. Specifically, the amount of strain applied controlled
hydrophilic dye penetration into the alginate-acrylamide
hydrogel. Choi and co-workers[22] demonstrated a similar
approach using absorbent fabrics that were rendered omni-
phobic by dip-coating in a solution of fluorodecyl polyhedral
oligomeric silsesquioxanes. Wetting of these omniphobic
surfaces by a variety of polar and non-polar solvents was
achieved using equibiaxial strains greater than � 20 %,
depending on droplet surface tension. Alternatively, Di
et al.[23] reported a mechanism for controlling release by
increasing the available surface area for drug diffusion. The
multicomponent system consists of drug-loaded poly(lactic-
co-glycolic acid) nanoparticles incorporated in alginate
microdepots, which are elongated as the underlying elasto-
meric substrate is stretched, to demonstrate cycle-dependent
release. While these approaches provide a basis of controlling
release through changes in microscale surface features to alter
wettability or diffusivity, our study employs a more macro-
scopic approach—specifically, by introducing fractures within
composite materials.

In conclusion, we describe the fabrication, characteriza-
tion, and evaluation of a tension-responsive drug delivery
system. The superhydrophobic microparticle coatings are
applied to core substrates using a facile and scalable electro-
spraying process, which provides flexibility in substrate choice
and the potential to incorporate these mechanoresponsive
systems onto existing medical devices to enhance their
current functionality. The key design features responsible
for the tension-triggered release of entrapped agents are
crack initiation and propagation within these coatings due to
their mismatch in mechanical properties with the core
material. The device is amenable to delivery of both lipophilic
and hydrophilic agents, suggesting widespread utility for
a number of drug delivery applications where mechanical
force, such as tensile strain or device expansion, are experi-
enced.

Experimental Section
Device fabrication: Solutions of dye, cisplatin, SN-38, or fluorescein
diacetate were adsorbed onto cellulose/polyester meshes and electro-
sprayed with a solution of 1:1 PGC-C18 (Mw = 30 kgmol¢1, PDI = 1.4)
and PCL (Mw = 45 kgmol¢1) (flow rate = 5 mLh¢1, voltage = 20 kV,
tip-to-collector distance = 10 cm).

Tension-mediated release studies: Devices were stretched at 7%
strains¢1 in a bath PBS or RPMI, with 10% v/v FBS.

Cell culture assays: OE33 esophageal cancer cells were incubated
with release aliquots for 96 or 72 hours (SN-38 or cisplatin,
respectively). Cell viability was measured via MTS assay.

Ex vivo delivery via esophageal stent: Esophageal stents inte-
grated with fluorescein diacetate loaded devices were inserted into
excised bovine esophagi and allowed to expand to either strains of 1.0
or left unexpanded (e = 0). After dissection, esophagi lumen were
imaged under white and UV light. 100 mm cross sections were imaged
on an inverted fluorescence microscope (Olympus IX 81; lex =
490 nm, lex = 525 nm). See Supporting Information for more details.

Figure 4. Ex vivo delivery of fluorescein diacetate from superhydropho-
bic devices. Photographs of tension-responsive device integrated with
esophageal stent (e = 1.0) and fluorescein diacetate delivery (yellow,
green) to bovine esophagus under a) white and b) UV light. Scale bar
(white)= 20 mm. c) Representative bright field (left) and fluorescent
(right) microscopy images of esophagus cross-section after delivery.
T denotes esophageal tissue and L denotes lumen space. Scale bar
(red) =2.5 mm; yellow arrow represents analysis profile. d) Fluores-
cence intensity profile across esophagus cross-section. Blue dotted
line represents mucosal-device boundary; error bars denote � SD for
n = 4.
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